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ABSTRACT

Ebola virus (EBOV) belongs to the group of nonsegmented negative-sense RNA viruses. The seven EBOV genes are separated by
variable gene borders, including short (4- or 5-nucleotide) intergenic regions (IRs), a single long (144-nucleotide) IR, and gene
overlaps, where the neighboring gene end and start signals share five conserved nucleotides. The unique structure of the gene
overlaps and the presence of a single long IR are conserved among all filoviruses. Here, we sought to determine the impact of the
EBOV gene borders during viral transcription. We show that readthrough mRNA synthesis occurs in EBOV-infected cells irre-
spective of the structure of the gene border, indicating that the gene overlaps do not promote recognition of the gene end signal.
However, two consecutive gene end signals at the VP24 gene might improve termination at the VP24-L gene border, ensuring efficient
L gene expression. We further demonstrate that the long IR is not essential for but regulates transcription reinitiation in a length-de-
pendent but sequence-independent manner. Mutational analysis of bicistronic minigenomes and recombinant EBOVs showed no di-
rect correlation between IR length and reinitiation rates but demonstrated that specific IR lengths not found naturally in filoviruses
profoundly inhibit downstream gene expression. Intriguingly, although truncation of the 144-nucleotide-long IR to 5 nucleotides did
not substantially affect EBOV transcription, it led to a significant reduction of viral growth.

IMPORTANCE

Our current understanding of EBOV transcription regulation is limited due to the requirement for high-containment conditions
to study this highly pathogenic virus. EBOV is thought to share many mechanistic features with well-analyzed prototype nonseg-
mented negative-sense RNA viruses. A single polymerase entry site at the 3’ end of the genome determines that transcription of
the genes is mainly controlled by gene order and cis-acting signals found at the gene borders. Here, we examined the regulatory
role of the structurally unique EBOV gene borders during viral transcription. Our data suggest that transcriptional regulation in
EBOV is highly complex and differs from that in prototype viruses and further the understanding of this most fundamental pro-
cess in the filovirus replication cycle. Moreover, our results with recombinant EBOVs suggest a novel role of the long IR found in

all filovirus genomes during the viral replication cycle.

bola virus (EBOV) belongs to the filovirus family and is one of

the most pathogenic viruses known, causing a severe hemor-
rhagic fever in humans, with case fatality rates up to 90% (1).
Currently, there are no licensed vaccines or specific therapeutics
available to prevent or treat EBOV disease. Filoviruses have been
classified as tier 1 select agents by the CDC and as category A
priority pathogens by NIAID, and work with these pathogens
must be performed under the highest biosafety level (BSL) condi-
tions, BSL-4. Due to this requirement, fundamental processes in
the viral replication cycle are still not completely understood, in-
cluding the regulation of filoviral transcription. Although EBOV
follows the basic transcription mechanism described for nonseg-
mented negative-sense (NNS) RNA viruses (2), it has evolved
some distinct features to transcribe its genome, including an un-
conventional protein requirement for transcription, cotranscrip-
tional editing of the mRNA encoding the glycoprotein (GP), and
the structure of cis-acting regulatory elements on the genome (re-
viewed in reference 3). The last was further examined in the work
presented here. The 19-kb NNS RNA genome of EBOV is tightly
wrapped by the nucleoprotein (NP) and contains seven genes in
the order 3’ NP-VP35-VP40-GP-VP30-VP24-L 5’ (Fig. 1A).
Transcription of the encapsidated genome is mediated by the
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RNA-dependent RNA polymerase L, the polymerase cofactor
VP35, and the transcription factor VP30 (4, 5). According to the
stop-start model describing NNS RNA virus transcription, the
viral polymerase complex binds to a single transcription promoter
at the 3’ end of the genome and moves toward the 5" end, sequen-
tially synthesizing mostly monocistronic mRNAs (reviewed in ref-
erence 2). Primarily at the gene borders, it occasionally dissociates
from the template and then has to rebind to the promoter at the 3’
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FIG 1 Northern blot analysis of EBOV mRNAs. (A) Scheme of the EBOV genome showing the diverse structures of the gene borders. Gene borders examined
in panels C to F are circled. ORFs are shown as gray boxes and UTRs flanking the ORFs as white boxes. GS signals are illustrated as white triangles, GE signals as
black bars, and the editing site of the GP gene as a white bar. IRs are depicted as gray lines, and their lengths are indicated underneath. Gene borders with
overlapping transcription signals that lack an IR are indicated by “overlap.” le, leader; tr, trailer. The consensus sequences of the gene borders are shown above
the genome. The conserved pentamer shared by overlapping GS and GE signals is highlighted in boldface. Nucleotide variations are indicated. N represents A,
C, or G; asterisk, missing nucleotide. (B) Scheme of mRNA species transcribed from gene borders NP-VP35, VP35-VP40, and VP30-VP24. Shown are all mRNAs
detected by Northern hybridization in panels C to F. Numbers are assigned as shown in panels C to F. (C to F) Northern hybridization of EBOV mRNAs
transcribed from gene borders with different structures. Huh-T7 cells were infected with EBOV at an MOI of 3 or left uninfected. Poly(A) ™ mRNA was isolated
at 24 h p.i. and analyzed by Northern hybridization using gene-specific riboprobes. Probe specificities are shown underneath each blot. The numbers on the right
indicate expected mRNAs based on their predicted sizes excluding poly(A) tails. The poly(A) tails of filoviral transcripts are assumed to be about 100 to 300 nt
in length, as described for other NNS RNA viruses (2). (C) NP-VP35 gene border. 1, NP mRNA (2,971 nt); 2, VP35 mRNA (1,376 nt); 3, NP-VP35 rth-mRNA
(4,352 nt); 4, VP35-VP40 rth-mRNA (2,863 nt). (D) VP35-VP40 gene border. 2, VP35 mRNA (1,376 nt); 5, VP40 mRNA (1,505 nt); 3, NP-VP35 rth-mRNA
(4,352 nt); 4, VP35-VP40 rth-mRNA (2,863 nt); 6, VP40-GP-editstop rth-mRNA (2,535 nt), indicating an rth-mRNA that is terminated at the editing signal of
the GP gene; 7, VP40-GP rth-mRNA (3,916 nt). (E) VP30-VP24 gene border. 8, VP30 mRNA (1,453 nt); 9, VP24 mRNA (1,612 nt); 10, VP30-VP24 rth-mRNA
(3,209 nt); 11, GP-VP30 rth-mRNA (3,841 nt). (F) Longer exposure time of panel E showing that a VP24-L rth-mRNA band (8,398 nt) was not detected.
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FIG 2 The EBOV polymerase primarily terminates transcription of the VP24
gene at the first GE signal. (A) Sequence of the VP24-L gene border, including
the last 33 nt of the VP24 5" UTR. The first GE signal of the VP24 gene (VP24
GE-1) is separated by a 4-nt-long IR from the GS signal of the L gene (L GS),
whereas the second GE signal (VP24 GE-2) directly overlaps the L GS. The
sequence is shown in negative-sense orientation. (B) 3’ RACE to determine the
3’ end of VP24 mRNA. Shown is a representative sequencing result from 1 out
of 13 clones. The sequence of VP24 GE-1 is underlined. The sequence is shown
in positive-sense orientation.

end of the genome (6). This results in a gradient of transcript
abundance in EBOV-infected cells, with high mRNA levels tran-
scribed from the promoter-proximal NP gene and low expression
levels from the promoter-distal L gene (7).

The gene order is not the only transcriptional-regulatory
mechanism used by NNS RNA viruses. Polymerase activity is ad-
ditionally modulated by cis-acting elements encountered at the
gene borders, which encompass the region from the gene end
(GE) signal of the upstream gene to the gene start (GS) signal of
the downstream gene (Fig. 1A). The GE and GS signals are usually
separated by an intergenic region (IR) thatis not transcribed in the
monocistronic mRNAs and is believed to be scanned by the viral
polymerase during transcription (8). The EBOV GS and GE sig-
nals are highly conserved (Fig. 1A). Analogous to other NNS RNA
viruses, the GS signals are likely involved in directing transcription
initiation and capping of the nascent mRNA, while the GE signals
mediate transcript termination (reviewed in references 2 and 3).
The GE signals of all NNS RNA viruses contain a uridine stretch
that serves as a template for polymerase stuttering, leading to the
addition of a poly(A) tail at the 3" end of the transcripts (9, 10).
Curiously, the EBOV VP24 gene contains two consecutive GE
signals (11) (Fig. 2A). In an EBOV minigenome system, both GEs
were needed for efficient expression of the downstream gene (12).
However, the functional implication of this unique arrangement
for EBOV remains unclear.

Based on the structures of their IRs, the NNS RNA viruses fall
into two groups. The first group comprises viruses with short IRs
with conserved lengths (2 or 3 nucleotides [nt]) and sequences
and includes vesicular stomatitis virus Indiana (VSV}, 4iana)> Sen-
dai virus (SeV), and measles virus. The genomes of the second
group of viruses contain IRs that vary in both size and sequence.
This group includes VSV New Jersey, rabies virus (RABV), New-
castle disease virus (NDV), simian virus 5 (SV5) and SV41, and
respiratory syncytial virus (RSV) (reviewed in references 2 and
13). Filoviruses belong to the second group. Their genomes con-
tain several short IRs ranging from 4 to 9 nt and a single long IR
that varies in length from 97 nt (Marburg virus) to 144 nt (EBOV)

12560 jvi.asm.org

(Fig. 1A). The filoviral IRs lack obvious sequence homology.
While the location of the long IR between the VP30 and VP24
genes is maintained in all ebolavirus genomes, it is located one
gene border upstream in marburgvirus genomes, separating the
GP and VP30 genes (14). To our knowledge, among the NNS RNA
viruses, equally long IRs (over 100 nt) have so far been described
only for the metapneumoviruses, and their function remains to be
determined (15). It is intriguing why such a long untranscribed
region is retained within all filovirus genomes. Previous studies
with bicistronic EBOV reporter minigenomes suggested that the
long IR is important for the expression of the neighboring genes,
but its regulatory function during viral RNA synthesis has not yet
been examined (12).

Three of the seven EBOV genes are not separated by IRs, but
the GE of the upstream gene directly overlaps the GS of the down-
stream gene, sharing a highly conserved pentameric sequence mo-
tif (11) (Fig. 1A). While overlapping genes are known for other
NNS RNA viruses, directly overlapping transcription signals are
unique to filoviruses (16-20). Separating the overlapping VP35
GE and VP40 GS signals in an EBOV bicistronic minigenome
(Bici) led to a decrease in downstream reporter activity and an
increase in upstream reporter activity, indicating that the overlaps
are of functional importance for EBOV gene expression (12). As
viral mRNA products synthesized from overlapping EBOV genes
have not yet been analyzed, it is not known if this unique arrange-
ment of the GE and GS signals influences the behavior of the
transcribing viral polymerase. Passing over the GS signal might
cause the polymerase to slow down or pause and thus could im-
prove recognition of the overlapping GE signal, leading to the
inhibition of readthrough transcription. Readthrough mRNA
(rth-mRNA) synthesis caused by inefficient transcriptional termi-
nation at a GE signal has been frequently observed for NNS RNA
virus genes separated by IRs (21-28). Failure to recognize a GE
signal results in transcription of bicistronic or even polycistronic
mRNAs. The bicistronic transcripts comprise two open reading
frames (ORFs), the second of which is not accessible for transla-
tion (29). As readthrough transcription bypasses one gene border
and thereby one transcriptional attenuation step, it leads not only
to reduced expression of the second ORF, but also to increased
mRNA synthesis of all subsequent genes. Modulation of termina-
tion efficiency can therefore be used to regulate viral gene expres-
sion (reviewed in references 2 and 30).

In the present study, we analyzed the regulatory effects of
EBOV cis-acting elements, including directly overlapping tran-
scription signals and the exceptionally long IR, on mRNA tran-
scription. We examined whether readthrough transcription takes
place at the highly variable EBOV gene borders and whether the
unique arrangement of the GE signals within overlapping gene
borders interferes with polymerase readthrough. Our data reveal
that readthrough mRNA synthesis occurs during EBOV infection
and seems to take place largely independently of gene border
structure, with the exception of the VP24-L gene border. There,
two consecutive GE signals of the VP24 gene might inhibit tran-
scriptional readthrough. Furthermore, we studied the effect of the
unusually long IR separating the VP30 and VP24 genes on tran-
scription. We present data suggesting that the long IR is not only
involved in the regulation of transcription reinitiation, but is also
essential for efficient viral replication. This might explain why it is
preserved across all filoviral genomes.
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MATERIALS AND METHODS

Cell lines and viruses. VeroE6 cells (American Type Culture Collection),
Vero cells, and the human hepatoma cell lines Huh7 and Huh-T7, consti-
tutively expressing the T7 RNA polymerase (kindly provided by V. Gauss-
miiller, University of Liibeck, Liibeck, Germany), were grown in Dulbec-
co’s modified Eagle medium (DMEM) containing penicillin (50 U/ml)
and streptomycin (50 pg/ml) (P/S) and supplemented with 10% fetal
bovine serum (FBS). To maintain expression of the T7 RNA polymerase,
the culture medium for Huh-T7 cells was additionally supplemented with
1 mg/ml of Geneticin (31). BSR-T7/5 cells constitutively expressing the T7
RNA polymerase (kindly provided by K. K. Conzelmann, Max von
Pettenkofer Institute and Gene Center, Munich, Germany) were cultured
as described previously (32).

Ebola virus, species Zaire ebolavirus, Mayinga variant (GenBank num-
ber AF086833), was used for the infections in this study and to generate
Bicis and recombinant EBOVs (recEBOVs) (11). EBOV and recEBOVs
were propagated in VeroE6 cells. Virus titers were determined by 50%
tissue culture infectious dose (TCID,,) assay for EBOV and by focus-
forming-unit (FFU) assay for recEBOV. All work with infectious virus was
performed under BSL-4 conditions at the Institute of Virology, Philipps
University of Marburg, Marburg, Germany, and at the Integrated Re-
search Facility in the Rocky Mountain Laboratories, Division of Intramu-
ral Research, NIAID, NIH, Hamilton, MT, following standard operating
procedures approved by the Institutional Biosafety Committees.

3’ Rapid amplification of cDNA ends (RACE) of EBOV VP24 mRNA.
Total cellular RNA was isolated from EBOV-infected Huh-T7 cells at 40 h
postinfection (p.i.) using the RNeasy kit (Qiagen) following the manufac-
turer’s reccommendations. VP24 mRNA was reverse transcribed and sub-
sequently amplified using the One Step RT-PCR kit (Qiagen) with an
oligo(dT)-specific and a VP24 gene-specific primer. The 518-bp PCR
product was further amplified by nested PCR with Tag polymerase using
an internal VP24 gene-specific primer and the oligo(dT) primer, generat-
ing a 483-bp DNA fragment. The PCR fragment was cloned into the
pCRII-Topo vector (Stratagene). Vector-specific primers were used for
sequencing of the inserts.

RNA isolation and Northern blot analysis. Total RNA of transfected
or infected cells was isolated using the RNeasy kit (Qiagen) following the
manufacturer’s protocol for purification of total RNA from animal cells.
Polyadenylated RNA was purified using oligo(dT) cellulose as described
previously (33) or using the Micro Poly(A) Purist kit (Ambion) as recom-
mended by the manufacturer. The purified mRNA was analyzed by
Northern hybridization performed with digoxigenin-labeled negative-
sense riboprobes directed against the chloramphenicol acetyltransferase
(CAT) gene as described previously (33). Transcripts of EBOV-infected
cells were detected with digoxigenin-labeled, gene-specific riboprobes.
The probes were produced by in vitro transcription with SP6 polymerase
using the DIG RNA labeling kit (Roche) from gene-specific PCR frag-
ments containing the SP6 promoter sequence attached to the 5" end of the
reverse primer. All data presented for a given experiment were taken from
the same blot and exposure, while lanes not relevant to this study were
excised. For RNA quantification, purified mRNA was quantified, and
equal RNA amounts were loaded onto the gel prior to Northern hybrid-
ization. mRNA amounts in scanned blots were quantified with Quantity
One software (Bio-Rad Laboratories).

qRT-PCR analysis. Approximately 6 X 10° Huh7 cells grown in 6-well
plates were infected with the respective recEBOV at a multiplicity of in-
fection (MOI) of 0.3 FFU/cell. Total RNA was isolated from the infected
cells at the indicated time points by using TRIzol reagent (Invitrogen)
according to the manufacturer’s recommendations. Polyadenylated
mRNA species were concentrated with the Micro Poly(A) Purist kit (Am-
bion). Five nanograms of each mRNA sample was analyzed in duplicate by
quantitative reverse transcription-PCR (qRT-PCR) with VP30 and VP24
gene-specific primers using the QuantiFast SYBR green RT-PCR kit (Qia-
gen) and a CFX96 Real-Time PCR cycler (Bio-Rad Laboratories). Since
the amplification efficiencies of the VP24 and VP30 genes were deter-
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mined to be comparable (data not shown), VP30 was used as a viral ref-
erence gene. The expression rate of VP24 mRNA was calculated in relation
to those of corresponding samples infected with recEBOV wild-type (wt)
(recEBOV-wt-IR 144nt) using the AAC;- method.

Construction of Bicis. Bici NP/VP35-wt IR 5nt, containing the NP-
VP35 gene border (nt 2728 to 3128), is identical to minigenome E-bici-1,2
described previously (5). Bici VP30/VP24-wt IR 144nt was cloned using
the same strategy. Briefly, the VP30-VP24 gene border (nt 9425 to 9982)
was amplified by reverse transcription-PCR with primers flanked by BglII
and BamHI restriction sites. The PCR fragment was cloned into construct
3E-5E-ACAT (5) containing the first 300 nt of the CAT gene and the
full-length CAT gene separated by a BglII restriction site that was used for
insertion of the PCR fragment. Mutant Bicis containing truncations of the
long IR were generated by PCR with phosphorylated primers flanking the
region to be deleted. Following the PCR, samples were digested with Dpnl
to remove template DNA, purified by gel extraction, and religated. Bici
VP30/VP24 IR Ont was created by QuikChange site-directed mutagenesis
(Stratagene) of Bici VP30/VP24 IR 5nt. To clone Bici VP30/VP24 IR
10nt,,,,,; and Bici VP30/VP24 IR 10nt,, ., the IR was replaced by
QuikChange mutagenesis using Bici VP30/VP24 IR 10nt as a template. To
create Bici VP30/VP24 IR 293nt, the authentic 144-nt-long IR was ampli-
fied by PCR with primers containing Kpnl sites and inserted into a Kpnl
site introduced into the central region of the IR by replacement of 2 nu-
cleotides (Ay,95 to G and Ao, to G) using QuikChange mutagenesis,
bringing its total length to more than double the size of the authentic IR.
Positive clones were verified by sequencing.

Transfection of cells. BSR-T7/5 and Huh-T7 cells grown in 6-well
plates to 60 to 70% confluence were transfected using FuGene 6 (Roche
Molecular Applied Science) or TransIt-LT1 (Mirus), following the man-
ufacturer’s recommendations. For testing the transcription of minig-
enomes in EBOV-infected cells, Huh-T7 cells were transfected with 2 pg
plasmid DNA of each Bici or the monocistronic minigenome 3E-5E (4),
along with 1 wg of pCAGGS-T7, expressing the T7 RNA polymerase
(kindly provided by T. Takimoto, St. Jude Children’s Research Hospital,
Memphis, TN, and Y. Kawaoka, University of Wisconsin, Madison, WI).
To analyze the transcriptional activities of Bicis in minigenome assays,
BSR-T7/5 or Huh-T7 cells were transfected with 1.0 wg pT/Lggo, 0.5 pg
PT/NPypo, 0.5 ug pT/VP35.,, and 0.1 pg pT/VP30,, along with 1.5
g of the respective Bici constructs (4). When Huh-T7 cells were used,
0.5 pg of pPCAGGS-T7 was added. For analysis of CAT reporter activity,
0.3 g of pGL3-Control plasmid (Promega) expressing firefly luciferase
was added as the transfection control. All transfection mixtures were ad-
justed to the same amount of DNA using the empty vector pT/empty. As
negative controls, plasmid pT/Lgp, was replaced by the appropriate
amount of pT/empty (lanes shown as —L in the relevant figures).

Infection of transfected Huh-T7 cells and passaging of Bici-contain-
ing supernatants. To analyze minigenome activity in EBOV-infected
cells, Huh-T7 cells were transfected with minigenome plasmid DNA,
along with the pCAGGS-T7 plasmid as described above. At 12 h post-
transfection, the transfected cells were infected with EBOV at an MOI of 5
TCIDs, units/cell and subjected to Northern blot analysis at 48 h or
72hp.i.

For infection with Bici-containing supernatants, the supernatants of
Bici-transfected and infected cells were harvested at 48 h or 72 h p.i. and
cleared of cell debris by low-speed centrifugation. Approximately 2 X 10°
Huh-T7 cells were infected with 250 pl supernatant mixed with 250 pl
DMEM. Following virus adsorption, 2.5 ml of DMEM plus P/S containing
2.5% FBS was added. Cells were harvested at 48 h p.i. and subjected to
Northern blot analysis.

Quantitative CAT assay. Approximately 6 X 10°to 8 X 10° BSR-T7/5
cells grown in 6-well plates were transfected as described above. At 2 days
posttransfection, the cells were washed twice with phosphate-buffered
saline (PBS) and lysed with 150 pl reporter lysis buffer (luciferase assay
system; Promega). Luciferase activity (representing the transfection effi-
ciency) was measured using the luciferase assay system (Promega) accord-
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ing to the manufacturer’s protocol. Quantitative CAT assays were per-
formed with normalized amounts of cell lysates following the protocol of
the Fast CAT Green (deoxy) Chloramphenicol Acetyltransferase Assay Kit
(Molecular Probes). Fluorescent samples were detected in a GelDoc 2000
system and analyzed using Quantity One software (Bio-Rad Laborato-
ries). Relative CAT activity is represented as the measured amount of
acetylated chloramphenicol out of total chloramphenicol detected with
local background subtraction.

Construction and rescue of recombinant EBOV. The plasmid
p15AK-EBOV HRSC carries the EBOV antigenome flanked by the ham-
merhead ribozyme at the 5" end (34) and the supercut version of the
hepatitis delta virus antigenomic ribozyme at the 3" end (35) under the
control of a T7 RNA polymerase promoter. In this construct, the EBOV
genome contains two silent mutations in the NP gene (A,,s4 to G and
C,,06 to U) and one in the GP gene (C,5, to U) that have been introduced
to remove BsmBI restriction sites for cloning purposes. To generate
EBOV full-length clones with a truncated VP30-VP24 IR, a shuttle plas-
mid was used containing the Apal/Sacll fragment of the EBOV genome
spanning nt 4727 to 11860 of the viral genome. Within this shuttle plas-
mid, the IR was truncated to 10 nt or 5 nt, respectively, by fusion PCR (36)
and cloned back into p15AK-EBOV HRSC using Apal and Sacl restriction
sites. The constructs were sequenced prior to use in rescue experiments.
recEBOVs were rescued in VeroE6 cells as previously described (7, 37).
Briefly, VeroE6 cells seeded in 6-well plates at a confluence of 50% were
transfected using TransIt-LT1 (Mirus) according to the manufacturer’s
protocol with plasmids encoding recEBOV (0.25 pug), along with helper
plasmids expressing the T7 RNA polymerase (pCAGGS-T7; 0.25 pg) and
the EBOV polymerase complex (0.125 pug pCAGGS-NP, 0.125 pg
pCAGGS-VP35, 0.075 g pCAGGS-VP30, 1 g pCAGGS-L). Twenty-
four hours posttransfection, the medium was exchanged, and 7 days later,
the supernatant was transferred to fresh VeroE6 cells (passage 1 [p1]).
Supernatants were harvested when cytopathic effect (CPE) was observed
and used to grow virus stocks. To confirm viral sequences, RNA was
extracted from the supernatants of infected cells using the QIAamp Viral
RNA minikit (Qiagen) and subjected to sequencing. The stability of the
introduced mutations was confirmed by sequencing this region in the
recombinant viruses throughout the course of the experiments (see Fig.
7B). Sequencing also revealed that the viruses started to develop addi-
tional mutations at different locations within the viral genome with in-
creasing passage numbers.

Growth kinetics and focus-forming-unit assay of recombinant
EBOV. Approximately 3 X 10°> Huh7 cells in 6-well plates were infected
with recEBOVs at an MOI of 0.3 FFU/cell. Following adsorption of the
virus, the cell monolayer was washed once, and 3 ml of DMEM plus P/S
containing 3% FBS was added onto the cells. Supernatant (500 pl) was
collected immediately after this washing step (day 0). Supernatant sam-
ples were collected each day for 6 days, and the harvested supernatant was
replaced with an equal volume of DMEM plus P/S supplemented with 3%
FBS. Virus titers (FFU/ml) were determined by counting the infected cell
foci in Vero cells using an indirect immunofluorescent-antibody assay as
described previously (38). Briefly, 90% confluent Vero cells grown in
96-well plates were infected with serial 10-fold-diluted virus supernatants.
Following virus adsorption, the cells were overlaid with modified Eagle
medium containing 5% FBS and 1.2% carboxymethyl cellulose sodium
salt (Wako Pure Chemical, Osaka, Japan) and incubated for 4 days at
37°C. The cells were fixed with 10% formalin for 30 min, thoroughly
washed with PBS, and incubated in 10% formalin overnight to inactivate
the EBOV. Foci were visualized by immunofluorescence staining with a
VP40-specific rabbit polyclonal antibody and detected with an anti-rabbit
fluorescein isothiocyanate (FITC) antibody (Sigma).

Statistical analysis. For quantitative analyses of CAT activity or
mRNA amounts, a one-sample ¢ test or one-way analysis of variance
(ANOVA) was performed using GraphPad Prism 5 software.
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RESULTS

Readthrough transcription occurs independently of gene bor-
der structure in EBOV-infected cells. As EBOV genes either over-
lap or are separated by long (144-nt) or short (4- or 5-nt) IRs, we
examined whether the activity of the EBOV polymerase is influ-
enced by the diverse structures of the gene borders. Therefore, we
analyzed the expression of genes separated by a short IR (NP-
VP35), a long IR (VP30-VP24), or a gene overlap (VP35-VP40)
during EBOV infection (Fig. 1A). We examined polyadenylated
mRNAs transcribed in EBOV-infected cells by Northern hybrid-
ization, using pairs of RNA probes targeting the upstream and the
downstream genes of each gene border (Fig. 1B). In addition to
the monocistronic mRNAs, we detected transcripts that hybrid-
ized with both gene-specific probes and matched the estimated
sizes of readthrough mRNAs (Fig. 1C to F). Transcriptional read-
through was observed irrespective of whether the gene border
contained overlapping transcription signals or signals that were
separated by a short or along IR. Additional transcripts that might
represent readthrough from neighboring genes were also de-
tected, such as VP40-GP and GP-VP30 bicistronic mRNAs (Fig.
1D, band 7, and E and F, bands 11). Moreover, hybridization with
a VP40-specific probe revealed an mRNA that likely represents a
VP40-GP readthrough mRNA terminated at the editing site
within the GP gene (Fig. 1D, band 6). The editing site was sug-
gested to be sporadically recognized by the filoviral polymerase as
a GE signal leading to polyadenylation and termination of mRNA
synthesis (11). Interestingly, transcripts corresponding to a puta-
tive VP24-L mRNA, which would hybridize with the VP24-spe-
cific probe and be 8,398 nt in length [without the poly(A) tail],
were not detected, suggesting that VP24-L readthrough mRNAs
are not synthesized to any significant level (Fig. 1E and F).

Our results show that the EBOV polymerase occasionally fails
to recognize the highly conserved GE signals during transcription.
Even the close proximity of the GE to the GS signal in the over-
lapping gene borders did not inhibit readthrough transcription.

Transcription of the VP24 gene in EBOV-infected cells is pri-
marily terminated at the first GE signal. The lack of VP24-Lread-
through mRNA might be due to the remarkable structure of the
EBOV VP24 gene: it contains two consecutive GE signals (Fig.
2A). The first GE signal (VP24 GE-1) is separated from the GS
signal of the L gene (L GS) by an IR of 4 nt, whereas the second GE
signal (VP24 GE-2) directly overlaps the L GS signal (Fig. 2A).
Since we were not able to detect VP24-L readthrough mRNA in
EBOV-infected cells, we hypothesized that the two consecutive
GE signals might be used to ensure transcription termination at
the VP24 gene and, consequently, efficient reinitiation at the L GS
signal. If this were the case, VP24 GE-1 would be preferentially
used to terminate VP24 transcription, while VP24 GE-2 would
serve as a backup GE signal to terminate VP24 GE-1 readthrough
transcripts. We therefore identified the 3" ends of VP24 transcripts
from EBOV-infected cells. Of 13 analyzed clones, all contained
VP24 GE-1, indicating that the EBOV polymerase primarily stops
at the first GE signal it encounters during transcription of the
VP24 gene (Fig. 2B).

The structure of the gene border affects downstream gene
expression in a bicistronic minigenome. To analyze if the long IR
has unique regulatory functions, as implied by a previous study
(12), we compared mRNA synthesis at the short NP-VP35 IR and
the long VP30-VP24 IR. To assess the impact of IR length on
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FIG 3 Structure of bicistronic minigenomes and transcribed mRNAs. (A) Scheme of Bicis containing the gene borders between the VP30 and VP24 genes (Bici
VP30/VP24-wt IR 144nt) and the NP and VP35 genes (Bici NP/VP35-wt IR 5nt). The Bicis and sequences are shown in negative-sense orientation (not to scale).
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in the gene border regions and the 3'- and 5'-UTR sequences flanking the gene borders. (B) Scheme of the three different mRNAs transcribed from a Bici
template. (C) Calculated lengths of the mRNAs synthesized from the different Bicis, excluding the poly(A) tails.

transcriptional activity independently of the locations of the gene
borders on the viral genome, the GS and GE signals, IRs, and parts
of the adjacent untranslated regions (UTRs) of the two gene bor-
ders were cloned into Bicis (Fig. 3A). As reporter genes, we used a
truncated and therefore inactive form of the CAT gene (ACAT), as
well as an intact version of the CAT gene, separated by the gene
borders of interest (5). While mRNAs transcribed from both genes
can be detected with a single CAT-specific probe by Northern
hybridization, only the intact CAT ORF in the second gene medi-
ates reporter gene activity. Transcription of the Bicis was expected
to result in the synthesis of three different transcripts that could be
discriminated by their sizes (Fig. 3B and C).

We first assessed the transcriptional activity of the bicistronic
templates in EBOV-infected cells. As shown by Northern blotting,
all expected mRNAs (mRNA 1, mRNA 2, and readthrough
mRNA) were detected for both Bicis, indicating that they were
accepted as surrogate genomes by the EBOV polymerase (Fig. 4A).
Analysis of mRNAs from cells infected with Bici-containing su-
pernatants demonstrated that the Bicis were not only transcribed
and replicated, but also packaged into infectious virions (Fig. 4B).
In both experiments, we detected mRNA 2 levels lower than those
of mRNA 1 for the Bici containing the long IR (Bici VP30/
VP24-wt IR 144nt) (Fig. 4, lanes 2) compared to the Bici with the
short IR (Bici NP/VP35-wt IR 5nt) (Fig. 4, lanes 4). This effect was
also observed when the transcriptional activities of the two Bicis
were assessed in an EBOV minigenome system, suggesting that the
length of the IR might have a regulatory role for the expression of
the gene located downstream (Fig. 4C).

Thelongintergenic region is not essential for transcriptional
activity, but its length affects the transcription reinitiation fre-
quency. The long IR between the VP30 and VP24 genes has pre-
viously been proposed to play an important role in the control of
EBOV gene expression (12). To investigate the role of the 144-nt-
long IR in transcriptional activity in more detail, we performed a
mutational analysis of the IR using the EBOV minigenome system
(Fig. 5A). First, we tested a mutant Bici VP30/VP24 in which the
complete IR of 144 nt was deleted. The expression rates of the first

November 2014 Volume 88 Number 21

gene (mRNA 1) were not substantially affected by the deletion of
the IR, even though we detected a slight increase of readthrough
mRNA (Fig. 5B). Furthermore, although mRNA 2 amounts were
reduced, they were still detectable by Northern hybridization,
while CAT activity, reflecting mRNA 2 expression, was decreased
to 71% = 20% of wild-type levels (Fig. 5C). These results indicate
that the IR is not essential for transcription activity at this gene
border but that it influences expression of the downstream gene.
Since the VP30-VP24 IR is already significantly longer than
most IRs of other NNS RNA viruses, we tested whether further
extension of this region would still be tolerated by the EBOV poly-
merase. We elongated the 144-nt-long IR in Bici VP30/VP24 to
293 nt by amplifying and inserting the wt IR into a cloning site
introduced into the central region of the IR (Fig. 5A). Although
transcription reinitiation of the mutant was significantly de-
creased, mRNA 2 and corresponding CAT activities were still de-
tectable, demonstrating that the EBOV polymerase is able to ac-
cess a GS signal located several hundred nucleotides downstream
of the GE signal, albeit with greatly reduced efficiency (Fig. 5D and
E). As elongation of the IR led to a decrease in mRNA 2 expression,
the question arose as to whether a shorter IR at this gene border
would consequently result in increased transcription rates. To test
this hypothesis, we truncated the long IR stepwise to 131, 111, 51,
46, 40, 30, 20, 10, and 5 nt, starting from the center of the IR and
leaving the nucleotides directly adjacent to the transcription sig-
nals unchanged (Fig. 5A). We analyzed the reinitiation efficiencies
of the different minigenomes at the VP24 GS by calculating the
mRNA 2/mRNA 1 ratio. Due to the sequential nature of NNS
RNA virus transcription, reinitiation at the GS signal of mRNA 2
occurs only after termination of mRNA 1. The reinitiation effi-
ciency, therefore, reflects the frequency of reinitiation events at
the downstream GS signal after transcription termination at the
upstream GE signal. Surprisingly, successively shorter IRs did not
result in a corresponding gradual increase of mRNA 2 expression,
and a direct correlation between the length of the IR and the rein-
itiation efficiency was not observed (Fig. 5F and G). While short-
ening the IR to 5 nt did not substantially affect the mRNA
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FIG 4 Transcriptional activities of Bicis containing a short or a long IR. (A) Transcripts synthesized from Bicis in EBOV-infected cells. Huh-T7 cells were
transfected with plasmid DNA carrying the indicated Bicis, along with a T7 RNA polymerase expression plasmid. At 12 h posttransfection, the cells were infected
with EBOV at an MOI of 5 or left uninfected. Poly(A) " mRNA was harvested at 48 h p.i. and analyzed by Northern hybridization with CAT-specific riboprobes.
As a positive control, monocistronic minigenome 3E-5E encoding CAT was transfected (4). As a negative control, nontransfected cells infected with EBOV were
used (lane 7). Shown is a representative result of three independent experiments. A short exposure (top) and a long exposure (bottom) of the X-ray film revealing
readthrough mRNA are shown. The mRNA products are labeled as for Fig. 3B. (B) Transcripts synthesized in cells infected with Bici-containing viral superna-
tants. Supernatants of cells transfected and infected as described for panel A were collected at 72 h p.i. and used to infect Huh-T7 cells. At 48 h p.i., poly(A)*
mRNA was purified and analyzed as described for panel A. The experiment was repeated twice with similar results. (C) Transcriptional activities of Bicis in an
EBOV minigenome system. BSR-T7/5 cells were transfected with Bici-carrying plasmids, along with expression plasmids for the EBOV polymerase complex.

Cells were harvested at 48 h posttransfection and subjected to Northern hybridization. Shown is a representative result of four independent experiments.

2/mRNA 1 ratio, the truncation to 10, 20, or 30 nt significantly
inhibited reinitiation of the downstream gene. Compared to the
wild type, mRNA 2/mRNA 1 ratios decreased to about 25% in
minigenomes with an IR of 10, 20, or 30 nt (Fig. 5G).

To exclude the possibility that the observed inhibition of rein-
itiation was an artifact of the EBOV minigenome system, one of
the constructs showing pronounced inhibition of reinitiation
(Bici VP30/VP24 IR 20nt) was tested in EBOV-infected cells. Con-
sistent with the results using the minigenome system, we observed
a striking decrease in mRNA 2 levels transcribed from Bici VP30/
VP24 IR 20nt, confirming that specific IR lengths inhibit reinitia-
tion (Fig. 5H).

The length, but not the sequence, of the IR affects reinitia-
tion. Since our results revealed that IRs of specific lengths inhibit
transcription reinitiation, we next analyzed if the observed inhib-
itory effect was sequence specific. The 10-nt-long IR of mutant
Bici VP30/VP24 IR 10nt was partially or completely replaced (Fig.
6A). CAT assay and Northern hybridization consistently showed
that neither partial nor complete replacement of the inhibitory IR
resulted in a significant change in reinitiation efficiencies (Fig. 6B
to D). This indicates that the length rather than the sequence of the
IR mediates the observed reduction of downstream gene expres-
sion.

Truncation of the long intergenic region in recombinant
EBOVs inhibits viral replication. The observation that trunca-
tion of the long IR from 144 nt to 5 nt did not significantly affect
transcribed mRNA levels in a minigenome system was surprising,
as it poses the question of why such a remarkably long IR would be
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retained in all filovirus species if the same level of transcriptional
regulation could be achieved by an IR of 5 nt. To analyze the role
of the long IR in the viral replication cycle, we generated recom-
binant EBOVs in which the IR was shortened to 5 or 10 nt, based
on our findings using the minigenome system (Fig. 7A). Since
shortening the long IR to 5 nt in the Bici mutants did not alter the
transcription efficiency, we hypothesized that it also would not
affect virus replication. In contrast, since an IR of 10 nt led to a
dramatic drop in the transcription activity of the downstream
gene in the minigenome system (Fig. 5F and G), we expected to
observe an attenuated phenotype for recEBOV-IR 10nt caused by
a substantial decrease in expression of the VP24 and L genes.

Of five attempts to rescue mutant recEBOV-IR 10nt, only two
were successful. We did not observe any CPE before day 22 after
passaging of the supernatant from the transfected cells, whereas
recEBOV-IR 5nt showed CPE 8 days after supernatant passage
and was rescued in all five attempts (Fig. 7B). Sequencing of the
rescued viruses after p1 revealed that one of the recEBOV-IR 10nt
isolates acquired a substitution in the trailer region (U, gg05 to C)
and an insertion within a 5-A stretch in the 5" UTR of the NP gene
(As851_2855)- In the second rescued isolate, we found a substitution
within the GP gene (U354 to G, leading to a Ser451Arg mutation),
suggesting that rescue of variant recEBOV-IR 10nt might not be
possible without the accumulation of additional mutations. The
Ser451Arg substitution within the GP ORF of the second isolate is
located within the highly glycosylated and disordered mucin-like
domain of GP, that was shown to be dispensable for attachment
and entry of pseudotyped viruses (39-41). Therefore, we decided
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FIG 5 The length of the intergenic region regulates reinitiation efficiency at the VP30-VP24 gene border. (A) Scheme of mutant VP30/VP24 Bicis. Bici
VP30/VP24-wt IR 144ntis depicted as in Fig. 3A. The complete sequence of the wild-type IR is shown underneath. The arrows mark nucleotides mutated to create
a restriction site for cloning of Bici VP30/VP24 IR 293nt. The lines illustrate IR sequences in the respective truncation mutants. (B to G) Bicis containing the
VP30-VP24 gene border were tested in the EBOV minigenome system and analyzed by Northern hybridization (B, D, F, and G) or by quantitative CAT assay (C
and E). Shown are representative results of at least 3 independent experiments. The quantified CAT activity (+ standard deviation [SD]) shown in panels C and
E was normalized to the Bici containing the wild-type gene border (wt IR 144nt; black bars). Expression levels from each Bici were compared to wild-type values
using a one-sample ¢ test (***, P < 0.001; **, P < 0.01; *, P < 0.05). (G) mRNA 2/mRNA 1 ratios of quantified Northern blots. mRNA ratios (+SD) of the
truncation mutants (a representative blot is shown in panel F) were normalized to the Bici containing the wild-type gene border (wt IR 144nt; black bar).
Expression levels for each Bici were compared to wild-type values using a one-sample # test (***, P < 0.001; **, P < 0.01; *, P < 0.05; no asterisk, not significant).
(B and C) Deletion of the IR. (D and E) Elongation of the IR. (F and G) Truncation of the IR. The length of the IR is indicated for each mutant. CAM,
chloramphenicol; ac CAM, acetylated CAM. Note that different exposure times were used for the blots shown in panels B and D, with the blot in panel D having
the longer exposure time to show the presence of mRNA 2. (H) Analysis of the transcriptional activity of a Bici with an inhibitory IR in cells infected with EBOV.
Huh-T7 cells were transfected with Bici DNA containing the wild-type VP30-VP24 gene border or a mutated gene border with a truncated IR (IR 20nt) and
subsequently infected with EBOV as described in the legend to Fig. 4A. CAT-specific mRNA was analyzed by Northern hybridization. The experiment was
repeated twice with the same outcome.

to use this recEBOV-IR 10nt isolate in the subsequent experi- mRNA (equivalent to mRNA 2) compared to VP30 mRNA
ments. (equivalent to mRNA 1) was determined by qRT-PCR at 24 and 48

First, we examined whether the effects on transcriptional rein-  h p.i. (Fig. 7A). While there was no substantial difference in the
itiation observed for the Bicis would be recapitulated using the ratio of VP24/VP30 transcripts between wild-type virus and vari-
recombinant EBOVs. Huh7 cells were infected with recombinant — ant recEBOV-IR 5nt, relative VP24 expression levels decreased to
mutant or wild-type virus, and the relative expression rate of VP24 about 40% with recEBOV-IR 10nt compared to wild-type virus at
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FIG 6 The inhibitory effects of an IR of 10 nt are sequence independent. (A)
Sequences of the mutant Bicis containing the VP30-VP24 gene border with an
IR of 10 nt. Substituted nucleotides are underlined. The sequences are shown
in negative-sense orientation. (B to D) Mutated Bicis were tested in the EBOV
minigenome system. (B and C) Representative results of Northern blot anal-
ysis of three independent experiments and quantification of the mRNA
2/mRNA 1 ratio. (D) Analysis of CAT gene expression from mRNA 2 by
quantitative CAT assay. The quantified CAT activity (D) or mRNA 2/mRNA 1
ratio of quantified Northern blots (C) (+ SD) was normalized to the Bici
containing the wild-type gene border (wt IR 144nt; black bars). Expression
levels from each Bici were compared to the wild-type value with a one-sample
t test (**, P < 0.01; ¥, P < 0.05). The mRNA ratios and CAT activities of the
Bicis containing an IR of 10 nt were not significantly different from each other,
as confirmed by one-way ANOVA (P = 0.7537 and 0.2686, respectively).

both time points (Fig. 7C). This is consistent with our data ob-
tained with the Bicis (Fig. 5G). Next, we compared the replication
kinetics of the recombinant viruses in Huh7 cells. Surprisingly,
both viruses with a truncated IR showed a pronounced replication
defect late in infection, starting at 4 days p.i. (Fig. 7D). At earlier
time points p.i., we did not observe statistically significant differ-
ences in viral titers between the mutants and the wild-type virus.
In addition, both mutants showed a small-focus phenotype com-
pared to wild-type virus, confirming the observed late-growth de-
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fect (Fig. 7E). Mutant recEBOV-IR 10nt formed the smallest foci,
followed by mutant recEBOV-IR 5nt, with intermediate-size foci,
and the wild-type virus, with substantially larger foci. This indi-
cates that shortening the long IR to 5 nt has a negative effect on
viral replication, even if the genes located downstream are ex-
pressed at levels comparable to those of the wild-type virus.

Taken together, both viruses lacking the largest part of the long
IR showed significant growth defects late in infection that could
not be entirely attributed to a change in gene expression.

DISCUSSION

In this report, we examined the role of the diverse EBOV gene
borders in the regulation of viral gene expression. Similar to other
NNS RNA viruses with diverse gene borders, such as RSV, EBOV
produces readily detectable amounts of readthrough mRNAs dur-
ing infection, suggesting that gene border diversity might hamper
the recognition of the GE signals by the viral polymerase (25, 42—44).
This hypothesis is supported by data obtained for VSV, 4iuna @ Virus
with conserved IR sequences in which all gene borders but one
direct very low readthrough levels, indicating that the gene bor-
ders are optimized for highly efficient transcription termination
(6,22, 45). Readthrough transcription in EBOV-infected cells was
observed at IRs, as well as gene overlaps, indicating that the filo-
virus-specific overlaps are not used as regulatory signals to prevent
polymerase readthrough. However, as our analysis of readthrough
transcripts is exclusively qualitative, further studies are needed to
address whether termination efficiencies are modulated by the
different gene borders. Notably, our data suggest that the presence
of two consecutive GE signals at the last gene border between the
VP24 and L genes inhibits readthrough transcription. This is con-
sistent with the previous observation that mutation of either VP24
GE signal in a minigenome resulted in a significant decrease in
downstream reporter expression, an effect that would be expected
when readthrough levels are increased (12). Since our data show
that the first GE signal is primarily used for mRNA termination
during EBOV infection, we propose that the second GE signal
serves as a backup mechanism to ensure effective termination of
VP24 transcription in the rare event of polymerase readthrough at
the first GE signal, thereby facilitating efficient expression of the
most promoter-distal gene encoding L.

We further focused our analysis on unraveling the role of the
144-nt-long IR that separates the EBOV VP30 and VP24 genes and
found that considerable changes in this IR, including deletion,
elongation, substitution, and truncation, were tolerated without
abrogating downstream gene expression, although some of the
mutations led to a significant decrease in transcription reinitia-
tion. Along the same lines, stepwise shortening of the long IR did
not lead to successively enhanced downstream gene expression,
indicating that there is no linear correlation between the length of
the IR and the reinitiation rate at the following gene. Similar ob-
servations have been reported for RSV and SV5, suggesting that
the variable IRs are not major regulators of transcription reinitia-
tion (46-50). In contrast to EBOV and RSV, the highly conserved
IRs in VSV, 4iana and SeV play an essential role in both transcrip-
tion termination and reinitiation (8, 45, 51-55). Furthermore,
when analyzed independently of their role in termination, nucle-
otides within the GE signal and the IR of SeV and VSV, 4;.n. Were
shown to be required for optimal reinitiation at the GS signal,
indicating an overlap of function of the signals at the conserved
gene borders (51-54). Deletion of the IR in a VSV, 4.0, Bici com-
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FIG 7 Gene expression, replication kinetics, and focus morphology of recombinant EBOV with a truncated IR at the VP30-VP24 gene border. (A) Scheme of the
EBOV genome. The highlighted IR was truncated from 144 nt in the wild-type virus (recEBOV-wt-IR 144nt) to 5 nt (recEBOV-IR 5nt) or 10 nt (recEBOV-IR
10nt). VP30 mRNA and VP24 mRNA are indicated as large arrows. The binding sites of primer pairs used for qRT-PCR, as well as the sizes of PCR fragments,
are shown underneath. (B) Flowchart showing the experimental procedure and sequenced virus passages. (C) Relative expression levels of VP24 mRNA
determined by qRT-PCR analysis. Huh7 cells were infected with mutant virus or recombinant wild-type virus at an MOI of 0.3 FFU/cell. Cells were harvested at
24 hand 48 hp.i,, polyadenylated mRNA was isolated, and the amounts of VP30 and VP24 transcripts were determined by qRT-PCR. Shown are the mean relative
expression levels of VP24 mRNA (+SD). (D) Replication kinetics of recombinant EBOVs. Huh7 cells were infected with recEBOV-wt-IR 144nt, recEBOV-IR
5nt, or recEBOV-IR 10nt at an MOI of 0.3 FFU/cell. Supernatants were collected at the indicated time points, and viral titers were determined by focus-forming-
unit assay. Shown are the mean values (£SD) of 3 experiments. The asterisks indicate statistically significant differences (P < 0.001) between each mutant virus
and the wild type as determined by ANOVA (including Bonferroni correction for multiple testing). The values of recEBOV-IR 5nt were not significantly different
from those of recEBOV-IR 10nt, except for the data point 1 day p.i. (P = 0.0248). (E) Morphology of foci formed in Vero cells infected with recombinant EBOV's
at 4 days p.i. The foci were visualized by immunofluorescent staining. (Top) Representative overview of large- and small-focus phenotypes observed for the
different EBOVs. (Bottom) Higher magnification showing immunofluorescent foci (left) and corresponding bright-field images (right).

pletely abrogated reinitiation (45). This was also the case for a  the absence of an IR. Together, these data reflect fundamental

RABV Bici lacking an IR, even though RABV contains variable
IRs, similar to EBOV (56). The contrasting results might be ex-
plained by differences within the GS signals. While RABV, VSV,
and SeV GS signals begin with a uridine residue and the IR might
be essential to separate this signal from the upstream U tract of the
GE, the GS signals of EBOV and RSV start with a cytidine, possibly
facilitating discrimination of the adjoining transcription signals in
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differences in the control of polymerase behavior by cis-acting
sequences between viruses with conserved and variable gene bor-
ders and suggest an important role of conserved IRs in transcrip-
tion regulation, while the function of variable IRs remains less
clear.

While there was no profound change in transcription reinitia-
tion with most truncated IRs, shortening the 144-nt-long IR to 10,
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20, or 30 nt significantly reduced expression of the downstream
gene. Our results indicate that this inhibitory effect was caused by
the IR length rather than the sequence, as reinitiation rates re-
mained low even when the inhibitory IR of 10 nt was partially or
completely replaced. It has been reported for VSV that the poly-
merase inefficiently reinitiates transcription at suboptimal GS sig-
nals within extended IRs, a process that transits the polymerase
past the genuine GS signal, leading to reduced transcription levels
of the downstream gene (8, 51, 53, 55). Although a similar sce-
nario to explain the inhibitory effect of the 20- and 30-nt-long IRs
cannot be ruled out, it seems unlikely, as the long IR was truncated
by successive deletions from the center, preserving the GE- and
GS-proximal sequences across the mutants and allowing only
minimal sequence variations at the junction sites of the trunca-
tions (Fig. 5A).

An IR length-specific inhibition of transcription reinitiation is
unique to EBOV and, to our knowledge, has not yet been observed
for any other NNS RNA virus. For these, either a direct relation-
ship between IR length and reinitiation ability has been reported
(8,51-54, 57, 58), or a large range of IR lengths was tolerated with
no or only minimal impact on transcription of the following gene
(46,47, 49). Length-dependent mechanisms causing the observed
inhibition might be (i) the involvement of secondary structures
adopted by the IR; (ii) a shift in the NP encapsidation phase of the
GS signal, leading to failure of the viral polymerase to recognize
the GS signal; or (iii) spatial constraints inhibiting recognition of
the GS signal.

It has been suggested in a previous study that secondary-struc-
ture formation in the IR might play a regulatory role (12). How-
ever, we did not observe any obvious correlation between pre-
dicted secondary structures and the function of the IRs (data not
shown).

Another possible explanation for reduced reinitiation medi-
ated by specific IR lengths is that EBOV GS signals are recognized
with respect to a certain encapsidation phase imposed by the NP
molecules. Phasing-dependent recognition of cis-acting transcrip-
tion signals was postulated for paramyxoviruses that follow the
“rule of six,” i.e., whose genome lengths have to be divisible by six
to be efficiently replicated (13, 59), and was shown to influence
reinitiation in SeV (60). Although none of the sequenced filoviral
genomes are multiples of six, cryo-electron microscopy studies of
EBOV nucleocapsids suggest an encapsidation unit of 6 nt per NP
molecule (61). In addition, the bipartite EBOV replication pro-
moter depends on a hexamer phase (62, 63). However, there is no
indication of conserved phasing of the GS signals within the
EBOV genome. As nonfunctional and functional IRs do not ex-
hibit distinct NP phases in the tested Bicis and recombinant
EBOVs, either, it seems unlikely that NP phasing of the GS signal
is involved in the observed inhibitory effects.

Finally, it is also possible that distances of 10, 20, or 30 nt
between the GE and the following GS signal are sterically unfavor-
able for polymerase recognition. As EBOV L might form oligom-
ers (64), it is conceivable that transcription signals separated by
short IRs are recognized by one L molecule, whereas at gene bor-
ders containing a long IR, one molecule recognizes the GE signal
while the other recognizes the GS signal, a process that might be
inhibited by specific IR lengths. However, further studies are
needed to gain a more detailed insight into the structures of both
the NP-RNA template and the filovirus polymerase engaged in the
process of transcription. Taken together, the mechanism resulting
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in the observed inhibition of downstream gene expression caused
by specific IR lengths remains elusive.

While the initial comparison of Bicis with a short IR (5 nt;
NP-VP35) and with a long IR (144 nt; VP30-VP24) resulted in
lower mRNA 2 expression rates for the latter construct, muta-
tional analysis revealed that the long IR was not sufficient to ex-
plain this effect. Truncation of the long IR to 5 nt did not signifi-
cantly increase mRNA 2 expression levels. Thus, the bordering
UTRs are likely involved in the regulation of mRNA levels at these
two gene borders. This is in accordance with previous findings
showing that the UTRs of EBOV genes affect reporter gene expres-
sion (12). Our observation that deletion of the long IR in a Bici
affects downstream but not upstream gene expression is in con-
trast to a previous study, in which deletion of this IR nearly abro-
gated the reporter activities of both the upstream and downstream
genes (12). The conflicting results might be due to variations in
the included bordering UTRs of the Bici constructs. A regulatory
role in the transcription of genes and translation of mRNAs has
also been reported for the long UTRs in the genomes of other NNS
RNA viruses (65-69). It will therefore be of interest to determine
whether the observed inhibitory effects of certain IR lengths are
specific to the gene border containing the long IR or if they can be
recapitulated at other EBOV gene borders.

A recombinant EBOV in which the VP30-VP24 IR was short-
ened to 10 nt not only showed reduced expression of VP24
mRNA, but also exhibited a small-focus phenotype and was sub-
stantially inhibited in viral growth. In contrast to recEBOV-IR
5nt, rescue efficiency was low, and all recovered recEBOV-IR 10nt
viruses contained additional mutations. We speculate that these
might have been acquired to overcome the severe loss of fitness
associated with the inhibitory IR. The filovirus-unique protein
VP24 is an essential inhibitor of interferon signaling in EBOV,
negatively regulates replication and transcription, and is involved
in the maturation of functional nucleocapsids (reviewed in refer-
ences 3 and 70). It has also been shown to be essential for genome
packaging and particle infectivity (71, 72). Rescue of VP24-defi-
cient EBOV by expression of VP24 in trans has not yet been suc-
cessful, indicating that subtle regulation of VP24 expression might
be crucial (73). Downregulation of VP24 expression in rec-
EBOV-IR 10nt is therefore expected to negatively affect virus rep-
lication. Due to the sequential nature of transcription, expression
levels of L in cells infected with the virus would also be reduced by
the introduced mutation, which together might account for the
observed attenuation.

Unexpectedly, we also found a pronounced reduction in viral
titers and small-focus morphology with the recEBOV-IR 5nt mu-
tant, although transcription of VP24 was not substantially affected
by the IR truncation. Sequencing of this mutant throughout the
experiment showed that it developed a mutation within the edit-
ing site of the GP gene from 7 U to 8 U. In a previous study, this
mutation was shown to lead to faster replication kinetics and
larger plaque morphology (74). Therefore, it is assumed that the
slower replication kinetics and the small-focus phenotype of
recEBOV-IR 5nt can be attributed to the truncation of the IR. The
observed effects are expected to be even more severe without the
additional mutation in the GP editing site superimposed.

Similar to our observations, changes in the lengths of specific
IRsin recombinant RSV and NDV led to reduced plaque sizes and,
in the case of NDV, to decreased pathogenicity (46, 58). While
these effects were attributed to increasing genome length in the
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case of RSV and changes in the transcription level of the down-
stream gene for NDV, we observed unaffected transcription levels
upon truncation of the IR to 5 nt. This suggests that the long IR
might be involved not only in EBOV transcriptional regulation,
but also in later steps of the replication cycle essential for viral
spread. Sequences residing within the long IR might also be re-
quired to ensure correct encapsidation by the nucleoprotein and
the formation of fully functional nucleocapsids. The long IR is not
only present in the genome and antigenome, it is also expressed as
part of the VP30-VP24 readthrough mRNA in infected cells (Fig.
1E and F). Since readthrough mRNAs are not encapsidated, they
might serve as regulatory RNAs or could give rise to small regula-
tory RNAs comprising IR sequences. There is growing evidence
for virus-derived noncoding and small RNAs that are involved in
regulatory processes (75-78). However, this concept remains
speculative at this point, and further analyses are required to pur-
sue this intriguing possibility.

Taken together, the present work corroborates the notion that
regulation of RNA synthesis in the highly pathogenic filoviruses is
more sophisticated than previously acknowledged and differs not
only from the NNS RNA prototype viruses VSV, 4iana and SeV,
but also from other viruses with variable gene borders, including
RSV, RABV, and NDV. Specific IR lengths not found naturally
within any filovirus IR substantially inhibit downstream gene ex-
pression. This observation might help to develop strategies to
modulate viral gene expression rates, allowing the rational design
of recombinant attenuated EBOVs. Our findings also provide ev-
idence that the exceptionally long IR within the filovirus genomes
might be essential for late steps in the viral replication cycle, in
addition to transcriptional regulation. This is, to our knowledge,
unprecedented among NNS RNA viruses.
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