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ABSTRACT

siVirus (http://siVirus.RNAI.jp/) is a web-based online
software system that provides efficient short inter-
fering RNA (siRNA) design for antiviral RNA inter-
ference (RNAI). siVirus searches for functional,
off-target minimized siRNAs targeting highly con-
served regions of divergent viral sequences. These
siRNAs are expected to resist viral mutational
escape, since their highly conserved targets likely
contain structurally/functionally constrained ele-
ments. siVirus will be a useful tool for designing
optimal siRNAs targeting highly divergent patho-
gens, including human immunodeficiency virus
(HIV), hepatitis C virus (HCV), influenza virus and
SARS coronavirus, all of which pose enormous
threats to global human health.

INTRODUCTION

RNA interference (RNA1) is now widely nsed to knockdown
gene expression in a sequence-specific manner, making it a
powerful tool not only for studying gene function, but also for
therapeutic purposes, including antiviral treatments (1-4).
Currently, the replication of a wide range of viruses can be
inhibited successfully using RNAi, with both short interfering
RNAs (siRNAs) and siRNA expression vectors (5).

In mammalian RNAI, the efficacy of each siRNA varies
widely depending on its sequence; only a limited fraction
of randomly designed siRNAs is highly effective. Many
experiments have been conducted to clarify possible sequence
requirements of functional siRNAs. Of these, our work incor-
porates gunidelines from three major studies (6-8) of selecting
functional siRNAs. However, designing functional siRNAs
that target viral sequences is problematic because of their
extraordinarily high genetic diversity. For example, about

500 entries of near full-length sequences of HIV-1
group M, which is largely responsible for global pandemic.
are stored in the sequence databases, but it proved impossible
10 select a common 21mer from among all of them. Moreover,
RNAi-resistant viral mutants achieved through point mutation
or deletion emerge rapidly when targeting viruses in cell cul-
ture. These problems suggest a strong need to select highly
conserved target sites for designing antiviral siRNAs. Further-
more, the off-target silencing effects of siRNA are also a
serious problem that could affect host gene expression (9).
Off-target silencing effects arise when an siRNA has sequence
similarities with unrelated genes. In antiviral RNAG, it is desir-
able to minimize off-target effects against human genes.
Consequently, only a limited fraction of 21mers is suitable
for use as antiviral siRNAs. In this study, we developed a novel
web-based online software system, siVirus, which provides
functional, off-target minimized siRNAs targeting highly con-

* served regions of divergent viral sequences.

METHODS
Selection of highly conserved siRNA target sites

Highly conserved siRINA sequences are selected based on their
degree of conservation, defined as the proportion of viral
sequences that are targeted by the corresponding siRNA,
with complete matches (i.e. 21/21 matches). All possible
siRNA candidates targeting every other position of user-
selected viral sequences are generated and their degrees of
conservation are computed. Users can arbitrarily specify a
set of viral sequences for the computation; e.g. sequences
can be selected from a specific geographic region(s) or a
specific genotype(s) to design the best siRNAs tailored to
specific user needs. siVirus also accepts user's own sequences
in 2 multi-FASTA format and shows whether each siRNA can
target the posted sequences.

*To whom correspondence should be addressed. Tel: +81 3 5841 4404; Fax: +81 3 5841 4400; Email: y-naito @RNALjp
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Figure 1. (A) The degree of conservation is calculated for all possible siRNA candidates (total 4 417 157) targeting every other position of 495 HIV-1 sequences.
(B) The efficacy predictions of these 4 417 157 siRNA candidates based on three different guidelines: Ui-Tei ¢7 al. (6), Reynolds ez al. (7) and Aiarzguioui ez al. (8).
(C) Typical output of siVirus for designing anti-HIV siRNAs. Sequence information, efficacy predictions, off-target search results and the degrees of conservation are

shown,

siRNA efficacy prediction

In mammalian RNAI, the efficacy of each siRNA varies mark-
edly depending on its sequence; hence, several groups have
reported guidelines for selecting functional siRNAs. siVirus
incorporates the guidelines of Ui-Tei er al. (6), Reynolds ez al.
(7) and Amarzguioui et al. (8) and shows whether each siRNA
satisfies these guidelines.

Off-target searches

Off-target searches were performed for each siRNA using
siDirect (10,11). siVirus shows the number of off-target hits
within two mismatches against the non-redundant database of
human transcripts (10).

Database maintenance

Currently, siVirus incorporates viral genome sequences of
HIV-1, HCV, influenza A virus and SARS coronavirus.

These sequences were downloaded from the Los Alamos
HIV Sequence Database (http:/hiv-web.lanl.gov/), the Los
Alamos HCV Sequence Database (12), the NCBI Influenza
Virus Sequence Database (http://www.ncbi.nlm.nih.gov/
genomes/FLU/FLU html), and NCBI GenBank (13), respect-
ively. siVirus will be updated continuously as these databases
are revised. We also plan to incorporate other viruses if
sufficient numbers of their sequences are available.

RESULTS AND DISCUSSION

To design anti-HIV siRNA. we analyzed the 495 near full-
length HIV-1 sequences listed in Supplementary Table 1. A
total of 4 417 157 possible siRNA candidates (i.e. substrings of
length 21) targeting every other position of the HIV-1
sequences were prodnced from the 495 viral sequences.
The analysis of these siRNA candidates revealed that highly
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conserved siRNAs constituted only 0.3% of the possible
siRNAs if >90% conservation is expected (Figure 1A). The
fraction is still as small as 0.8% even if the threshold of the
conservation is relaxed to 80%. On the other hand, siRNAs
predicted to be functional by one or more guidelines (6-8)
constituted 35.5% of the 4 417 157 siRNAs (Figure 1B). Taken
together, siRNAs that are >80% conserved, and satisfy at least
one guideline constitute only 0.2% of the siRNAs. In this
condition, 20-30 siRNAs can be designed for each full-length
sequence of HIV-1. These indicate that most of the randomly
designed siRNAs are not suited for targeting HIV-1 efficiently.

Figure 1C shows typical output from siVirus for designing
anti-HIV «iRNAs. A total of 182 sequences from HIV-1
subtypes B, C and CRFO1_AE. which are the most prevalent
HIV-1 genotypes circulating in Asia. were selected. The
results were sorted by their degree of conservation, and
filtered to display siRNAs that satisfy at least one efficacy
guideline. The off-target search results against human genes
are also shown. It is desirable to select an siRNA that has less
off-target hits.

To test the validity of siVirus, 35 siRNAs satisfying
the guideline by Ui-Tei er al. (6) were designed against the
conserved regions of HIV-1 genomes using siVirus and were
assayed for inhibition of viral replication. Among them, 31
siRNAs effectively inhibited HIV-1 replication by >80%
when each siRNA duplex was transfected at 5 nM (Y. Naito,
K. Ui-Tei, K. Saigo and Y. Takebe, unpublished data).

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Abstract

Insertions in HIV-1 reverse transcriptase’s fingers subdomain can enhance chain terminator excision and confer resistance to multiple
nucleoside analogs. Inserts that resemble flanking sequences likely arise by local sequence duplication. However, a remarkable variety of non-
repeat fingers insertions have been observed. Here, molecular epidemiology, sequence analyses and mechanistic modeling were employed to show
that one Japanese isolate’s RT fingers insert likely resulted from non-homologous recombination between virus and host sequences and the
transductive copying of 37 nucleotides from human chromosome 17. These findings provide evidence that human sequence transduction can, at
least rarely, contribute to genetic and phenotypic variation in pandemic HIV.

© 2006 Elsevier Inc. All rights reserved.
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Introduction

Much of HIV-1"s genetic variation arises by stepwise — albeit
at times hypermutation-accelerated — accumulation of point
mutations (Harris et al.. 2003; Leitner and Albert, 1999).
Genetic recombination also contributes to HIV genetic diversity
and occurs about 10-fold more frequently than base substitution
(An and Telesnitsky, 2002; Jetzt et al., 2000). Because fewer
molecular events are required to introduce panels of mutations
by recombination than by serial mutation, clustered genome
changes are generally believed to reflect recombination or
related rearrangements (Malim and Emerman, 2001; Wain-
Hobson et al., 2003). Retroviral recombination results from
template switching during reverse transcription and generally
occurs in regions of high sequence similarity between the two
intact genomes each retrovirus co-packages (An and Tele-
snitsky, 2002). Non-homologous recombination, often guided
by microhomology between donor and acceptor templates, can

* Corresponding author. Fax: +1 734 764 3362,
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also occur (Hajjar and Linial, 1993; Zhang and Temin. 1993).
Deletions and insertions can arise via non-homologous
recombination between discontinuous portions of the viral
genome (Parthasarathi et al., 1993; Temin, 1993). Duplications
result if template switch occurs from one RNA position to a
locus further downstream on the co-packaged RNA, while
deletions arise when reverse transcriptase “jumping” bypasses
sequences and terminates upstream of the point of template
departure (Parthasarathi et al., 1995). Insertion-in-a-deletion or
insertion-in-a-duplication mutations can result from a series of
non-homologous crossovers (Lobato et al., 2002; Parthasarathi
et al, 1995; Pathak and Temin, 1990). Either virus or host
sequences can template insertions, as postulated by models for
oncogene transduction (Muriaux and Rein, 2003). Although
whole gene transduction is rare, incorporation of short host
segments into defective viral genomes is observed fairly
frequently (Dunn et al,, 1992; Fang and Pincus, 1995; Hajjar
and Linial, 1993; Mikkelsen and Pedersen, 2000; Pulsinelli and
Temin, 1991; Sun et al., 2001). Thus, experimentally, the use of
host sequences to bridge non-homologous recombination
Junctions and the insertion of host segments at strong stop or
non-homologous crossover sites is a well-established
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phenomenon. Possible contributions of host sequences to HIV
clinical isolates has been less clear: both because pre- and post-
mutation sequence data are seldom available and because
inserts maintained in replication-competent virus are generally
too short to implicate a specific template (Winters and Merigan,
2005).

Results

In this report, we examined an unusually lengthy insertion
mutation in an HIV-1 isolate from a Japanese child, with the
goal of elucidating its likely origins (Sato et al., 2001).
Epidemiologic investigation provided sequence information
for the viral populations observed in the patient, referred to as
NH3, during the 6 years prior to and at the onset of clinical
drug resistance. These included the multi-drug-resistant isolate
itself (designated 99JP-NH3-II) and several co-circulating
insertion region variants (Fig. 1A). Additional sequence
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information was available for isolates from NH3’s father,
NHI1, who had been infected in Thailand, and from his
mother, NH2, who had contracted HIV-1 from NH1 and
subsequently infected NH3 through maternal transmission.
This clinical history confirmed that the insertion arose during
highly active antiretroviral treatment in NH3 (Sato et al.,
2001). A comparison of virus with and without the insert
demonstrated that the 11-aminoc-acid insertion in the reverse
transcriptase of this CRFOOI_AE circulating recombinant
form variant contributed to its high-level resistance to
multiple nucleoside analogs.

The region encompassing the 33 nucleotides inserted in
NH3's RT gene was evaluated for similarity to experimentally
described retroviral recombination products. The insertion did
not mirror flanking sequences and thus was not a simple
duplication (Parthasarathi et al., 1995). The entire sequence of
the 99JP-NH3-II genome was available and none of it
resembled the 33-nucleotide insert. Thus, sequential template

65 66 67| €68 &% 70
ARA AAG GAC|AGC ATT AAA

A. Pre-insertion sequence

99IP-NH3-Il zaA ARG GAC [BACATTCACGGAGGAAGGGACCAGGGCCCEGCT AGC ATT AAR

AMRA ARG GAC [AACATTCACGGGGGAAGGGACCAGGGCCCGGCT AGC ATT ARR
ARA AAG GAC |[ARCARTTCACGGAGGAGGGGACCASGGCCCGSICH AGC ATT ARA
AAA ARG GAC JARCATTCACGGAGGRAGGGGCCAGGGCCCEGCT AGC ATT ARA
RAR ARG GAC IAACATTCCCGGAGGAAGHEGACCAGGSCCCEGCQ AGC ATT ARA
AAR AAG GAC |AACATTCABGGAGGAAGGGRACTGGGCCCEGECT AGC ATT AAA
AAA ARG AAC |AACATTCAAGGAGGRAGGGACCISGGCCCGGCT AGC ATT RAAR
AAA AAG AAC |AACATTCAAGGAGGAAGGGACCTAGGCCCSESCY AGC ATT AAA
BAA ARG BAC |AACATTCACGGAGGAAGGGARCAGGGCCCSGCT ASC ATT ARA
RAA AAG AAC IAACATTCACGGAGGAAGGGACCAGGGCCCGGCH AGC ATT AAA
AAR ARG AAC IAACATTCACGGAGGAAGGGACCAGGGCCCEGCY AGC ATT AAT
EAA AAG BAC [AACATTCACGGAGGAAGGGACCAGGGCCCGGLT AGC ATC ARA
AARA AAG AAC |AACATTCAUGGAGGAAGGGACCAGGGCCCGGCT AGC CTT AAA
ARA GAG AAC [AACATTCACGGAGGAAGSGRCCAGGGECCCEECT AGC ATT AAA

Insertion
region
variants

I

B.

89JP-NH3-l 65 66 57 68 69 [iC
EAR AAG GAC [AACATTCACGGAGGRAGGGACCAGGGCCCGGCT AGC ATT AA

All sequences (nr) Expect values
TCACGGASGAAGGGACCTGGGCCeEsCd AGC —

Human 0.00005

Crangutan CGGAGGARGGGRCCTEGGCTIGECT AGC 0.002

Bdellovibrio CCAGGECCEGGRC AGC ATT A (.42
Drosophila AAA ARG GAC|RACATTCAC 6.6

Virus sequences

Porcine circovirus ATTCACGGAGGANGGS 25
Bivalve herpesvirus AC [AACTTTCCCGGAGSGARG 98
Kenyan HIV-1 AGGEACCAG3ECCCG [:X:]

Fig. 1. Sequence analyses of the 99JP-NH3-1I insertion region. (A} Deduced preinsertion sequence, sequence insertion in 99JP-NH3-11, and insertion region variants.
The NH3 isolates shown are GenBank accession nos. AB053002, AB033074, AB033071, AB033005, AB053038, AB033073, AB(O530635, AB053035, AB033084,
ABO053003, AB053077, AB053068, AB053058, and AB053083. Numbers at top represent amino acid residue numbers within reverse transcriptase. Line under 99JP-
NH3-Ilis region of greatest human match. Shaded sequences are positions that differ from 99JP-NH3-1L (B) Comparisons of the 99JP-NH3-II insertion region to other
sequences in GenBank. Underlined sequences indicate greatest match to the S1-base insertion region of 99IP-NH3-1I. At the top {*All sequences’): blastn results from
nr GenBank. The human match encompasses an intron/exon junction in AC135178 (Chromosome 17 open reading frame 68; also found in NC_00017); the orangutan
match lies within CR837769; Bdellovibrio: BX8426354, Drosophila: AY183918. Expect values at left are those assigned by blastn, as described in Materials and
methods. Note that although human and chimpanzee sequences are highly related in the 3’ regions of human chromosome 17 orf 68, the orf 68 3’ region differs
markedly between huran and chimpanzee, and thus, no match between the 99JP-NH3-II insert and GenBank chimpanzee sequences is detectable. At the bottom of
panel B: blastn results from nr GenBank limited to viruses, after manual removal of NH3 sequences. Accession number for the circovirus: AY321983: for herpesvirus:
AY509253; for Kenyan HIV-1: AF457073.
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switches among viral segments could not account for NH3’s RT
insert.

Support for possible non-viral origins of the 33-base
insertion came from its striking nucleotide composition.
Whereas typical HIV sequences have a <40% G + C content
(Berkhout et al., 2002), this insert was 67% G + C. Because
abnormal G + C content is a hallmark of horizontal gene transfer
(Hacker and Kaper, 2000), we explored possible human origins
for the insert. If microhomology guided template switch had
contributed to insert generation, viral sequences flanking the
insert would be predicted to retain human sequence homology.
To accommodate this, a 51-base segment comprised of the 33-
base insert plus nine nucleotides from either flank was used in
the database searches summarized in Fig. 1B.

When this 51-base segment was used to query unrestricted
databases in GenBank, the best match was to 99JP-NH3-II
itself, followed closely by the insert variants isolated from NH3
(Fig. 1A). The similarity of these NH3 isolates to one another
and the differences between their inserts and all other HIV
sequences (see below) makes it reasonable to assume that a
single insertion event gave rise to all insert variants in patient
NH3: an interpretation also supported by our previous studies
on viral molecular evolution in NH3 (Sato et al., 2001).

Excluding NH3’s HIV strains, the closest GenBank match to
this 51-base sequence was a 30/31-base match to a non-
repetitive sequence on human chromosome 17 (Fig. 1B). This
was followed by a 27/28 match to the orthologous locus in
orangutan, with the remaining top matches including a 20/20
match to the genome of the predatory bacterium Bdellovibria,
followed by less extensive matches to sequences from
Drosophila, mouse, dog, and rice, but notably not from any
non-NH3 HIV-1 isolates.

To assess similarity of the 99JP-NH3-II insert to sequences
in other HIV isolates, the 51-base segment was subsequently
BLASTed against all virus entries in GenBank (‘Virus
sequences’ in Fig. 1B). Besides 99JP-NH3-II and the co-
circulating isolates from NH3, no viral sequences in GenBank
yielded expect values of <1. Because expect values are
measures of probability roughly equivalent to P values, the
absence of <1 matches in any isolate of any type of virus
suggests that the insert in 99JP-NH3-II is even less similar to
any known virus sequence than would be predicted by random
chance. Whereas BLAST had assigned the 30/31 human
genome match an expect score of 0.00005, the only HIV
match assigned an expect score <10 was a 15/15-base match
(expect score 6.6) to a portion of env in a clinical isolate from
Kenya (Fig. 1B).

That the virus—human match included a few bases
downstream of the insertion was consistent with the possibility
that microhomology guided recombination between HIV-1 and
the BLAST-identified human sequence generated this insertion.
These observations and the mutation’s structure suggested that
the NH3 insertion was generated via the splinted non-
homologous recombination model shown in Fig. 2. Briefly, an
HIV-1 provirus was established on chromosome 17 just
upstream of the putative insert-encoding sequences (Fig. 2A).
Viral polyadenylation signal read-through generated a chimeric

(")

HIV-human RNA that became encapsidated. During subsequent
reverse transcription, microhomology-guided template switch-
ing between portions of the RT gene and human sequences on
the read-through RNA generated the observed insertion-in-a-
duplication structure (Fig. 2B).

This model is based on experimental outcomes of non-
homologous recoimbination, models for retroviral transduction,
and properties of the putative human bridging template (An and
Telesnitsky, 2002; Mikkelsen and Pedersen, 2000; Muriaux and
Rein, 2003). Specifically, the putative human template straddles
an intron/exon junction that lies in the antisense orientation of a
mapped and verified mRNA encoding a putative protein of
unknown function (Gao et al., 2005; Ota et al., 2004). Thus,
although recombination between viral and unlinked host
sequences has been reported previously (Sun et al., 2001), for
the unspliced antisense sequences in this case, host sequences
were more likely to have become encapsidated on a read-
through transcript than as a free RNA (Muraux and Rein,
2003).

Because it differs at three nucleotide positions from the
founder strain predicted by our model (Fig. 2C), the postulated
recombination events alone cannot explain the JP-NH3-II RT
insertion mutation. However, the spectra of insert variants
isolated from NH3 differed from one another at up to 4 positions
within the examined sequence interval (Fig. 1A). Thus, these
variants’ sequence heterogeneity demonstrates that the extent of
viral diversification required to generate JP-NH3-II's insert
from the putative founder strain indisputably did occur within
patient NH3 after initial insert acquisition. This supports the
notion that JP-NH3-II arose via the mechanism outlined in Figs.
2A and B, followed by the introduction of point mutations at the
positions boxed in Fig. 2C.

Discussion

The findings here analyzed a drug resistance-associated
sequence insertion that is not closely related to sequences in any
other HIV-1 isolate in GenBank. The closest match to this insert
among all sequences in GenBank was to a portion of human
chromosome 17. The structure of this mutation resembles
insertion-within-a-duplication mutations that are well repre-
sented among defective retroviral replication products in the
experimental literature. This insert and its flanking sequences
are so dissimilar from one another that the alternate possibility
for insert generation — local sequence duplication followed by
mutation — can in large part be ruled out because the number of
rare events required to generate the observed structure would far
exceed those required by the postulated splinted recombination
mechanism. Because RT is not known to polymerize more than
a single nucleotide or two without a template, it is likely that all
retroviral insertions longer than a couple of bases are
synthesized using some form of template (Pathak and Temin,
1990; Preston and Dougherty, 1996). Thus, there is no
precedence for de nove generation of a heteropolymeric insert
of this length.

The insert examined in this study was located in RT's B3- p4
hairpin, a region where multiple drug resistance-associated





