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ABSTRACT Ebolavirus and Marburgvirus comprise two genera of negative-sense single-
stranded RNA viruses that cause severe hemorrhagic fevers in humans. Despite consider-
able research efforts, the molecular events following Ebola virus (EBOV) infection are
poorly understood. With the view of identifying host factors that underpin EBOV patho-
genesis, we compared the transcriptomes of EBOV-infected human, pig, and bat kidney
cells using a transcriptome sequencing (RNA-seq) approach. Despite a significant differ-
ence in viral transcription/replication between the cell lines, all cells responded to
EBOV infection through a robust induction of extracellular growth factors. Further-
more, a significant upregulation of activator protein 1 (AP1) transcription factor com-
plex members FOS and JUN was observed in permissive cell lines. Functional studies
focusing on human cells showed that EBOV infection induces protein expression,
phosphorylation, and nuclear accumulation of JUN and, to a lesser degree, FOS. Us-
ing a luciferase-based reporter, we show that EBOV infection induces AP1 transacti-
vation activity within human cells at 48 and 72 h postinfection. Finally, we show
that JUN knockdown decreases the expression of EBOV-induced host gene expres-
sion. Taken together, our study highlights the role of AP1 in promoting the host
gene expression profile that defines EBOV pathogenesis.

IMPORTANCE Many questions remain about the molecular events that underpin fi-
lovirus pathophysiology. The rational design of new intervention strategies, such as
postexposure therapeutics, will be significantly enhanced through an in-depth un-
derstanding of these molecular events. We believe that new insights into the molec-
ular pathogenesis of EBOV may be possible by examining the transcriptomic re-
sponse of taxonomically diverse cell lines (derived from human, pig, and bat). We
first identified the responsive pathways using an RNA-seq-based transcriptomics ap-
proach. Further functional and computational analysis focusing on human cells high-
lighted an important role for the AP1 transcription factor in mediating the transcrip-
tional response to EBOV infection. Our study sheds new light on how host
transcription factors respond to and promote the transcriptional landscape that fol-
lows viral infection.

KEYWORDS Ebola virus, FOS, JUN, RNA-seq, growth factor, host-pathogen
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The filoviruses of the genera Ebolavirus and Marburgvirus are among the most deadly
viruses known to humankind. Five species of the genus Ebolavirus are formally

recognized, including Zaire ebolavirus, Reston ebolavirus, Taï Forest ebolavirus, Sudan
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ebolavirus, and Bundibugyo ebolavirus. With the exception of Reston ebolavirus, all
Ebolavirus species cause serve hemorrhagic fevers in humans, often with high case
fatality rates (1). While outbreaks of Ebola virus (EBOV) were sporadic prior to 2013,
West Africa experienced its largest Ebola virus disease (EVD) epidemic in history
between late 2013 and 2015 (2). This epidemic resulted in over 11,000 confirmed
human fatalities, predominantly in Guinea, Liberia, and Sierra Leone (3).

While most filoviruses cause severe hemorrhagic fevers in humans and nonhuman
primates (NHP), other species, including the reservoir and intermediate spillover hosts,
appear to be less susceptible. Bats, order Chiroptera, are considered the most likely
reservoir species for EBOV (4). In comparison to human and NHP models, experimental
infection of fruit and insectivorous bats with EBOV causes only subclinical infections (5).
The zoonotic transmission of Reston Ebolavirus from infected pigs to humans, reported
in 2008 (6), raised the possibility that pigs could act as an intermediate host for more
pathogenic Ebola virus species. Subsequent experimental infection of pigs with EBOV
produced a nonfatal respiratory syndrome, characterized by severe lung pathology
with oronasal shedding (7). Importantly, the transmission of EBOV from infected pigs to
NHP was also reported (8), thus demonstrating that pigs can act as a spillover host for
pathogenic Ebolavirus species. Despite their importance as potential reservoir and
spillover hosts, relatively little research has focused on the molecular pathogenesis of
EBOV within either pigs or bats.

Much of our knowledge concerning the pathogenesis of EVD comes from humans
and NHP (namely cynomolgus and rhesus macaques). In these species, EBOV initially
targets monocytes, dendritic cells, and macrophages. Within macrophages, the release
of proinflammatory cytokines, including interleukin-1� (IL-1�), IL-6, IL-8, tumor necrosis
factor alpha (TNF-�), and macrophage inflammatory protein-1� (MIP-1�), is observed
(9–12). This proinflammatory response increases the permeability of the vascular
endothelium, which destroys the endothelial barrier and facilitates secondary infection
of endothelial cells (13–15). Viral replication subsequently occurs in almost all cell types,
with the exception of lymphocytes (16). Infected macrophages also induce dissemi-
nated intravascular coagulation through the expression of cell surface tissue factor (TF)
(17). EBOV infection disrupts cell-cell adhesion through differential regulation of the
integrin cell adhesion molecules. Indeed, overexpression of the membrane-bound
EBOV glycoprotein (GP) causes the downregulation of cell adhesion molecules, namely,
the �1-integrins (18). Further studies using pseudovirions bearing the EBOV GP re-
vealed that the �5�1-integrins are regulators of the endosomal cathepsins, which are
required for viral entry (19).

The importance of growth factor signaling in EBOV pathogenesis has recently been
demonstrated in human hepatocytes (Huh7 cells) following infection with EBOV (20).
Kindrachuk and coworkers (20) demonstrated the upregulation of both transforming
growth factor � (TGF-�) and vascular endothelial growth factor (VEGF) signaling at 24 h
postinfection (hpi). The authors proposed a model where the infection of epithelial cells
results in a loss of cell-cell adhesion, increased growth factor signaling, and a subse-
quent epithelial-to-mesenchymal-like transition. As a consequence, the infected epi-
thelial cells lose their cell polarity and cell-cell adhesion and gain migratory/invasive
properties, which have downstream effects on the surrounding vasculature (20).
Growth factors mediate these cellular processes by enhancing the activity of transcrip-
tion factors, which transactivate specific sets of genes responsible for biological pro-
cesses. Although the importance of growth factor signaling in EBOV pathogenesis is
now recognized, little is known concerning the involvement of the downstream
transcription factors.

One transcription factor that is highly responsive to growth factor and cytokine
signaling is activator protein 1 (AP1). The AP1 transcription factor complex is formed
through a noncovalent dimerization between FOS and JUN family members. The gene
encoding FOS (formally known as c-FOS) is a member of the FOS family of nuclear
oncogenes. Other members include the genes for FosB and Fos-related antigens 1 and
2 (FRA1 and FRA2). To form the AP1 complex, FOS proteins must dimerize with JUN
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family proteins, including JUN (formally known as c-JUN), JunB, and JunD (21). While
different combinations of FOS-JUN heterodimers have different abilities to transactivate
AP1-dependent genes, the FOS-JUN heterodimer is considered a more stable complex
with stronger DNA binding than JUN-JUN homodimers (22). FOS-JUN heterodimers are
capable of binding to the palindromic DNA motif 5=-TGA(G/C)TCA-3= to regulate gene
expression. The expression of FOS and JUN mRNA is largely controlled through growth
factor or cytokine signaling (23), and subsequent regulation of AP1 activity occurs
through dimer composition and posttranslational events, such as phosphorylation. AP1
activity is increased in response to various extracellular signals, including the growth
factors platelet-derived growth factor (PDGF), TGF-�, and TGF-� (21, 24), as well as the
proinflammatory cytokines TNF-� and IL-1 (25–27).

AP1 transactivates target gene expression to regulate a plethora of physiological
functions, including cellular proliferation, differentiation, transformation, and death (28,
29). In the context of EVD, many AP1 target genes may directly influence the patho-
physiology commonly associated with EBOV infection. For instance, TNF-�- and IL-1�-
mediated expression of tissue factor (F3) is controlled, in part, by AP1 transactivation
activity (30). This suggests that AP1 contributes to the disseminated intravascular
coagulation seen in EVD. Other AP1 targets of relevance include genes related to cell
adhesion and extracellular matrix stability, namely, genes for matrix metalloproteinases
(MMP; i.e., MMP9) (31) and integrins (32, 33). The latter is particularly relevant to EVD
in the context of the loss of vascular integrity, which is associated with the distribution
of cell-cell adhesion. AP1 can also directly transactivate its own FOS and JUN family
members, thereby positively autoregulating its own expression (34). Despite its central
role in mediating growth factor- and cytokine-induced gene expression, no studies
have investigated the role of AP1 in EBOV pathogenesis.

Despite significant research efforts, many of the molecular events underpinning
EBOV infection remain poorly understood. We propose that examining cells from
taxonomically diverse species may provide new insights into molecular pathogenesis
and the cell/tissue tropism of this virus. To this end, we examined the transcriptional
response of three cell lines derived from human (HEK293T), pig (PK15A), and the African
straw-colored fruit bat, Eidolon helvum (EhKiT), 6 and 24 h following infection by EBOV.
When the host response across different cell lines is compared, it is important to
compare like with like, that is, similar cell lineages. For this reason, we chose to examine
kidney-derived immortalized cells. Kidney cells were chosen over liver-derived hepa-
tocytes or monocytes/macrophages because these cell types were not available for all
three species. The present study sheds new light on the transcriptomic response that
underpins EBOV pathology and highlights that the AP1 transcription factor is an
important mediator of this response.

RESULTS
Growth kinetics of EBOV across taxonomically diverse mammalian cell lines.

The transcriptome sequencing (RNA-seq) data were utilized to examine both viral and
host gene expression profiles in parallel. The transcription of EBOV within kidney cell
lines from human (HEK293T), bat (EhKiT), and pig (PK15A) was examined at 6 and 24
hpi. This was achieved by reference mapping the RNA-seq reads against the EBOV
genome (Mayinga strain) and subsequently calculating the read depth at each position.
As expected and previously reported (35), there was a decrease in transcript abundance
from 3= to 5= across the genome in all cell lines, indicative of polar sequential
transcription (Fig. 1A). At 6 hpi, only a small number of reads were found to map to the
EBOV genome, regardless of cell line (Fig. 1A). However, at 24 hpi, a significant increase
in transcription was observed, most notably, in PK15A cells. Considerable differences in
the transcription of EBOV were observed across the three cell lines (Fig. 1A). The
transcription of EBOV was the highest in PK15A cells, followed by HEK293T cells. The
number of EBOV reads observed in the EhKiT cell line was remarkably low at 24 hpi
compared to that in the other two cell lines. However, even in EhKiT cells we observed
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an obvious increase in the amount of viral mRNA from 6 to 24 hpi (Fig. 1A), thus
confirming that EhKiT cells can be infected with EBOV and viral transcription can occur.

To further verify the differences in viral transcription between the cell lines, a
TaqMan PCR specific to the EBOV nucleocapsid protein (NP) gene was performed on all
RNA samples from the RNA-seq experiments. At 6 hpi the three cell lines had similar
abundances of EBOV NP mRNA (Fig. 1B). However, at 24 hpi a significant increase in the
level of EBOV NP transcription in PK15A cells and, to a lesser extent, HEK293T cells was
observed (Fig. 1B). Only a modest increase in EBOV NP transcription was observed in
EhKiT cells using TaqMan PCR (Fig. 1B). No amplification was observed in the uninfected
controls for any of the cell lines (data not shown). The translation of NP was quantified
across the three cell lines by Western blotting. No detection of NP was observed in
EhKiT cells, while larger quantities were observed in PK15A cells than HEK293T cells at
24 hpi (Fig. 1C).

The replication of EBOV was compared between the cell lines by titrating virus from
the cell culture supernatant at 24, 48, and 72 hpi. All cell lines were initially infected at
a multiplicity of infection (MOI) of 5. The highest virus titer was observed in HEK293T

FIG 1 EBOV growth kinetics within taxonomically diverse cell lines. (A) Transcription of EBOV in EhKiT, HEK293T and PK15A cells was
quantified at 6 hpi and 24 hpi by mapping RNA-seq reads against the EBOV genome sequence (represented as blue arrows at the top).
The coverage was normalized per million reads mapped to the host genomes. The normalized coverage was averaged across the three
biological replicates at each time point. Note the different scales on the y axes. (B) Log10 number of copies of EBOV NP mRNA
determined by TaqMan PCR across the three cell lines at 6 and 24 hpi. The mean � standard error from three independent biological
replicates is presented, with each replicate being performed as a duplicate PCR. (C) Western blot of EBOV NP protein in the three cell
lines at 0, 6, and 24 hpi. Western blotting was performed from the three independent biological replicates, with a representative image
being shown here. (D) The replication of EBOV was quantified as the number of TCID50 per milliliter at 24, 48, and 72 hpi for each cell
line. The mean � standard error from three independent biological replicates is presented.
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cells at all time points (Fig. 1D). A steady increase in viral replication was observed in
these cells over the time course. Surprisingly, despite demonstrating the highest levels
of transcription and translation of viral proteins, PK15A cells had lower titers than
HEK293T cells at all time points. Low titers of EBOV were observed in EhKiT cells across
the time course, with a slight increase toward 72 hpi (Fig. 1D).

Diverse transcriptional responses between cell lines. Next we used the RNA-seq
transcriptomics data to compare the host gene expression profiles between the
EBOV-infected cell lines. RNA-seq experiments were performed in triplicate at each time
point for all cell lines. Summary statistics showing the number of sequence reads
trimmed, reads mapped, assembled genes, and BLAST hits are given in Table S1 in the
supplemental material. EBOV infection resulted in the differential expression of hun-
dreds of genes. Broadly, HEK293T and PK15A cells responded to EBOV in a similar
manner, with more genes being upregulated and downregulated at 24 hpi than at 6 hpi
(Fig. 2). In contrast, EhKiT cells had more genes differentially expressed at 6 hpi than at
24 hpi (Fig. 2). Indeed, EhKiT cells responded to EBOV at 6 hpi by downregulating
more than 600 genes (Fig. 2). A full list of the gene expression profiles is provided
in Table S2.

A simple three-way comparison of differentially expressed gene sets from HEK293T,
PK15A, and EhKiT cells by use of a Venn diagram demonstrated little overlap. Only six
genes were upregulated (PI15, NAV2, ADAMTS1, MYLK, FOS, HSPG2) and one gene was
downregulated (DDIT4) in all cell lines at 6 and/or 24 hpi (Fig. 3A and B).

Gene set enrichment analysis. Gene Ontology (GO) enrichment analysis (36) was
used to categorize the up- and downregulated gene sets (combined for 6 and 24 hpi)
into biological processes for each cell line (full results are available in Table S3). A large

FIG 2 Differential host gene expression. Venn diagram summary of genes significantly differentially
expressed at 6 hpi and/or 24 hpi within HEK293T (human), PK15A (pig), and EhKiT (bat) cells. Differential
expression analysis was determined from three independent biological replicates. Genes were deemed
significantly differentially expressed if the (adjusted) P value was �0.05 and the mean fold change in
regulation, either up or down, was �2.
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number of GO terms were found to be enriched for up- and downregulated gene sets
(Fig. 3C). For the upregulated genes, many high-level parent GO terms, such as cell
differentiation, regulation of cell proliferation, and regulation of cell migration, were
enriched in all cell lines. However, more specific child GO terms were often unique to
each cell line. A closer look at the cell differentiation ontology demonstrates enrich-
ment in all cell lines for genes broadly associated with vasculature development, blood
vessel development, and angiogenesis. The genes associated with these vascular
processes included genes for growth factors (PDGFA/B, TGFB, VEGF, CTGF), matricellular
proteins (cysteine-rich angiogenic inducer 61 [CYR61], thrombospondin 1 [THBS1],
nephroblastoma overexpressed [NOV]), cell adhesion proteins (neural cell adhesion
molecule [NRCAM]), and transcription factors (FOS, JUN) (Fig. 4A). The expression of
these genes varied both across the cell lines and between the time points (6 hpi versus
24 hpi).

All three cell lines also showed the upregulation of genes associated with extracel-
lular matrix organization (Fig. 3C). This response was perhaps the most apparent in
HEK293T cells at 24 hpi. Many of the genes associated with this process were also
involved in the angiogenesis pathway (Fig. 4B). This is not surprising, given that
remodeling of the extracellular matrix is essential for development of vascular struc-
tures. Integrins (ITGB3, ITGA8), matrix metalloproteinase-2 (MMP2), and cell adhesion

FIG 3 Biological processes induced by EBOV across human, bat, and pigs cells. (A and B) The intersection of genes upregulated (A) and
downregulated (B) across three cell lines following EBOV infection. The genes included are a combined set of genes differentially expressed at
6 and/or 24 hpi. (C) GO enrichment analysis was performed on gene sets up- and downregulated at 6 and/or 24 hpi. A subset of biological
processes significantly enriched in the upregulated gene sets is presented here. Enrichment scores for each GO term are provided in the heatmap.
The relationship between parent and child GO terms is represented on the right, with child term GO identifiers being indented on the right.
Biological processes enriched in the downregulated gene sets are presented in Table S3 in the supplemental material. MAPK, mitogen-activated
protein kinase.
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proteins (cadherin [CDH1], fibronectin [FN1], versican [VCAN]) were all upregulated in
one or more cell lines (Fig. 4B) and play important roles in extracellular matrix
organization.

Significant enrichment for genes involved in the regulation of coagulation was
observed in the upregulated gene sets from PK15A and EhKiT cells but not HEK293T
cells (Fig. 3C). The genes contributing to this biological process differed between the
PK15A and EhKiT cell lines (Fig. 4C). Indeed, PK15A cells upregulated coagulation factor
F7 and its receptor, tissue factor (F3). In contrast, EhKiT cells upregulated coagulation
factor F2 (thrombin), whereas this gene was downregulated in HEK293T cells (Fig. 4C).

The cell lines, however, also showed unique responses. For example, the type I
interferon (IFN) signaling pathway was enriched only in the upregulated gene set from
PK15A cells. This included the well-characterized interferon-stimulated genes (ISG)
consisting of the interferon-induced protein with tetratricopeptide repeat 1 and 3
genes (IFIT1 and IFIT3, respectively), the myxovirus resistance 2 gene (MX2), the 2=-5=-
oligoadenylate synthetase 1 and 3 genes (OAS1 and OAS3, respectively), and interferon-
stimulated exonuclease gene 20 kDa (ISG20), along with chemokine genes: the chemo-
kine (C-C motif) ligand 20, 22, and 25 genes (CCL20, CCL22, and CCL25, respectively) and
the chemokine (C-X-C motif) ligand gene (CXCL2). The upregulation of interferon genes

FIG 4 Expression dynamics of significantly differentially expressed genes involved in angiogenesis (GO:0001525) (A), extracellular matrix
organization (GO:0030198) (B), and regulation of coagulation (GO:0050818) (C). Each tile represents the mean log2 fold change in
regulation from three independent biological replicates. Gray tiles represent genes that were not identified within the PK15A or EhKiT cell
line or had an infinity fold change (i.e., no reads at 0 hpi). Blue tiles represent genes which had one or more AP1 binding sites within their
promoters.
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in PK15A cells was somewhat surprising, given our understanding that EBOV generally
inhibits interferon responses through its VP35 and VP24 proteins.

Comparison of interferon responses across cell lines. As described above, PK15A
cells demonstrated a robust upregulation of genes involved in the type I interferon
signaling pathway. This response was not observed in either HEK293T or EhKiT cells
(Fig. 5A). Given that some cell lines may lose their ability to activate IFN pathways, we
next compared the IFN production and signaling capacity of PK15A, HEK293T, and
EhKiT cells following poly(I·C) and universal type I IFN stimulation. The expression of
IFNB1 and IFIT1 mRNA was compared between the cell lines at 2, 4, and 6 h posttreat-
ment. While we found that all three cell lines had the ability to produce IFNB1 mRNA
following poly(I·C) transfection, the magnitude of IFNB1 production was vastly different
between the cell lines (Fig. 5B). PK15A cells produced significantly more IFNB1 than
EhKiT cells and HEK293T cells. In line with this finding, IFN signaling (measured as IFIT1
mRNA expression) following poly(I·C) transfection was also significantly greater in
PK15A cells than in the cells of the other two cell lines (Fig. 5C). As expected, the
stimulation of cells with universal type I interferon did not induce IFNB1 mRNA in any
cell type (Fig. 5D). However, universal type I interferon stimulation did induce IFIT1
mRNA expression across all three cell lines at a similar level (Fig. 5E). Taken together,

FIG 5 Comparison of interferon response across cell lines. (A) Heatmap representation of individual genes contributing to the enriched GO term cytokine-
mediated signaling pathway (GO:0019221). Each tile represents the mean log2 fold change in regulation from three independent biological replicates. Gray tiles
represent genes that had no human ortholog or had an infinity fold change (i.e., no reads at 0 hpi). (B and C) Relative IFNB1 (B) and IFIT1 (C) mRNA expression
(as the log2 fold change) for HEK293T, PK15A, and EhKiT cells following transfection with poly(I·C) for 2, 4, and 6 h. The mean � standard error from three
biological replicates is presented, with each replicate being performed as a duplicate PCR. (D and E) Relative IFNB1 (D) and IFIT1 (E) mRNA expression (as the
log2 fold change) for HEK293T, PK15A, and EhKiT cells following treatment with type I universal interferon (IFN). The mean � standard error from three biological
replicates is presented, with each replicate being performed as a duplicate PCR.
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these findings suggest that while the capacity and magnitude of type I IFN signaling are
similar across the cell lines, IFN production is considerably greater in PK15A cells than
in HEK293T and EhKiT cells.

Overrepresentation of TFBS. The transcriptional response of a cell is largely
mediated through the activity of specific transcription factors, thereby relaying extra-
cellular signals to changes in gene expression. To identify which transcription factors
are the most active following EBOV infection, we examined whether there was an
overrepresentation of transcription factor binding sites (TFBS) in the genes upregulated
in EBOV-infected cells compared to nondifferentially expressed background genes.
Using oPOSSUM (version 3.0) single-site analysis (37, 38), we found that the most highly
overrepresented TFBS in the upregulated gene sets from HEK293T cells were targets for
specificity protein 1 (SP1) and activator protein 1 (AP1), the levels of regulation of both
of which were greater than 1 standard deviation of the mean for all genes with
overrepresentation of TFBS on the basis of the Z-score and Fisher score (Fig. 6A). Parallel
analysis of the PK15A cell data set also demonstrated an overrepresentation of TFBS in
the gene for AP1 within the upregulated genes (Fig. 6B). In contrast, the most
overrepresented TFBS among the genes upregulated in EhKiT cells were those targeted
by REL (an NF-�B family member) and SPIB (Fig. 6C).

Upregulation of AP1 transcription factor complex members. Above we demon-
strated an overrepresentation of TFBS in AP1 among the genes upregulated in HEK293T
and PK15A cells. The AP1 transcription factor complex, formed through a noncovalent
dimerization between FOS and JUN family members, plays a critical role in promoting
the expression of genes involved in important biological processes, such as cell
proliferation, differentiation, and apoptosis (28). Indeed, previous studies have demon-
strated that AP1 promotes the expression of genes involved in extracellular matrix
organization, angiogenesis, and the coagulation cascade (31–33). Our GO enrichment
analysis revealed that many genes associated with these biological processes were
upregulated across the cell lines (Fig. 3C). Furthermore, TFBS analysis (described above)
showed that many of the genes contributing to angiogenesis (Fig. 4A), extracellular
matrix organization (Fig. 4B), and the regulation of coagulation (Fig. 4C) had TFBS in
AP1. This finding suggests a link between the activity of AP1 and the transcriptional
landscape associated with EBOV infection. With this in mind, we focused our attention
on the role of AP1 in EBOV and, in particular, on the transcription, translation, and

FIG 6 Transcription factor binding site (TFBS) analysis of upregulated gene sets. The overrepresentation of TFBS in the genes upregulated in HEK293T (A), PK15A
(B), and EhKiT (C) at 24 hpi is indicated. The significance of enriched TFBS was assessed by combining the Z-score and the Fisher score. Dashed lines represent
the mean � 1 standard deviation of the Z-score and the Fisher score for all TFBS. The AP1 transcription factor is circled in red.
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regulation of AP1 activity. Due to the paucity of reagents for pig and bat cells, we
concentrated these efforts on the human cells.

RNA-seq analysis demonstrated that the expression of both FOS and JUN mRNAs
was highly upregulated in HEK293T and PK15A cells and, to a lesser degree, in EhKiT
cells (Fig. 4A). In fact, FOS was one of only six genes that were upregulated in all cell
lines (Fig. 3A). It is important to note that growth factors which are known to promote
the expression of FOS mRNA, such as PDGFA/B (24), were also upregulated in cells of the
HEK293T cell line (Fig. 4B).

Next we examined whether FOS and JUN mRNAs were also upregulated in HEK293T
cells and cells of other human cell lines, including A549 and HeLa cells, following EBOV
infection using quantitative PCR (qPCR). Previous studies have shown that both JUN
and FOS mRNAs are upregulated in human Huh7 cells following EBOV infection (39).
A549, HeLa, and HEK293T cells were infected with EBOV (MOI � 5) as described above
for cells of the other cell lines. Using real-time quantitative PCR, we found that FOS was
significantly upregulated in HEK293T, A549, and HeLa cells at 48 hpi (Fig. 7). FOS was
also significantly upregulated at 24 hpi in HEK293T and HeLa cells but not A549 cells.
Interestingly, we observed the upregulation of JUN in HEK293T cells only at 48 hpi. No
significant upregulation of JUN was seen in either A549 or HeLa cells (Fig. 7). It is
interesting to note that in HEK293T cells the differential expression of FOS and JUN
determined by RNA-seq appeared to be higher than that determined by quantitative
PCR at the 24-h time point. Nevertheless, the PCR analysis of the three human cells lines
examined here confirms that FOS is upregulated across diverse human cell lines in
response to EBOV.

EBOV induces the phosphorylation of FOS and JUN. In addition to the increased
expression of mRNA for AP1 components FOS and JUN, the ability of FOS-JUN het-
erodimers to transactivate AP1-dependent gene expression is further regulated by the
phosphorylation of individual FOS and JUN proteins. Indeed, the phosphorylation of
FOS on Ser32 and Thr232 by extracellular signal-regulated kinases (ERK) is required for
protein stability and nuclear localization (40). Similarly, the transcriptional activity of
JUN is regulated by phosphorylation on Ser63 and Ser73 by c-Jun N-terminal kinases
(JNK) (41). Using antibodies specific for both total and phosphorylated FOS (phos-FOS)
and phosphorylated JUN (phos-JUN), we examined the expression of these proteins at
24 and 48 h following EBOV infection of HEK293T cells using Western blotting. As a
positive control, HEK293T cells were first stimulated with phorbol 12-myristate 13-
acetate (PMA) for 6 h, and the abundance of total and phosphorylated FOS and JUN
was detected by Western blotting (Fig. 8A). PMA induced the expression of both FOS
and phos-FOS, but FOS and phos-FOS were not detected in dimethyl sulfoxide (DMSO)-
treated control cells. Unlike FOS, JUN and phos-JUN could be detected in unstimulated
(DMSO-treated) cells. The total FOS amount appeared to be below the level of detec-
tion at 0, 24, and 48 hpi; however, an increase in the level of expression of phos-FOS

FIG 7 Relative expression of FOS and JUN in A549, HeLa, and HEK293T cells infected with EBOV. The
mean fold change in expression � standard error from three biological independent replicates is
presented, with each replicate being performed as a duplicate PCR. *, P � 0.05; **, P � 0.01.
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was observed at 48 hpi (Fig. 8A). In contrast to FOS expression, the expression of total
JUN was detected in both uninfected and EBOV-infected cells (Fig. 8A). The expression
of both total JUN and phos-JUN increased with time at 24 and 48 hpi in EBOV-infected
HEK293T cells (Fig. 8A).

EBOV-infected cells translocate phosphorylated JUN to the nucleus. In order to
activate AP1-dependent gene expression, phosphorylated FOS and JUN must translo-
cate to the nucleus, where nuclear abundance correlates with AP1 target gene expres-
sion. With this in mind, we examined the nuclear accumulation of phos-FOS and
phos-JUN following EBOV infection. Immunofluorescence microscopy revealed a sig-
nificant increase in the nuclear abundance of phos-JUN in EBOV-infected cells com-
pared to that in uninfected cells (Fig. 8B). Next we accurately quantified the abundance
of phos-JUN within infected (n � 100) and uninfected (n � 100) cells by normalizing
the phos-JUN fluorescence to that of the DAPI (4=,6-diamidino-2-phenylindole
dihydrochloride)-stained area in the nucleus. Infected cells had an approximately 5-fold
increase in mean fluorescence intensity compared to uninfected cells (Fig. 8C). In
contrast to phos-JUN, immunofluorescence microscopy could not detect phos-FOS in
either uninfected or infected cells (data not shown). This finding agrees with the
Western blot results (Fig. 8A), where phos-FOS could be detected only at 48 hpi or by
PMA stimulation.

AP1 transactivation in HEK293T cells. It is generally accepted that increased levels
of the AP1 transcription factor complex increase the level of transactivation of AP1
target gene expression. Given the significant upregulation of both FOS and JUN mRNA

FIG 8 Upregulation and nuclear localization of FOS and JUN in HEK293T cells. (A) Expression of the total
and phosphorylated forms of the FOS and JUN proteins was assessed by Western blotting. �-Tubulin was
used as a loading control. PMA stimulation was used as a positive control. Western blots were performed
from independent biological triplicates, with a representative image being shown here. (B) The nuclear
abundance of phosphorylated JUN (phos-JUN) following EBOV infection for 24 hpi was assessed by
immunofluorescence microscopy using specific antibodies. EBOV was detected using antiserum against
the EBOV GP protein, and cell nuclei were stained with DAPI. (C) The nuclear abundance of phosphor-
ylated JUN was determined by quantifying the fluorescence of phos-JUN (green) within the nuclei (blue)
of EBOV-infected (red) or randomly chosen uninfected control cells. This quantification was performed on
100 infected cells and 100 control cells across at least five fields of view in two independent biological
replicates. ***, P � 0.001.
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and JUN protein and the nuclear accumulation of phosphorylated JUN, we next
examined whether EBOV infection increases AP1 transactivation activity via a dual-
luciferase reporter assay. Compared to the AP1 activity in uninfected control cells, a
significant increase in AP1 activity was observed in EBOV-infected cells at 24, 48, and 72
hpi (Fig. 9). The AP1 activity increased over the time course, which aligns with the
increased expression of phosphorylated JUN and FOS described above.

Knockdown of JUN mRNA reduces EBOV-induced expression of CYR61. Next we
examined the role of AP1 components FOS and JUN in promotion of the expression of
AP1 target genes in response to EBOV infection in HEK293T cells. Small interfering RNAs
(siRNAs) targeting human FOS and JUN and a nontargeting siRNA control were indi-
vidually transfected into HEK293T cells, and the levels of expression of FOS and JUN
mRNAs relative to the level of expression of the nontargeting control siRNA were
determined by qPCR. The siRNAs reduced the expression of JUN and FOS to approxi-
mately 35 and 50% of their original expression, respectively (Fig. 10A). Despite the use
of optimization experiments, we could not increase the knockdown efficiency of either

FIG 9 AP1 activity is induced by EBOV in HEK293T cells. The transactivation activity of AP1 was assessed
following EBOV infection for 24, 48, and 72 hpi using a dual-luciferase reporter assay in HEK293T cells.
Assays with PMA-induced controls (50 ng/ml) were performed at each time point, and the results are
represented on the right y axis. The mean fold increase (relative to that for the uninfected control) �
standard error from three independent biological replicates is presented, with each replicate being
performed as a duplicate luciferase assay. *, P � 0.05; ***, P � 0.001.

FIG 10 siRNA knockdown of FOS and JUN. (A) Percent relative expression of FOS and JUN mRNA
following transfection with siRNAs targeting their respective genes. The level of expression (relative to
that of nontargeting control siRNA) was normalized to the level of GAPDH expression. (B and C) The fold
change in CYR61 (B) and ATF3 (C) expression at 24 h following EBOV infection for cells transfected with
nontargeting control siRNA or siRNAs targeting FOS and JUN. For all panels, the mean � standard error
from three independent biological replicates is presented, with each replicate being performed as a
duplicate PCR. *, P � 0.05.
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siRNA. Next we examined the EBOV-induced expression of AP1 target genes CYR61 and
ATF3 following siRNA knockdown of JUN and FOS. The knockdown of FOS did not have
any significant effect on the EBOV-induced expression of either CYR61 or ATF3 (Fig. 10B
and C). However, JUN knockdown significantly reduced the expression of CYR61 at 24 h
following EBOV infection (Fig. 10B). JUN knockdown also reduced the expression of
ATF3 following EBOV infection; however, the difference was not statistically significant
(Fig. 10C). Taken together, these results suggest that JUN may play a role in promoting
the expression of the AP1 target genes which are upregulated following EBOV infection
in HEK293T cells.

Purified EBOV also induces AP1. Given that growth factors and cytokines which
are known to promote AP1 expression may be present within the viral inoculum
(derived from the cell culture supernatant), we next examined if purified EBOV also
induces the expression of AP1 components and target genes within HEK293T cells. All
our previous experiments described above used cell culture supernatant as the inoc-
ulum. For these experiments, the cells were infected with purified EBOV (MOI � 5) and
the relative expression of FOS, JUN, ATF3, and CYR61 mRNA was examined at 24 and 48
hpi. The expression of total and phosphorylated JUN was also examined at these time
points by Western blotting. Compared to their expression in uninfected control cells
(and normalized to the expression of GAPDH [glyceraldehyde-3-phosphate dehydroge-
nase] mRNA), the expression of FOS, ATF3, and CYR61 mRNAs was most highly upregu-
lated at 48 hpi and, to a lesser degree, at 24 hpi (Fig. 11A). The upregulation of these
genes appeared to be delayed compared to the earlier results obtained using a
nonpurified EBOV inoculum. While only a modest upregulation of JUN mRNA was
observed at 48 hpi (Fig. 11A), we observed increased expression of total and phos-
phorylated JUN protein at 48 hpi (Fig. 11B). This finding was similar to the expression
observed for the JUN protein using nonpurified virus.

DISCUSSION

While this study was largely comparative in nature, we focused much of our
downstream attention on examining the role of AP1 in EBOV infection of human cells.
We chose to focus on AP1 because the gene for its major component, FOS, was
upregulated in all cell lines, albeit to a lesser degree in bat cells, and it therefore likely
represents a broadly relevant response that is not species specific. Furthermore, as a
transcription factor, AP1 acts as a central mediator promoting the expression of
downstream pathways, many of which may have biological relevance to EVD. The
comparative aspects of this study, however, should not be ignored and will form the

FIG 11 Response of HEK293T cells to purified EBOV. (A) Relative expression of FOS, JUN, ATF3, and CYR61
mRNA following infection by purified EBOV for 24 and 48 h. The mean � standard error from three
independent biological replicates is presented, with each replicate being performed as a duplicate PCR.
(B) The levels of expression of total and phosphorylated forms of the JUN protein were assessed by
Western blotting. �-Tubulin was used as a loading control. Western blot analysis was performed in
duplicate from two independent experiments, with a representative image being shown here. *, P � 0.05;
***, P � 0.001.
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basis of other hypothesis-driven studies in the future. Indeed, while all three cell lines
were permissive to EBOV infection, they also displayed significant differences in their
ability to support EBOV replication. Moreover, the transcriptional response of the cell
lines was vastly different. Indeed, the pig (PK15A) and bat (EhKiT) cells responded to
EBOV through the upregulation of immune, inflammatory, and coagulation pathways.
Such responses were not seen in the human (HEK293T) cells.

During the course of this study, Ng and coworkers published the results of a study,
which, like our data, showed that cells from E. helvum were largely refractory to
infection by EBOV (42). Their study went on to show that the reduced permissiveness
of these cells was caused by a mutation in the EBOV entry receptor, Niemann-Pick C1
(NPC1). It is interesting to note that despite the fact that EhKiT cells are largely
refractory to infection due to a mutation in NPC1, they still up- and downregulated
more transcripts at 6 hpi than the more susceptible cell lines. In our study, a small
increase in the amount of viral mRNA was observed between 6 and 24 hpi. Further-
more, we observed a minor increase in virus replication between 24 and 72 hpi. While
it is possible that the virus titer at 24 hpi may, in part, represent the inoculum, the
increased replication and transcription of EBOV after 24 h suggest that E. helvum may
not be completely refractory to infection.

The transcriptional response of a cell is largely dictated by the activity of specific
transcription factors. As described above, the significant upregulation of FOS and JUN
mRNAs, notably, in human and pig cells, initially implied that AP1 might be activated
in EBOV-infected cells. Through a combination of bioinformatic approaches, we con-
firmed that the transcriptional response of EBOV-infected cells largely reflects the
increased activity of the AP1 transcription factor, particularly within the human and pig
cells. A recent study examining the host response of human Huh7 cells to EBOV and
Marburg virus (MARV) also found enrichment for TFBS in AP1 among the upregulated
genes (39), thus demonstrating that the increased activity of AP1 may be broadly
relevant to filoviruses other than EBOV. Using functional studies, we showed that the
AP1 components FOS and JUN were translated, phosphorylated, and translocated into
the nucleus (JUN only) within EBOV-infected cells. Despite the rapid upregulation of
FOS and JUN mRNAs, we found a lag in the phosphorylation of the FOS and JUN
proteins. While the sensitivity of the antibodies to detect the phosphorylated proteins
may have affected this delay (as seen in the phos-FOS Western blot), it was also possible
that the lower expression of mitogen-activated protein kinase pathways (responsible
for the phosphorylation of AP1 components) may have contributed to this delay. In line
with the upregulation of phosphorylated FOS and JUN at 48 hpi, a significant increase
in the transactivation activity of AP1 was demonstrated at 48 and 72 h following EBOV
infection in human cells. While it is possible that the expression/activation of AP1
components increased in response to increasing viral replication and cell stress, a
positive-feedback loop of AP1 may have also contributed to the high level of AP1
activity observed at 72 hpi. Indeed, both FOS and JUN are targets themselves for the
AP1 transcription factor and therefore would be expected to further promote the AP1
response as the infection progressed. It is important to acknowledge that other studies
have also reported the upregulation of both JUN (39, 43) and FOS (20, 39) in human
Huh7 cells infected with EBOV. The increased expression and activity of AP1 have also
been reported in human cells infected with other viruses, including influenza virus (44),
herpesvirus (45), and hepatitis C virus (46).

In human cells, AP1 is induced by a variety of extracellular stimuli, including
cytokines, stress, UV, and growth factors (29). In the context of EBOV, growth factors
may be of particular relevance. Kindrachuk and coworkers (20) demonstrated the
upregulation of both TGF-� and VEGF signaling at 24 hpi in EBOV-infected Huh7 cells.
The broad gene expression data generated in our study also highlight the importance
of growth factor signaling. Indeed, the upregulation of numerous growth factors,
including that of members of the TGF, PDGF, VEGF, connective tissue growth factor
(CTGF), and fibroblast growth factor (FGF) families, was observed. The infection exper-
iments for our RNA-seq analyses were performed using (Vero) cell culture supernatant
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as the inoculum. Given that this inoculum could contain various growth factors, it was
important for us to demonstrate that purified EBOV also induces the expression of FOS
and JUN. These experiments showed that the upregulation of FOS and JUN was delayed
when cells were infected with purified EBOV. This finding suggests that growth factors
within the inoculum may increase the AP1 response following EBOV infection. However,
in this context it is also important to note that JUN phosphorylation was more
abundant within the nucleus of EBOV-infected cells (compared to the nucleus of
noninfected cells; Fig. 8B), thus demonstrating that EBOV infection is required for AP1
activation.

Turning our attention to the role that AP1 target genes may have on the patho-
physiology of EBOV, it is interesting to note that many of the AP1 target genes found
to be upregulated have important biological roles in vascular development (including
angiogenesis), extracellular matrix organization, and coagulation. CYR61 is an AP1
target gene of particular note, as secreted extracellular matrix signaling protein CYR61
can directly impact the mesenchymal transition by downregulating epithelial markers
(i.e., E-cadherin), upregulating mesenchymal markers (i.e., FN1), and stimulating cell
migration (47). In parallel with the changes in the extracellular matrix, EBOV-infected
cells upregulate genes associated with vascular remodeling and angiogenesis, includ-
ing matricellular proteins (CYR61, thrombospondin 1 [THBS1], nephroblastoma overex-
pressed [NOV]) and cell adhesion proteins (neural cell adhesion molecule [NRCAM]).
Given that increased vascular permeability through destruction of the endothelial
barrier is a common feature of EBOV pathology, the upregulation of these genes may
contribute.

To determine if EBOV-induced host gene expression such as that described above
is influenced by AP1 activity, we examined the effect of knocking down the genes for
AP1 components FOS and JUN on the expression of two EBOV-induced AP1 target
genes, CYR61 and ATF3. While the knockdown of FOS had no effect on either gene, the
knockdown of JUN significant reduced the expression of CYR61 and, to a lesser degree,
ATF3. It should be noted that the siRNAs were more effective at knocking down JUN
than at knocking down FOS, and this could have impacted the results described above.
Nevertheless, these experiments do show that AP1 plays a functional role in promoting
EBOV-induced host gene expression.

While the upregulation of AP1 components was the major focus of our study, other
responses observed across the cell lines are also of interest. The robust interferon
response of the PK15A cells was unexpected. In many cell types, EBOV is particularly
effective at evading immune system processes (recently reviewed in reference 48),
including blocking interferon production and signaling (49). Further experiments
showed that PK15A cells upregulated IFNB1 mRNA significantly more than HEK293T
and EhKiT cells in response to the viral mimic poly(I·C). This superior interferon
production response of PK15A cells may have allowed these cells to partially overcome
the antagonistic effects of EBOV VP35 on the interferon production pathway. However,
it should be acknowledged that despite the robust interferon response observed in
EBOV-infected PK15A cells, a high level of EBOV replication was still observed in these
cells.

Viral transcription was higher in PK15A cells than HEK293T cells. Using Western
blotting, we also showed that the translation of EBOV NP was higher in PK15A cells.
However, in contrast to the viral transcription and translation results, the replication of
infectious EBOV was the highest in HEK293T cells. Given the strong interferon-
stimulated gene (ISG) response observed for the PK15A cells, we propose that the viral
replication processes (i.e., assembly and budding) within PK15A cells may have been
reduced by the host ISG response. Indeed, the expression of IFIT1, an ISG that can act
to inhibit viral replication by sequestering specific viral nucleic acids (50), was up in
PK15A cells alone. Other ISGs that can affect viral replication include OAS1/2/3 and
GBP1, all of which were upregulated in PK15A cells but not HEK293T cells. Further
research is required to fully elucidate the interferon response of PK15A cells to EBOV in
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the future and the relationship between the response of PK15A cells and the host
response of pigs to EBOV infection.

In conclusion, we report the results of a comparative transcriptomic analysis of the
response of three taxonomically diverse cell lines to EBOV. It should be acknowledged
that as an in vitro-based study, the responses observed across the three cell lines need
to be further examined in whole tissues and other cell types. Indeed, even within our
study we observed variation in the upregulation of the AP1 components in different
human cell lines (such as the HEK293T, HeLa, and A549 cell lines). Nevertheless,
examination of the responses of a single cell line can provide valuable information
concerning how cell type-specific responses (such as the interferon response reported
in PK15A cells) can contribute to differences in viral cell and tissue tropism. When the
results of this study are taken together, our study highlights the importance of the AP1
transcription factor in the host response to EBOV across different cell types. Further
studies should now be directed to understand how this transcription factor promotes
the host response within an in vivo system.

MATERIALS AND METHODS
Cell culture. The transcriptome response to EBOV was investigated in three cell lines derived from

human, pig, and the African straw-colored fruit bat (E. helvum). Serum antibodies against EBOV and MARV
have previously been detected in a number of African fruit bats, including E. helvum (51, 52). We chose
to examine kidney-derived immortalized cells from human (HEK293T; source, Peter MacCallum Cancer
Centre, Melbourne, Australia), pig (PK15A; source, National Animal Disease Center, Ames, IA), and bat
(EhKiT; source, CSIRO Culture Collection, Geelong, Australia). All kidney-derived cell lines had been
immortalized with the simian virus 40 antigen (53). Cells were cultured in either Dulbecco modified Eagle
medium (DMEM)–Ham’s F-12 medium (EhKiT cells), DMEM (HEK293T cells), or minimal essential medium
(MEM) (PK15A cells) (Pierce) containing 10% fetal calf serum (FCS) and 10 mM HEPES. In addition,
human-derived HeLa cells (cervical cancer cells; source, ATCC, Manassas, VA) and A549 cells (lung
epithelial cells; source, European Collection of Authenticated Cell Cultures, Salisbury, United Kingdom)
were also used in this study. HeLa and A549 cells were cultured in MEM (Gibco) containing 10 mM HEPES
and 10% FCS. All cells were cultured at 37°C.

Virus infection for RNA-seq analysis. All virus infections were performed within a biosafety level 4
(BSL-4) laboratory at the Australian Animal Health Laboratory. For RNA-seq experiments, approximately
6 � 106 EhKiT, HEK293T, and PK15A cells were either mock infected (0 hpi) or infected with EBOV
(Mayinga/1976 strain; GenBank accession number NC_002549.1) for 6 or 24 h at a multiplicity of infection
(MOI) of 5. All infection experiments for RNA-seq analysis were conducted as independent triplicates. To
infect the cells, culture medium was removed, the virus inoculum was added to the monolayer, and the
monolayer was incubated at 37°C for 30 min. After this time, the virus inoculum was removed and
replaced with fresh culture medium. The experiment was conducted in triplicate in 25-cm2 flasks. Cells
were harvested by trypsinization, and the pellets were resuspended in RLT buffer (Qiagen) containing 1%
�-mercaptoethanol. During preliminary analysis of the transcriptome data, we observed a small number
of reads with sequence homology to the Mycoplasma hyorhinis genome within the samples obtained at
6 and 24 h. The virus stocks were subsequently treated with ciprofloxacin, and new virus stocks were
generated in Vero E6 cells. A specific PCR was used to confirm that the new virus stocks were free of
Mycoplasma contamination (data not shown). All infection experiments following the initial RNA-seq
analysis were performed using the Mycoplasma-free virus stock.

Virus titrations. To quantify virus replication across the three cell lines, additional infection exper-
iments were performed in 96-well plates. Approximately 60,000 cells/well were seeded and infected with
EBOV Mayinga/1976 for 24, 48, and 72 h at an MOI of 5. Each infection was performed in duplicate as
described above. Virus titration was performed as an 8-fold 1:10 dilution, of which 25 �l was added to
2 � 104 Vero E6 cells/well in a 96-well plate in quadruplicate. The plates were incubated for 5 days and
then fixed in 10% neutral buffered formalin for 48 h and stained using an in-house-prepared rabbit
anti-Reston EBOV NP antibody and an Alexa Fluor 488-labeled goat anti-rabbit immunoglobulin sec-
ondary antibody (Life Technologies). Infected cells were visualized using an Evos microscope, and titers
were determined using the Reed-Muench calculation (54).

Purification of EBOV and infection. In order to generate purified virus stocks, two T-150 flasks of
confluent Vero E6 cells were infected with Ebola Zaire Kikwit-95 at an MOI of 0.005 and maintained for
7 days in a 37°C incubator with 5% CO2. After the incubation, the supernatant was transferred to 50-ml
tubes and the tubes were centrifuged at 4,000 rpm for 10 min at 4°C to remove cell debris. The clarified
supernatant was transferred to new 50-ml tubes and the tubes were kept on ice while ultracentrifuge
tubes were prepared. One milliliter of a filter-sterilized (pore size, 0.22-�m) 60% sucrose solution was
added to the bottom of six 17-ml Beckman Coulter Ultra-Clear ultracentrifuge tube (Beckman Coulter,
Australia), followed by addition of 2 ml of filter-sterilized (pore size, 0.22-�m) 20% sucrose solution and,
finally, 14 ml of clarified supernatant. The samples were ultracentrifuged at 76,700 � g for 2 h at 4°C
using a Beckman Coulter Optima L-100 XP ultracentrifuge. After the 2-h spin, the top 15 ml of
medium–20% sucrose solution was removed, being careful not to disturb the 60%-20% sucrose solution
interface. Once the unwanted supernatant had been removed, 1 ml of the 60%-20% sucrose interface
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from each centrifuge tube was removed and the 60%-20% sucrose interfaces from each of the centrifuge
tubes were pooled, diluted in 40 ml phosphate-buffered saline (PBS), and temporarily stored on ice.
Three fresh ultracentrifuge tubes were prepared by adding 2 ml of filter-sterilized (pore size, 0.22-�m)
20% sucrose solution to the bottom of the tube, followed by addition of 15 ml of the PBS-diluted virus
preparation. The tubes were ultracentrifuged again at 76,700 � g for 2 h at 4°C. After the centrifugation,
all the liquid was carefully removed from each tube, while ensuring that the virus pellet was not
disturbed. The pellets from each tube were resuspended in 5 ml PBS, pooled, and aliquoted into 500-�l
aliquots. These aliquots were titrated by the 50% tissue culture infective dose (TCID50) assay (as described
above) and stored at �80°C until needed.

HEK293T cells were infected with purified EBOV as described above using an MOI of 5 for 24 and 48
h. Monolayers were harvested in RLT buffer (for gene expression analysis) or 5% SDS (for Western blot
analysis). Noninfected HEK293T cells served as the control. The infection of cells was performed as
independent triplicate experiments.

RNA isolation and sequencing. Total RNA was isolated from cells in RLT buffer using an RNeasy kit
(Qiagen) with DNase I treatment per the manufacturer’s instructions. RNA isolation was performed once
in the BSL-4 facility, and then the resulting RNA was resuspended in RLT buffer and reisolated in a BSL-2
facility. The quality and quantity of RNA were assessed for all samples using a Bioanalyzer system
(Agilent). mRNA was sequenced as 100-bp paired-end reads across three lanes on a HiSeq 2000
sequencer (Illumina) by the Australian Genome Research Facility, Parkville, Victoria, Australia. The
resulting reads were trimmed for adapters, and quality was assessed using the FastQC tool.

Read mapping and differential expression testing. Sequence reads were first trimmed for adapter
sequences, and poor-quality reads were removed or trimmed (see Table S1 in the supplemental
material). For each sample, forward and reverse reads were mapped against the E. helvum (GenBank
assembly accession number GCA_000465285.1), human (hg19), or pig (susScr3) genome with the
Bowtie2 (version 2.2.2)/TopHat (version 2.0.13) program (55). A maximum of 2 nucleotide mismatches per
read was tolerated. Using the alignment outputs (BAM files), transcripts were assembled for each sample
and merged into a single transcriptome for each species using the Cufflinks/Cuffmerge (version 2.1.1)
program (56). Differential expression testing was performed for each cell line by comparing the level of
expression at 0 hpi with that at 6 and 24 hpi using the Cuffdiff (version 2.1.1) program. Only genes with
adjusted P values of �0.05 and a fold change in regulation of �2 were considered significantly
differentially expressed.

Forward and reverse reads for each sample obtained at 6 and 24 hpi were also mapped against the
EBOV genome (GenBank accession number NC_002549.1) using the Bowtie2 (version 2.2.2) program. The
resulting BAM files were converted to SAM files, sorted, and indexed using the SAMtools (version 0.1.18)
program. To quantify EBOV genome coverage, BAM files were converted to BED files, and coverage was
determined using the genomeCoverageBed command in BEDTools (version 2.19.1) software. To account
for differences in the total number of reads between samples, we normalized the EBOV per base
coverage to the total number of reads mapped to the host genome. The average coverage per million
mapped reads was then calculated across the three replicates for each cell line.

Comparison of human, pig, and bat data sets. To compare the transcriptome responses between
the three species, we first identified orthologous genes between human and bat and between human
and pig. To identify orthologs, the entire EhKiT and PK15A cell Cufflinks-assembled transcriptomes were
compared to the HEK293T cell Cufflinks-assembled transcriptome using BLASTn analysis. Only EhKiT and
PK15A cell transcripts with hits of �e�2 to HEK293T cell transcripts were considered orthologs. Next,
EhKiT and PK15A cell transcripts with human orthologs were annotated with gene names according to
their human ortholog.

Gene Ontology and TF enrichment analysis. Official gene identifiers were retrieved for all signif-
icantly differentially expressed transcripts. Gene identifiers for transcripts that were significantly upregu-
lated at one or more time points were combined into a single list. A list of significantly downregulated
gene identifiers was also compiled. Biological process GO enrichment was performed separately on the
up- and downregulated transcript lists using the unranked target and background analysis in the GOrilla
tool (36). Background gene lists for each cell line were compiled by retrieving all gene identifiers from
the reference assembled transcriptomes for each species. The strength of the enrichment was calculated
as an enrichment score with the GOrilla tool (36).

We identified transcription factor binding sites (TFBS) in upregulated human, pig, and bat genes
using oPOSSUM (version 3.0) human single site analysis (37, 38). We examined whether there was an
overrepresentation of TFBS 5,000 bp upstream and/or downstream of the start codon of genes upregu-
lated in the cells (at 6 and/or 24 h) compared to the representation for nondifferentially expressed
background genes. The strength of enrichment of TFBS was determined using the Fisher score and
Z-score, both of which were obtained in oPOSSUM (37, 38).

Poly(I·C) transfection and universal interferon treatments. The interferon responses of PK15A,
HEK293T, and EhKiT cells were compared following poly(I·C) transfection and universal type I interferon
treatment. Cells were seeded at a density of 5 � 104 cells in 96-well microplates and left overnight at
37°C to adhere. For interferon treatments, the cells were stimulated (in independent triplicate experi-
ments) with 1,000 units of universal type I IFN (UIFN; PBL Assay Science) in 100 �l of serum-free medium
Control cells were mock stimulated with serum-free medium only. Poly(I·C) (InvivoGen) transfections
were performed as previously described (in independent triplicate experiments) (57). Control cells were
mock transfected with the Lipofectamine 2000 reagent only. For both poly(I·C) and interferon stimula-
tion, cells were harvested into RLT lysis buffer (Qiagen) at 2, 4, and 6 h posttreatment.
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Real-time quantitative PCR. RNA was isolated from cells lysed in RLT lysis buffer as previously
described (58). Primers for SYBR green reactions were designed using Primer3 (Table S4). Reaction
parameters were identical for all genes. A two-step SYBR green reaction was performed. Total RNA was
reverse transcribed using SuperScript III reverse transcriptase (Life Technologies) that had been primed
with oligo(dT) per the manufacturer’s instructions. For each independent replicate, duplicate SYBR green
real-time PCRs were performed in a 25-�l reaction mixture containing 1� Express SYBR green master mix
(Life Technologies), 200 nM forward and reverse primers, and 20 ng of the template. Cycling parameters
were 95°C for 10 min and then 40 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min, followed by
melt curve analysis. Differential expression was normalized to GAPDH expression and calculated using
the relative quantification method as previously described (59). Quantification of the EBOV NP gene was
performed using a specific TaqMan PCR as previously described (60).

Western blotting. Expression of the FOS and JUN proteins by HEK293T cells was assessed using
Western blotting. Cells (150,000/well) were seeded into 24-well plates. Cells were either mock infected
or infected for 24 h with EBOV at an MOI of 5 as described above. Cells were lysed and harvested in 5%
(wt/vol) SDS, boiled for 10 min, subjected to SDS-PAGE, and transferred to a polyvinylidene difluoride
membrane. The membranes were blocked with 5% (wt/vol) skim milk for 1 h. The membranes were
washed three times (10 min each) with Tris-buffered saline–Tween 20 (TBST) and then incubated for 1
h with primary antibody diluted in TBST. The following antibodies (all of which were obtained from Cell
Signaling Technology) were used: c-Fos (antibody number 9F6) rabbit monoclonal antibody (MAb;
1:1,000), phospho-c-Fos (Ser32) (antibody number D82C12) XP rabbit MAb (1:1,000), c-Jun (antibody
number 60A8) rabbit MAb (1:1,000), phospho-c-Jun (Ser73) (antibody number D47G9) XP rabbit MAb
(1:1,000), and �-tubulin (9F3) rabbit MAb (1:1,000). For the immunodetection of viral nucleoprotein, we
used rabbit polyclonal anti-Reston EBOV NP antiserum (1:5,000; CSIRO). Membranes were washed three
times with TBST and then incubated for 1 h with horseradish peroxidase-conjugated goat anti-rabbit
immunoglobulin secondary antibody (Bio-Rad) diluted in TBST. The membranes were finally washed
twice with TBST and once with Tris-buffered saline and developed with ECL Plus chemiluminescence
substrate (Thermo) per the manufacturer’s instructions. The membranes were scanned at 473 nm on a
Typhoon FLA9000 gel imaging scanner (GE Healthcare). All Western blots were performed in duplicate,
with representative images being presented.

Immunofluorescence microscopy. HEK293T cells (150,000 cells/well) were seeded onto 13-mm-
diameter coverslips in 24-well plates. Cells were either mock infected or infected with EBOV for 24 h at
an MOI of 5 as described above. Following infection, medium was removed and cells were fixed in 4%
(wt/vol) paraformaldehyde–PBS for 48 h. The coverslips were then washed three times in PBS, perme-
abilized with 0.1% (wt/vol) Triton X-100 for 10 min, blocked with 0.5% (wt/vol) bovine serum albumin
(BSA) for 30 min, and incubated with either phospho-c-Fos (Ser32) (D82C12) XP rabbit MAb (1:800) or
phospho-c-Jun (Ser73) (D47G9) XP rabbit MAb (1:800) in combination with anti-EBOV GP serum (1:500)
(CSIRO) in 0.5% (wt/vol) BSA for 1 h. The cells were washed three times with PBS and treated with Alexa
Fluor 488-labeled (1:200) and Alexa Fluor 586-labeled secondary antibodies (Life Technologies) in 0.5%
(wt/vol) BSA for 1 h. Finally, the cells were washed twice with PBS and once with H2O and stained with
DAPI (4=,6-diamidino-2-phenylindole dihydrochloride; Life Technologies) for 10 min. The coverslips were
washed in PBS, mounted in Vectashield antifade mounting medium (Vector Laboratories), and imaged
with a Leica SP5 confocal microscope using sequential scanning between channels. Acquisition param-
eters were not changed between samples, in order to perform a quantitative comparison of the
fluorescence intensity. Image data were collected using Leica LAS AF software (Leica Microsystems,
Germany).

Image analysis. Image analysis and quantification of the nuclear fluorescence on confocal micros-
copy images were performed using NIH ImageJ (version 1.49) software. For each image, the individual
fluorescent channels were loaded separately and merged into a stack. The nuclear area (identified by the
DAPI fluorescence) was then traced manually for all cells within the image. This was repeated for at least
five independent images to obtain quantitative data on over 100 cells. The nuclear area and the
mean fluorescence for each channel were then calculated. The Alexa Fluor 488 channel was
normalized over the nuclear area for each cell, and the average Alexa Fluor 488 fluorescence was
calculated. To compare the nuclear abundance of phospho-JUN and phospho-FOS in EBOV-infected
cells, we compared the average Alexa Fluor 488 fluorescence for the infected cells (identified
through Alexa Fluor 586 staining) to that for uninfected control cells. A two-tailed unpaired t test
was used to test statistical significance.

AP1 luciferase assay. To quantify the transactivation activity of AP1 following EBOV infection, a
dual-luciferase reporter assay (Promega) was utilized. HEK293T cells (60,000 cells/well) were transfected
with the pGL4.44(luc2P/AP1 RE/Hygro) vector, which contains six copies of an AP1 response element
(AP1 RE) which drives transcription of the luciferase reporter gene luc2P. Cells were also transfected with
control plasmid pGL4.75(hRluc/CMV), which encodes the luciferase reporter gene hRluc. At approxi-
mately 24 h posttransfection (hpt), transfected cells were infected with EBOV as described above. At 24,
48, and 72 hpi, the dual-luciferase reporter assay was performed per the manufacturer’s instructions.
Phorbol 12-myristate 13-acetate (PMA; Promega) is known to induce the AP1 response in human cells
and was used as a positive control at 50 ng/ml. All luciferase assays were performed in six replicates, and
a two-tailed unpaired t test was used to test statistical significance.

siRNA knockdown. We examined the effect of JUN and FOS on EBOV-induced host gene expression
using siRNAs targeting human FOS and JUN and a nontargeting siRNA control. HEK293T cells were
seeded into 96-well plates as described above, and after 24 h, cells were individually transfected with 100
nm On-TargetPlus SMARTpool human JUN (catalog number 3725) and On-TargetPlus SMARTpool human
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FOS (catalog number 2353) siRNAs (Dharmacon) per the manufacturer’s instructions using the Dharma-
FECT 1 reagent (Dharmacon). Cells were also transfected with an On-TargetPlus nontargeting pool
control siRNA exactly as described above. After 24 h of transfection, cells were infected with EBOV at an
MOI of 5 for 24 h. Cells were harvested in RLT buffer, and RNA was extracted for PCR as described above.
Each siRNA was transfected as three independent biological replicates, and PCR for each replicate was
performed as a technical duplicate reaction. A two-tailed unpaired t test was used to test statistical
significance.

Accession number(s). The reads obtained in this study have been deposited in the NCBI Sequence
Read Archive and assigned BioProject accession number PRJNA305831.

SUPPLEMENTAL MATERIAL
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