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ABSTRACT

A virus-specific, non-coding RNA of 0.3 — 0.5 kb, co-linear with the genomic 3’ UTR
can be detected in cells and mice infected with arthropod-borne flaviviruses. This small
flavivirus RNA (sfRNA) results from incomplete degradation of the viral genome by the
host 5’ - 3’exonuclease XRN1 and was shown to be important for viral pathogenicity. To
determine whether sfRNA production is a unique feature of the Flavivirus genus or only
restricted to vector-borne flaviviruses, flaviviruses with no known vector (NKV) and the
insect flavivirus cell fusing agent virus (CFAV) have been analyzed for the production of
the sfRNA. The data presented in this study clearly demonstrate that the XRN1-mediated
production of sfRNA is not limited to the vector-borne flaviviruses and most likely is
an unique common feature of all flaviviruses, implying that it could be considered an
additional determinant to assign viruses to this genus. Computer-aided RNA structure
predictions combined with in vitro XRN1 assays and cell culture experiments defined
an RNA pseudoknot as the XRN1 stalling site for the production of these sfRNAs in
NKYV flaviviruses and CFAV. These data imply that the sfRNA is likely to be important for
the flavivirus life cycle in both the mammalian host and the arthropod vector, as NKV
flaviviruses restricted to mammalian hosts and the mosquito-restricted CFAV produce
an sfRNA.
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INTRODUCTION

The genus Flavivirus of the Flaviviridae family contains nearly 80 viruses, including many
important human pathogens such as dengue virus (DENV), yellow fever virus (YFV), and
West Nile virus (WNV). Based on phylogenetic analysis, flaviviruses were grouped into
three major clusters that correlate with the type of vector used for their transmission: (i)
mosquito-borne, (ii) tick-borne, and (iii) no known vector (NKV) flaviviruses 2. No arthro-
pod vector has yet been implicated in the transmission of NKV viruses. NKV flaviviruses
have been isolated exclusively from rodents or bats and are divided into three groups: i)
the Entebbe bat virus group which includes viruses like the Entebbe bat and Yokose virus
(YOKV), ii) the Modoc virus group that comprises Modoc virus (MODV) and Apoi virus
(APOIV) and iii) the Rio Bravo virus group which includes viruses like Rio Bravo virus (RBV)
and Montana myotis leukoencephalitis virus (MMLV) 3. In contrast to the MODV and RBV
groups, whose members are unable to replicate in the mosquito C6/36 cell line, viruses
belonging to the Entebbe bat group can replicate in these cells albeit to low titers *.

Apart from the viruses that are assigned to one of the clusters within the Flavivirus
genus, there are viruses like cell fusing agent virus (CFAV) that are considered tentative
flaviviruses °. CFAV was isolated from a cell line derived from laboratory-reared Aedes
aegypti mosquitoes ¢ and has been classified as a tentative insect flavivirus with genome
organization and gene expression strategy similar to that of the flaviviruses. However,
CFAV can only be propagated in mosquito cells and not in cell lines of vertebrate origin
67, Although CFAV has never been found in nature, CFAV-related viruses like Kamiti River
virus (KRV) have been isolated from field-collected mosquitoes 51°.

All flaviviruses have a positive single-stranded RNA genome of approximately 11 kb,
with a 5" cap structure and a 3’ non-polyadenylated end. The genome encodes one large
open reading frame that is flanked by 5 and 3’ untranslated regions (UTRs) that contain
several conserved RNA sequences and structures that are involved in the regulation of
translation and viral genome amplification. Translation of the viral genome results in a
polyprotein that is co- and post-translationally processed by viral and cellular proteases
into the individual viral proteins ''. Northern blot analysis of viral RNA isolated from
mammalian and insect cell lines or mice infected with arthropod-borne flaviviruses has
revealed the production of a small, positive-stranded, non-coding flavivirus RNA (sfRNA)
in addition to the viral genome >, This sfRNA is 0.3 - 0.5 kb long, co-linear with the 3’
end of the viral genome and originates from incomplete degradation of the viral ge-
nomic RNA by the host 5'-3"exonuclease XRN1, due to stalling of this nuclease upstream
an RNA pseudoknot located in the viral 3'UTR 1718,

Although the precise role of the sSfRNA in the viral life cycle still needs to be elucidated,
current data suggest that it is important for viral pathogenicity in the mammalian host
1518 (Silva, Pereira, Dalebout, and Bredenbeek, unpublished results). Despite the fact that
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sfRNA production has also been described in mosquito cells infected with mosquito-
borne flaviviruses '*'>'7, nothing is known about the potential role of the sfRNA in the
arthropod host. If production of the sSfRNA is only required for efficient completion of the
viral life cycle in either the mammalian or the arthropod host, it is not unlikely that the
ability to produce an sfRNA might be lacking in either the NKV flaviviruses or CFAV. To ad-
dress this hypothesis, the production of sSfRNA in mammalian cells infected with several
NKYV flaviviruses and of mosquito cells infected with CFAV was analyzed. Surprisingly, all
the flaviviruses that were included in this study produced at least one sfRNA that was
co-linear with the 3’ end of the viral genome. As has been shown for arthropod-borne
flaviviruses, production of sSfRNA by these NKV viruses and CFAV is also mediated by the
host 5’ 3"exoribonuclease XRN1, which is well conserved in eukaryotes. In addition, the
minimal sequence within the viral 3'"UTR required for the stalling of XRN1 on the genome
of MODV, MMLYV and also CFAV was determined and found to form an RNA pseudoknot.

MATERIAL AND METHODS

Cell culture

The origin and culture conditions of the BHK-21J cells have been described before 9%,
C6/36 cells ' were obtained from the ATCC and grown in EMEM supplemented with 8%
fetal calf serum (Bodinco, The Netherlands) and 5% none-essential amino acids.

Recombinant DNA techniques and plasmid constructions

Unless described in more detail, standard nucleic acid methodologies were used
223 Chemically competent E. coli DH5a cells 2* were used for cloning. The nucleotide
numbering was according to the sequence files for which the accession numbers can
be found in table 1.

Infections were performed essentially as described before %. Total RNA was isolated
with Trizol (Invitrogen) at 30 hr p.i. from BHK-21J cells infected with MODV, APOIV, MMLV
or RBV or at 36 hr p.i. from CFAV infected C6/36 cells. RNA was dissolved in 30 ul H,0
and 5 ug was used for first strand cDNA synthesis using M-MuLV reverse transcriptase
(Fermentas). The PCR was performed with GoTaq Flexi DNA Polymerase (Promega) as
described by the manufacturer. Oligonucleotides used in the PCR contained either a Mlu
I site (forward primer) or a Sph I site (reversed primer). The RT-PCR products were cloned
using the TOPO TA Cloning system (Invitrogen). Inserts with the correct sequence were
isolated after digestion of the plasmids with M/u I - Sph | and cloned into Sinrep5eGFP
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Table 1. Oligonucleotides that were used to identify and characterize the sfRNAs of NKV
flaviviruses and CFAV. The oligonucleotides that were used in this study, the virus to
which they were directed, the NCBI accession number used to obtain the sequence and
the actual nucleotide sequence are indicated. All oligonucleotides are complementary to
the viral genome. Abbreviations in the column “Purpose” refer to Northern blotting and
hybridizations (Hyb.), primer extension (Prim.Ex.) and DNA sequencing (Seq.).

Oligo Virus NCBI Number Sequence (5'to 3’) Purpose
NKV2 MMLV AJ299445 CCGCTCAATCTCGAGAGGAGCGA Hyb/Prim.Ex.
NKV3 APOIV AF452050 CTCAGGCGCTAAAGGATGCCGCTA Hyb.
NKV4 MODV AJ242984 GGGTCTCCACTAACCTCTAGTCCT Hyb.
NKV6 APOIV AF452050 CGCTCAAAGAGAGAAGGGTCGC Hyb.
NKV19 RBV AF452049 ACTCGGTCAGTTGGGATCATCCCAC Hyb.
NKV20 MODV AJ242984 CCCTAACCTATTTACAATGACTGGC Hyb./Prim.Ex.
NKV21 CFAV NC_008604 AGATGGGCCGCCACCACCATCTTAG Hyb./Prim.Ex.
NKV24 YOKV NC_005039 TCCATGCGTAGGAGAGGGTCTCC Hyb.
NKV31 RBV AF452049 CACCCTATCAGGGTTGACTGGCTCA Prim.Ex.
NKV33 APOIV AF452050 CCCACTGGAATGCAATGCTGGCC Prim.Ex.
YFV1632 YFV-17D X03700 ACCCCGTCTTTCTACCACC Seq.
YFV1676 SinV NC_001547 GTACCAGCCTGATGCATTATGCACATC Hyb.

217 Plasmid DNAs of these pSinrep5eGFP recombinants containing either a MODV,
MMLV or CFAV insert were linearized with Not | and used for in vitro RNA transcription 2°.
In vitro XRN1 assay

Plasmid DNA of the pSinrep5eGFP recombinants was prepared for in vitro RNA tran-
scription without the addition of a cap analog as described above. The RNA transcripts

were pre-treated with tobacco acid pyrophosphatase (TAP, Epicentre) to create a 5’

mono-phosphate and incubated with 1 unit of XRN1 (available as Terminator 5’-phos-
phate-dependent exonuclease, Epicentre) as described before .

RNA transfection and analysis of viral RNA

BHK-21J cells were transfected with 5 or 20 pg of Sinrep5eGFP and recombinant RNAs
as described before 2. In general, 2.5 ml (approximately 1.5 x 106 cells) of the transfected
BHK-21J cell suspension was seeded in a 35 mm plate. Total RNA was isolated from the
transfected cells at 8 hr post electroporation (p.e.). Trizol (Invitrogen) was used for cell
lysis and subsequent RNA purification.
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For Northern blotting, samples containing 7.5 - 10 ug of total RNA isolated from either
infected or electroporated cells, or obtained from in vitro XRN1 assays, were denatured
using formaldehyde and separated on a formaldehyde containing 1.5% agarose gel
and blotted to Hybond-N* (GE-Healthcare) 2. The blots were hybridized with random
hexameer primed cDNA probes or 32P-labelled oligonucleotides %6?*?” that were targeted
at the 3" UTR of the virus under study.

Primer extension assay

Primer extension analysis was performed as reported by Sambrook et al. 2 with minor
modifications . Briefly, 5 — 7 ug total RNA from virus infected cells or XRN1-treated
recombinant SINrep5 transcripts, were annealed to a *’P-labeled oligonucleotide that
was specific for the studied viral RNA. The primer extension products were analyzed on
a denaturing 5% polyacrylamide/8M urea sequence gel. A *P-labeled Cycle Reader se-
quence reaction (Fermentas) using oligonucleotide 1632 primed pBIsrcptSK-YFV,, .
as a template served as a sequence marker.

RNA structure prediction

RNA structure was predicted as described by Olsthoorn and Bol 2. The viruses included
in this analysis were: MODV, MMLYV, RBV, APOIV and CFAV. The NCBI accession numbers
for the sequences can be found in table 1.

RESULTS

Production of a small 3’ subgenomic RNA is a unique feature of all
Flaviviruses

Recently it was shown that many, if not all, of the arthropod-borne flaviviruses produce
an sfRNA that is collinear with the distal part of the viral 3" UTR '>'>"7, These sfRNAs were
generated in infected mammalian as well as in insect cells. BHK-21J cells were infected
with the NKV flaviviruses MODV, APOIV, RBV, MMLV and YOKV to determine whether
such sfRNAs were also produced by the flaviviruses that lack an arthropod vector. Total
RNA was isolated from the infected cells at 30 hr p.i. and analyzed for sSfRNA production
by Northern blot analysis using *2P-labelled oligonucleotides directed against the distal
part of the 3’ UTR of the NKV viruses as a probe. In addition to the viral genomic RNA,
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Fig. 1. sSfRNA production in mammalian and insect cells infected with NKV flaviviruses and CFAV. A)
Northern blot analysis of viral RNAs isolated at 30 hr p.i. from BHK-21J cells infected with MODV, APOIV, RBV,
MMLV and YOKV respectively. Kinased oligonucleotides complementary to the distal part of the respective
virus 3" UTR were mixed and used as probes. B) Northern blot analysis of CFAV RNAs isolated from infected
C6/36 cells at 36 hr p.i. A 2P-labelled oligonucleotide complementary to the distal part of the CFAV 3’ UTR
was used as a probe. Lane M corresponds to total RNA isolated from mock-infected cells.

a small virus-specific RNA was detected for the NKV flaviviruses MODV, RBV, MMLV and
YOKYV (fig. 1.A; lanes 1, 3, 4 and 6), whereas two small virus-specific RNAs were detected
in cells infected with APOIV (fig. 1.A; lane 2).

Apart from these NKV flaviviruses, the tentative insect flavivirus CFAV was also tested
for the production of a small virus specific RNA originating from the viral 3’"UTR. Mosquito
C6/36 cells were infected with CFAV and at 36 hr p.i. total RNA was isolated and analyzed
by Northern blotting and hybridization. As shown in fig. 1.B, a small RNA was readily
detected in CFAV-infected C6/36 cells. From these results it was concluded that, similar
to the arthropod-borne flaviviruses, MODV, APOIV, RBV, MMLV and YOKYV, representing
the three different groups of NKV flaviviruses, produced at least one sfRNA. These data
demonstrated that sfRNA production is a distinguishing feature for all Flaviviruses. Even
CFAV, a virus tentatively assigned to the Flavivirus genus, was shown to produce an
sfRNA.
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Determining the 5’ end of the sfRNAs from flaviviruses with no known
vector and CFAV

Primer extension analysis on total RNA isolated from infected cells was used to de-
termine the 5’ end of the sfRNA of MODV, APOIV, MMLV, RBV and CFAV. As shown in fig.
2.A, primer extension on total RNA isolated from MODV-infected BHK-21J cells (lane 1)
resulted in the production of two unique cDNA products that were only one nucleotide
apartin length and not present in total RNA isolated from uninfected cells (lane 2). Using
the sequence ladder that was run in parallel as a marker, the 5’ end of the MODV sfRNA
was mapped to nt position 10.262 or 10.263. Based on these results, the MODV sfRNAs

A) B) D)
A C G T 1 2

poswe- M APOIV M APOIV

MODV MMLV

RBV

Oligo 6 Oligo 3

APOIV CFAV

Fig. 2. Mapping the relative position of the NKV and CFAV sfRNAs to the viral genome. Primer extension
analysis was performed to determine the 5’ end of the sfRNAs produced by the rodent NKV viruses MODV
and APOIV (panel A), the bat NKV viruses MMLV and RBV (panel B), and the tentative insect flavivirus CFAV
(panel C). RNA was isolated from infected BHK-21J cells at 30 hr p.i. for the NKV flaviviruses and at 36 hr p.i.
from CFAV-infected C6/36 cells. For panels A to C, lanes 1 and 2 correspond to primer extension on total
RNA isolated from infected and uninfected cells, respectively. Information on the oligonucleotides that
were used as probes for these viruses is presented in table 1. A sequence reaction using oligonucleotide
YFV1632 on pBluescript-YFV, .. ..., " was used as a DNA size marker. D) Northern blot analysis of viral RNA
isolated from APOIV-infected BHK-21J cells to determine the relative orientation on the viral genome of the
two APOIV sfRNAs using oligonucleotides NKV3 and NKV6 (see table 1) as a probe. Lane M corresponds to
total RNA isolated from mock-infected cells.
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were calculated to be 337 to 338 nts in length. Primer extension on APOIV RNA also
resulted in two cDNA products; however, in contrast to MODV, these products showed a
significant size difference. This was actually expected given the results of the hybridiza-
tion presented in fig. 1.A. Based on the length of the primer extension products, the
longest sfRNA was calculated to be approximately 566 nts, whereas the smaller sfRNA
was predicted to have a length of approximately 371 nts. Primer extension analysis on
MMLV, RBV and CFAV RNA resulted in unique products (fig. 2, panels B and C). The 5’ends
were mapped to positions 10.285 in the MMLV genome, 61 nts into the 3’ UTR of RBV,
and positions 10.182 - 10.183 in the genome of CFAV. Based on these primer extension
results, the sfRNAs of MMLV, RBV and CFAV were calculated to be 405 nt, 425 nt, and
512 - 513 nt, respectively.

The combined results of the Northern blot (fig. 1.A, lane 2) and primer extension (fig.
2.A), suggested that the two detected APOIV sfRNAs would form a 3" nested set. To deter-
mine whether this hypothesis was correct, the position of the APOI sfRNAs relative to the
viral genome was analyzed by Northern blotting using oligonucleotides NKV3 and NKV6
as probes. Oligonucleotide NKV3 is complementary to the 3’ end of the viral genome
and will recognize both APOIV sfRNAs if they form a 3’ nested set. Oligonucleotide NKV6
hybridizes to a position upstream of the determined 5’ end of the smaller APOIV sfRNA
and is predicted to detect only the larger sfRNA if the hypothesis is correct. The results
presented in fig. 2.D clearly demonstrated that the APOIV sfRNAs form a 3’ nested set.
Both sfRNAs hybridized to the 3’ end-specific oligonucleotide NKV3, whereas only the
largest APOIV sfRNA hybridized with oligonucleotide NKVé6.

The host exoribonuclease XRN1 is required for sfRNA production of NKV
flaviviruses and CFAV

It has now been firmly established that the sfRNAs of WNV and YFV are produced
by incomplete degradation of the viral genome by the host 5 - 3’ exoribonuclease
XRN1 ™', To analyze whether XRN1 was also required for the production of the NKV
flaviviruses sfRNAs, MODV and MMLV were selected to represent two different groups
of NKV flaviviruses that are associated with rodents and bats, respectively. In addition,
whenever possible, the tentative flavivirus species CFAV was included in these stud-
ies. Unfortunately, no full-length cDNA clone for the transcription of infectious RNA is
available for any of these three viruses. To circumvent this handicap, cDNA fragments
encompassing the XRN1 stalling site were cloned into the Sindbis virus derived RNA
driven expression vector Sinrep5eGFP 2°. This strategy allowed the use of the same RNA
templates for both in vivo and in vitro studies. A schematic representation and relevant
details of these constructs is shown in fig. 3.A. BHK-21J cells were transfected with in
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Fig. 3. Insertion of the MODV, MMLV and CFAV 3’ UTR sequence directs the in vivo and in vitro
production of an sfRNA-like RNA in the context of a Sindbis replicon RNA. A) Schematic representation
of the pSinrep5eGFP vector characteristics and the predicted general RNA folding of the NKV 3" UTR
according to Charlier and colleagues %. The 5’ end of the sfRNAs relative to this RNA structure is indicated
by an arrow. The box below the structure indicates the region of the MODV, MMLV or CFAV 3’ UTR cloned
into the Sinrep5eGFP vector. The names of the constructs and the exact nucleotide numbers of the cDNA
fragments cloned into Sinrep5eGFP are indicated in the table in panel A. B) Northern blot analysis of total
RNA isolated from BHK-21J cells transfected with Sinrep5eGFP-MODV (lane 1), Sinrep5eGFP-MMLYV (lane
2), Sinrep5eGFP-CFAV (lane 3), mock transfected cells (lane 4) and Sinrep5eGFP (lane 5). Oligonucleotide
1676 complementary to Sinrep5eGFP nucleotides downstream of the insertion site of flavivirus 3’ UTR was
used as probe. C) In vitro production of the MODV, MMLV and CFAV sfRNA-like RNA by incubation with
XRN1. The “=" symbol refers to incubation without the enzyme, while the “+” signal corresponds to the
addition of XRN1. D) Primer extension using oligonucleotide 1676 to determine the 5’end of the sfRNA-like
RNAs produced by in vitro incubation of RNA transcribed from the Sinrep5eGFP constructs with XRN1.”Sin”
represents the control reaction on pSinrep5eGFP.
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vitro transcribed RNA of these Sinrep constructs to demonstrate that an sfRNA-like RNA
could be produced in cell culture. As shown in fig. 3.B, Northern blotting of total RNA
isolated from these transfected cells using oligonucleotide 1676 as a probe revealed
that Sinrep5eGFP-MODV, Sinrep5eGFP-MMLV and Sinrep5eGFP-CFAV produced an
sfRNA-like RNA. This additional RNA was not detected in cells that were transfected with
Sinrep5eGFP that did not contain any flavivirus sequences (lane Sin) or mock transfected
cells (lane M). RNA transcripts of Sinrep5eGFP, Sinrep5eGFP-MODYV, Sinrep5eGFP-MMLV
and Sinrep5eGFP-CFAV, were incubated in vitro with commercially available purified
XRN1 and analysed by Northern blotting to demonstrate that this enzyme was also
responsible for the production of the NKV and CFAV sfRNAs. The results showed that
an sfRNA-like RNA was generated upon incubation with XRN1 of the Sinrep5eGFP tran-
scripts that contain either the MODV, MMLV or CFAV insert encompassing the predicted
XRN1 stalling site (fig. 3.C). Primer extension analysis on these sfRNA-like RNAs produced
in vitro demonstrated that the 5’ ends that were produced using this heterologous ex-
pression system were identical to the 5’ ends of the sfRNAs as detected in BHK-21J cells
infected with either MODV, MMLV or CFAV (fig. 3.D). The combined data of the in vivo
and in vitro experiments using the Sinrep5eGFP templates provided strong evidence
that XRN1 is also responsible for the production of the sfRNA in cells infected with NKV
flaviviruses or CFAV.

An RNA pseudoknot in the 3’ UTR of NKV flaviviruses and CFAV is
required for the production of the sfRNAs

Current data for YFV and WNV strongly suggest that the stalling of XRN1 that is re-
quired for the production of sSfRNA in arthropod-borne flaviviruses is directed by an RNA
pseudoknot within the viral 3" UTR '8, Therefore, the nucleotide sequences immedi-
ately downstream of the predicted 5’ end of the NKV flaviviruses and CFAV sfRNAs were
analyzed for their potential to fold into an RNA pseudoknot structure. An alignment of
the primary sequence in this region of the NKV flaviviruses genomes showed significant
sequence similarity interspaced by insertions or deletions of a few nucleotides (fig. 4.A).
A similar result was obtained when CFAV was compared to KRV and Aedes virus. The lat-
ter two viruses were recently isolated from mosquitoes and shown to be closely related
to CFAV. Subsequent extensive RNA structure modelling predicted the formation of RNA
pseudoknots for all the NKV flaviviruses as well as for CFAV and the related KRV and
Aedes virus. The predicted RNA pseudoknot structures for MODV, MMLV and CFAV that
could potentially serve as stalling sites for XRN1 are depicted in fig. 4.B. The structure for
MODV and MMLV was predicted to be very similar. Compared to the structure for YFV
7, the sequence indicated by pk that was predicted to base pair with the pk’ sequence
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(nomenclature according to Olsthoorn and Bol %), is located further downstream of
the stem. For both MODV and MMLYV, the presumed pk’ - pk interaction comprised five
nucleotides, which is similar to the YFV pseudoknot that was proven to act as a stalling
signal for XRN1 7. The initial impression of the folding for the comparable region of the
CFAV RNA suggested that it was rather different from the proposed RNA pseudoknots
for YFV, MODV and MMLV. However, closer inspection revealed that the overall folding
was actually relatively similar to the proposed structures for NKV flaviviruses and YFV.
The main differences of the CFAV structure versus that of the other viruses were in the
length of the depicted stem structures and the pk’- pk interaction, which was proposed
to involve only three nucleotides. Interestingly, the formation of a second, very similar
RNA pseudoknot structure was predicted for the nucleotide sequence just downstream
of the first predicted pseudoknot (fig. 4.B).

To provide support for the actual formation of these predicted RNA pseudoknots, two
cDNA fragments of MODV, MMLV and CFAV were cloned into Sinrep5eGFP (fig. 5.A). The
cDNA fragment A of MODV, MMLV and CFAV contained all the nucleotides that were
predicted to be involved in the formation of the RNA pseudoknot required to stall XRN1.
Fragment B contained a 3’ deletion compared to the sequences contained in fragment
A. This 3’ truncation was expected to disrupt the pseudoknot formation by deletion of
the pk sequence. The ability of the cDNA fragments A and B of MODV, MMLV and CFAV
to direct the production of an sfRNA-like RNA was analyzed in vivo as well as in vitro
using the Sinrep5eGFP based expression system. RNA transcripts of the NKV virus and
CFAV Sinrep5eGFP constructs containing cDNA fragment A or B were electroporated
into BHK-21J cells. At 8 hrs. p.e., total RNA was isolated and analyzed by Northern blot-
ting using the Sindbis virus 3" UTR specific oligonucleotide 1676 as a probe. As shown in
fig. 5.B, all the cells transfected with Sinrep5eGFP RNA containing cDNA fragment A of
MODV, MMLYV or CFAV were able to produce an sfRNA-like RNA in the transfected cells.
As expected, this sfRNA-like RNA was not detected in BHK cells that were either mock
transfected (lane M) or electroporated with Sinrep5eGFP RNA lacking any flavivirus
insert (lane Sin). More importantly, this sfRNA-like RNA was not detected in cells that
were transfected with RNA of the Sinrep5eGFP recombinants containing cDNA fragment
B of MODV, MMLYV, and CFAV.

In vitro experiments were performed with purified XRN1 and RNA transcribed from
the Sinrep5eGFP recombinants containing the MODV, MMLV or CFAV cDNA fragments
A and B to provide additional evidence for the role of the predicted RNA pseudoknot
in the stalling of XRN1. Sinrep5eGFP RNA containing the NKV flavivirus or CFAV ¢cDNA
fragment A, did produce an sfRNA-like RNA after incubation with XRN1, whereas Sin-
rep5eGFP constructs encompassing cDNA fragment B were completely degraded and
did not yield this additional subgenomic RNA (fig. 5.C). The outcome of the in vivo and
in vitro experiments presented in fig. 5 supports the predicted model in which an RNA
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Fig. 5. RNA sequences that are predicted to be involved in the formation of an RNA pseudoknot in
the 3’ UTR of MODV, MMLV and CFAV are required for the production of an sfRNA. A) Generalized
overall RNA folding of the NKV 3’ UTR based on Charlier and colleagues #. The relative position of the RNA
pseudoknot that is predicted to be involved in sfRNA production is indicated by a dashed line. The 5'end of
the sfRNAs relative to this RNA structure is indicated with an arrow. The boxes below the structure indicate
the regions of the flavivirus 3" UTR that were cloned into the Sinrep5eGFP vector from MODV, MMLV and
CFAV. The exact nucleotide numbers of the cDNA fragments cloned into Sinrep5eGFP are indicated in the
table. B) Northern blot analysis of RNA isolated from BHK-21J cells transfected with Sinrep5eGFP (Sin)
and Sinrep5eGFP with the 3" UTR A and B inserts of MODV, MMLV and CFAV, respectively. M corresponds
to uninfected BHK-21J cells. Oligonucleotide 1676 was used as probe. C) Northern blot analysis of RNA
transcripts of Sinrep5eGFP and derivatives containing fragment A or B of MODV, MMLYV or CFAV incubated
with XRN1.The “~"symbol refers to incubation without the enzyme, while the “+" signal corresponds to the
addition of XRN1. Oligonucleotide 1676 was used as a probe.

Ap

pseudoknot is required to stall XRN1 for the production of an sfRNA-like RNA. In contrast
to the Sinrep5eGFP recombinants containing MODV, MMLV or CFAV cDNA fragment A,
formation of the RNA pseudoknot that stalls XRN1 was no longer possible in fragment B
due to deletion of the pk sequence, explaining why an sfRNA-like RNA was not produced.

96



DISCUSSION

The family Flaviviridae comprises three genera: Flaviviruses, Pestiviruses, and
Hepaciviruses °. All the members of this virus family are enveloped, positive-stranded
RNA viruses with a similar genome organization and expression strategy. Despite their
evolutionary relatedness, these viruses show significant differences in host range, tro-
pism, pathogenicity, and various aspects of their molecular biology. Over the last few
years it has been shown that arthropod-borne Flaviviruses produce a small flavivirus
RNA (sfRNA) in addition to their genome-length negative- and positive-stranded RNAs
1217 This RNA results from partial 5’ to 3’ degradation of the viral genome by the host
exoribonuclease XRN1 '7. No such small viral subgenomic RNA has been detected in
cells infected with Pestiviruses and Hepaciviruses '°, suggesting that the production
of the sfRNA might be a new feature specific for Flaviviruses. However, flaviviruses are
divided into three groups and the previous studies only analyzed sfRNA production in
cells and mice infected with either mosquito- or tick-borne viruses. In this study, viruses
that belong to the third, poorly studied cluster of Flaviviruses with no known vector,
were analyzed for their ability to direct sfRNA synthesis. The analysis included MODV
and APOIV from the rodent-associated MODV-related flaviviruses and MMLV and RBY,
along with YOKYV, representing the bat-associated RBV and Entebbe bat virus subgroup
of the NKV flaviviruses, respectively 3. In addition to these NKV flaviviruses, the mosquito
cell-infecting virus CFAV, which has been tentatively assigned to the Flavivirus genus,
was also included in this study. The results of this analysis showed that all NKV flavi-
viruses as well as CFAV are able to produce at least one sfRNA in infected cells. APOIV
even generates two sfRNAs that form a 3’ nested set. Primer extension analysis on total
RNA mapped the 5’ end of the NKV sfRNAs to an internal bulge in the Y-structure that is
indicated as region | in the 3" UTR of NKV flaviviruses %. Due to recombination, deletions
and sequence duplications, the length of the Flavivirus 3" UTR is rather heterogeneous
(reviewed in 3°). This size heterogeneity is also reflected in the length of the sfRNAs. In
general, the sfRNAs are co-linear with the 3’ distal part of the viral 3" UTR and contain all
the conserved RNA elements that are present in this region of the genome. These results
demonstrate that production of a subgenomic sfRNA is a new feature of viruses that be-
long to the genus Flavivirus and that it can be considered as an additional characteristic
to the established ICTV criteria for classification of newly discovered viruses into the
genus Flavivirus.

Using mutagenesis of the available infectious cDNA clones, in vitro assays and RNA
silencing experiments, previous studies on WNV and YFV have demonstrated that the
sfRNAs of the arthropod-borne flaviviruses are produced by incomplete degradation
of the viral genomic RNA by the host 5'-3" exoribonuclease XRN1 7. No infectious
cDNA clone is currently available for any of the NKV flaviviruses or CFAV. Therefore, a
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Sindbis virus-based expression system 2* was used to determine whether XRN1 was also
required for the production of sfRNA in cells infected with NKV flaviviruses or CFAV. The
cDNA fragments that contained the nearly complete distal part of the MODV, MMLV or
CFAV 3" UTR were cloned into the Sinrep5-eGFP and analyzed for their ability to direct
the synthesis of an sfRNA-like RNA in vitro and in vivo. Transfection of BHK-21J cells
with RNA transcribed from these constructs did indeed result in the production of an
sfRNA-like RNA. An identical RNA was detected upon incubation of the Sinrep5eGFP
recombinants containing the MODV, MMLV or CFAV insert with purified XRN1. Further-
more, the in vitro produced sfRNA-like RNAs have an identical 5’ end as the sfRNAs that
are produced during infection of cell cultures with MODV, MMLV or CFAV. These results
strongly suggest that XRN1 is also required for the production of the sfRNA in NKV
flaviviruses and CFAV. These results are actually not very surprising since XRN1 is well
conserved among eukaryotes as it plays a vital role in 5" to 3 mRNA decay (reviewed
in 33%), and therefore in the homeostasis of the host. Several experiments have been
performed to provide additional proof for the role of XRN1 in the sfRNA production of
MODV and MMLV by using lentiviruses expressing small-hairpin RNAs to silence human
XRN1 expression. However, silencing of XRN1 has a significant impact on the condition
of the cells and this, together with the relatively poor replication of MODV and MMLV
in the tested SW13 and Huh7 cells, unfortunately resulted in inconclusive data (Silva,
Dalebout and Bredenbeek, unpublished results).

It has previously been shown that XRN1 is stalled by an RNA pseudoknot in the 3'UTR
of YFV and WNV to produce the sfRNA 7’8, However, no RNA pseudoknot structure has
been suggested in the 3’UTR region predicted to stall XRN1 in either the NKV flaviviruses
or CFAV »7_Sequence alignment combined with RNA structure modelling have been
used in this study to predict an RNA pseudoknot just downstream of the mapped 5’
end of the sfRNA for every NKV virus, similar to what has been encountered in WNV
and YFV. Unfortunately, the limited amount of sequence data available for these NKV
flaviviruses does not allow for co-variance analysis to obtain additional support for the
predicted structures. An RNA pseudoknot that can serve as a stalling site for XRN1 has
also been predicted for CFAV. On first sight, this RNA structure may seem rather unlikely,
due to the relatively short stem-loop structures and a pseudoknot interaction that only
involves three nucleotides. A nearly perfect duplication of this pseudoknot was pre-
dicted downstream of the first pseudoknot (fig. 4, panels A and B). Careful inspection of
the data presented in fig. 3, where the stalling of XRN1 was analyzed in the background
of the Sindbis expression system, reveals a minor, slightly smaller sfRNA-like RNA that
can be explained by the XRN1 stalling on the second, more downstream located pseu-
doknot. This minor band is no longer detected in the data presented in fig. 5, because
the sequence involved in the formation of this second pseudoknot is not present in
the CFAV inserts of those particular Sindbis constructs. So these experiments actually
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provide support for the proposed CFAV pseudoknot. The sequence of the CFAV, KRV and
Aedes virus 3’ UTR in the region in which the pseudoknot structure is predicted is nearly
identical (fig. 4.A); therefore any co-variance in the primary sequence to support this
structure is very limited.

The sequence that encompasses the 5’end of the sfRNA and the predicted RNA pseu-
doknots of MODV, MMLV and CFAV was cloned into the Sinrep5eGFP expression vector
and shown to be capable of producing an sfRNA-like RNA. These results demonstrate
that the ability for stalling XRN1 is contained within a relatively small sequence of MODV,
MMLYV, and CFAV and that no other sequences are required to produce the sfRNA. Dele-
tion of the pk sequence, which is predicted to interact with the pk’ sequence to form
the RNA pseudoknot, from the flavivirus insert in the Sinrep5eGFP constructs abolished
the production of the sfRNA-like RNA. This result supports the model in which, similar
to what was found in arthropod-borne flaviviruses, RNA pseudoknots are required to
stall XRN1. In addition, N-methylisatoic anhydride (NMIA) based chemical probing of the
RNA structure required for stalling XRN1 showed that the pk’and pk sequences were in
a double-stranded conformation, which is in agreement with the predicted RNA pseu-
doknots. The RNA probing results of the sequences that encompass the XRN1 stalling
sites of MODV, MMLV, and CFAV, however, did not fully support the stem-loop part of
the predicted pseudoknots, suggesting that a more complex structure might actually
be present (Silva, Dalebout and Bredenbeek, unpublished results). Unfortunately, NMIA-
based probing only discriminates between single- and double-stranded nucleotides
and does not allow identification of individual nucleotides within a structure.

Although the precise function of the sfRNA in the virus life cycle remains to be eluci-
dated, current evidence for WNV and YFV have shown that it is an important determinant
for the pathogenicity of these viruses in their mammalian hosts '8 (Silva, Pereira, Dale-
bout, and Bredenbeek, unpublished results). Nothing is known about the requirement
of the sfRNA of these viruses in the arthropod host. The fact that the ability to produce
the sfRNA is maintained in flaviviruses that have a more limited host range, like the NKV
flaviviruses and CFAV, strongly suggest that the sfRNA is essential for successful survival
of these viruses in the mammalian or the insect host. However, this does not necessarily
imply that the function of the NKV virus or CFAV sfRNA is similar to that of the sfRNA of
the arthropod-borne viruses in either their vertebrate or arthropod host. Determining
the function of these Flavivirus sfRNAs in the various virus-host systems and unravelling
the link between the sfRNA and viral pathogenicity will be an interesting challenge for
further research.
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