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Preface

Little over a decade ago, Andrew Fire, Craig Mello, and colleagues demonstrated that
double-stranded (ds)RNA induces sequence-specific gene silencing in the nematode
Caenorbabditis elegans (RNA interference, RNAi). This work converged with research in
plants, in which related RNA-based silencing processes were known to exist. Ever since,
research in the field has progressed at an astonishing rate, resulting in our appreciation of
small silencing RNAs as central regulators of gene expression, as guards of genome integ-
rity, and as essential mediators of antiviral defense. The discovery that synthetic small
interfering RNA (siRNA) induces gene silencing in mammals, by Thomas Tuschl and col-
leagues in 2001, has further boosted the development of novel therapeutics and experi-
mental tools based on RNAIi technology.

Viruses and RINAi share an intricate relationship at many levels. Early work in plants
indicated that viruses can be both inducers and targets of RNA-based post-transcriptional
gene silencing (which we now know as RNAi or RNA silencing). The concept of RNAI as
an antiviral defense mechanism is now well-established in plants and other organisms,
including insects. In vertebrates, viruses also interact with a related RNA silencing mecha-
nism, the microRNA (miRNA) pathway. Many nuclear DNA viruses encode their own set
of miRNAs, by which they regulate viral or host gene expression and modify, for example,
the transition from latent to lytic infection and the recognition of infected cells by the host
immune system. Furthermore, cellular miRNAs likely regulate expression of many genes
that are important for virus biology, but they have been suggested to directly target viral
RNA as well.

The therapeutic potential of RNAi-based antiviral drugs was recognized early on. It is
now clear that replication of many, if not all, mammalian viruses can be suppressed by
RNAI in cell culture. While these results have raised considerable optimism about the
potential of RNAi-based drugs, important hurdles remain, including issues related to the
delivery and stability of siRNAs and the risk of viral escape.

From this brief overview it will be apparent that a great — and increasing — number
of tools and techniques are available for those interested in the interface of viruses and
RNAI. Antiviral RNAi: concepts, methods, and applications provides a collection of proto-
cols for the analysis of natural antiviral RNAi responses and viral miRNAs, as well as for
the development and optimization of RNAi-based antiviral drugs. As RNAI is a central
regulatory mechanism in the cell, the methods in this volume can also be applied out of
the context of a virus infection. In the established tradition of the Methods in Molecular
Biology series, Antiviral RNAi: concepts, methods, and applications provides detailed step-
by-step protocols and extra tools and tricks that should be useful to those new to the field
and experienced scientists alike.

This volume consists of five parts. Part 1 reviews important basic concepts in the field
of'antiviral RNAI. Part 2 provides experimental and bio-informatic tools for the analysis of
small silencing RNAs. Part 3 covers methods to biochemically dissect RNAi-based antivi-
ral defense and viral counter-defense mechanisms. Part 4 describes methods for the design,
expression, and delivery of therapeutic antiviral siRNAs. Part 5 presents genome-wide
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RNAI approaches for the identification of factors involved in virus replication, which may
represent novel targets for antiviral therapy.

I am grateful to all authors for providing their outstanding contributions and to John
Walker for guidance while editing this volume. I thank members of my lab, especially
Walter Bronkhorst, Koen van Cleef, Marius van den Beek, and Joél van Mierlo, for discus-
sions. I am thankful to Raul Andino for having been a great mentor and for introducing
me to this exciting field of research. Finally, I would like to apologize for doing little jus-
tice to the seminal work in plants; space limitations forced me to focus this volume on the
animal system.

Nijmegen, The Netheviands Ronald P. van Rij
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Chapter 1

Defense and Counterdefense in the RNAi-Based
Antiviral Inmune System in Insects

Joél T. van Mierlo, Koen W.R. van Cleef, and Ronald P. van Rij

Abstract

RNA interference (RNAI) is an important pathway to combat virus infections in insects and plants.
Hallmarks of antiviral RNAI in these organisms are: (1) an increase in virus replication after inactivation
of major actors in the RNAi pathway, (2) production of virus-derived small interfering RNAs (v-siRNAs),
and (3) suppression of RNAi by dedicated viral proteins. In this chapter, we will review the mechanism
of RNAI in insects, its function as an antiviral immune system, viral small RNA profiles, and viral coun-
terdefense strategies. We will also consider alternative, inducible antiviral immune responses.

Key words: Viral suppressor of RNAi (VSR), RNA silencing, Insect antiviral immunity, Small RNA
profiles, Insect virus

1. Introduction

Invertebrates lack the innate and adaptive immune responses
that mediate antiviral defense in vertebrate animals. Nevertheless,
they are able to eftectively fight viral infections, suggesting that they
rely on alternative mechanisms for antiviral defense. Indeed, in
both plants and invertebrates, the RNA interference (RNAi)
pathway serves as an antiviral defense system (1, 2). The presence
of double-stranded RNA (dsRNA), which is absent from unin-
fected cells (3), is sensed as a danger signal that triggers an antivi-
ral RNAI response. Viral dsRNA is processed by an RNase of the
Dicer family into 21-nt small interfering RNAs (siRNAs). These
viral siRNAs (v-siRNAs) are incorporated in an Argonaute (Ago)-
containing RNA-induced silencing complex (RISC), where they
guide the recognition and cleavage of viral target RNAs and
thereby restrict viral replication. In this chapter, we review the

Ronald P. van Rij (ed.), Antiviral RNAi: Concepts, Methods, and Applications, Methods in Molecular Biology, vol. 721,
DOI 10.1007/978-1-61779-037-9_1, © Springer Science+Business Media, LLC 2011
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4 van Mierlo, van Cleef, and van Rij

RNAi-based antiviral immune system and viral counterdefense
strategies in insects. We will start with an overview of the mecha-
nism of RNAI in Drosophila melanogaster (for more details, see

refs. (4, 5)).

2. Mechanism
of RNAi

The RNAI pathway starts with processing of long dsRNA into
siRNAs by the ribonuclease Dicer-2 (Dcr-2) (6) (Fig. 1). Dicer
proteins are type III members of the RNaselIl family that contain
a DExD/H ATPase domain, a DUF283 domain, a Piwi/
Argonaute /Zwille (PAZ) domain, two tandem RNaseIll domains,
and a dsRNA-binding domain. The PAZ domain interacts with
the terminus of long dsRNA, which is then positioned along the
surface of the protein towards the processing center of Dicer (7).
An intramolecular dimer of the two RNaseIll domains forms the
processing center of the enzyme. Each RNaselIl domain cleaves
one strand of the long dsRNA molecule, thereby generating
21-nt siRNAs with 2-nt 3’ overhangs and bearing characteristic
5" monophosphate and 3’ hydroxyl moieties (8—10). The distance
between the PAZ domain and the RNaselll active sites deter-
mines the characteristic 21-nt size of siRNAs (10, 11). The
DExD/H ATPase domain may convert ATP to provide energy
required for dsRNA cleavage. Dcr-2 activity in Drosophila extracts
is indeed enhanced by addition of ATP; the activity of human
Dicer, however, is not (12, 13). Remarkably, the DExD/H
ATPase domain of Dcr-2 is also implicated as a sensor for viral
dsRNA in an alternative antiviral defense pathway (see
Subheading 7). No functions have thus far been assigned to the
other Dcr domains. Efficient processing of dsSRNA by Drosophila
Dcr-2 requires Loquacious isoform PD (Logs-PD). Logs-PD
probably acts as an adaptor molecule that enhances the affinity of
Der-2 for long dsRNA (14). A similar activity has been proposed
for Arsenic resistance protein 2 (Ars2), which promotes the effi-
ciency and fidelity of Dcr-2-mediated cleavage (15).

Following dsRNA cleavage, the resulting siRNA is bound by
Dcr-2 and its dsRNA-binding protein partner R2D2, generating
a RISC loading complex (RLC). The Dcr-2 /R2D2 heterodimer
will load the siRNA duplex into an Ago-2-containing RISC.
Binding of R2D2 to the siRNA is enhanced by the phosphate
group at the 5 terminus of the siRNA, thereby ensuring that only
authentic siRNAs are efficiently bound by the complex (12, 14, 16).
Within RISC, the PAZ domain of Ago-2 binds the 3’ terminus
of the strand of the siRNA duplex that will be retained in RISC
(the guide strand), probably at the 2-nt overhang (17-19).



Defense and Counterdefense in the RNAi-Based Antiviral Immune System in Insects 5

dsRNA virus (+) RNA virus
Replication Structured
Genomic dsRNA intermediate RNA
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Fig. 1. Schematic overview of the RNAi pathway in insects. Viral dSRNA is processed by
Dicer-2 (Dcr-2) into 21-nt small interfering RNAs (SiRNAs), which are incorporated in an
Argonaute-2 (Ago-2) containing RNA-induced silencing complex (RISC). Within RISC,
these siRNAs guide the recognition and cleavage of viral target RNAs and thereby restrict
viral replication (for details, see Subheading 2). Suppressors of RNAi from Cricket paral-
ysis virus (CrPV 1A), Drosophila C virus (DCV 1A), and Flock House virus (FHV B2) inter-
fere at different stages of the antiviral RNAi pathway (indicated on the right). Systemic
spread of RNAI is thought to be essential for effective antiviral defense (52). The nature
of the sequence specific silencing signal (dSRNA or siRNA) is still unknown. Dicer-2
was shown to interact both with Loquacious isoform PD (Logs-PD) (14) and with Arsenic
resistance protein-2 (Ars-2) (15). Please note, a trimeric complex (as indicated in this
figure) has not been demonstrated.

The 5’ phosphate of the guide strand is bound in a pocket in
the Ago-2 middle (Mid) domain (20, 21). Upon loading of the
siRNA into RISC, the endonucleolytic activity of the Piwi
domain of Ago-2 cleaves the phosphodiester bond between
nucleotides 9 and 10 of the strand that will be excluded from
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RISC (the passenger strand) (22-24). The adaptor molecule C3PO
degrades the 9- and 12-nt RNA fragments that result from passenger
strand cleavage (25). The fate of the two strands of an siRNA duplex
is determined by its binding orientation to R2D2 and Dcr-2 in the
RLC. R2D2 binds the thermodynamically most stable end of the
siRNA, while Der-2 binds the other end. The strand that interacts
with R2D2 at its 3’ terminus will become the guide strand (16).

After passenger strand cleavage and elimination, the guide
strand is 2'-O-methylated at the 3’ terminal nucleotide by the
S-adenosylmethionine-dependent  methyltransferase ~ Hen-1
(DmHen-1), resulting in the formation of a mature RISC (26).
The mature RISC uses the incorporated guide strand to bind
complementary RNA sequences. When a fully complementary
RNA is bound by RISC, the RNase activity of the Ago-2 Piwi
domain cleaves the target RNA (Slicer activity), thereby inducing
its degradation (27, 28). Alternatively, Ago-2 may induce transla-
tional repression if central mismatches between guide strand and
target RNA prevent Slicer activity (29).

RNAI is one of several gene silencing mechanisms that are
guided by small RNAs. Another class of small silencing RNAs,
microRNAs (miRNAs), is genomically encoded by all eukaryotic
cells. miRNAs are central regulators of gene expression that
inhibit translation and/or induce degradation of their target
mRNAs (for more detail see ref. (30) and Chapter 3). In
Drosophila, the miRNA and siRNA pathways were considered to
be separate pathways, with Dcr-2 and Ago-2 dedicated to the
RNAIi pathway, and Dcr-1 and Ago-1 dedicated to the miRNA
pathway. Although the biogenesis of siRNAs and miRNAs are
indeed separate processes, some cross-talk occurs at the level of
RISC loading. More specifically, some miRNAs, especially those
with more extensive base pairing, can be loaded into Ago-2 (31, 32).
The asymmetric miRNA duplex consists of the miRNA (miR)
and miRNA star (miR") strands. In analogy to the guide and
passenger strands in the RNAi pathway, the mature miR strand is
retained in Ago-1, while the miR" strand is released from the
mature RISC complex. Recently, it was shown that both the miR
and miR" strands are frequently loaded into Ago-2 by a Dcr-2
and R2D2-dependent mechanism (31, 33). A third class of small
silencing RNAs, Piwi-interacting RNAs (piRNAs), suppresses the
activity of transposons in the germline (for more details, see
Subheading 6 and ref. (34)).

3. RNAi as an
Antiviral Defense
Mechanism

Viral dsRNA forms a danger signal that is sensed and processed by
Decr-2, resulting in the production of viral siRNAs (v-siRNAs) and
their incorporation into Ago-2 /RISC. Since the Ago-2-associated
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guide strand is of viral origin, viral RNA will be the target of the
RISC complex, enabling the RNAi pathway to exert antiviral
activity.

Three major lines of evidence support a crucial role for the
RNAI pathway in antiviral defense in insects. First, RNAi-deficient
flies (Der-2, R2D2, or Ago-2 null mutants) are more sensitive
than wild-type flies to infection with several (+) strand RNA
viruses, such as Drosophila C virus (DCV) (Dicistroviridae),
Cricket paralysis virus (CrPV) ( Dicistroviridae), and Flock House
virus (FHV) ( Nodaviridae), resulting in higher viral RNA copy
numbers, higher viral titers, and increased mortality (35-38).
Ago-2 and R2D2 mutants are also hypersensitive to the dsRNA
virus Drosophila X virus (DXV) (Birnaviridae), but, surprisingly,
Dcr-2 mutants are not (38). The observation that Ago-2 mutants
(in which Decr-2 is fully functional) are also hypersensitive to virus
infection indicates that cleavage of viral dsRNAs by itself is not
sufficient to control virus infection. RNAi also proved to be essen-
tial for controlling replication of several arthropod-borne (arbo-)
viruses in mosquitoes. Knockdown of Der-2 or Ago-2 expression
in Aedes aegypti results in higher viral titers after infection with
either Dengue virus (DENV) (Flaviviridae) or Sindbis virus
(SINV) (Togaviridae) (39,40). Comparable results were obtained
upon infections of Anopheles gambine mosquitoes with O’nyong-
nyong virus (ONNV) (Togaviridae) atter Ago-2 depletion (41).
Second, the accumulation of v-siRNAs during virus infections in
both Drosophila and mosquitoes provides direct evidence for pro-
cessing of viral RNAs by Dcr-2 (42-48) (see Subheading 4).
Third, insect viruses encode viral suppressors of RNAi (VSRs) as a
counterdefense to the RNAi-based immune response (35, 48, 49)
(see Subheading 5). VSRs allow viruses to replicate in the presence
of a functional antiviral RNAI response, but they are dispensable
for replication in RNAi mutants (30).

In addition to cell-autonomous silencing, activation of the
RNAI pathway can lead to systemic silencing in plants. In the set-
ting of a viral infection, noncell-autonomous RNAi may thus
generate systemic protective immunity in noninfected tissues.
Systemic RNAI in plants is a composite of short-range and long-
range movement of a silencing signal. Movement of a silencing
signal to distal sites in the plant requires amplification of the sig-
nal by a cellular RNA-dependent RNA polymerase (RARP) (50).
In contrast, local spread of RNAi to 10-15 neighboring cells is
independent of RARP activity. The mobile silencing molecules in
plants were recently identified as siRNAs; it remains to be estab-
lished whether they are protein-bound or not (51).

Virus infections in Drosophila also trigger a systemic RNAi
response, which depends on a mechanism for active uptake of
dsRNA (52). Accordingly, fly mutants with defects in dsRNA
uptake are hypersensitive to virus infection. These observations
suggest that, in addition to the cell-autonomous response, a systemic
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RNAI response is essential for effective antiviral immunity in flies.
The nature of the mobile silencing signal remains unknown. It
was long thought that flies lack RARP activity. Recently, however,
RARP activity was attributed to the Elongator complex protein 1
(Elp1), a subunit of the polymerase II core elongator complex (53).
Whether this RARP activity is required for systemic antiviral RNAi
remains to be established.

4. Small RNA
Profiles During
Virus Infection

Table 1

The antiviral RNAi pathway in plants and insects is triggered
by viral dsRNA molecules which are processed by Dcr-2 into
v-siRNAs. In theory, there are several potential sources of viral
dsRNA that can serve as a substrate for Dcr-2. These sources
include genomic dsRNA, structural RNA elements in the viral
genome or in viral transcripts, dsRNA replication intermediates
and convergent transcripts of viral genes. Recently, the introduc-
tion of massive parallel sequencing has given more insight into
the origin of the v-siRNAs for several insect viruses (Table 1).

Overview of insect viruses of which the v-siRNA profiles have been determined
by massive parallel sequencing

Virus Family Genome Host' References
Drosophila A virus? Tetraviridae (+) RNA Drosophila (47)
Drosophila C virus Dicistrovividae  (+) RNA Drosophila (47)
Noravirus Unassigned (+) RNA Drosophila (47)
Sindbis virus Alphaviridae  (+) RNA Aedes aegypti (46)
Mosquito nodavirus Nodaviridne (+) RNA Aedes negypti (47)
West Nile virus Flaviviridae (+) RNA Culex pipiens (43)
quinquefasciatus
Flock House virus® Nodaviridoe Bipartite (+) RNA Drosophila (2,44, 45)
American nodavirus® Nodaviridae Bipartite (+) RNA Drosophila (47)
Drosophila totivirus Totiviridne dsRNA Drosophiln (47)
Drosophila X virus Birnaviridae  Bipartite dsSRNA Drosophila (47)
Drosophila birnavirus ~ Birnaviridae  Bipartite dsRNA Drosophila (47)

I'The v-siRNA profiles were derived from Drosophila cell lines and adult Aedes aegypti and Culex pipiens quinguefus-
ciatus mosquitoes

*Drosophila A virus is described as Drosophila tetravirus by Wu et al. (47)

*Given the close similarity between Flock House Virus and American nodavirus at the nucleotide level, these viruses
likely represent two variants of the same virus species within the Nodaviridae family
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The first insect v-siRNA profiles came from a study designed
to profile endogenous small RNAs from a Drosophila S2 cell line
(54). In addition to endogenous small RNAs, a large subset of
the Ago-2-associated siRNAs was found to match the FHV
genome. These v-siRNAs most likely arose due to a persistent
infection of the S2 cell line. Alignment of the available FHV-
derived v-siRNAs to the viral genome indicated that they mapped
in roughly equal proportions to both the positive (+) and nega-
tive (—) strand of the genome (2). Since FHV contains a (+) strand
RNA genome, a bias towards the (+) strand of the genome would
be expected if structural elements within the viral genome were
the predominant source of v-siRNAs. This notion is inferred from
the replication cycle of FHV. The FHV genome consists of RNA1
and RNA2, which encode the RNA-dependent RNA polymerase
(A) and the capsid protein, respectively. A subgenomic RNA
(RNA-3) encodes the VSR of FHV (B2). During FHV replica-
tion, complementary (-) strands are synthesized to generate
dsRNA replication intermediates, which serve as templates for the
production of new (+) RNA genomes. In infected cells, the (+)
and (-) strands accumulate asymmetrically, with the genomic (+)
strands being approximately 50-100-fold more prominent than
the (=) strands (55). The equal distribution of the v-siRNAs over
both the (+) and (-) strands of the FHV genome, therefore, sug-
gests that dsRNA replication intermediates are the major sub-
strates for v-siRNA biogenesis. It can, however, not be excluded
that structural elements within the viral genome are processed by
Dcr-2 and thereby contribute to the production of v-siRNAs.
Interestingly, although the v-siRNAs mapped across the entire
viral genome, there were a few specific hotspots from which the
majority of the v-siRNAs were derived. These observations sug-
gest that certain regions within the viral genome are more acces-
sible to Dcr-2 than others. The occurrence of hotspots may be
explained by different levels of the three viral RNAs as well as by
the formation of stalled replication complexes, the production of
defective interfering RNAs, and structural elements within the
viral genome, which may all be potential substrates for Der-2 (2).

Similar observations were done in a second study in which S2
cells were abortively infected with a B2-deficient mutant of FHV
(44). The B2-deficient FHV mutant lacks its RNAi suppressor,
leading to a high abundance of v-siRNAs (see Subheading 5).
Again, the v-siRNAs mapped in roughly equal proportions to
both the (+) and (-) strands of the viral genome. These results
underscore the notion that the FHV dsRNA replication interme-
diates are the main substrates for Dcr-2. Hotspots of v-siRNAs
were also observed, but the distribution of these hotspots over
the viral genome was surprisingly different from that observed by
van Rij and Berezikov (2). This discrepancy might be attributed
to the severe replication defects of the B2-deficient FHV mutant



10

van Mierlo, van Cleef, and van Rij

or, alternatively, to the different types of infection (acute vs.
persistent) from which the v-siRNAs were sequenced. In a third
study, the FHV small RNA profiles were determined in two per-
sistently infected S2 cell lines (45). Once more, the replication
intermediates were identified as the main substrates for Dcr-2.
However, abundant FHV-derived v-siRNAs were not effective in
silencing reporters that contain their target sites. Furthermore,
although the FHV v-siRNAs were preferentially loaded into Ago-2,
bulk v-siRNAs were unmethylated and did not associate with
either Ago. These results suggest that Dcr-2 not only has a role in
the biogenesis of v-siRINAs that exert their antiviral effect through
Ago-2, but that dicing of the dsRNA replication intermediates
itself also directly contributes to control virus replication, at least
in these persistently infected cell lines.

Recently, Wu et al. showed that v-siRNAs are often overlap-
ping in sequence and can be assembled into long continuous
fragments (47). Based on this observation, they developed an
approach for viral genome assembly and virus discovery, which
enabled them to identify seven distinct RNA viruses in two
Drosoplila  cell lines. Drosophila A virus (DAV) (likely
Tetraviridae), American nodavirus (ANV) (Nodaviridae),
Drosophila totivirus (DTV) (Totiviridae), DXV, and Drosophila
birnavirus (DBV) (Birnaviridae) were identified in an S2 cell line,
whereas DAV, DCV, Noravirus (unassigned), ANV, DXV, and
DBV were found in an ovarian somatic sheet cell line (Table 1).
Among these viruses, of which some had not been identified
before, are four viruses with a (+) strand RNA genome (DAV,
DCV, Noravirus and ANV) and three viruses with a dsRNA
genome (DTV, DXV and DBV). The v-siRNAs mapped in similar
proportions to both strands of the viral genome for all of the ana-
lyzed (+) strand RNA viruses in both cell lines, indicating that
dsRNA replication intermediates are the major Dcr-2 substrates
for (+) strand RNA viruses. Interestingly, for all of the analyzed
dsRNA viruses in both cell lines, the v-siRNAs also mapped in
roughly equal ratios to both strands of the viral genome. This
result indicates that genomic dsRNA is the predominant substrate
for Dcr-2 for dsRNA viruses.

The dsRNA replication intermediates of (+) strand RNA
viruses seem to be a common target for Dcr-2 in insects, since
their identification as Dcr-2 substrates is not restricted to viruses
in Drosophila. More specifically, sequencing of v-siRNAs from
SINV-infected A. aegypti as well as from West Nile virus (WNV,
Flaviviridae)-infected Culex pipiens quinguefasciatus mosquitoes
showed that the dsRNA replication intermediates of these arthro-
pod-borne (+) strand RNA viruses are also a major target for
Dcr-2 (43, 46). For both viruses, dicing of structural elements
within the viral genomes may also contribute to the production of
v-siRNAs, but these elements do not appear to be a predominant
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substrate for Dcr-2. Interestingly, in contrast to insect (+) strand
RNA viruses, structural RNA elements within the viral genome
have been identified as the main source for v-siRNA biogenesis
for some plant (+) strand RNA viruses, such as Cymbidium ring-
spot virus (CymRSV) (Tombusviridae) (56). This discrepancy
might reflect differences in substrate-specificity between insect
Dcr-2 and the plant Dcr-like enzymes.

Taken together, v-siRNA profiling strongly suggests that the
dsRNA replication intermediates of (+) strand RNA viruses and
the dsRNA genomes of dsRNA viruses serve as important trig-
gers for an antiviral RNAi response in insects. To prevent activa-
tion of the innate immune defenses of their hosts, viruses protect
their dsRNAs from immune sensors. For example, (+) strand
RNA viruses shield their dsRNA replication intermediates in
virus-induced membrane vesicles, whereas the dsSRNA genomes
of dsRNA viruses are protected in viral cores (57). Nevertheless,
the v-siRNA profiles clearly indicate that the viral dsRNAs are
available for Dcr-2-mediated cleavage. This suggests that Dcr-2 is
capable of protruding the compartments in which viral dsRNAs
are shielded or that, at certain stages of the viral replication cycle,
viral dsRNA is released into the cytoplasm where it is exposed to
Decr-2. Which of these scenarios holds true will be an interesting
subject for future studies. Furthermore, determination of v-siRNA
profiles of other viruses, such as those with (-) strand RNA and
DNA genomes, will be of special interest as it will shed more light
onto recognition of these viruses by the RNAi machinery.

5. Viral
Suppression
of RNAI

Despite the potent antiviral activity of the RNAi pathway in plants
and insects, many viruses manage to persist in these organisms.
Thus, viruses seem to be able to avoid recognition by the RNAi
pathway or to counteract its antiviral activity. Indeed, plant and
insect viruses encode VSRs that allow them to replicate in the
presence of a potent RNAi-based antiviral immune response.
Since dsRNA is recognized as a “nonselt” immune activator, it
bears little surprise that many viruses prevent detection of dsRNA
by the immune system. Many VSRs bind dsRNA in a sequence-
independent manner, thereby shielding it from Dicer (35, 58-60).
Other VSRs, such as P19 from CymRSV, are able to specifically
bind siRNAs (61). In biochemical assays, these VSRs sequester
siRNAs and prevent their incorporation into RISC. The mecha-
nism of RNAi suppression in viral infection, however, seems to be
more complex. P19 is dispensable for virus accumulation in pri-
mary infected cells, but prevents cell-to-cell movement of the
virus-induced silencing signal. Accordingly, in the absence of P19,
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5.1. RNAi Suppressors
Encoded by Plant
Viruses

Table 2

the virus accumulates normally within vascular bundles, but is
unable to establish systemic infection of the leaves (60, 62).

Binding of dsRNA or siRNA is a feature that is shared by
many VSRs. Nevertheless, in analogy to the multitude of mecha-
nisms by which mammalian viruses suppress innate and adaptive
immunity, some plant and insect viruses suppress RNAi by a
mechanism that is independent of dsRNA or siRNA binding. We
will discuss these mechanisms in the next sections.

Although dsRNA binding appears to be a common mechanism to
suppress RNAi, some VSRs employ other mechanisms to coun-
teract the RNAi pathway (Table 2). These VSRs rely on protein—
protein interaction with key components of the RNAi pathway.
One example of such a VSR is the PO protein of Poleroviruses
(Luteoviridae) (63-65). Beet western yellows virus (BWYV) PO,
for example, interacts with and induces degradation of AGO1,
the main antiviral RISC component in plants. PO contains an
F-box motif; which is commonly found in proteins within the E3
ubiquitin ligase complex. This suggests that PO induces ubiquit-
ination and subsequent proteosomal degradation of AGOI1 (66).
Indeed, the VSR activity of PO depends on an interaction with a
protein from the E3 ubiquitin ligase complex. However, blocking
proteosomal degradation did not prevent AGO1 degradation. These
data suggest an ubiquitin-dependent, proteosomal-independent
mechanism for PO VSR activity.

Through an interaction with part of the PAZ and Piwi
domains of AGOI, the Cucumber mosaic virus (CMV)
(Bromoviridae) 2b protein is able to suppress Slicer activity of a
preassembled RISC in vitro (67). In addition, CMV 2b binds

Viral suppressors of RNAi (VSRs) of selected plant and insect viruses

Host  Virus

VSR Mechanism of suppression Reference

Plant Cymbidium ringspot virus P19 siRNA binding (61)
Pothos latent virus P14 siRNA and dsRNA binding (92)
Beet western yellows virus PO Interaction with and degradation of AGO1  (63-65)
Turnip crinckle virus P38 GW motif-based interaction with AGO1 (71)
Cucumber mosaic virus 2b  siRNA binding and AGO1 interaction, (67-69)

Insect Flock House virus

inhibition of Slicer activity

B2  siRNA and dsRNA binding (48, 72)

Drosophila C virus 1A dsRNA binding (35)
Cricket paralysis virus 1A Interaction with Ago-2, inhibition of Slicer ~ (49)

activity
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5.2. RNAi Suppressors
Encoded by Insect
Viruses

small RNAs in vitro, which is suggested to contribute to VSR
activity (68, 69). Which activity predominates during an authen-
tic virus infection remains to be established.

The P38 capsid protein of Turnip crinkle virus (TCV)
(Tombusviridae) employs yet another mechanism of RNAi sup-
pression. P38 contains two glycine-tryptophane (GW) motifs.
Different cellular proteins use linear GW or WG motifs as an
“Ago hook” for functional interactions with Ago proteins (70).
P38 mimics this cellular GW motif-based interaction; its GW
motifs allow P38 to bind AGO1 in vitro and to suppress RNAi
in vivo (71).

Plant viruses are extensively studied and most, if not all, seem to
encode a VSR. In contrast, few VSRs have thus far been identified
and characterized in insect viruses. The B2 protein of FHV was
the first VSR identified in an invertebrate virus (48). Homodimers
of B2 bind to dsRNA independent of sequence and length.
Indeed, viral dsRNA replication intermediates coimmunoprecipi-
tate with B2 from FHV-infected S2 cells, confirming an interac-
tion of B2 with dsRNA in vivo (44). B2 seems to exert a dual
mode of RNAIi suppression. Binding of long dsRNA inhibits
Decr-2 cleavage; binding of siRNAs prevents their incorporation
into Ago-2 (48, 72). The VSR activity of the DCV 1A protein
also depends on dsRNA binding. As a member of the
Dicistroviridae, DCV encodes two polyproteins from two distinct
open reading frames. The first open reading frame, ORFI,
encodes the nonstructural proteins, whereas ORF2 encodes the
viral capsid proteins (73). DCV 1A maps to the N-terminal part
of ORFI. In contrast to FHV B2, DCV 1A binds long dsRNA,
but not siRNAs, with high affinity in vitro, thereby inhibiting
Der-2 cleavage of dsRNA (35). Therefore, DCV 1A likely binds
the viral replication intermediate to prevent its degradation by
Dcr-2. Protection of the viral dsRNA from Decr-2 cleavage by
VSRs is, however, not complete, as indicated by the detection of
v-siRNAs in FHV and DCV infection (see Subheading 4).

CrPV is the closest relative of DCV within the Dicistrovividae
family. The VSR of CrPV, 1A, maps to the same genomic loca-
tion as DCV 1A. Interestingly, whereas CrPV and DCV share a
high degree of protein sequence identity within ORF1 (~55%),
the ORF1 N-terminal region that contains the VSRs is not well
conserved. It is, therefore, no surprise that CrPV 1A suppresses
RNAIi through a different mechanism as DCV 1A. CrPV 1A
directly interacts with Ago-2, without affecting RISC assembly
or stability. Since CrPV 1A is able to inhibit the activity of a pre-
assembled RISC, it most likely interferes with the Slicer activity
of Ago-2 (49).

The different mechanisms and potencies of RNAi suppres-
sion might explain the difference in pathogenicity between DCV
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5.3. Do Arboviruses
Encode RNAi
Suppressors?

RNAI RNAI RNAi =
C ( C 9
V|rus V|rus V|rus -

Non- pathogemc Pathogemc Non- pathogenlc
Persistent Persistent
DCV CrPV Arbovirus

Fig. 2. Defense and counterdefense in virus infection of insects. An antiviral RNAI
response restricts virus replication, whereas viruses suppress the antiviral RNAi response
via dedicated RNAi suppressor proteins (VSRs). VSR activity may be an important deter-
minant of viral pathogenicity. A potent VSR may render a virus pathogenic to its host (for
example, Cricket paralysis virus, CrPV). Absent or mild VSR activity may result in non-
pathogenic persistent infections, such as observed in natural Drosophila C virus (DCV)
infections or in arbovirus infections in their invertebrate vector.

and CrPV. DCV establishes a nonlethal, persistent infection,
whereas CrPV causes high mortality (73, 74). This hypothesis was
supported by expression of DCV 1A or CrPV 1A from a recombi-
nant SINV, which is thought not to suppress RNAi by itself
(75, 76). In the adult fly, SINV-CrPV 1A replicates to higher titers
and causes higher mortality than SINV-DCV 1A, which correlates
with a more potent RNAI suppression by CrPV 1A. Thus, VSRs
may be important determinants of viral pathogenicity (Fig. 2).

Arboviruses are maintained in a cycle that requires transmission
by hematophagous arthropod vectors (mainly mosquitoes and
ticks) to vertebrate hosts. After ingestion of a virus-infected blood
meal, arboviruses replicate in the midgut epithelium of their vec-
tor. The virus then spreads through the hemolymph into the sali-
vary glands for further amplification and transmission to a naive
vertebrate host. Several arboviruses, including DENV, SINV, and
ONNYV, were shown to be suppressed by RNAI in their mosquito
vectors (see Subheading 3 and refs. (39—41)). Nevertheless, while
VSR activity seems to be a common feature in (non-arboviral)
insect viruses, suppressors of RNAi have, thus far, not been iden-
tified in arboviruses (75, 77, 78).

Arbovirus infection in the insect vector is typically persistent
and nonpathogenic. The mosquito’s RNAi pathway thus restricts
arbovirus replication, but is unable to fully clear these viruses.
Since arboviruses rely on survival of their mosquito vector for
transmission from host to host, the nonpathogenic phenotype is
of key importance for efficient virus spread. Hence, an arbovirus
that effectively kills its vector will be selected against in nature,
since it would decrease the chance of spread to vertebrate hosts.
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Encoding a potent VSR might therefore be deleterious for the
survival of arboviruses (Fig. 2). In support of this hypothesis,
recombinant SINV expressing the FHV B2 VSR replicates to
higher midgut titers, eventually killing the infected mosquito
(46, 76).

6. Other Viral Small
Silencing RNAs

While analyzing v-siRNAs in a cell line derived from the ovarian
somatic sheet (OSS), Wu et al. (47) made a remarkable observa-
tion. In addition to v-siRNAs, high levels of viral piRNAs were
identified for two viruses: DCV and ANV (47). Although less
abundant, viral piRNAs were also identified for other viruses that
persist in this cell line. These observations suggest that viruses
may be targeted by both the siRNA and piRNA pathways.

piRNAs are small RNAs of ~24-32 nucleotides that interact
with members of the Piwi subfamily of the Ago family (34, 79).
The Piwi subfamily comprises Piwi, Aubergine (Aub), and Ago-3,
which are predominantly expressed in germline tissues. In these
tissues, the piRNA pathway serves to prevent the activation of
transposons. Their biogenesis is still obscure, but in contrast to
siRNAs and miRNAs, piRNAs are generated in a Dicer-
independent manner. They most likely arise from long single-
stranded precursor RNAs which are derived from genomic regions
of defective transposons that are transcribed in an antisense direc-
tion. How these precursors are processed into the mature primary
piRNAs is not clear. In the presence of a target transposon RNA,
these primary piRNAs engage in an amplification loop, known as
the ping-pong mechanism. According to the ping-pong model,
precursor RNAs are cleaved into antisense primary piRNAs that
are loaded into Aub and Piwi. The antisense piRNAs then target
the transposon mRNAs which are subsequently cleaved into sense
piRNAs that are loaded into Ago-3. These sense piRNAs direct
the cleavage of more precursor RNAs, leading to a feedback loop
that results in amplification of the initial pool of piRNAs.

The ping-pong model was deduced from the characteristic
features of the piRNAs that are associated with the different Piwi
proteins. First, piRNAs bound to Piwi and Aub are in general
antisense to the transposon RNAs, whereas piRNAs bound to
Ago-3 are most often of sense orientation. Second, Piwi- and
Aub-associated piRNAs have a strong bias for a uridine at posi-
tion one, whereas Ago-3-associated piRNAs have a strong prefer-
ence for an adenine at position ten. Third, the first ten nucleotides
of Piwi- and Aub-associated piRNAs are frequently complemen-
tary to Ago-3-associated piRNAs.
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The viral piRNAs detected in the OSS cell line were 24-30
nucleotides in length with peaks at 27 and 28 nucleotides (47).
The OSS cell line expresses Piwi, but not Aub and Ago-3. Primary
piRNAs are therefore produced, but the lack of Aub and Ago-3
precludes ping-pong amplification (80). In agreement, viral piRNAs
resemble primary piRNAs with a strong bias for a uridine at posi-
tion one, but no enrichment for an adenine at position ten (80).
Finally, the viral piRNAs were almost exclusively of (+) polarity
for both (+) strand RNA and dsRINA viruses. These data suggest
that the genomic RNAs of the (+) strand RNA viruses and the
sense mRNAs of the dsRNA viruses are processed by the piRNA
pathway.

Maintenance of germline integrity is of crucial importance
to ensure the proper development of offspring. The germline-
specificity of the piRNA pathway and the detection of viral piR-
NAs led to the hypothesis that the piRNA pathway may protect
the germline from invasion by viruses (81). Additional studies are
required to elucidate whether the piRNA pathway indeed medi-
ates antiviral defense in insects. In this regard, it will also be inter-
esting to explore whether there is a role for another pathway of
small silencing RNAs, the miRNA pathway, during virus infec-
tions in insects (82, 83). Such a role for the miRNA pathway has
been demonstrated in mammals, where viral replication can be
modulated by a complex regulatory network in which both viral
and cellular miRNAs can control gene expression of both virus
and host (reviewed in Chapter 2).

7. Inducible
Antiviral
Responses

Although RNAI is a major antiviral mechanism in insects, other
immune signaling pathways are also implicated in antiviral defense.
The antimicrobial Toll pathway, for example, is suggested to play a
role during infection with DXV (84). DXV infection induces the
expression of antimicrobial peptides (AMPs) that are known to
depend on the Toll and IMD pathways. Even though both path-
ways are activated during DXV infection, only Toll mutants are more
sensitive to DXV. The Toll pathway is also involved in controlling
DENV infection in A. aggypti mosquitoes (85). An antiviral role for
the IMD pathway is suggested during infection with CrPV (86).
Flies defective in the IMD pathway are more sensitive to virus infec-
tion and display higher viral loads. The differential antiviral function
of Toll and IMD in these studies might be due to differences in viral
genome organization and replication strategy, host species, and cell
tropism in the host. More studies are required to elucidate the exact
role of IMD and Toll in antiviral defense, as well as the viral activa-
tors and downstream antiviral effectors of these pathways.
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A study of the global transcriptional response during DCV
infection identified a third inducible antiviral pathway in
Drosophila. Approximately 90 genes, which are not induced during
microbial infections, are upregulated during DCV infection.
Induction of one of these genes, vir-1, is dependent on the
Jak-STAT pathway (87). In accordance, Jak-STAT-deficient flies
are more sensitive to viral infection. Knockdown or overexpres-
sion of pir-1, however, did not affect viral infection. These results
indicate that vir-1 is not an antiviral effector, and that other down-
stream effector molecules mediate the antiviral effect of the
Jak-STAT pathway.

Another response to virus infection is the induction of a gene
called Vago (88). Upon DCV and SINV infection, Vago is specifi-
cally induced in the fat body, a tissue in the fly abdomen with
some functional equivalence to the mammalian liver. In accor-
dance with a role for Vago in antiviral defense, DCV RNA accu-
mulated to higher levels in the fat body of Vago mutants. Induction
of Vago is independent of the Toll, IMD, and Jak-STAT path-
ways. Strikingly, Vago induction is abolished in fly mutants with a
missense mutation in the DExD /H-box helicase domain of Dcr-2.
Other components of the RNAi pathway are not required for
induction of Vago. The requirement for Der-2 implies that viral
dsRNA is the inducer of Vago expression. Regulation of Vago
expression, however, seems to be more complex; expression of
a dsRNA hairpin, which is processed by Dcr-2 into functional
siRNAs, was not sufficient to induce expression of Vago.

Though DCV and FHYV are both able to infect and replicate
in the fat body, only DCV induced Vago expression. An intriguing
hypothesis to explain this discrepancy is that the VSR of FHV, B2,
suppresses the induction of Vago. While both viruses encode a
VSR that binds long dsRNA, the FHV B2 protein is able to inter-
act with the PAZ domain of Dcr-2 (89). It would be of interest to
investigate whether this interaction inhibits the induction of Vago
expression. Taken together, these results imply that Der-2 plays a
dual role in virus infection: it generates the specificity determi-
nants (siRNAs) of the antiviral RNAi response, and it acts as a
pattern recognition receptor that senses dsRNA and induces an
antiviral program that includes Vago expression.

8. Summary
and Concluding
Remarks

Viruses and RNAIi share an intricate relationship, in which the
cellular RNAi machinery restricts virus replication and viruses
suppress the antiviral RNAi response. In the most straightforward
model, viruses produce dsRNAs that, after processing by Dicer
into v-siRNAs, guide RISC to cleave viral target RNAs in a
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sequence specific manner. In recent years, it has become clear that
the role of RNAI extends beyond its function in restricting virus
replication in a cell-autonomous manner. A systemic RNAi response
seems to be essential for mounting an effective antiviral response
in adult flies. Furthermore, the RNAi machinery seems to play a
critical role in regulating, and perhaps orchestrating, an inducible
antiviral response in Drosophila. Thus, Dcr-2 not only generates
the specificity determinants of the antiviral RNAi response, but
also acts as a bona fide pattern recognition receptor for dsRNA
that alerts the immune system to virus infection. We are also wit-
nessing the detailed characterization of novel mechanisms of
action of VSRs. Whereas many VSRs were thought to bind dsRNA
or siRNA, thereby preventing production of siRNAs or their
incorporation into RISC, it is now clear that several viruses are
able to suppress other steps of the RNAi pathway. The advent of
deep-sequencing technology has led to unanticipated insights
into the biogenesis or v-siRNAs. Viral replication intermediates
and genomic dsRNA seem to be the main target for Dcr-2 in
infections with (+) strand RNA and dsRNA viruses, respectively.
Deep-sequencing also led to the detection of viral piRNAs, imply-
ing a role for RNA silencing processes in protecting the germline
from virus invasion. It has been more than a decade since the
seminal observations, both in plants, that RNA silencing and anti-
viral defense share conserved features (90), and that small RNAs
are produced in virus infection (91). Ever since, we continue to
appreciate the complex and central role of RNAI in antiviral
defense. We anticipate more surprises.
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Chapter 2

RNAi and Gellular miRNAs in Infections
by Mammalian Viruses

Joost Haasnoot and Ben Berkhout

Abstract

MicroRNAs (miRNAs) play an essential role in the regulation of eukaryotic gene expression. Recent
studies demonstrate that miRNAs can also strongly affect the replication of pathogenic viruses. For
example, cellular miRNAs can target and repress the expression of viral mRNAs, but there is also at least
one example of a cellular miRNA that stimulates virus replication. Furthermore, viruses can encode their
own miRNAs, trigger changes in cellular miRNA expression or encode RNA silencing suppressor factors
that inhibit cellular miRNAs. These interactions together form a complex regulatory network that con-
trols both viral and host gene expression, which ultimately determines the outcome of viral infection at
the cellular level and disease progression in the host. Here, we summarize the literature data on such
virus—cell interactions in mammals and discuss how miRNAs can be used as research tools or targets in
the development of novel antiviral therapeutics.

Key words: Virus, microRNA, Regulation, RNA interference, RNA silencing suppressor, HIV-1,
HCV, Adenovirus

1. Introduction

Early studies in plants showed that small RNA-induced gene
silencing is a potent antiviral mechanism that plants need to sur-
vive viral infection (1). Since then, it has become clear that there
are many more aspects to the interaction between the RNA
silencing mechanism — in plants, insects and mammals — and
viral infection. Since RNA silencing is a central regulatory mech-
anism in eukaryotic cell biology, it is involved in many different
cellular processes. These processes not only include cell devel-
opment, differentiation and proliferation, but also cell death,
metabolism, transposon silencing and antiviral defences (2).
Viruses, being strictly dependent on cellular resources for their
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replication, therefore interact with the RNA silencing machinery
at multiple levels.

RNA silencing represents a general cellular phenomenon in
which small RNA molecules of 20-30 nucleotides associate with
Argonaute or Piwi proteins to trigger sequence-specific inhibition
of gene expression (3). Currently, three classes of small RNAs
that are involved in silencing have been identified in mammals,
namely microRNAs (miRNAs), endogenous small interfering
RNAs (endo-siRNAs) and piwi-associated RNAs (piRNAs).
Endo-siRNAs and piRNAs are primarily involved in the repres-
sion of transposons, whereas miRNAs regulate cellular gene
expression (4). In recent years, miRNA-mediated gene regulation
has received much attention. So far, over 700 human miRNAs
have been cloned, which are estimated to regulate the expression
of at least 30% of human genes (5). This regulation involves
miRNA-guided targeting of the multi-protein RNA-induced
silencing complex (RISC) to partially complementary sequences
in the 3' untranslated region (3'UTR) of target mRNAs. Once
RISC is bound to the target site, it triggers mRNA translational
inhibition or destabilization (6).

Besides mediating regulation of gene expression, RNA silenc-
ing in plants, insects, nematodes and fungi plays an essential role
in the antiviral “immune” response via virus-specific siRNAs
(1, 7-9). Despite the fact that the RNA silencing or RNA inter-
terence (RNAi) mechanism and machinery is highly conserved in
eukaryotes, researchers failed to detect virus-specific siRNAs in
virus-infected mammalian cells (10). This initially suggested
that RNAi does not have an antiviral role in mammals (11).
Interestingly, recent studies used novel and very sensitive deep
sequencing technology to show that small virus-derived RNAs do
accumulate in virus-infected mammalian cells (12, 13). It cur-
rently remains unclear to what extent these RNA molecules con-
tribute to the antiviral defence response.

An increasing number of studies have addressed novel aspects
of the interaction between mammalian viruses and small RNA-
induced silencing mechanisms. It has become clear that cellular
miRNAs and other components of the miRNA pathway can inter-
act with viruses at multiple levels to influence viral replication
(Fig. 1). In this chapter we will focus on this multitude of possible
interactions. For a good understanding of the way in which viruses
interact with cellular miRNAs in mammals, we will first give a brief
overview of different aspects of the miRNA and small interfering
RNA (siRNA) pathways. Subsequently, we will discuss the effect
of cellular miRNAs on viral gene expression, cellular miRNAs as
determinants of the viral tropism for certain cell types, virus-
encoded RNA silencing suppressors (RSS), and virus-induced
changes in the cellular miRNA expression profile. Finally, we will
discuss the use of miRNAs or miRNA-inactivating compounds in
novel antiviral therapeutic strategies. Virus-encoded miRNAs, as
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Fig. 1. Overview of the interactions between the cellular RNAi mechanism and an invading virus. After virus entry and
start of replication the virus can induce (+) or inhibit (-) the expression of certain cellular miRNAs. These may influence
signalling pathways and stress responses. Virus-encoded RSS factors may block specific RNAi actions. RSS factors like
influenza virus NS1, Ebola virus VP35, and HIV-1 Tat can bind and sequester small RNAs/pre-miRNAs, whereas the ade-
novirus VA RNAs inhibit miRNA processing by saturating the miRNA pathway. Some viruses may depend on constitutively
expressed miRNAs (HCV-miR-122). Increased expression of cellular miRNAs that target the viral RNA will result in inhibi-
tion of viral gene expression and decreased miRNA expression may increase virus replication. Changes in the miRNA
profile may also affect cellular gene expression that may either stimulate or inhibit viral gene expression.

expressed by the herpes virus family and other DNA viruses (14),
will be discussed in Chap. 3.

2. miRNA-
Mediated Silencing
in Mammals

Mature miRNAs are single-stranded RNAs of approximately

21-23 nucleotides

that are processed from endogenously

expressed primary transcripts (pri-miRNAs) (15). These transcripts
are produced by polymerase II and contain several imperfectly
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base paired hairpin structures. In the nucleus the RNA hairpin
structure is excised by the RNAse I1I-like enzyme Drosha and its
co-factor DGCRS8 to form the precursor miRNA (pre-miRNA),
which represents an imperfect hairpin structure (16). There is a
separate miRNA pathway that is independent of Drosha process-
ing. In this pathway, introns containing the hairpin are termed
mirtrons, which are spliced into pre-miRNA hairpins that access
the miRNA pathway. First described in Drosophila and
Caenorbabditis elegans, these mirtrons have recently also been
reported in mammals (17). Both Drosha and the mirtron path-
way generate an excised hairpin of approximately 60 nucleotides,
the pre-miRNA. This pre-miRNA is exported to the cytoplasm by
the nuclear RNA export factor Exportin 5 (Exp5), where it is
further processed by the RNAse III-like enzyme Dicer in associa-
tion with its co-factors TAR binding protein (TRBP) and PACT
(18, 19). The Dicer-TRBP-PACT complex cleaves off the termi-
nal loop resulting in the miRNA duplex with a two-nucleotide 3’
overhang on either side. Depending on the structure, miRNAs
associate with one of the four Argonaute proteins to form the
functional miRNA-loaded RISC complex. In D. melanggaster
miRNAs with mismatches within the central part of the duplex
are preferentially incorporated into AGO1. The miRNAs with
more perfect duplexes associate with AGO2, which is the only
member of the Argonaute protein family with slicing activity.
Similar sorting mechanisms are conserved in C. elegans and mam-
mals (20). Once loaded into RISC, the miRNA duplex is unwound
into a guide strand and a complementary passenger strand that
is subsequently degraded. RISC programmed by the guide miRNA
subsequently targets mRNAs with complementary sequences
within the 3'UTR. Pairing of the 5’ 7-8 nucleotides of the miRNA
(seed region) to multiple sites within the 3'UTR of an mRNA is
important for target recognition and translational inhibition (21).
The targeted RNAs are translocated to cellular processing
(P)-bodies where they are stored or de-adenylated, de-capped,
and subsequently degraded (22). It was initially thought that
miRNA targeting could result in cleavage of the mRNA target,
but only in rare cases. However, at the recent 2010 Keystone
meeting it was reported that, in contrast to general belief, miR-
NAs do frequently induce RNA destabilization instead of transla-
tional inhibition.

3. Virus-Derived
Small Interfering
RNAs

Unlike miRNAs, siRNAs are perfectly complementary duplexes of
21 nucleotides that originate from dsRNA precursors upon pro-
cessing by Dicer. The siRNAs are loaded into AGO2-containing
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RISC and, in case of sufficient complementarity to the target
mRNA, guide RISC towards cleavage of the target. In plants,
worms and insects, the dsRNA precursors can be long virus-
derived dsRNAs, e.g. replication intermediates. Once incorpo-
rated in RISC, the processed virus-specific siRNAs trigger the
sequence-specific cleavage of the homologous viral RNAs. Plant
and insect viruses counter this RNA-based antiviral response
through the production of specific RSS factors (23, 24). In mam-
mals, perfectly base paired long dsRNAs trigger the interferon
(IFN) response that signals cells to induce the innate antiviral
IEN response, which involves the induction of many different
genes (25). Despite serious attempts, virus-specific siRNAs have
not been detected in virus-infected mammalian cells via conven-
tional cloning and sequencing techniques (10, 26). Because
mammals have the IFN response and virus-specific siRNAs could
not be detected, there was little support for an antiviral function
of RNAI in mammals. Therefore, studies on siRNAs in mammals
mostly focused on the use of artificially introduced synthetic
siRNAs or short hairpin RNA vectors as tools to induce sequence-
specific knock-down of a gene of interest (27).

Recently however, new highly sensitive sequencing technol-
ogy has become available that is being used to analyze low abun-
dant species of regulatory RNAs including virus-derived siRNAs
in mammalian cells. Watanabe was the first to use 454 sequencing
to study small RNAs in mouse oocytes, where transposon-specific
RNAs were found to accumulate (28). These so-called endo-
siRNAs actively repress the expression of the corresponding trans-
posable elements and certain protein-coding genes (28-30). The
endo-siRNAs are processed from naturally occurring dsRNAs
formed by hybridization of perfectly complementary transcripts
that are made by bidirectional transcription of the genome
segments.

Two other recent studies used deep sequencing technology
to show that low amounts of small virus-specific RNAs accumu-
late during virus infection in mammalian cells. Parameswaran
et al. reported small virus-derived RNAs in cells infected with
dengue virus, vesicular stomatitis virus (VSV), poliovirus, hepati-
tis C virus (HCV) and West Nile virus (12). In addition, Yeung
et al. reported the accumulation of small virus-derived RNAs in
HIV-1 infected cells (13). In this study, several discrete small
virus-specific RNA species were detected. One of the HIV-specific
RNAs detected was a molecule of 18 nucleotides that was com-
plementary to the HIV-1 primer binding site (PBS). This is the
sequence element in the HIV-1 RNA genome to which tRNAD3
binds to prime reversed transcription. This process is essential for
the generation of the proviral DNA that integrates in the host
genome and from which the viral proteins are subsequently
expressed. Expression of the PBS-specific small RNA was found
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to depend on Dicer. Furthermore, this small RNA was shown to
associate with Ago2, suggesting a role in antiviral responses.
However, recent studies indicate that cellular tRNA molecules
can also be processed by Dicer into 18-nucleotide long fragments
in uninfected cells (31). This raises the possibility that the PBS-
specific small RNA is of cellular origin.

Thus, recent studies demonstrated that small RNAs do accu-
mulate in virus-infected mammalian cells, but it is currently not
clear whether these RNAs represent functional siRNAs that nega-
tively affect virus replication. In any case, the highly sensitive deep
sequencing technology will certainly help to further describe and
classify this new class of regulatory RNAs.

4. Cellular miRNAs
Targeting Viral
Sequences

Although the role of antiviral siRNAs in mammalian cells is still
unclear, there is evidence that cellular miRNAs are able to target
and inhibit viral gene expression. At least four viruses have been
reported to be subject to miRINA-mediated repression of gene
expression. These include primate foamy virus type 1 (PFV-1),
HIV-1, HCV and VSV (Table 1) (32-35). The first reported
example of a cellular miRNA that targets a viral RNA genome is
miR-32. This miRNA targets the retrovirus PFV-1 in a genome
region that is present in the 3'UTR of all viral transcripts and
open reading frame 2 that encodes both the viral Bet and EnvBet
proteins. Targeting of the viral RNA by miR-32 results in reduced
virus replication, and PFV-1 requires the RSS activity of its Tas
protein to overcome this inhibition (33).

Another example of a virus that is restricted by cellular
miRNAs is VSV. Ostsuka et al. showed that VSV transcripts
encoding the viral large protein (L protein) and the phosphopro-
tein (P protein) are targeted by miR-24 and miR-93, respectively
(34). Reduced expression of miR-24 and miR-93 in Dicer-
deficient mice caused a strong increase of VSV replication leading
to virus-induced lethality. Besides VSV, the authors also tested
the susceptibility of Dicer-deficient macrophages for infection by
other viruses such as encephalo-myocarditis virus, lymphocytic
choriomeningitis virus, Coxsackievirus group B serotype 3, influ-
enza A virus, herpes simplex virus type 1 (HSV-1) and vaccinia
virus. Interestingly, only HSV-1 displayed increased virus produc-
tion, suggesting that Dicer-mediated antiviral RNAi responses do
not represent a general antiviral mechanism in mammals. As miR-
NAs are differentially expressed among different cell types and
viruses likewise infect specific subsets of cells, one should thus be
extremely careful in drawing general conclusions. The lack of an
effect on virus replication in Dicer-deficient macrophages does
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Table 1
Cellular miRNAs targeting viral genes
Virus  miRNA Target Effect References
HIV-1 miR-28, miR-125Db, TAR, Env, NF-kb,  Induces viral latency (32, 37)
miR-382, miR-150, Env, Nef
miR-223
miR-29a Nef Inhibits translation/ (39, 40)
replication
PFV-1 miR-32 Bet and EnvBet Inhibits translation/ (33)
proteins, 3'UTR replication (Tas protein
counters this effect)
VSV miR-24, miR-93 L and P protein Inhibits translation/ (34)
replication
HCV ~ miR-122 5'UTR (IRES) Stimulates translation/ (42)
replication (liver
specific)
miR-1, miR-30, miR-128, C, NS5A (others Inhibits translation/ (35)
miR-196, miR-296, not specified) replication (induced by
miR-351, miR-431, IFN signalling)
miR-448
miR-199a 5'UTR (IRES) Inhibits translation/ (96)
replication

not exclude the possibility that these viruses are affected by Dicer
deficiency in the biologically more relevant cell types.

Besides inhibiting viral gene expression in an acute manner,
the set of miRNAs expressed in a certain cell type may also deter-
mine the level of evolutionary freedom of the virus on a longer
time scale. Certain nucleotide changes in the viral genome
sequence will not be tolerated because they create more optimal
miRNA target sequences that trigger repression by the miRNA
machinery. This evolutionary pressure is illustrated by the obser-
vation that the artificial insertion of fully complementary miRNA
target sites in viral genes results in severe attenuation of virus
replication (36). This fine-tuning of the viral RNA to the miRNA
composition of the host cell may also restrict the viral ability to
adjust to a change in the environment, such as the invasion of a
new host organism upon zoonotic transmission or the intra-host
pressure when the immune system is induced. In addition to
PEV-1 and VSV, cellular miRNAs have also been shown to target
the RNA genome of HIV-1 and HCV. Because of the complex
interaction of these viruses with miRNAs, these cases will be dis-
cussed separately.
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5. Gellular miRNAs
and HIV-1 Latency

Huang et al. were the first to show that cellular miRNAs can target
and potently repress HIV-1 gene expression (32). HIV-1 is a
member of the lentivirus genus within the family of retroviruses.
Its genome is encoded by a positive-stranded RNA molecule of
9.8 kb that is reverse transcribed into double-stranded DNA that
integrates into the host cell genome. HIV-1 replicates in CD4-
positive T cells and thus causes a direct attack on the immune
system, which when left untreated will eventually result in the
development of AIDS. It was shown that miR-28, miR-125b,
miR-150, miR-223, and miR-382 are able to target sequences
near the 3’ end of all HIV-1 transcripts and suppress the expres-
sion of viral mRNAs in resting CD4* T cells. The expression of this
set of miRNAs is reduced in activated CD4* T cells, thus allowing
active virus replication. This finding suggests that miRNAs play a
role in the establishment of viral latency. HIV-1 latency occurs in
resting CD4* T cells when the HIV-1 provirus is stably integrated
into the host genome without producing new viral transcripts and
proteins. HIV-1 latency may allow the virus to escape from the
immune system and latency is a major problem in attempts to
eradicate the virus in a patient by therapeutic intervention.

The latency-inducing miRNAs also appear to determine the
susceptibility of peripheral blood monocytes for HIV-1 infection
(37). These cells express all the essential receptors for HIV-1
entry, but become infrequently infected. New findings suggest
that miRNA-mediated suppression protects the cells against pro-
ductive HIV-1 infection. In other words, the cellular miRNAs
form one of the determinants of the viral tropism for certain cell
types. Several miRNAs including miR-29a were also predicted to
target the HIV-1 RNA genome (38). The miR-29a recognizes a
target within the viral zef gene to restrict expression of the Nef
protein and overall virus replication (39). Nathans et al. subse-
quently showed that HIV-1 mRNAs that are targeted and inhib-
ited by miR-29a are loaded into RISCs that associate with P
bodies (40).

6. Gellular miRNAs
Targeting HCV

Not all cellular miRNAs that target viral mRNAs have a negative
effect on gene expression and viral replication. It was convinc-
ingly demonstrated that miR-122 is required for HCV replication
(41, 42). This miRNA is highly expressed in human liver cells.
The increased replication is at least in part caused by enhanced
translation of the viral RNA via direct interaction of miR-122
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with two target sites in the 5’UTR (43). This region in the HCV
genome harbours the internal ribosomal entry site (IRES) that is
instrumental for efficient HCV mRNA translation.

Besides the positive role of miR-122, a specific set of cellular
miRNAs is involved in the restriction of HCV gene expression.
These miRNAs (miR-1, miR-30, miR-128, miR-196, miR-296,
miR-351, miR-431, and miR-448) were found to be up-regulated
in response to IFN signalling that is triggered during HCV
replication (35). The transfection of synthetic miRNA-mimics
reproduced the antiviral effect of IFN-f on HCV replication. In
addition, IFN treatment leads to a significant reduction in expres-
sion of the positive miR-122 co-factor. Therefore, the antiviral
activity of IFN appears to be caused by up and down-regulation
of specific cellular miRNAs. A recent follow-up study did how-
ever not reveal a correlation between the miR-122 expression
level in HCV-infected individuals and the viral load (44).

7. Virus-Induced
Changes in
Cellular miRNA
Expression

Virus infection triggers cells to mount an antiviral response that
involves the expression of many antiviral and stress related genes.
Similarly, virus-induced changes in the cellular miRNA expression
profile may have a profound effect on the outcome of infection. In
an early study, Yeung et al. determined the miRNA expression
profile in Hela cells transfected with HIV-1 DNA (45). The
authors reported significant down-regulation of miR-93, miR-
148b, miR-221, and miR-16. The miRNA profile in peripheral
blood mononuclear cells (PBMCs) from HIV-1 infected patients
showed even more dramatic changes compared to cells from unin-
fected controls (46). Depending on the disease stage of the patient,
the T cell specific miR-223, miR-150, miR-146, miR-16, and
miR-191 were down-regulated 3-9-fold. Changes in the cellular
miRNA expression profile can affect the expression of protein co-
factors that are required for viral replication. For example, Triloubet
et al. reported increased expression of eleven miRNAs in HIV-1
infected cells, whereas expression of the polycistronic miRNA
cluster miR17 /92 was strongly decreased (47). This miR17,/92
cluster comprises miR-17-(5p/3p), miR-18, miR-19a, miR-20a,
miR-19b-1, and miR-92-1 and has been implicated in various
types of cancer (48). Computer-assisted target prediction showed
that the mRNA encoding histone acetylase PCAF has four target
sequences in its 3'UTR for miR-17-5p and miR-20a. PCAF is an
important co-factor of HIV-1 transcription in interaction with the
viral Tat protein. Thus, HIV-induced down-regulation of miR-
17 /92 increases PCAF expression, which in turn results in further
enhancement of HIV-1 replication.
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The miR-198 inhibits the expression of Cyclin T1 in monocytes,
which is required for HIV-1 transcription elongation (37). Once
monocytes are activated to differentiate into macrophages,
miR-198 expression is reduced, resulting in increased Cyclin T1
expression that facilitates HIV-1 replication. Although this is not
a virus-induced change, it does indicate that miRNAs can be
important determinants of viral replication by aftecting the expres-
sion of essential host factors. In this manner, miRNAs can have an
important role in determining the cell tropism of certain viruses.

A recent study analyzed the miRNA expression profile in
bronchoalveolar stem cells upon infection by the SARS corona-
virus (SARS-CoV) and the miRNA targets were identified.
Intriguingly, the miRNAs that were up-regulated during infec-
tion could suppress virus replication. The authors describe this
as “co-opting” by means of the viral miRNAs in order to mini-
mize the expression of viral antigens to evade the immune sys-
tem (49).

In an attempt to analyze the role of miRNAs in influenza
virus pathogenicity, the miRNA expression profile was analyzed
in mice infected with the 1918 pandemic influenza virus (50).
A specific group of miRNAs was differentially expressed in mice
infected with the pandemic 1918 virus compared to mice infected
with a less pathogenic seasonal influenza strain. Interestingly, sev-
eral of the corresponding target mRNAs encode proteins that are
involved in the immune response. These results suggest that miR-
NAs and virus-induced changes in the miRNA expression profile
may correlate with virus-induced pathogenicity (30). Wang et al.
determined the differentially expressed miRNAs in chicken lung
and trachea infected with the low pathogenic H5N3 avian influ-
enza virus (51). It was reported that 73 and 36 miRNAs are dif-
ferentially expressed in lungs and trachea, respectively, upon virus
infection. This list includes miR-146a, which has been proposed
to be involved in immune-related signalling pathways (52).

Finally, murine cytomegalovirus (MCMYV) infection was
shown to down-regulate the expression of miR-27a and b (53).
This down-regulation does surprisingly not affect the other miR-
NAs within the same gene cluster. Therefore, the down-regulation
was proposed to occur post-transcriptionally. Both miR-27a and
b exhibit an antiviral effect, although it is as yet unclear how this
works mechanistically.

8. Oncogenic
Viruses and
miRNAs

Changes in the cellular miRNA expression profile have been
implicated in oncogenesis (54). Interestingly, oncolytic viruses
also affect miRNA expression and this may contribute to the
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multi-step oncogenic process. It is currently unclear whether
these changes are part of an immune response, viral signalling, or
other thus far unidentified mechanisms. Tomita et al. showed that
the human T lymphotropic virus type I (HTLV-I) induces mir-
146a expression, which in turn increases the growth characteris-
tics of infected cells (55). In an earlier study miR-146a was shown
to be increased in tumours (56). The T strain of the reticuloen-
dotheliosis virus induces miR-155, which promotes cell survival
(57). Marek’s disease virus (MDV), which is a highly oncogenic
herpes virus in poultry, triggers the up-regulation of miR-221
and miR-222 (58). These miRNAs have both been implicated in
tumorigenesis and were found to be up-regulated in a number of
cancers.

9. Virus-Encoded
Suppressors
of RNAi

Viral RSS factors were first described for plant viruses as multifunc-
tional virulence or pathogenicity factors (24, 59). These RSSs were
shown to inhibit RNA silencing via sequestration of antiviral siR-
NAs, protection of long virus-specific dSRNA from processing into
siRNAs, or via direct blocking of specific components of the RNA
silencing pathway. The identification of mammalian virus-encoded
RSS functions provided one of the first indications that the RNAi
mechanism is involved in antiviral responses in mammalian cells. So
far, a total of 11 mammalian virus-encoded RSS factors have been
described (60). These include the following proteins: influenza A
virus NS1 (61, 62), vaccinia virus E3L (62), Ebola virus VP35
(63), HIV-1 Tat (63-65), PFV-1 Tas (33), and HCV coat and
envelop protein (66-68). Most of these proteins display RSS activ-
ity when co-expressed together with a silenced reporter gene.
Other RSS proteins prevent Dicer cleavage in vitro. An interesting
way to determine RSS activity is by means of so-called trans-
complementation assays in which putative RSS factor functionally
replaces a known RSS in the viral context. RSS factors from plant
or insect virus suppressors can sometimes be replaced by RSSs
encoded by mammalian viruses. Another commonly used assay is
to measure mammalian virus-encoded RSS activity in plants.

The first reported mammalian RSS factors were E3L and
NS1. Both proteins are able to rescue the replication in insects of
a flock house virus (FHV) variant in which the RSS B2 gene is
replaced by GFP. The FHV B2 protein inhibits RNAi by seques-
tration of long viral dsSRNAs and siRNAs. These results indicate
that E3L and NS1 are the functional equivalents of the B2 pro-
tein (62). In addition, the influenza virus NS1 protein was shown
to suppress RNA silencing in plants and to increase the virulence
of potato virus X in Nicotiana Benthamiana (61).
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There are a number of reports on RSS activity of the HIV-1
Tat protein. The Tat protein stimulates transcription from the
HIV-1 long terminal repeat (LTR) promoter by interacting with
the transactivation response (TAR) element, a stable RNA stem-
loop structure present at the 5’ terminus of each viral transcript
(69). Bennasser et al. were the first to show Tat-mediated RSS
suppression in luciferase-based reporter assay (64). They showed
that Tat-mediated RSS activity is independent of the transcrip-
tional transactivation activity of the protein. We could confirm
these results using an HIV-1 variant that is independent of Tat-
mediated transcription activation (63). Only Tat mutants or het-
erologous factors that exhibit RSS activity could restore virus
production of a mutant virus lacking Tat RSS activity. Another
study showed that the HIV-1 Tat RSS function can be function-
ally replaced by the RSS protein P19 of tomato bushy stunt virus
and that the Tat protein exhibits RSS activity in Nicotiana
Benthamiana protoplasts (65). We also showed that the RSS pro-
tein NS3 of rice hoja blanca virus (RHBV), a plant virus, is able
to complement the RSS function of HIV-1 Tat (70). The NS3
protein of RHBV is an RSS that exclusively binds small dsRNA
molecules such as miRNAs and siRNAs. An NS3 mutant that is
deficient in dsRNA binding and RSS activity is unable to rescue
production of the Tat-negative HIV-1 variant. This result sug-
gests that HIV-1 replication is inhibited either by siRNAs or miR-
NAs and that Tat RSS activity is required to counter this inhibition.
Similarly, the Tas transcriptional transactivator protein of PFV-1
was shown to exhibit RSS activity (33). The Tas protein RSS
function represses miR-32 accumulation, thus allowing efficient
virus replication. PFV-1 Tas also shows considerable RSS activity
in Arabidopsis plants (33).

Most of the mammalian virus-encoded RSS factors are pro-
teins. However, the human adenovirus encodes an RSS function
that follows a different strategy. During the late phase of infec-
tion, the virus expresses high levels of two non-coding but highly
structured virus-associated (VA) RNAs, RNAI and RNAII.
Previously, these RNAs were shown to block antiviral PKR activ-
ity (71). The structured nature of the VA molecules shows simi-
larity with pre-miRNAs, raising the possibility that the VA RNAs
are Dicer substrates. It was demonstrated that the VA RNAs are
recognized and processed by Dicer into virus-derived si/miRNAs
that are functionally incorporated into RISC (72-76). Because of
their extremely high expression level of up to 1x10® copies per
cell, the VA RNAs cause saturation of the RNAi pathway. Thus,
the VA RNAs act as suppressor by saturation of the RNAi machin-
ery. It remains possible that the VA RNAs also represent a virus-
encoded miRNA, but their extremely high copy number perhaps
argues against this possibility (76).
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The majority of mammalian virus-encoded RSS factors
described above have also been reported to have IEN-antagonistic
properties. For example, the Ebola virus VP35, influenza virus
NS1, and vaccinia virus E3L proteins also act as antagonists of the
cellular dsRNA sensors RNA helicases retinoic acid-inducible
gene I (RIG-I), dsRNA-dependent protein kinase (PKR), or 2'-5'
oligo adenylate synthetase enzymes (OAS) (77-85). In mammals
the IFN pathway is activated upon virus infection when viral
nucleic acids are sensed by pattern-recognition receptors on the
host cell. This activation leads to inhibition of viral replication
and cell proliferation, apoptosis, and destruction of virus-infected
cells by natural killer cells. The double function of many viral
RSS/IFN-antagonistic proteins is perhaps not that surprising
considering that both the RNAi and IFN pathways are induced
by the same virus-derived molecule, dsRNA. Possibly, the RNAi
and IFN pathways co-operate in the innate defence response
against invading viruses. The antiviral responses against HCV
provide a good example on how the IFN and RNAi mechanisms
may co-operate to optimally combat virus infections (35).

10. miRNAs
in Novel Antiviral
Approaches

Therapeutic RNAI via delivery of synthetic siRNA or intracellular
shRNA expression is currently being developed as a novel approach
to treat various genetic diseases as well as pathogenic virus infec-
tions (27). Indeed, direct targeting of the RNAi mechanism
towards viral mRNAs can potently inhibit virus replication. RNAi-
mediated inhibition of host factors that are required for virus rep-
lication is also being considered in RNAi-based antiviral strategies.
The newly discovered interactions between cellular miRNAs and
pathogenic viruses likewise provide new possibilities for antiviral
drug design. In fact, the therapeutic use of such miRNA co-fac-
tors is similar in concept to antiviral silencing of protein co-factors
that are required for virus replication. Targeting of the set of
cellular miRNAs that have been implicated in HIV-1 latency has
been suggested as a strategy to block or reduce HIV-1 latency (32,
86). HIV-1 latency poses a serious problem for the treatment of
HIV-1 infected individuals with antiviral drugs. Antiviral drugs
can strongly reduce the level of replicating virus, but HIV-1 will
rapidly re-emerge from the latent reservoir after stopping therapy.
Antisense inhibitors of the latency-inducing miRNAs could counter
latency and induce active virus production. Activation of the
latent reservoir may eventually allow for purging of the viral
reservoir, such that one can eradicate the virus in an infected
individual and cure the patient.
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Another example of a promising new target in antiviral drug
design is miR-122. This miRNA is required for HCV translation
and replication (41, 42). Inhibition of miR-122 by antisense oli-
gonucleotides indeed results in a strong decrease of HCV replica-
tion in vitro (42, 87-89). Interestingly, Lanford et al. recently
demonstrated that treatment of chronically HCV-infected chim-
panzees with a locked nucleic acid (LNA)-modified oligonucle-
otide that targets miR-122 leads to long-lasting suppression of
HCV viremia (90).

Besides direct targeting of specific cellular miRNAs to block
viruses, researchers have also recognized the use of miRNAs as a
novel tool in the design of viral vectors (36). Insertion of miRNA
targets in vectors can be used to alter the cellular tropism of the
vector or to generate attenuated virus variants that may be used
for vaccine development. In this strategy, the inserted targets are
usually fully complementary to the cellular miRNAs, thus result-
ing in cleavage of the viral /vector RNA. For example, insertion of
miR-142-3p targets in a lentiviral vector restricted transgene
expression in the hematopoietic cell lineage where this miRNA is
highly expressed, whereas optimal transgene expression was main-
tained in non-hematopoietic cells (91). Insertion of the liver-
specific miR-122 target in adenovirus severely attenuated virus
replication in hepatocytes, but allowed normal replication in other
cells (92). Insertion of targets for the muscle specific miR-133
and miR-206in the 3"UTR of an oncolytic picornavirus, Coxsackie
virus A21, strongly attenuated viral pathogenicity (93). Another
example is VSV, which has been proposed as possible recombi-
nant vaccine platform, but which causes encephalomyelitis in
rodents and primates. By insertion of targets for neuron-specific
miRNAs, virus replication in neurons could be inhibited without
compromising replication in other tissues (94 ). A similar approach
was used to construct an attenuated influenza A virus vaccine.
Perez et al. inserted miRNA response elements into the open
reading frame of the viral nucleoprotein. The resulting virus dis-
played a 2 log reduction in mortality and elicited a diverse anti-
body response, illustrating the potency of miRNA-mediated
control of live-attenuated virus vaccines (95).

Finally, in addition to inhibition, overexpression of specific cel-
lular miRNAs may also be used in therapeutic antiviral approaches.
This strategy could be employed when the expression of a certain
miRNA is down-regulated upon virus infection in order to increase
the expression of a required host co-factor. Overexpression of this
miRNA should inhibit the accumulation of the host protein and
thus inhibit virus replication. So far, this approach has not been
realized, but miR-198 and miR-20 form attractive candidates for
such an anti-HIV approach (37, 47). A potential danger of this
strategy is that miRNA overexpression affects the expression of
many cellular genes. In the optimal scenario, miRNA expression is
restored to the level of the uninfected cell.
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11. Conclusions

In recent years much has been learned about miRNA biogenesis
and function. However, because relatively few miRNA targets
have been identified thus far, little is known about miRNA regu-
latory networks. Even more so, the way in which viruses interact
with these systems remains largely unknown. It has gradually
become apparent that an interaction between viruses and the host
miRNA pathway can take place at multiple levels. To complicate
matters further, cellular miRNAs can stimulate or inhibit virus
replication, and sometimes a complex dual effect is observed.
These RNAi-virus interactions vary significantly depending on
the particular virus strain and the host cell type used for the infec-
tion, thus causing much variation among experimental systems.
Many mechanistic details on how these processes interact and
what the consequences are for viral replication, the host cell and
virus-induced pathogenesis remains to be determined. Novel
technology for high-throughput analysis of small virus-derived
RNAs will help to answer some of these questions. It is likely that
an increased understanding of these processes will ultimately lead
to the identification of new targets for the development of antivi-
ral therapeutics.
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Chapter 3

Viral miRNAs

Karlie Plaisance-Bonstaff and Rolf Renne

Abstract

Since 2004, more than 200 microRNAs (miRNAs) have been discovered in double-stranded DNA
viruses, mainly herpesviruses and polyomaviruses (Nucleic Acids Res 32:D109-D111, 2004). miRNAs
are short 22+3 nt RNA molecules that posttranscriptionally regulate gene expression by binding to
3’-untranslated regions (3'UTR) of target mRNAs, thereby inducing translational silencing and /or tran-
script degradation (Nature 431:350-355, 2004; Cell 116:281-297, 2004). Since miRNAs require only
limited complementarity for binding, miRNA targets are difficult to determine (Mol Cell 27:91-105,
2007). To date, targets have only been experimentally verified for relatively few viral miRNAs, which
either target viral or host cellular gene expression: For example, SV40 and related polyomaviruses encode
miRNAs which target viral large T antigen expression (Nature 435:682-686, 2005; ] Virol 79:13094-13104,
2005; Virology 383:183-187,2009; J Virol 82:9823-9828, 2008 ) and miRNAs of ¢-, -, and y-herpesviruses
have been implicated in regulating the transition from latent to lytic gene expression, a key step in the
herpesvirus life cycle. Viral miRNAs have also been shown to target various host cellular genes. Although
this field is just beginning to unravel the multiple roles of viral miRNA in biology and pathogenesis, the
current data strongly suggest that virally encoded miRNAs are able to regulate fundamental biological
processes such as immune recognition, promotion of cell survival, angiogenesis, proliferation, and cell
differentiation. This chapter aims to summarize our current knowledge of viral miRNAs, their targets and
function, and the challenges lying ahead to decipher their role in viral biology, pathogenesis, and for
v-herepsvirus-encoded miRNAs, potentially tumorigenesis.

Key words: Viral microRNAs, Herpesvirus-encoded microRNAs, microRNA maturation, microRNA
targets, microRNA regulation of latency, microRNAs and immune evasion, microRNAs and apoptosis

1. Introduction

1.1. MicroRNAs The first miRNA, lin-4 of C. elegans, was found through analysis
Regulate Fundamental ~ of a strong developmental timing defect. The responsible gene,
Cell Processes in All lin-4, did not contain an ORF, and instead only expressed two
Metazoans short transcripts of 60 and 24 nucleotides in length. It was subse-

quently shown that the lin-4 RNA was involved in translationally
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1.2. MicroRNA
Biogenesis
and Function

silencing the lin-14 transcript by binding to complementary
sequences within the lin-14 3'UTR (1-4). This novel RNA-based
inhibition was specific to C. elegans until the discovery of the let-7
miRNA, which was found to be conserved in metazoans, includ-
ing humans and flies (5-7). miRNAs have been discovered in
every metazoan and plant species tested thus far, and according to
estimates, around 30% of all metazoan miRNAs are conserved in
all species (8). There are currently 1,048 human miRNAs known
and this number is predicted to expand as more sensitive tech-
niques for discovering miRNAs are developed (http://microrna.
org) (9). The major function of miRNAs appears to be regulation
of cellular gene expression through translational inhibition and
mRNA degradation; however, there are classes of miRNAs dis-
covered which have different mechanisms of action. miRNAs are
an integral part of innate immunity against viruses in plants, and
in many organisms, miRNAs are also involved in chromatin silenc-
ing (for review see refs. (10-12)).

miRNAs participate in the regulation of apoptosis, cell fate
decisions, cell differentiation, stress response, and development
(8, 13). However, those miRNAs where targets are known and
the rapid identification of new targets showcase that miRNAs
regulate fundamental processes during development and differ-
entiation and that miRNA expression is tightly regulated in both
spatial and temporal manners (8, 13). This is further supported
by the finding that aberrant miRNA expression is associated with
pathogenesis including many human malignancies (for review see
ref. (14)).

Viral miRNA genes are expressed from pol II transcripts or in the
case of murine y-herpesvirus type 68 (MHV-68), in which miRNA
genes are embedded in tRNA-like genes by pol III (8, 13, 15,
16). miRNASs can occur individually or be organized into clusters
and they can exist as stand-alone genes or located within the
introns and exons of protein-coding genes (8, 13). Like meta-
zoan miRNAs, viral miRNA processing begins with the formation
of an imperfect stem-loop with a hairpin bulge that forms in a
RNA transcript termed the pri-miRNA (Fig. 1). The dsRNA
region of the pri-miRNA is recognized by DGCRS8 (Pasha in
flies), which recruits the endonuclease Drosha to cleave and
release a 60-80-nt long hairpin. This pre-miRNA is then exported
to the cytoplasm by the Exportin 5/RAN-GTPase pathway,
where it is recognized by Dicer and cleaved to leave a short
dsRNA molecule. One strand of this dsRNA product is loaded by
Dicer and the dsRNA-binding protein TRBP (also known as
R2D2 in flies and RDE-4 in nematodes) into the RNA-induced
silencing complex (RISC). The other strand, known as the star
(*) strand, is often degraded, but in many cases can also be loaded
into RISC with variable efficiency (for review see refs. (8, 13)).
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Fig. 1. Biogenesis pathway for metazoan miRNAs. miRNA precursors begin as hairpin loops in pol Il or pol lll transcripts
in introns or exons. Drosha cleaves the pri-miRNA transcript leaving a ~80 bp stem-loop which is exported into the
cytoplasm. Dicer cleaves off the loop structure leaving a 21-24 nt dsRNA molecule. The miRNA is incorporated into
the RISC where it binds to the 3'UTR of target transcripts and induces either translational silencing or transcriptional
degradation depending on the level of complementarity. The seed sequence of the miRNA, nts 2 through 8, is known to
be a critical component of target recognition and binding (8, 13).

RISC functions by guiding miRNAs to semicomplementary
sites within the 3'UTRs of target transcripts and induces transla-
tional silencing. For targets that are completely complementary,
siRNA-like degradation occurs rather than translational silencing.
The 5’ end of the miRNA, specifically nts 2 through 8 termed the
seed sequence, is critical for determining mRNA target binding,
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1.3. Techniques
to Determine miRNA
Targets

but there are rare cases of miRNA-binding sites that have little seed
binding but significant 3’ compensatory complementarity instead.
Many target transcripts have multiple binding sites for a specific
miRNA, and it is also common that a single mRNA is targeted by
multiple miRNAs. Due to the rather flexible requirements for rec-
ognition between the miRNA and its target, a single miRNA can
regulate many targets (17). Therefore, miRNAs constitute a large
posttranscriptional regulatory network which controls complex
processes such as development and cell differentiation.

After binding of RISC to the 3'UTR of the target transcript,
silencing is accomplished through a yet not fully deciphered
mechanism(s). Current evidence suggests several different mech-
anisms: inhibition of translational initiation by interfering with
the interaction of eIF4E, eIF6E, and the poly(A)-binding pro-
tein, premature termination of translation by inducing ribosomal
drop off following initiation, and messenger RNA degradation by
relocation of the RISC to cytoplasmic Processing (P)-bodies
which contain the RNA degradation machinery (18).

Viral miRNAs provide a unique opportunity to examine miRNA
targets and functions in mammalian cells. Compared with the
1,048 miRNAs known in humans, the number of virally encoded
miRNAs for each virus is relatively small. The fact that they are not
expressed in noninfected cells provides a model system in which
the overall complexity of the viral miRNA regulatory network is
greatly reduced, thus being more amenable to biochemical analy-
sis. Additionally, since viral miRNAs are not sequence-related to
their metazoan counterparts, viral miRNAs can be ectopically
expressed without having to otherwise genetically modify cells.

There are two main approaches to determine miRNA targets:
predicting targets using bioinformatics, or experimentally identi-
fying miRNA targets. Several algorithms have been developed to
predict miRNA-binding sites through scanning of 3'UTR librar-
ies (17, 19-23). Since a miRNA is not completely complemen-
tary to its target, the strength of a potential target site has to be
calculated by weighing different factors such as seed binding,
overall thermodynamic stability of the miRNA/mRNA duplex,
and for some algorithms conservation of target sites between spe-
cies (17). John et al. used miRanda with 218 human miRNAs and
predicted over 2,000 potential targets (24). Thus, computer-
based target predictions provide a useful start, but clearly need to
be experimentally validated by directly demonstrating either
mRNA degradation or translational silencing.

Using microarrays for gene expression profiling provides an
efficient method to determine which cellular transcripts are up-
or downregulated in response to miRNA expression. In addi-
tion, either microarrays containing viral probe sets or genome
wide qRT-PCR assays, which have been developed for all human
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herpesviruses (25, 26), are available to investigate whether viral
miRNAs target viral gene expression. Observed transcriptional
repression or decreased protein levels may be due to secondary
effects. Therefore, for target verification, miRNA binding should
be functionally confirmed within a 3'UTR of each candidate tar-
get gene. The most commonly used method is to introduce
3'UTRs downstream of a luciferase reporter and demonstrate
miRNA-dependent repression. This can be confirmed through
mutational analysis of identified binding sites. More recently,
both proteomics and genomics approaches in combination with
a high-throughput sequencing (HTS) assays have been utilized
to determine global impact of miRNA-induced expression
changes. Two groups successfully analyzed total proteomes in
cells engineered to ectopically express specific miRNAs by HTS
mass spectrometry and found that while many proteins were
changed, most changes were moderate (27, 28). In addition,
UV cross-linking immune precipitation (CLIP) assays for RISC
resident proteins such as Ago2 have been combined with HTS
sequencing (CLIP-Seq) to analyze the total repertoire of
miRNA-bound mRNAs within cells (29, 30). These novel meth-
ods will greatly increase our understanding of how different
miRNA repertoires and their alteration in response to viral infec-
tion will influence host cellular transcriptomes and proteomes.
The first CLIP-Seq data set has recently been reported for EBV-
and KSHV-infected lymphoma cells and will be discussed in
Subheading 3 (31).

It is important to note that determining specific target genes
alone does not necessarily define biological function and vice
versa. Functions of metazoan miRNAs have mostly been defined
by genetic approaches (32—34). The ability of cellular as well as
viral miRNAs to target specific genes depends on the complexity
of the cellular transcriptome and the miRNA repertoire within a
specific cell type, which may not be accurately represented by cur-
rent miRNA target determination methods. For example, most
herpesviruses infect several different cell lineages, and both
miRNA expression and the presence of specific target mRNAs are
likely different in each infected cell type.

2. Herpesviruses
and Polyoma-
viruses Encode
miRNAs

In 2004, Pfeffer et al. reported the cloning and identification of
five miRNAs from Epstein Barr virus (EBV). Initially, three
miRNAs were found to be located in the BHRF region and two
miRNAs in the BART region of EBV (35). This first report of
virally encoded miRNAs opened a new field of virology. The possibility
that viral miRNAs can regulate hundreds of target genes suggests
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2.1. y-Herpesvirus-
Encoded miRNAs

a novel and extremely complex level of host/virus interaction.
A number of herpesvirus proteins, often pirated from host genomes,
target specific cellular processes such as immune surveillance,
apoptosis, and proliferation, and in retrospect, it seems obvious
that viruses would also utilize miRNAs to regulate these path-
ways. To date, more than 200 miRNAs have been identified in 20
different DNA viruses (Table 1, Fig. 2).

After EBV was shown to encode miRNAs, four independent
groups cloned miRNAs from Kaposi’s sarcoma-associated herpes-
virus (KSHV)-infected primary effusion lymphoma cells (PEL)
and identified a total of 12 miRNA genes giving rise to 18 mature
miRNAs (36—40). Surprisingly, all KSHV miRNAs are located

Table 1

Verified known viral miRNAs

Virus Number of miRNA genes References
HSV-1 16 (49,51, 53)
HSV-2 17 (50,51, 54, 55)
MDV-1 13 (56, 59)
MDV-2 17 (52,57, 58)
HCMV 11 (46, 47)
MCMV 18 (35, 102)

EBV 25 (35, 37,41, 42)
rLCV 36 (41, 43, 44)
RRV 7 (45)

KSHV 12 (36-40)
MHV-68 9 (40)

SV40 1 (60)

SA12 1 (61)

BKV 1 (62)

Jcv 1 (62)

MCV 1 (63)

PyV 1 (64)

HSV-1and -2 herpes simplex virus; MDV-1 and -2 Marek’s disease virus; HCMV and
MCMV human and mouse cytomegalovirus; EBV Epstein Barr virus, »LCV Rhesus
lymphocryptovirus; RRV Rhesus monkey rhadinovirus; KSHV Kaposi’s sarcoma-
associated herpesvirus, MHV-68 Murine gammaherpesvirus-68; SV40 Simian virus
40; SAI2 Simian agent 12, BKV Polyomavirus BK, JCV polyomavirus JC, MCV
Merkel cell polyomavirus, PyV murine polyomavirus
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Fig. 2. Schematic representation of miRNAs found for several herpesviruses. Genomes are represented for HSV-1, -2,
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within the major latency-associated region of the genome with 10
of the 12 miRNAs organized in a cluster in the intragenic region
between v-Flip and the K12/Kaposin gene. Two additional
miRNAs were found to be located within K12 open reading frame.
A combination of tiled arrays, cloning, and bioinformatic approaches
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2.2. 3-Herpesvirus-
Encoded miRNAs

2.3. a-Herpesvirus-
Encoded miRNAs

identified 18 additional EBV miRNAs, located within the 12 kb
deletion specific to the B95-8 strain analyzed in the original report
(35) and three more within the BART region outside of the
B95-8 deletion (37, 41). Recently, two additional BART miRNA
genes were identified in EBV-positive nasopharyngeal carcinomas
(NPCQ) tissue samples (42). This brings the total of EBV miRNA
genes to 25. Cai et al. also reported 16 miRNAs within the EBV-
related Rhesus lymphocryptovirus (rLCV), eight of which are
conserved to EBV miRNAs (41). Recently, both Grundhoff and
Steitz groups have identified additional rLCV-encoded miRNAs
bringing the total to 36, 18 of which are conserved to EBV (43, 44).
The extent of conservation between EBV and rLCV miRNAs
sequences is not found elsewhere in y-herpesviruses. Schaefer
et al. reported seven miRNAs within the Rhesus Rhadinovirus
(RRV), a y-herpesvirus closely related to KSHV (45). Like KSHV,
RRV miRNAs are located within the latency-associated region of
RRV; however, their sequences are not evolutionary conserved.
Murine y-herpesvirus type 68 (MHV68) encodes nine miRNAs
which are located within transfer RNA-like genes at the 5’ end
of the genome and have been shown to be transcribed by RNA
pol III (15, 16, 40).

Within B-herpesviruses, nine miRNAs were identified from human
cytomegalovirus (HCMV), scattered throughout the viral genome
(40) (Fig. 2). Dunn et al. cloned a previously unreported miRNA
and Grey et al. used a bioinformatics approach to predict con-
served hairpins between HCMYV and chimpanzee CCMV (46,47).
Both approaches predicted and confirmed two new HCMV
miRNAs for a current total of 11 HCMV miRNAs. These studies also
illustrated that bioinformatics approaches alone are not reliable
tools for the identification of miRNAs.

In a-herpesviruses, miRNAs have been identified in Herpes sim-
plex virus 1 and 2 (HSV-1 and -2) and Marek’s disease virus 1
and 2 (MDV-1 and -2) (48-59). Latency of HSV is primarily
established in the sensory neurons of the trigeminal and sacral
ganglia. As seen in KSHYV, o-herpesviruses also encode miRNAs
during latency. In 2006, Cui et al. predicted several miRNAs
within and upstream of the HSV-1 and HSV-2 latency-associated
transcript (LAT) (48). LAT is a noncoding mRNA and is believed
to be the only transcript expressed during latency. Subsequently,
Umbach et al. showed that the HSV-1 LAT functions as a pri-
miRNA giving rise to four miRNAs (53). Additionally, one
miRNA is located directly upstream of LAT and was found to be
expressed in latently infected mouse trigeminal ganglia (53). Tang
et al. first reported LAT-encoded miRNAs of HSV-2 (54, 55).
Umbach and colleagues validated the expression of the HSV-1
and HSV-2 miRNAs in human trigeminal ganglia and sacral ganglia
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by using sensitive deep sequencing methods. Additionally, two
more miRNAs located within LAT of HSV-1 and three novel
HSV-2 miRNAs were identified (49, 50). Recently, Jurak et al.
utilized deep sequencing to confirm previously identified and
predicted miRNAs by Cui, Umbach, and Tang, along with iden-
tifying 19 new HSV-1 and HSV-2-encoded miRNAs, bringing
the total number of HSV-1 miRNAs and HSV-2 miRNAs to 16
and 17, respectively (Table 1, Fig. 2). Interestingly, HSV-1 and
HSV-2 share nine miRNAs that are either positional conserved
and/or show limited sequence homology (51).

Burnside et al. used 454 deep sequencing to identify 13 miR-
NAs from Marek’s disease virus type 1 (MDV-1), which map to
the inverted repeat short and long regions (IR and IR, ) (Fig. 2).
Eight of these miRNAs are located within the meq oncogene and
the remaining map to the LAT region of MDV-1 (56, 59).
Conventional miRNA cloning, and recently deep sequencing,
revealed 18 miRNAs within the closely related MDV-2 virus, 17
of which were clustered within IR with one additional located in

IR, (52,57, 58).

Outside the herpesvirus family, two miRNAs resulting from a
single hairpin were identified within the 3'UTR of the SV40 late
transcript (60). Positional homologs of these SV40 miRNAs were
also isolated from SAl2-infected cells (61). Human polyomavi-
ruses BKV and JCV along with Merkel cell polyomavirus were
also shown to encode one miRNA each (62, 63). Recently,
Sullivan et al. also showed that murine polyomavirus (PyV)
encodes one miRNA gene (64). All polyomavirus miRNAs are
located antisense to the viral mRNAs encoding large T antigen.
Hence, while common in herpesviruses and polyomaviruses,
miRNA-encoding genes appear to be rare in other virus families.

It appears that no RNA virus investigated to date encodes
miRNAs. Pfeffer et al. were unable to clone miRNAs from cells
infected with either hepatitis C virus, yellow fever virus, or HIV
(40), and there have been no other reports of miRNAs being
predicted and verified in other RNA viruses. Thus, it appears as if
miRNAs are a DNA virus-specific phenomenon. Since all RNA
viruses (except for retroviruses) progress through a dsRNA inter-
mediate, miRNAs would ultimately act as siRNA and inhibit viral
replication. Additionally, transcripts from RNA viruses that often
replicate exclusively in the cytoplasm would have to be shuttled
into the nucleus to be processed by Drosha. This same issue arises
with poxviruses replicating solely in the cytoplasm, which may
explain why only very few miRNAs have been predicted within
the more than 300 kbp large double-stranded DNA genomes of
poxviruses and none have been experimentally confirmed (40).
At this admittedly early stage in the field, it appears that predomi-
nantly herpesviruses encode miRNAs, which may be just another
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2.5. Viral miRNAs
Show Only Limited
Sequence
Conservation

example for host cellular genes that have been successfully captured
and subsequently coevolved into herpesvirus genomes.

With the discovery of the let-7 miRNA, it became clear that
miRNAs are highly conserved between metazoan organisms. For
human miRNA:s; it is estimated that around 30% are conserved
(8). The degree of miRNA conservation is astonishing. For
example, let-7 is 100% identical between humans, flies, and
worms (5-7). In contrast, viral miRNAs appear to be poorly
conserved, as they show no sequence homology to metazoan
miRNAs and little conservation between viruses. Only highly
related viruses appear to have conserved miRNAs, and thus far,
there are only three examples of miRNA homology between
viruses. First, there are miRNAs that are hypothesized to be con-
served between HCMV and CCMV (chimpanzee CMV) (47).
In an effort to identify candidate CMV miRNAs, Grey et al.
scanned the closely related HCMV and CCMV genomes for
conserved hairpins. Several hits were previously known to encode
HCMV miRNAs, strongly suggesting that miRNAs in CCMV
and HCMYV are conserved (47). Second, seven miRNA stem-
loops were found to be conserved between EBV and rLCV (41).
Whether these miRNAs have conserved functions remains to be
determined. Interestingly, there is no miRNA conservation
between KSHV and RRYV, two closely related rhadinoviruses; yet
miRNAs for both viruses are located within their respective
latency-associated regions (45). Similarly, MDV-1 and MDV-2
miRNAs, which are also clustered, are positionally conserved,
but lack significant sequence conservation (57, 58, 65). HSV-1
and -2 LAT miRNAs that are antisense to ORFs are conserved
in location, but show only limited sequence homology, while
miRNAs that presumably target through seed sequences show
limited sequence homology (66).

These observations suggest that miRNAs have existed in
viruses for millions of years and have slowly evolved and adapted
within their specific hosts. Therefore, we only observe miRNA
conservation in viruses that have the least amount of evolutionary
divergence and the greatest similarity in viral biology. Accordingly,
polyomavirus miRNA genes that target large T antigen are con-
served among all SV40-related polyomaviridae (BKV, JCV and
SA12), suggesting a common siRINA-based immune evasion
strategy as discussed below (60, 61, 63).

Are viral miRNAs conserved within different viral strains
or clinical isolates? To address this question, Marshall et al. analyzed
clinical samples from AIDS-KS and KS patients of different geo-
graphical origin and found that most miRNAs were highly con-
served, suggesting in vivo selection for functional miRNA genes
(67). However, this study also identified a number of miRNA
polymorphisms and a recent study suggests a linkage of such
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polymorphisms with pathogenesis (Whitby in press, Journal of
Infectious Disease). Molecular studies reveal that miRNA poly-
morphisms can affect both miRNA maturation and targeting in
infected cells (68) (Whitby and Renne, unpublished results).

3. Identifying
Targets and
Functions of Viral
miRNAs

3.1. Viral miRNAs
Targeting Viral Genes

Understanding viral miRNA function ultimately will require com-
prehensive target gene identification. Viral miRNAs are unique in
that there are two potential groups of targets. Viral miRNAs can
target cellular transcripts to modulate the host environment and /
or target viral transcripts to regulate viral gene expression. Indeed,
cellular and /or viral mRNA targets have been found for at least
one viral miRNA from all of the human viruses known to encode
miRNAs. Although this field is relatively new, studies over the past
6 years strongly suggest that these novel viral posttranscriptional
regulators play a role in many processes including immune eva-
sion, cell survival, cell proliferation, and maintenance of latency.

The SV40 miRNAs, located within the 3" UTR of the late tran-
script, target and efficiently degrade early transcripts encoding the
large T antigen (60). As a result, large T antigen expression is
downregulated after DNA replication has been completed. Using
in vitro studies, Sullivan et al. showed that SV40-infected cells
were more efficiently lysed in cytotoxic T-cell assays when infected
with a genetically engineered miRNA knock-out virus, strongly
suggesting that these miRNAs function to reduce immune recog-
nition. However, using the murine PyV to perform similar knock-
out studies but analyze the miRNA minus virus in vivo did not
show any replication differences in infected immunocompetent
mice. Therefore, the biological significance of miRNA-dependent
downregulation of SV40 large T, although conserved for all poly-
omaviruses, is not fully understood (60, 64).

HSV-1 and HSV-2 miRNAs are located antisense to viral
genes due to perfect sequence complimentarity between miRNA
and mRNA target function siRNA-like. The LAT of HSV-1 and
HSV-2 is located antisense of ICP0O and ICP34.5, which are both
important regulators of lytic reactivation. MiR-H2 of both HSV-1
and HSV-2 are antisense to ICPO0, resulting in downregulation of
ICPO protein expression (53-55). Similarly, ICP34.5, a neuro-
virulence factor, is transcribed antisense to miR-H3 and miR-H4.
Targeting of ICP34.5 has been confirmed for HSV-2 miRNAs
(53-55). In contrast, HSV-1 miR-H6 is located upstream of LAT
and bioinformatic analysis revealed a punitive binding site in the
3'UTR of ICP4, another immediate-early viral transactivator.
Umbach et al. demonstrated miR-H6 targeting of ICP4 which



54

Plaisance-Bonstaff and Renne

significantly reduced protein levels (53). Targeting of two viral
transactivators, both of which are crucial for reactivation, by viral
miRNAs suggests that the primary function of HSV LAT is to
express miRNAs, which contribute to the establishment and
maintenance of latency.

HCMYV miRNAs are not located in clusters, but are dispersed
across the entire HCMV genome (Fig. 2). However, common to
HSV-1, HCMV miRNAs also target immediate-early viral transac-
tivators. Bioinformatics analysis suggested miR-UL112-1 targets
sites within the 3'UTRs of UL112 /113 and IE72, viral proteins
that promote viral DNA replication, and UL120,/121 whose func-
tion is unknown. Luciferase assays and transfection of miR-
ULI112-1 mimics into HCMV-infected cells experimentally
validated miR-UL112-1 targeting of IE72 (69, 70). Murphy et al.
developed an algorithm to predict miRNA-binding sites within
their respective immediate-early transactivators for all herpesvi-
ruses and also predicted that miR-UL112-1 targets IE72. Using
recombinant viruses with either the miR-UL112-1 gene removed
or encoding an IE72 mRNA lacking the miR-UL112-1 target site
showed specific IE72 protein regulation and moderate effects on
viral replication, thereby confirming IE72 as a target (70). As seen
in HSV-1 and HSV-2, miR-UL112-1 is also located antisense to
the lytic viral gene UL114, a viral uracil DNA glycosylase, and was
recently shown to downregulate UL114 expression (71).

EBV-encoded miR-BART?2 is located antisense to BALF5, a
transcript encoding the viral DNA polymerase, and was initially
hypothesized to degrade its mRNA (40). Barth et al. later con-
firmed that miR-BART2 does cleave BALF5 in a siRNA-like man-
ner in EBV-infected cells (72). The first example of a viral gene
targeted by viral miRNAs through seed sequence binding was
LMP1 (73). The 3'UTR of latent membrane protein 1 (LMP1)
contains potential binding sites for several BART miRNAs. LMP1
is a viral oncoprotein required for immortalization of human B
cells. However, overexpression of LMP1 leads to induction of
apoptosis (74). BART cluster 1 miRNAs, miR-BART16, miR-
BART17-5p, and miR-BART1-5p, were shown to decrease LMP1
protein expression. Therefore, these miRNAs provide a mecha-
nism of fine-tuning LMP1 levels in latently infected cells, thereby
promoting proliferation and inhibiting apoptosis (73). Recently,
novel miRNAs including miR-BART22 were identified in EBV-
associated NPCs. MiR-BART22, which is expressed at high copy
numbers in NPCs, was shown to target the latent membrane pro-
tein 2A (LMP2A) and reduce its expression in NPC-derived cell
lines. The regulation of LMP2a by miR-BART22 may facilitate
NPC carcinogenesis by evading host immune responses (75).

To investigate whether KSHV miRNAs target KSHV immediate-
early transactivators, Bellare and colleagues utilized luciferase
reporter assays in which the 3'UTR of the KSHV reactivation and
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transcriptional activator gene (RTA) was cotransfected with
individual KSHV miRNA mimics. Further analysis of miRNA
knockdown using antagomirs (sequence-specific miRNA inhibi-
tors) in latently infected PEL cells showed that miR-K12-9*
modulates RTA expression at the protein level (76). Lu et al. also
found that a KSHV miR-K12-5 can inhibit RTA expression.
However, this may reflect an indirect effect rather than direct tar-
geting, since the 3'UTR of RTA does not contain a favorable
miR-K12-5 seed sequence (77).

In summary, with the mechanisms by which herpesvirus-
encoded miRNA function varies (miRNA-like vs. siRNA-like for
antisense control), it becomes clear that all herpesviruses have
evolved to utilize miRNAs as means to regulate immediate-early
transcriptional regulators. Future work using appropriate in vivo
models will tell how important these regulatory pathways are in
the context of viral latency and persistence.

Up to 25% of all herpesvirus genes modulate host cellular func-
tions during both latent and lytic infection and it was hypothe-
sized early on that viral miRNAs will greatly increase the complexity
of virus/host interaction (78). To date, most efforts on identify-
ing cellular genes targeted by viral miRNAs have been focused on
KSHYV and EBV. In summary, these studies reveal that viral miR-
NAs target key cellular pathways, including immunity, prolifera-
tion, angiogenesis, and apoptosis (Table 2, Fig. 3).

The first cellular target genes for viral miRNAs were identi-
fied by gene expression profiling of HEK 293 cells stably express-
ing KSHV miRNA cluster containing 10 miRNAs (79). A total of
65 genes were downregulated in the presence of the miRNAs.
SPP1, PRGI, and THBS1 were verified as miRNA targets using
luciferase reporter constructs containing the 3'UTRs. Additionally,
protein levels of THBS1 were decreased >10-fold in KSHV
miRNA expressing cells. This was significant since THBS, a strong
tumor suppressor and antiangiogenic factor, had previously been
reported to be downregulated in KS lesions (80). Interestingly,
the 3'UTR of THBS contained seed sequence binding sites for
multiple KSHV miRNAs suggesting that viral miRNAs in clusters
coordinately regulate host cellular target genes. SPP1 and PRG1
are involved in cell-mediated immunity and apoptosis, respec-
tively. These initial findings, albeit obtained in 293 cells, suggest
that KSHV-encoded miRNAs contribute to viral pathogenesis by
promoting angiogenesis (a hallmark of KS tumors) and by inhib-
iting cellular immunity and apoptosis (79).

The Ganem group devised an elegant tandem-array approach
to identify KSHV miRNA targets that were either induced by
miRNA knockdown in latently infected PEL cells or inhibited in
uninfected B cells ectopically expressing the corresponding KSHV
miRNA (81). This analysis revealed that miR-K12-5, along with
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Table 2
Experimentally verified viral miRNA targets
Viral targets References
HSV-1 miR-H2-3p 1CPO Immediate-early (53)
transactivator
miR-H3 ICP34.5 Neuro-virulence factor (53)
miR-H4 (53)
miR-H6 1CP4 Immediate-early (53)
transactivator
HSV-2 miR-H2 1CPO Immediate-carly (55)
transactivator
miR-H3 1CP34.5 Immediate-carly (54)
miR-H4 transactivator (55)
HCMV miR-UL112-1 1E72 Immediate-carly (69, 70)
transactivator
UL114 Viral uracil DNA (71)
glycosylase
KSHV miR-K12-9* RTA Replication and transcrip-  (76)
tional activator
EBV miR-BART?2 BALF5 DNA polymerase (72)
miR-BART22 LMP2A Viral oncogene in NPC (75)
miR-Bart 1-5p LMP1 Viral oncogene (73)
miR-BART16 (73)
miR-BART17-5p (73)
Polyomaviruses
SV40 miR-M1 T Antigens Early genes (60)
SAI2 miR-S1 (61)
BKV miR-B1 (63)
Jcv miR-J1 (63)
MCV miR-S1 (62)
Gellular targets
HCMV miR-UL112-1 MICB NK cell ligand (95)
KSHV miR-Cluster THBS1 Angiogenesis inhibitor (79)
EXOC6 SEC15 gene family (31)
ZNF684 Zinc finger protein (31)
CDK5RAP1 Regulation of neuronal (31)
differentiation
miR-K12-1 IxBo NF-«B inhibitor (90)
p21 Inducer of cell cycle arrest ~ (91)
miR-K12-3 LRRC8D Immune cell activator (31)
NHP2L1 U4 snRNA nuclear (31)
binding protein
miR-K12-3 C/EBPP (LIP) Transcriptional activator (86)
miR-K12-7
miR-K12-4-3p GEMINS Required for splicing (31)
miR-K12-5 BCLAF1 Proapoptotic factor (81)
RbI-2 Rb-like protein (77)

(continued)
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miR-K12-6
miR-K12-11
miR-K12-7
miR-K12-11*
EBV miR-BHRF1-3
miR-BART?2
miR-BART?3
miR-BART5
miR-BART16

MAF

MICB
BACH1
CXCL11

MICB
1PO7
PUMA
TOMM22

Transcription factor

NK cell ligand

Transcriptional suppressor

Chemokine, T-cell
attractant

NK cell ligand

Nuclear import protein

Proapoptotic factor

Mitochondrial membrane
protein

(89)

(94)
(82, 83)
(93)

(94)
(31)
(92)
(31)

sShown to have seed sequence homology with human miR-155

nucleus
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Viral Targets \ Host Cellular Targets
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Function WA
p21

Fig. 3. Themes of viral miRNA gene regulation. Virus-infected cells can produce miRNAs which target both viral and
cellular genes. (@) The common function of viral mRNA targets is the control of latency by targeting immediate-early or
early genes. BCLAF1, IkBa, and Rbl-2 are host genes that contribute to the latent/lytic switch by either sensitizing cells
to reactivate or functioning to maintain latency. (b) Targeting of antiviral responses to allow infected cell to evade immune
response. (c) Targets involved in promoting proliferation and cell survival. (d) Inhibition of genes that may promote viral
oncogenesis. (e) Modulating host cell miRNA expression and function. Experiments in MCMV show that viral miRNA
synthesis completely overtakes host cell miRNA production early after infection (101). Viral miRNAs may hijack Drosha
processing or RISC loading leading to impaired function of host miRNA, leading to global derepression of cellular miRNA

targets.
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K12-9 and miR-K12-10b, targets Bcl-2-associated factor
(BCLAF1). BCLAF1 is a transcriptional repressor and overex-
pression can promote apoptosis. However, BCLAF1 expression
in latently infected PEL cells can inhibit viral replication.
Antagomir-based inhibition of KSHV miRNAs targeting BCLAF1
resulted in sensitizing latently infected endothelial cells for lytic
reactivation. This data suggest that KSHV miRNAs can contribute
to latency control by both targeting the viral RTA gene as discussed
above and cellular genes like BCLAF1 (81).

Viral miRNAs can mimic cellular miRNA function. We and
the Cullen group showed that miR-K12-11 and human miR-155
shared complete seed sequence identity (82, 83). Mir-155 is aber-
rantly expressed in many human malignancies, and when overex-
pressed in mice, causes lymphoproliferative disease (84 ). This led
to question if miR-K12-11 and miR-155 can target a common set
of genes. Bioinformatics identified the BACHI1 gene, which has
four binding sites for both miR-K12-11 and miR-155 within its
3'UTR. BACHLI is a transcriptional repressor affecting expression
of heme-oxygenase 1 (HMOX1), a protein that promotes cell
survival and proliferation. Luciferase reporter assays confirmed
regulation of BACHI, and furthermore, BACH1 protein levels
were decreased in miR-K12-11 and miR-155 expressing cells.
Gene expression profiling also revealed that miR-K12-11 and
miR-155 can regulate a common set of genes (82, 83). In addi-
tion, Qin et al. showed that miR-K12-11-dependent regulation
of BACH-1 not only affected oxidative stress responses, but also
led to an increase of xCT expression, an amino acid transporter,
which was previously shown to function as fusion receptor for
KSHV (85).

Qin and colleagues also showed that KSHV-encoded miR-
NAs induce IL-6 and IL-10 secretion in murine macrophages and
human myelomonocytic cells (86). C/EBPp, a known regulator
of IL-6 and IL-10 transcription, was shown to be targeted by the
KSHV miRNA cluster. Specifically, miR-K12-3 and miR-K12-7
inhibited the LIP isoform of C/EBPf, which functions as tran-
scriptional suppressor. These data suggest that KSHV-encoded
miRNAs directly regulate cytokine secretion of latently infected
cells (86).

Endothelial cells infected with KSHV have been shown to
undergo transcriptional reprogramming, expressing markers for
both lymphatic (LECs) and blood endothelial cells (BECs) (87,
88). Hansen et al. recently showed that KSHV miRNAs directly
contribute to this reprogramming by targeting the cellular tran-
scription factor musculoaponeurotic fibrosarcoma oncogene
homolog (MAF). MiR-K12-6 and miR-K12-11 together target
the 3'UTR of MAF, thereby inducing endothelial cell differ-
entiation and possibly contribute to KSHV oncogenesis (89).
Interestingly, miR-K12-11, the ortholog of miR-155, is also
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involved in B cell differentiation and proliferation in vivo (Boss
and Renne, unpublished).

The above studies on KSHV were based on either latently
infected cell lines or cell lines engineered to express viral miRNAs.
Two recent studies addressed the role of KSHV miRNA within
the context of the viral genome (77, 90). Both developed a
recombinant KSHVAmiRNA virus to study viral replication. Lei
et al. observed a marked inhibition of NF-xB in 293 cells infected
with the virus mutant, which was accompanied by a moderate
increase in lytic replication. IkBa, the NF-kB repressor, was sub-
sequently shown to be targeted by miR-K12-1 (90). This is the
second example of a KSHV miRNA that contributes to latency by
targeting cellular genes. Gottwein and colleagues reported another
target for miR-K12-1 which like NF-xB is crucial for cell survival
and proliferation. Using bioinformatic tools and luciferase assays
and mutagenesis, it was shown that miR-K12-1 directly targets
p21, a key inducer of cell cycle arrest and tumor suppressor (91).

Using a very similar miRNA knock-out virus, Lu et al. also
observed a moderate increase in lytic replication, but identified
entirely different mechanisms. In addition to inhibiting RTA
through miR-K12-5 (see Subheading 3.1), Lu et al. observed a
drastic inhibition of DNA methylation throughout the KSHV
genome after deleting the miRNA cluster. Subsequently, it was
shown that Retinoblastoma (Rb)-like protein 2 (Rbl-2), a potent
inhibitor of DNA (cytosine-5-)-methyltransferases (DnmT1, 3a,
and 3b), was targeted by several KSHV miRNAs. These data
showed for the first time a role of viral miRNAs in epigenetic
regulation of latency (77).

The latest technique to identify miRNA targets utilizes immu-
noprecipitation of RISCs followed by microarray or HTS sequenc-
ing analysis of the RISC-bound miRNA targets (29, 30). Using
this technique, Dolken et al. was able to confirm a significant
number of the above-discussed targets, and in addition, deter-
mined six novel targets of KSHV miRNAs and two targets of
EBV miRNAs (31). KSHV miR-K12-3 was shown to target
LRRC8D, thought to be involved in proliferation and activation
of lymphocytes and macrophages, and NHP2L.1, a nuclear pro-
tein that binds to U4 snRNA. MiR-K12-4-3p targets GEMINS,
which is required for spliccosomal snRNP assembly in the cyto-
plasm and pre-mRNA splicing in the nucleus. Also, the KSHV
miR-cluster was found to target EXOC6, ZNF684, and
CDK5RAP1; however, no functional studies have been presented
on these novel target genes (31).

For the more than 25 EBV-encoded miRNAs, only a handful
of targets have been described to date. Using the RISC-Chip,
Dolken et al. showed that EBV miR-BART16 targets TOMM?22
and miR-BART3 targets IP07, both involved in cellular trans-
port processes. However, their role in EBV biology has not been
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determined (31). Previously, EBV miRNAs were shown to regulate
PUMA and CXCL11. PUMA modulates apoptosis through p53
upregulation and is targeted by miR-BARTS5 (92). CXCLI11 is an
IEN-inducible T-cell chemoattractant and is targeted by miR-
BHRF1-3, thereby inhibiting T-cell recognition (93). In this con-
text, EBV miR-BART2 also suppresses the major histocompatibility
complex 1-related chain B (MICB) as discussed below (94).

The first viral miRNA targeting a host gene involved in
immune response was reported by Stern-Ginossar and colleagues
who used a novel algorithm to identify miRNA targets for HCMV.
MICB was predicted to be targeted by miR-UL112-1; interest-
ingly, this MICB does not contain a conventional seed sequence
site (95). MICB is a stress-induced ligand that is essential for nat-
ural killer (NK) cell recognition of virus-infected cells. Using
elegant genetics approaches demonstrated that targeting MICB
significantly reduced NK cell killing of HCMV-infected cells (95).
Two years after this discovery, two more herpesvirus-encoded
miRNAs were found to target MICB. Nachmani et al. showed
that KSHV miR-K12-7 and EBV miR-BART2 both directly tar-
get MICB mRNA and reduce its expression by utilizing three
different sites within the MICB 3'UTR (94). Thus, this coevolu-
tion suggests that targeting MICB to prevent virus-infected cells
from being recognized by NK cells is a critical step for viral per-
sistence in vivo.

4. Summary, Open
Questions,

and Future
Perspectives

Since miRNAs are present in all herpesvirus genomes investigated
thus far, it is likely that they play important roles in virus biology
and possibly pathogenesis. Several common themes have emerged
already from the limited number of validated viral and cellular
miRNA targets (Fig. 3). Latent/lytic control either by regulating
immediate-early transactivators or through modulation of cellular
targets has been shown for all herpesvirus families. The striking
observation that three different viral miRNAs from HCMV (95),
EBV, and KSHYV (94) that are unrelated in sequence have evolved
to target MICB to evade NK immune surveillance further sup-
ports the idea that herpesvirus genomes have acquired miRNA
genes a long time ago. The importance of miRNAs targeting
antiviral responses is further supported by the observation that
MICB is also targeted by the HCMV-encoded UL16 protein and
the KSHV MIR3 and MIR5 proteins (78).

An important question is whether KSHV and EBV miRNAs
directly contribute to viral tumorigenesis. A strong candidate for
such role in KSHV is the discovery of miR-K12-11, mimicking
human miR-155, which was shown to have oncogene activity
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(84). This mechanism is also conserved since MDV-1, an avian
tumorigenic virus, also encodes a miR-155 mimic (96, 97) and
EBV strongly upregulates miR-155 (98). In addition, targeting
pathways involved in apoptosis, proliferation, angiogenesis, and
differentiation have the potential to contribute to immortaliza-
tion and tumorgenesis. However, answering these important
questions will depend on the availability of robust genetic systems
and appropriate in vitro and in vivo models. One additional layer
of complexity stems from recent discoveries in the miRNA field,
suggesting that miRNAs can be secreted by exosomes; hence, the
regulatory effects of viral-encoded miRNAs may not be limited to
herpesvirus-infected cells as was recently reported for EBV (99,
100). Finally, while the discovery of these novel regulatory genes
and their large number clearly increases the complexity of host/
virus interactions, they may also point to attractive novel thera-

peutic approaches in the future.
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Chapter 4

Progress in RNAi-Based Antiviral Therapeutics

Jiehua Zhou and John J. Rossi

Abstract

RNA interference (RNAI) refers to the conserved sequence-specific degradation of message RNA mediated
by small interfering (si)RNA duplexes 21-25 nucleotides in length. Given the ability to specifically silence
any gene of interest, siRNAs offers several advantages over conventional drugs as potential therapeutic
agents for the treatment of human maladies including cancers, genetic disorders, and infectious diseases.
Antiviral RNAI strategies have received much attention and several compounds are currently being tested
in clinical trials. In particular, the development of siRNA-based HIV (human immunodeficiency virus)
therapeutics has progressed rapidly and many recent studies have shown that the use of RNAi could
inhibit HIV-1 replication by targeting a number of viral or cellular genes. Therefore, the present chapter
mainly focuses on the recent progress of RNAi-based anti-HIV gene therapeutics, with particular atten-
tion to molecular targets and delivery strategies of the siRNAs.

Key words: RNA interference (RNAi), Small interfering RNA (siRNA), Antiviral RNAi, Anti-HIV
gene therapeutics, siRNA delivery

1. Introduction

Since the first description of RNA interference (RNAi) in 1998
(1), RNAI has rapidly become one of the methods of choice for
gene function analyses (2), and has also rapidly been exploited for
therapeutic applications (3-6). Synthetic small interfering RNA
(siRNA) was first demonstrated to achieve sequence-specific gene
knockdown in a mammalian cell line by Tuschl and coworkers (7).
Soon thereafter, Song et al. successfully showed the first iz vivo
evidence of siRNA-mediated gene silencing in an animal by dem-
onstrating inhibition of a cell death receptor to recover liver func-
tion in a mouse model of hepatitis (8). To date, several RNAi-based
drugs against a variety of targets in humans have been developed
or are in the process of development. These include age-related
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macular degeneration (AMD), respiratory syncytial virus (RSV)
infection, Hepatitis B (HBV), Hepatitis C (HCV), HIV /AIDS,
Pachyonychia congenita, solid tumors, and acute renal failure
(4, 9). Several of these siRNAs have already been evaluated in
carly stage clinical trials. Acuity Pharmaceuticals in 2004 con-
ducted the first clinical trials involving siRNA against vascular
endothelial growth factor (VEGF) for the treatment of AMD, a
leading cause of blindness. Currently, phase III trials are being
performed by Opko Health Inc (9). Moreover, RNAI has been
demonstrated to inhibit replication of a number of viral infectious
agents, including HIV-1 (10, 11).

Although current highly active antiretroviral therapy
(HAART) treatment for HIV has been therapeutically effective in
the majority of patients, drug resistance and toxicity issues still
remain a concern for some individuals (12). Because the essential
feature of the RNAi mechanism is the sequence-specificity, deriv-
ing from complementary Watson-Crick base pairing of a target
messenger RNA (mRNA) and the guide strand of the siRNA,
RNAI is considered to have some unique therapeutic attributes
for the treatment of HIV-1 infection (13, 14). RNAi-based thera-
peutics can be multiplexed by combining different siRNAs for
different targets or by combining siRNAs with other small RNAs
or antiviral proteins. HIV dependency factors (HDFs) of host
cells, such as the chemokine receptor CCR5 can be targeted alone
or in combination with viral sequences in a tailored fashion to
reduce the possibility of viral escape mutants and to avoid toxicity
risks associated with long-term HAART treatment (11, 14). For
example (15), a triple combination lentiviral construct comprised
of an anti-tat/rev shRNA, a U6-driven nucleolar localizing TAR
RNA decoy, and an anti-CCR5 ribozyme has been approved by
the US Food and Drug Administration (FDA) and is currently
being tested in clinical trials for AIDS /lymphoma patients at the
City of Hope Medical Center (16).

Although siRNAs hold great therapeutic promise for HIV/
AIDS, getting the technique to work in the clinic has been lim-
ited by difficulties of delivering siRNAs in the bloodstream and to
the right target cells (9, 17). From a practical perspective, all
HIV-susceptible cells (such as, human T cells and primary periph-
eral blood mononuclear cells) are difficult to transfect by nonviral
agents, such as liposomes. Therefore, efficient, systemic delivery
of siRNAs in vivo, especially targeted siRNA delivery to HIV-1
susceptible or infected cells, remains a principal challenge for suc-
cessful anti-HIV therapeutic application and future clinical trans-
lation. Several recent studies have described methods or agents
for siRNA delivery iz vivo using different nonviral delivery
approaches. For example, single chain antibody-siRNA chimeras
targeting either gpl20 expressing cells or the T-cell CD7 recep-
tor have been shown to functionally deliver anti-HIV siRNAs
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in vivo (see Chapter 21 in this volume, and ref. (18). This chapter
primarily discusses the potential of RNAi-based anti-HIV thera-
peutics. We also place particular emphasis on discussing develop-
ment of various molecular targets and delivery strategies for
siRNAs.

2. Potential
Molecular Targets
for Anti-HIV RNAi
Therapeutics

To date, numerous siRNAs targeted to a number of HIV-1 or
cellular HDF transcripts have been demonstrated to achieve viral
inhibition both % vitro and in vive. Indeed, all the HIV-1 encoded
genes (tat, rev, gag, pol, nef, vif; env, vpr, and the long terminal
repeat (LTR)) are susceptible to RNAi-induced gene silencing in
cell lines (19). For example, the Tat and Rev proteins are essential
for subsequent expression of HIV-1 structural genes (gayg, pol,
and env) and for the synthesis of full length viral genomic RNA
(20). SiRNAs designed to destroy the zat/7ev transcripts were
found to be highly effective in viral suppression (15).

One of crucial concerns in achieving the desired RNAI effi-
cacy is mitigating viral escape from RNAIi (11). In addition, as
opposed to acute virus infections, HIV-1 chronically infects indi-
viduals, thus requiring long-term RNAIi treatment. However,
development of viral resistance is a common setback with HIV
therapies due to the generation of viral escape mutants. It has
been demonstrated that prolonged culturing of cells with gene-
based expression of anti-HIV siRNAs can result in the evolution
of escape variants that are resistant to the expressed siRNA (21, 22).
A single nucleotide mutation in a critical position within the tar-
get sequence relative to the siRNA site of interaction can diminish
and even eliminate RNAI inhibition. Therefore, it is important to
target sequences that are conserved among different virus strains
to reduce the chance of mutant escape. Similar to the conven-
tional HAART strategy, using multiple siRNAs targeting separate
conserved sites in HIV or, alternatively, targeting HIV host
dependency factors (HDFs) has been shown to minimize and
even prevent escape while achieving prolonged inhibition (23).
In this regard, host factors that are essential for viral entry and
replication represent attractive molecular targets.

Several well-known host factors, including NF kappa Beta
(NF-xB), the receptor CD4 and the coreceptors CCR5, and
CXCR4 (C-X-C motifreceptor 4) have been successfully targeted
by siRNAs, thereby suppressing viral replication or entry (14).
Recently, three siRNA-screening studies have been conducted to
identify hundreds of host factors that are critical for HIV replica-
tion (24-26), which were not previously known to be comman-
deered by the virus during infection. For example, in the first
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screening (24), Brass et al., using a large scale siRNA screen
identified 273 genes whose depletion inhibited either HIV p24
production or viral gene activities. There were some surprises
among these targets, such as Rab6 (a regulator of retrograde pro-
tein transport to the Golgi), Transportin 3-SR2 (TNPO3, a
nuclear import factor for serine/arginine-rich (SR) substrates),
and Med28 (the Mediator transcription activation complex com-
ponent). Specifically, depletion of Rab6 or TNPO3 potently
blocked early stages of virus infection. The hits in the three screens
differed due to the conditions and readouts of the screens.
Nevertheless, these screening approaches have opened up a new
landscape of viral-host interactions that are potential targets for
drug development, including RNAi (27).

Despite the emergence of these new cellular genes as molecu-
lar targets for RNAi-based antiviral drugs, it should be considered
that these targets may represent a double edge sword with respect
to efficacy vs. the safety and potential toxicity associated with
downregulating cellular targets in uninfected cells.

3. Delivery
Strategies for
Anti-HIV RNAi
Therapeutic

3.1. Nonviral siRNA
Delivery

In addition to identifying new anti-HIV targets, there are ongoing
efforts to develop new innovative approaches for siRNA delivery.
However, safe and effective siRNA drug delivery remains a prin-
cipal challenge to achieve the desired RNAI potency for successful
disease prevention and treatment. The feasibility of siRNA deliv-
ery is largely dependent on the accessibility of the target organ or
tissue within the body. Local siRNA delivery is particularly well-
suited for the treatment of lung diseases and local infections (9).
For example, several tissues, including the eye, skin, mucus mem-
branes, and some tumors, are amenable to topical or localized
therapy. However, the HIV-1 infected cells in HIV /AIDS patients
can only be reached through systemic administration of delivery
vehicles in the bloodstream. Various nonviral or viral delivery sys-
tems have been developed to facilitate siRNA cellular uptake and
promote anti-HIV efficacy, some of which will be highlighted in
the following sections.

Nonviral siRNA delivery for HIV-1 treatment is an attractive
alternative for patients that have run out of treatment options.
Several recent studies have described approaches for achieving
siRNA delivery in cell culture and ¢z vivo through different non-
viral delivery approaches, thereby successfully inhibiting HIV-1
replication.

Chemical synthetic materials or polymers including carbon
nanotubes and carbosilane dendrimers have been explored for
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delivering siRNAs in cell culture. In 2007, Liu et al. showed that
single walled nanotubes (SWNTs) were capable of siRNA delivery
resulting in efficient RNAi-mediated inhibition of the CXCR4
and CD4 receptors on human T cells and peripheral blood mono-
nuclear cells (PBMCs) (28). They observed up to 90% knock-
down of the CXCR4 receptor and up to 60% knockdown of CD4
expression in cultured T cells, and up to 60% downregulation of
CXCR4 in primary PBMCs. Additionally, amino terminated car-
bosilane dendrimers (with interior carbon-silicon bonds) were
also used for delivery of siRNAs to HIV-infected lymphocytes
(29). The dendrimer/siRNA complex silenced GAPDH expres-
sion and reduced HIV replication. However, the complicated
formulation (nanotube functionalization and nanotube-siRNA
conjugation) and suboptimal RNAIi activity makes this system
less attractive for clinical applications in the treatment of HIV
infection.

Fusion proteins, such as: cell-penetrating peptide-dsRNA-
binding domain fusion proteins and an antibody Fab fragment-
protamine fusion protein, and a CD7-antibody-polyarginine
conjugate have been used to functionally deliver siRNAs and
induce RNAI responses #z vivo in the absence of cytotoxicity.
Eguchi et al. reported an efficient siRNA delivery approach that
uses a peptide transduction domain-double stranded RNA-
binding domain (PTD-DRBD) fusion protein (30). PTD-DRBD-
mediated CD4 and CD8 specific siRNA delivery induced a rapid
RNAI response in difficult-to-transfect primary cell types (e.g.,
various primary and transformed cells and human embryonic
stem cells) without cytotoxicity and no innate immune responses.
A targeted intracellular delivery approach for siRNAs to specific
cell populations or tissues is highly desirable for the safety and
efficacy of RNAi-based therapeutics. In 2005, Song et al. showed
an antibody against HIV-1 envelope-mediated 7% vivo delivery of
siRNA via a cell-surface receptor, in which a protamine-antibody
F105 fusion protein was able to specifically deliver siRNAs to
HIV-infected primary T cells or HIV envelope-expressing cells
(31). Their results demonstrated a siRNA targeted against the
HIV-1 gay capsid gene delivered by such a fusion protein could
inhibit HIV-1 replication only in cells expressing the HIV-1 enve-
lope. In a similar type of study, Kumar et al. conjugated a CD7
specific antibody with an oligo-9-arginine peptide to obtain a
peptide-antibody based cell-specific siRNA delivery system
(scFvCD7-9R) (18). A combination of siRNAs targeting the
cellular CCR5 coreceptor and two conserved HIV-1 genes (vif
and tat) were complexed to scFvCD7-9R prior to weekly sys-
temic injection and resulted in suppression of HIV-1 infection
and protection of CD4+T cell depletion in humanized mice.
Furthermore, a comparison of a single anti-CCR5 siRNA and a
triple siRNA combination revealed that more robust suppression
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3.2. Lentiviral Vectors-
Mediated shRNA
Delivery

of viral infection required virus-specific siRNAs along with the
anti-CCR5 siRNA, although anti-CCR5 siRNA definitely con-
tributed to protection. These results demonstrate that targeting
combinations of cellular and viral genes may be the most effective
strategy for RNAi-based treatment of HIV-1 infection.

Despite these advancements, the time-consuming protein
fusion and complicated formulations limit their practical feasibil-
ity for clinical translation. Expensive production processes with
batch-to-batch variability and potential immunogenicity may
limit the utility of these antibody-based delivery approaches. In
this regard, nucleic acid-based aptamers may offer advantages
over protein vectors, such as the potential for chemical modifica-
tion, enhanced stability, and no or minimal immunogenicity (32).
HIV-1 gpl20 expressed on the surface of HIV-1 infected cells
represents a unique target for aptamer-mediated siRNA delivery.
It has been demonstrated that HIV-1 gp120 RNA specific aptam-
ers can specifically bind to and be internalized into gp120 express-
ing cells via receptor-mediated endocytosis (see Chapter 22 and
refs. (33, 34)). These aptamer-siRNA conjugates provide a dual
inhibitory approach for cell type-specific delivery of the siRNAs as
well as aptamer neutralizing activity of HIV-1. Although the
aptamer alone provides HIV inhibitory function, the aptamer-
siRNA chimeras provide a prolonged inhibition of HIV, suggest-
ing cooperativity between the siRNA and aptamer portions in
inhibiting HIV replication and spread. In particular, these dual
action constructs might be useful for treatment of patients who
do not respond to HAART. In the future, continued etforts to
improve the therapeutic efficacy by increasing circulation time
and enhancing endosomal escape are challenges for making these
approaches better therapeutics.

Different viral vectors have been used to stably transduce cells
with shRNA expression constructs. Currently, lentiviral vectors
represent one of the most popular choices due to their capability
of transducing nondividing hematopoietic stem cells. For exam-
ple, in a proof-of-concept study, viral infection and replication
was inhibited by using lentiviral vector-mediated delivery of trun-
cated CD4 molecules to CD4+ cell lines and primary lympho-
cytes (35). Similarly, Berkhout and coworkers have shown that
HIV-1 replication can be strongly suppressed in cells transduced
with a lentiviral shRNA vector (23).

As mentioned above, the capacity of HIV to mutate at high
frequency may enable the virus to rapidly escape the selective pres-
sure of RNAi vz simple mutations of the targeted mRNA
sequences. Therefore, lentiviral vectors with multiple payloads that
confer antiviral effects in T cells have been developed to overcome
this problem. We previously described that coexpression of a U6
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promoter transcribed anti-tat/rev shRNA, a U6 promoter driven
nucleolar localizing TAR RNA decoy and VAl promoted anti-
CCRS5 ribozyme in a single vector efficiently inhibited HIV-1 over
42 days and was more effective than a single anti-taz/7ev sShRNA
or double combinations of the shRNA /ribozyme or decoy (15).
The transduced cells are created ex vivo by mobilizing and removing
hematopoietic progenitor cells from HIV infected patients, trans-
ducing the cells ex vivo, and reinfusing the genetically modified
cells in patients who have also undergone full marrow preparation
tor stem cell transplantation. The triple combination lentiviral
construct has been approved by the US FDA and has presently
entered in a human clinical trial for AIDS/lymphoma patients at
the City of Hope Medical Center. This approach may provide the
impetus for future trials with combinations of shRNAs in stem
cell-based gene therapies.

4. Conclusions

Within the past decade, RINAi has show great potential as a thera-
peutic modality for various diseases. HIV-1 became one of the
first infectious agents targeted by RNAi due to its well-understood
life cycle and pattern of gene expression. However, two major
obstacles for the long-term use of RNAI against chronic HIV-1
infection are viral escape and poor cellular uptake/stability of
siRNA.

Currently, significant progress has been made to identify
therapeutic targets and in the development of efficient and safe
siRNA delivery approaches. Efforts have been undertaken to
identify hundreds of cellular targets and to develop combina-
tion therapies. Moreover, several examples discussed in this
chapter demonstrate cell type-specific, nonviral vector-mediated
siRNA delivery into HIV infected and target cells. Moreover
viral vector-mediated multi-RNAi therapeutic approaches may
provide a complementary mechanism for combining the power
of RNAi with other nucleic acid therapeutics, thereby provid-
ing a versatile technology platform for the treatment of various
diseases.

Despite of these advances, RNAi technology still requires
refinement before its full potential can be utilized for the routine
clinical treatment of HIV. For example when targeting HDFs the
safety and toxicity profiles of downregulating these host targets
must be carefully investigated in long-term knockdown studies.
In addition, further efforts should be conducted to refine siRNA
delivery schemes and to reduce or avoid unwanted immuno-
genicity and unwanted side-effects.
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Chapter 5

Chemical Modification of Small Interfering RNA

Jesper B. Bramsen and Jorgen Kjems

Abstract

Chemically synthesized siRNAs are widely used for gene silencing. For in vitro applications, stability,
delivery, and immunological issues are rarely problematic, but for iz vive applications the situation is dif-
ferent. Limited stability, undesirable pharmacokinetic behaviour, and unanticipated side effects from the
immune system call for more careful structural siRNA design and inclusion of chemical modifications at
selected positions. Also the notion that siRNA induces significant off-target silencing of many non-
related genes has promted new effective measures to enhance specificity. The scope of this review is to
provide a simple guide to successful chemical and structural modification of siRNAs with improved activ-
ity, stability, specificity, and low toxicity.

Key words: RNAI, Small interfering RNA, Oft-target effect, Gene silencing, Chemical modification

1. Introduction

The discovery of RNA interference (RNAi) by Fire et al. (1) not
only triggered a paradigm change in our perception of RNA as a
molecule taking active part in gene regulation, but also provided
new RNA tools to experimentally reduce expression of specific
genes in both basic research and therapeutics. Particularly, the
demonstration by Tuschl et al. in 2001 that synthetic 21-mer
double-stranded (ds) small interfering RNAs (siRNAs) sequence-
specifically and efficiently silenced gene expression by RNAi in
mammalian cells (2) sparked further optimization of siRNA
designs and established siRNA as the preferred tool to silence
gene expression today (3).

Synthetic siRNAs are typically designed to mimic the struc-
ture of RNA intermediates in the cellular RNAi pathway which
process both endogenous microRNAs (miRNAs) from longer
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hairpin-folded RNA primary transcripts and siRNAs typically
derived from longer exogenous dsRNAs (reviewed in refs. (4, 5)).
In the cell cytoplasm, the siRNA or miRNA precursors, dsRNA,
and precursor miRNAs (pre-miRNAs), respectively, are cleaved
by the riboendonuclease Dicer and loaded into the RNA-induced
silencing complex (RISC) containing a core of one of four
Argonaute 1-4 (Agol-4) proteins. In Ago2-directed RISC, one
siRNA strand is cleaved and released (denoted passenger strand
or sense strand (SS)), enabling RISC to subsequently bind and
cleave any cellular RNA having (near-)perfect sequence comple-
mentary to the incorporated siRNA strand (therefore denoted
guide strand or antisense strand (AS)), thereby resulting in
sequence-specific gene knockdown (KD).

The current success and future promises of siRNAs lie in their
ease of use, broad applicability, and strong reproducible potency
as compared to other silencing nucleic acids such as antisense oli-
gonucleotides (AONs) or ribozymes (6); the exploitation of
endogenous RNAi pathways by introducing artificial RNAi sub-
strates will not only direct multiple rounds of RNA cleavage by
each RISC (7), but may also allow the rapid incorporation of
silencing RNAs into RNAIi protein complexes to protect them
from nuclease degradation (8, 9). Yet, the experimental harness-
ing of endogenous RNAi pathways poses new challenges and
requires careful design, e.g. in order to not disturb gene regula-
tion by miRNAs as reported in mice (10).

2. Design of
Unmodified siRNA

2.1. A Variety of siRNA
Designs

The most widely used siRNA design today mimics natural Dicer
cleavage products and comprises a 21 nucleotide (nt) guiding
strand antisense to a given RNA target and a complementary pas-
senger SS annealed to form a siRNA duplex with a 19 base-pair
(bp) dsRNA stem and 2-nt 3" overhangs at both ends (2, 11).
Other siRNA designs mimic Dicer substrates to enhance incorpo-
ration into RNAi pathways and thereby siRNA potency; both syn-
thetic 25-27mer siRNAs (12, 13) and short hairpin RNAs
(shRNAs) (14) are Dicer-substrate siRNAs (DsiRNAs) that are
reported to be more potent than corresponding conventional
21-mer siRNAs presumably due to enhanced uptake by the RNAi
machinery (15). Yet, 27mer siRNA has a higher cost of synthesis
and reports of cellular interferon (IFN) induction by blunt 27mers
have posed concerns (16). Other efficient, yet less widely used,
siRNA designs are the Dicer-independent short shRNAs (sshR-
NAs) (17-19), blunt 19mers (20, 21), blunt fork-siRNA (22, 23),
and siRNAs using segmented passenger strands (sisiRNAs) (24).
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A number of siRNA design rules have so far been deduced from
the experimental testing of large siRNA sets (25-31). One line of
rules reflects the requirement for high target site accessibility;
RNA target sites should not overlap with protein-occupied region
(32) and should preferentially be found in AU-rich region (33) to
avoid secondary structures in the target RNA from blocking
RISC-binding (34-37). In effect, effective siRNAs have relatively
low GC-content (30-50%) (27, 38), especially in the 2-8 nucle-
otide region of the AS guide strand denoted the “seed” region
(27, 30) that serves as nucleation point for RISC-target inter-
actions (39). As siRNAs can trigger both stimulation of innate
immune responses and miRNA-like off-target effects (discussed
in Subheadings 6 and 7), siRNAs should be designed to avoid
known immunostimulatory sequence motifs and target sequences
should be unique in the transcriptome.

Another important criterion is the efficiency by which the
siRNA is recognized and adopted by the RNAi machinery, par-
ticularly during RISC-loading and subsequent target cleavage.
A major determinant of siRNA potency is strand selection from
the symmetrical siRNA during RISC loading. Here the relative
difference in thermodynamic stability of the siRNA duplex ter-
mini affects the outcome (27, 40); The siRNA strand having
the 5’ end engaged in the thermodynamically least stable part
of the duplex will preferentially be utilized as guiding strand in
RISC (41, 42). In effect, potent guide strands should be ther-
modynamically asymmetric and relative AU-rich in the 5’ end
and/or more GC-rich in the 3’ end (27, 28, 30). In fact, an
inefficient siRNA can be converted into a potent silencer by
altering the thermodynamic properties of the 5" ends of either
siRNA strands (43). Similarly, the siRNA overhangs can be
designed to favour loading of the intended guide strand into
RISC; albeit blunt-ended siRNAs do support high levels of
RNAIi (21), they are slightly less efficiently processed by the
RNAI machinery (44). Therefore, the use of asymmetric siRNA
with a blunt end at the passenger strand 3’ end and a normal
guide strand 2 nt overhang will favour guide strand loading
into RISC irrespectively of the thermodynamic asymmetry of
siRNA duplex ends (45-47). Some studies reported that low
internal stability is found in potent siRNAs and that the tenth
base of the guide strand should be an A or U (27, 29, 30),
which likely ease either sense or the target strand cleavage by
RISC or subsequent strand release. Other nucleotide prefer-
ences at specific positions within the siRNA duplex have been
reported (25-30), but seem not to be widely used in siRNA
design.
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3. Strategies
for Chemical
Modification
of siRNAs

3.1. Motivations for
Chemical Modification
of siRNA

3.2. Phosphodiester
Backbone
Maodifications

The success of siRNAs in the laboratory has inspired researches to
bring siRNA-mediated gene silencing into animal studies with
the scope of developing a new class of therapeutics for human
diseases. The performance of well-designed, unmodified siRNAs
are in most cases adequate for short-term KD experiments in
mammalian cell cultures, yet siRNA applications % vivo require
even higher standards for siRNA potency, specificity, and safety.
Particularly, the high susceptibility of RNA to ribonuclease deg-
radation in biological fluids (48), the potential immunogenic
properties of (some) siRNAs (49), the non-intended off-target
regulation of genes sharing only partial sequence complementar-
ity to either siRNA strands (50), and poor pharmacokinetic prop-
erties and biodistribution of siRNAs (51, 52) are key concerns
that are currently being addressed. The chemical synthesis of siR-
NAs allows the incorporation of chemically modified nucleoside
phosphoramidites into discrete positions in the siRNA to modu-
late its biochemical properties. Great efforts have been under-
taken to improve siRNA performance by chemical modification
benefitting from an arsenal of well-described nucleotide modifi-
cations that has been employed in AON designs for many years
(53, 54). As described below, a number of different types of mod-
ifications have been tested in siRNA designs; modification of the
phosphodiester backbone has been utilized primarily to enhance
siRNA stability, yet may also affect RNA biodistribution and cel-
lular uptake; modifications of the ribose 2’-OH were originally
used to enhance siRNA stability, yet are now widely used to mod-
ulate siRNA potency, specificity of silencing, and to reduce siRNA
immunogenicity; conjugation of lipophilic and cationic molecules
to the termini of siRNA has been utilized primarily to facilitate
cellular uptake and alter the biodistribution of siRNAs iz vivo.

Phosphothioate (PS) modifications have been used extensively to
increase the stability of AONs (55) and were therefore immedi-
ately tested in siRNA designs. Although moderately PS-modified
siRNAs support efficient RNAi (48, 56-60), extensive PS modifi-
cation reduces silencing (48, 61) and has toxic side-effects (56,
58). Furthermore, PS-substitution does not dramatically improve
serum stability (48, 59) and does not alter the biodistribution
in vivo (62), although PS-modified oligonucleotides do nonspe-
cifically bind to cellular proteins (63). Notably, PS-modified
AONs have been shown to dramatically enhance cellular uptake
of naked siRNAs in trans via caveolin-mediated endocytosis in
mammalian cell culture (64), however, gene silencing is very lim-
ited, likely due to siRNA entrapment in vesicles in the vicinity of
the cell nucleus (64, 65). Also substitutions of the native
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phosphodiester linkage with either a boranophosphate linkage
(61), amide linkage (66), or 2',5'-linkage (67) has been found to
enhance nuclease resistance of siRNA, yet are not widely used.

Since the ribose 2’'-OH group is not required for siRNA function
(48), this position has been extensively modified in siRNA design
both by the substitution of the 2’OH group with, for example,
2'0O-Methyl (2'-OMe), 2'-Fluoro (2'F), and 2’-methoxyethyl
(2’-O-MOE) or by locking the 2'OH via intermolecular link-
ages, e.g. locked nucleic acid (LNA) and ethylene-bridged nucleic
acid (ENA).

The naturally occurring 2'-OMe is among the most exten-
sively tested 2’ substitutions (20, 21, 48, 56, 57, 60, 68) and a
2'0OMe/PS-modified siRNA was the first to successfully silence
an endogenous gene i vivo (52). 2'-OMe has a C3'-endo sugar
pucker, slightly enhances thermostability of the siRNA duplex
and is well-tolerated at most duplex positions. Yet, extensive or
full modification, particularly of the AS, can reduce siRNA potency
(11, 21, 48, 59), albeit conflicting results are reported (57, 69).
2'0OMe modifications have been successtully combined with other
2'-modifications, e.g. 2'Flouro (see Subheading 4), to generate
fully substituted, nuclease resistant, yet potent siRNAs (70).
Interestingly, 2'OMe modification may also reduce the immuno-
genic potential of siRINAs (described in Subheading 6.2). Fluorine
substitution (2'-F) of the 2'-OH is another well-characterized
modification tolerated in both siRNA strands except for very
extensively modified duplexes (20, 48, 57-59) and certain siRNA
sequences (71); 2'-F modifications on all siRNA pyrimidines were
reported to preserve siRNA potency while greatly enhancing
stability and supported effective silencing iz vitro and in vivo
(72-74). Alternating modifications using 2'F and DNA (75) or
2'0OMe (70) also produce potent siRNAs with increased nuclease
resistance. DNA has been utilized in siRNA designs from the very
beginning where siRNAs have been synthesized with DNA over-
hangs, typically dTdT, to reduce cost and infer nuclease resistance
(2), albeit this may slightly reduce silencing efficiency (48, 59).
siRNAs are relatively tolerant to 2’-deoxy modification and the
passenger strand has been fully modified with little loss of siRNA
function (76, 77). In contrast, only partial substitution of the
guide strand is tolerated (48, 71); however, alternating modifica-
tion with 2'F has created fully substituted, active guide strands
(48). Notably, DNA substitution of the guide strand seed region
may even reduce off-target effects by some siRNA sequences (dis-
cussed in Subheading 7.2) (78).

More bulky 2'-modifications such as 2'-O-MOE and 2'-O-allyl
modifications have been tested in siRNA design. They are only
very position-specifically tolerated within the base-pairing part of
the siRNA (20, 56, 79, 80) and do not immediately confer unique
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3.4. Ribose
Maodifications

beneficial properties to siRNA designs (in addition to the enhanced
nuclease resistance provided by most investigated chemistries).
Yet, 2'-aminoethyl modification has been reported to enhance
siRNA function when inserted into the passenger strand 3’ end,
likely by altering the thermodynamic asymmetry of the siRNA
duplex (80). Most bulky 2" modifications, however, are not widely
used and mainly restricted to siRNA overhangs to enhance
exonuclease resistance (20, 56).

A more radical approach to modifying 2’OH groups is by
using conformationally locked nucleic acids where the 2’-oxygen
is connected to, e.g. the 4’ carbon via a methylene bridge as in
LNA (81) and carbocyclic-LNA (80, 82) or ethylene bridge as
in ENA (83), and carbocyclic-ENA (80, 82) or to the 1’ carbon
as in oxetane (OXE) (80, 84). Among these, LNA has been most
extensively used to enhance the performance of both AON (85,
86) and siRNAs (24, 59, 60, 80, 87). The intermolecular meth-
ylene bridge locks the furanose ring of LNA in a 3’-endo RNA-
like conformation, which will lead to an additive increase in
thermal stability by 2-10°C per LNA monomer upon incorpora-
tion into RNA duplexes (88). This dramatic increase in thermo-
stability severely limits the number of LNAs that are tolerated in
siRNA design (59, 60, 87); however, limited LNA modification
allows the modulating of the local thermodynamic profile within
the siRNA to increase nuclease resistance iz vitro (59) and
in vivo (89, 90), it can reduce the immunogenic properties of
certain siRNA sequences (91), enhances siRNA potency and
specificity by altering strand selection during RISC loading (24,
80, 87), and has even allowed the development of novel siRNA
designs (24).

Substituting the ribose sugar moiety of nucleotides has also been
employed in siRNA design such as in ANA, HNA, and FANA
nucleotides which are based on anitrol, hexitol, and arabinose,
respectively (80, 92-94). These nucleotides are generally well-
tolerated in the passenger strand and in the 3’ end of the guide
strand and have been reported to enhance siRNA stability, potency
and KD duration in some studies (92, 93). A more radical modi-
fication of the nucleotide ribose is found in unlocked nucleic acid
(UNA) monomers which are acyclic derivatives of RNA lacking
the C2'-C3’-bond of the RNA ribose ring, yet still structurally
mimic unmodified RNA upon incorporation into RNA duplexes.
Incorporation of UNA monomers induces additive destabiliza-
tion by 5-8°C per UNA monomer, thereby allowing local desta-
bilization of the siRNA duplex (95). Extensive UNA modification
will not allow annealing of siRNA strands (96) and UNA is not
well-tolerated at the 5'-most positions of the guide stand (97).
However, limited UNA modification can be strategically used in
both siRNA strands to alter siRNA strand selection and improve
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the potency of extensively modified siRNAs, e.g. by LNAs that
are otherwise too stable or rigid to support RNAi (98). Notably,
a siRNA modified by UNA only in its overhangs has prolonged
biostability iz vive, even compared to extensively LNA-modified
siRNA, and produces efficient gene KD in contrast to unmodified
siRNAs (96). Furthermore, the inclusion of single UNA modifi-
cation at position 7 in the guide strand can efficiently reduce
siRNA off-targeting by weakening interactions between guide
strands and potential oft-target mRNAs (99). Finally, 4’ thio-
modified nucleotides contain a sulphur atom instead of the 4’
carbon of the ribose ring, which has been shown to enhance
nuclease resistance and potency of siRNAs upon insertion into
the siRNA duplex; however, extensive modification of the guide
strand is not well-tolerated (100, 101) and sequence-specificity of
4' thio modification effects have been reported (102).

A number of modified nucleotide bases, such as 5-bromo-,
5-iodo-, 2-thio-, 4-thio, dihydro, and pseudo-uracil, have been
tested in siRNA design, yet are not widely utilized. Modified
bases are generally utilized to enhance RNA-binding affinity to
stabilize base-pairing potential; whereas 5-bromo- and 5-iodo ura-
cil slightly reduce siRNA potency slightly (48), 2-thio- and pseudo-
uracil have been reported to enhance siRNA potency (103) and
reduce cellular immune responses (104).

4. Improving siRNA
Potency by
Chemical
Modification

Maximizing siRNA potency by chemical modification is desirable
to minimize the dose of delivered siRNA required for efficient
RNAIi or when target sequences are suboptimal and cannot be
freely chosen, e.g. when targeting fusion oncogenes, highly repet-
itive sequences, or particular splice variants. Although most types
of chemical modifications have been shown to negatively impact
siRNA potency, a few studies have found an increase in siRNA
potency upon chemical modification (70, 80, 87). Notably,
Allerson et al. reported an up to 500-fold increase in siRNA
potency using fully modified siRNA with alternating 2'OMe /2'F-
modifications (70), albeit this effect seems sequence-specific
(105). The reason for this dramatic increase in potency is not fully
understood, but 2'OMe/2F'-modified siRNAs are preferentially
taken up by RISC as compared to unmodified siRNA (105).
Other studies have observed enhanced siRNA potency by
chemical modification that favours guide strand selection during
RISC loading. One strategy is to alter the thermodynamic asym-
metry of base-pairing region, e.g. by incorporating stabilizing
LNA in the passenger strand 5’ end (87) or 2-thiouracil in the
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guide stand 3’ end (103) or inserting destabilizing modifications
such as OXE, ethylamino, UNA, or dihydrouracil in the passen-
ger strand 3" end (80, 87). Another strategy involves modification
of the siRNA 3’ overhangs to modulate strand selection by RISC;
both chemically modified overhangs that are favoured and disfa-
voured during strand selection by RISC have been identified and
can be incorporated into the guide and passenger strands of the
siRNA, respectively (80).

5. Improving siRNA
Nuclease
Resistance

by Chemical
Modification

5.1. siRNA Degradation
in Biological Fluids

5.2. Strategies for
Enhancing siRNA
Nuclease Resistance

RNA is highly labile in extracellular compartments due to degra-
dation by ribonucleases, e.g. >99% of exogenous ssRNA is
degraded in human blood within seconds of incubation (106).
Double-stranded RNAs, such as siRNAs, are more resistant than
their single-stranded counterparts, yet are still degraded within
minutes in mammalian serum (48, 52, 59, 80, 107). A number of
RNases have been ascribed as key mediators of siRNA degrada-
tion; levels of the 3’ exonuclease ERI-1 have been shown to nega-
tively correlate with duration of siRNA silencing (108, 109) and
also RNase A-like, yet unidentified, endonuclease activities have
been described in human serum (110, 111). The RNase composi-
tion, especially the relative activities of exonuclease and pyrimidine-
specific endonuclease, differs between biological fluids and species
(112-116) and siRNA modification should therefore address the
particular siRNA application, e.g. species, delivery vehicle, and
entry route. Once inside cells, however, siRNAs seem relatively
stable and enhancing siRNA stability does not immediately influ-
ence KD potency or persistence (73) and silencing can last for
several weeks in terminally differentiated non-dividing cells, such
as macrophages (117).

The degradation of RNA by ribonucleases involves the nucleo-
philic attack and hydrolysis of the interphosphate linkage via a
2',3'-cyclic phosphate intermediate (118). a popular strategy for
increasing siRNA nuclease resistance has been chemical modifica-
tion of internucleotide phosphate linkages or ribose 2’ OH groups
(or more simply by the physical separation of siRNA and nucle-
ases by utilizing shielding delivery agent which is not discussed
further here). Replacement of an inter-ribonucleotide non-bridg-
ing oxygen by sulphur to create a PS linkage has been used exten-
sively to increase the stability of AONs (55) and was therefore
immediately tested in siRNA designs; albeit moderately
PS-modified siRNAs support efficient RNAi (48, 56-60), exten-
sive PS modification does not dramatically improve serum stabil-
ity (48, 59) and was reported to reduce silencing and to have
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toxic side-effects (56, 58). However, combining moderate PS
modification with various 2' substitutions and end-conjugations
has been very successful in creating highly stable and potent
siRNA for applications 2z vive (52, 119, 120). Also, 4' thioribose
has been reported to increase siRNA stability by more than 600
times (100, 101).

A great number of ribose 2’ modifications have been used to
increase nuclease resistance by either full, partial, or 3’ overhang
modification of the siRNA duplex. In most cases, full modification
will dramatically reduce siRNA function, yet some fully modified
siRNAs, especially using DNA, 2'OMe, and 2'F substitutions, are
reported to be both highly stable and potent (70, 72, 75).

Other strategies modify only vulnerable nucleotide positions of
the siRNAs to greatly improve siRNA stability; as most dsRNA-
specific endoribonucleases are pyrimidine-specific (and preferen-
tially recognize UpA, UpG, and CpA dinucleotide motifs (114,
121-123)), these can be specifically modified with minor impact
on activity (57, 122, 123). Vulnerable base positions may alterna-
tively be protected by lowering their accessibility to nucleases;
several studies suggest that the thermodynamic stability of dSRNA
greatly influences resistance toward endonuclease attack as even
double-strand-specific riboendonuclease cleaves dsRNA by the
preferential binding to short single-stranded regions which are
transiently exposed by spontaneous thermal fluctuations (124).
Thus, enhancing siRNA thermostability slightly, e.g. by the intro-
duction of LNA (59, 60, 80, 87, 90) or 4' thioribose (100) at
selected positions within the duplex can enhance siRNA stability
while generally preserving siRNA potency. Too extensive thermo-
dynamic stabilization of the siRNA duplex by, e.g. LNA dramati-
cally reduces silencing potency, yet can be compensated for by the
simultaneous incorporation of destabilizing modifications such as
UNA (96) or using the sisiRNA design containing a segmented
passenger strand (24). Thus, ensuring a thermodynamic profile
tolerated by the RNAi machinery, yet detrimental to endonu-
clease attack, will generate highly potent, stable siRNAs.

The siRNA 3’ overhangs are subject to degradation by 3’ riboexo-
nucleases, and in effect, blunt-ended siRNAs are reported to have
slightly higher stability in foetal calf serum (FCS) (21). Yet, the 3’
overhangs of siRNAs are very tolerant to chemical modification
and have been very extensively modified to prevent degradation
by exonucleases (48, 56-60, 80), which has been reported to be
the main nuclease activity in serum (116, 125). In most cases,
stability is only moderately enhanced; however, this may prove
sufficient for some siRNA applications, even % vivo; UNA modi-
fication of siRNA overhangs dramatically increases siRNA sta-
bility and function in mice as compared to unmodified siRNA
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(yet stability was not dramatically increased in bovine serum (96)).
Interestingly, specific chemical modification of 3’ overhangs may
be simultancously used to increase resistance to exonuclease
attack, to enhance siRNA potency by maximizing incorporation
of the guiding strand during RISC loading (80), or for conjuga-
tion to cell-targeting or penetrating molecules to enhance cellular
delivery (described in Subheading 8.1).

6. Using Chemical
Modification to
Reduce siRNA
Immunogenicity

6.1. Cellular Sensors
of siRNA

Long dsRNA has been long known to trigger innate immune
responses in mammalian cells resulting in release of proinflamma-
tory cytokines and IFNs and trigger shutdown of transcriptional
and translational activity (126). Therefore, the demonstration
that shorter exogenous siRNAs, mimicking endogenous RNA
species, are apparently non-immunogenic was very much appreci-
ated (2). Upon closer inspection, however, numerous studies
have established that siRNAs can indeed trigger innate immune
responses iz vivo and in peripheral blood mononuclear cells
(PBMC) #n vitro and induce high levels of inflammatory cytok-
ines such as tumour necrosis factor alpha (TNFa), interleukin-6
(IL-6), and interferon-alpha (IFN-a) (16,49,91, 104, 127-129).
This siRNA immunogenicity depends on siRNA sequence and
structure, delivery route/vehicle, and cell type, thereby under-
scoring that the evaluation of the immunogenic properties of siR-
NAs must be evaluated in a relevant experimental setup % vivo or
using primary immune cells iz vitro.

The innate immune response is a non-adaptive response of
immune cells which relies on a range of specialized patterns-
recognition receptors (PRRs) recognizing so-called pathogen-
associated molecular patterns (PAMPs) such as foreign
polysaccharides, peptides, DNA, and (viral) RNA (130). Different
PRRs exit in different cell types and cellular compartments; in
the cytoplasm of most cells, foreign dsRNA is sequence-
independently recognized by dsRNA responsive kinase R(PKR)
(131), the helicases retinoic acid inducible genel (RIG-I) (132,
133), and melanoma differentiation-associated gene 5 (Mda5)
(134). PKR was originally described to respond only to dsRNA
longer than 30 bp (135), yet recent studies found low levels of
PKR activation by 21mer siRNAs (133, 136). However, the heli-
case RIG-I is now considered a main PPR of cytoplasmic dsRNA
where it senses the nature of dsRNA ends; the standard 21mer
siRNA design having two 2 nt 3’ overhangs is tolerated, whereas
longer blunt-ended dsRNA, including blunt 27mer dsiRNAs, and
5" end triphosphates can trigger RIG-I activation (104, 133, 137).
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Toll-like receptors are a family of membrane-bound PRRs,
which are found primarily in immune cells and are responsible for
detecting foreign RNA primarily in endosomes or on the cell sur-
face. The TLR family comprises 13 members among which TLR3
(129), TLR7 (91, 138, 139), and TLRS8 (138) are key mediators
of siRNA detection. Human TLR7 and TLRS8 sequence-depend-
ently recognize U-rich or GU-rich ssRNA and are primarily
expressed in plasmacytoid dendritic cells (pDC) and B cells or
myeloid DC (mDC), monocytes, and macrophages (140). The
sequence-specificity of TLR7 /8 remains to be fully established, yet
certain nucleotide motifs have been reported as strong inducers of
TLR7 /8 activation (91, 127,128, 141, 142) and even any U-rich
RNA sequence may be subject to TLR7 recognition (141). Human
TLR3 is primarily expressed on the surface of mature mDCs (143,
144) where it recognizes foreign dsRNAs (145, 146) and some
exogenous siRNAs in a sequence-unspecific manner, leading to the
production of, e.g. IEN-y and Interleukin 12 (144).

Due to the specificity and localization of siRNA-responsive
PPRs, the host immunological responses towards siRNA, and
thereby the siRNA modifications needed to abrogate these, are
very much dependent on the entry route and delivery method;
siRNA delivery via endosomes using common delivery vehicles
such as cationic lipids, polymers, and nanoparticles will expose
siRNAs to potential TLR7 /8 stimulation. In contrast, delivery of
naked siRNA will likely not lead to TLR7 /8 activation (91, 127,
147), yet can instead trigger immune stimulation via surface-
bound TLR3 (144).

Originally, chemical modification of siRNAs has primarily aimed
at abrogating their immunogenic potential by making immuno-
stimulatory sequence motifs unrecognizable to the endosomal
TLR7, the primary TLR responsible for siRNA immune stimula-
tion (130). Perhaps not unexpectedly, the immunogenicity of
siRNAs can be reduced by chemically modifying the immunos-
timulatory motif using, e.g. fully 2’OMe/2'F-modified siRNA
(148) or selected LNA modification (91). Furthermore, a num-
ber of base modifications, 5-methylcytidine (m5C), 5-methyluracil
(m5U), N6-methyladenosine (m6A), 2-thiouridine (s2U), or
pseudouridine, have been shown to reduce TLR7 /8 immunos-
timulation (149). Notably, recent studies suggest that even very
limited but selective 2’OMe modifications can abrogate siRNA
immunogenicity; replacement of only uridine residues with either
2'-F or 2’-OMe abrogated all immunogenicity upon delivery to
PBMC:s using a cationic lipid (150). Also, replacement of selected
uridine or guanosine residues, even as few as two residues in the
SS, abrogated siRNA immunogenicity upon liposomal delivery in
human PBMCs and mice (151), and very recently, Hamm et al.
proposed that alternating 2’OMe modification of the SS can be
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an universal approach to avoid TLR7 activation by siRNAs (152).
It is unclear how the introduction of 2’OMe nucleotides prevents
recognition of the duplex RNA by the immune system.
Interestingly, naturally occurring 2'OMe-modified RNA has been
reported as a potent antagonist of immunostimulatory RNA by
preventing TLR7 activation (153) and it was suggested that
2'OMe modification of endogenous RNAs may allow immune
receptors to distinguish pathogen-derived (unmodified) RNA
from host cell RNA (149).

Only few studies have aimed at abrogating siRNA-mediated
activation of RIG-I by chemical modification as the standard
21mer siRNA design having canonical 2nt 3’ overhangs generally
does not trigger RIG-I activation (133). However, blunt-ended
siRNAs, such as dsiRNAs, may be modified by 2’OMe (154, 155)
or DNA (133) to reduce RIG-I activation.

7. Reducing siRNA
Off-Target Effects
by Chemical
Modification

7.1. siRNA Off-Target
Effects Are an Inherent
Feature of RNAi

7.2. Chemical
Maodification of the
Guide Strand Seed
Region Reduce
Off-Targeting

The cleavage of intended target RNAs by Ago2-RISC is highly
sequence-specific and only few mismatches between the guide
stand and the target are tolerated (156, 157). Yet, siRNAs still
trigger unintended silencing of hundreds of endogenous genes
upon introduction into cells (50, 158, 159), which can result in
toxic phenotypes (160) and compromise the interpretation and
outcome of the particular siRNA application. These sequence-
specific off-target effects are triggered by the inherent miRNA-
like behaviour of all investigated siRNA (50) and reflect the shared
handling of miRNAs and siRNAs by the cellular RNAi pathway
(161). Like miRNA-target regulation, siRNA off-targeting is pri-
marily mediated by the interaction between the seed region of the
RISC-associated guide strand (nucleotide position 2-8 counting
from the 5’ end) and complementary sites in the 3" UTR of the
target mRNA (158, 162). Upon target binding, partially comple-
mentary (off-)targets are silenced through several mechanisms
such as translational inhibition and mRNA destabilization
(163-165). Off-target effects can be dramatic; during a large-
scale siRNA library screen, Lin et al. found the highly efficient
siRNAs to primarily function through such unintended off-
targeting rather than the intended siRNA target cleavage (162).

As both siRNA and miRNA effects are concentration-dependent
(50), success in reducing siRNA off-targeting has been achieved
by utilizing siRNA pools to minimize the contribution of the
individual siRNAs to off-targeting while preserving on-target
activity. Yet chemical modification of siRNA to reduce off-targeting
of individual siRNA species is still considered a paramount
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prerequisite for future applications of siRNA in therapeutics. The
challenge here is identifying modification types that reduce oftf-
target potentials by exerting a higher negative impact on target
interactions relying on partial sequence complementarity (i.e. off-
targeting) relative to fully complementary targets (i.e. siRNA
effect). It is well-described that initial interactions between the
siRNA guide strand and target RNA are mediated by the seed
region exposed by RISC (39) and thermodynamic stability of this
interaction correlate positively with off-targeting (78, 158). In
agreement, a number of studies have aimed at reducing siRNA
off-targeting by chemically modifying the seed region of the
guide strand; Jackson et al. found 2’OMe modification of posi-
tion 2 of the guide strand to site-specifically reduce oft-targeting
and proposed that the strict size constraints of Ago2 to accom-
modate a 2'-OMe group at this position would affect conforma-
tional adjustments in RISC and reduce off-targeting (68). Other
studies have instead sought to destabilize seed-target interaction
by substituting position 1-8 with DNA (78) or incorporating the
strongly destabilizing UNA modification at position 7 with only
limited negative impact of siRNA efficiency (99). Particularly,
UNA modification allows position-specific destabilization of
seed—target interactions to adjust the thermodynamic stability to
a level that will require additional base pairing, ideally perfect
complementarity, to support efficient RNAI. It remains to be fully
established, however, how generally applicable these modifica-
tions are in siRNA designs and how they respond to differences
in seed sequence and thermodynamic properties.

Similarly the passenger strand can significantly contribute to
off-targeting, e.g. Clark et al. found that the passenger strand of
an ICAM-1-directed siRNA potently targeted the tumour necro-
sis factor receptor 1 (TNFRI1) mRNA, thereby abrogating an
expected TNF response (166). A number of studies have aimed at
reducing the contribution of the passenger strand to off-targeting
by abrogating its function or incorporation into RISC; the
sisiRNA design utilizes two shorter sense strands incapable of
RNAI function (24 ), LNA modification of the passenger strand 5
duplex end disfavours passenger strand incorporation into RISC
(87) and chemical blockage of the passenger strand 5’ phosphate
(168) by, e.g. 5'-O-methyl modification (167) abrogates its
silencing potential.

8. Improving siRNA
Pharmacokinetics
by Chemical
Modification

siRNAs are structurally and biochemically very dissimilar to most
drugs approved today; they are relatively big with a molecular
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8.1. Enhancing Cellular
Delivery by siRNA
Conjugation

weight of roughly 14 kDa, highly labile in biological fluids, and
highly charged due to their phosphate backbone, which prevent
siRNA from penetrating cellular membranes by diffusion.
Furthermore, mammalian cells, even phagocytic macrophages
and denderitic cells, do not immediately internalize siRNA (117, 169),
and in effect, effective delivery into the target cell cytoplasm still
poses the major obstacle of siRNA applications 7 rivo and thera-
peutics (although inefficient cellular uptake of oligonucleotides
and siRNAs have been described in cell culture using high nucleic
acids concentrations (170-173)).

A great number of delivery vehicles have been developed to facili-
tate siRNA delivery across the plasma membrane into the cyto-
plasma such as cationic lipids (such as RNAifect, oligoefectamine,
lipofectamine, DOTAP, and TransIT TKO), cationic polymer
(such as polyethylenimine (PEI), Chitosan, and cyclodextrin), and
dendrimers. All these compounds electrostatically adsorb the
anionic siRNA onto their surface and subsequently dock on the
anionic cell membranes and allow cellular uptake via adsorptive
endocytosis. These non-covalently siRNA-binding vehicles and
their applications are described in detail elsewhere (171). Chemical
modification of the siRNA itself has also been employed to enhance
cellular uptake. As the integrity of the guide strand 5’ end is
required for siRNA function (48, 168), the 3’ end of the guide
strand and both ends of the passenger strand have been conju-
gated to various cationic cell-penetrating molecules or liposomes
typically via acid-labile or reducible linkages, often thio-linkages.
In particular, cell-penetrating peptides (CPP) such as penetratin
(174-176), transportan (175), oligoarginine (177), and TAT
(176, 178) have been conjugated to siRNA ends. Although not
fully understood, these short cationic, hydrophobic, and/or
amphipathic CPPs interact electrostatically with proteoglycans on
the cell surface and are internalized by endocytosis, thereby bring-
ing conjugated siRNAs to endosomes from which they are subse-
quently released to the cytoplasm (179). siRNA-TAT conjugates
exhibit a dramatic increase in cellular uptake % vitro comparable
to commercial transfection reagents and support-efficient RNAi
(178), yet no improvement in efficiency of siRNA-TAT conju-
gates was seen 7z vzvo upon intranasal delivery in mice and TAT
alone seemed to induce unspecific side-effects (176). siRNA con-
jugated to penetratin (derived from the antennapedia protein) and
transportin (a fusion peptide between the neuropeptide galanin
and mastoparan, a peptide toxin from wasp venom) has been
reported to be similarly efficient as cationic liposomes in a variety
of cell lines (175), yet penetratin has been shown to trigger innate
immune responses in mice upon intratracheal delivery (176).
Chemically stabilized siRNA has been modified by cholesterol
conjugation to the 3’ end of the passenger stand via a pyrrolidine
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linker to ensure efficient uptake into liver cells upon intravenous
injection in mice, thereby resulting in 60% silencing of target apoB
mRNA (52). Similarly, another lipophilic conjugate, alfa-tocoph-
erol, was conjugated to the 5’ end of the guide strand in a dsiRNA
design to successfully reduce apoB protein levels in mouse livers
upon intravenous injection (120). Finally, siRNA delivery using
commercial transfection reagent can be significantly improved, at
least in vitro, by siRNA concatamerization using short comple-
mentary “sticky” overhangs (180) or end-conjugation of siRNAs
via reducible disulphide-bridges (181).

Targeted delivery of siRNAs to specific tissues or cell types is an
attractive strategy, if not a prerequisite, to develop siRNAs into
effective therapeutic drugs; it minimizes the amount of required
siRNA and potential side-effects. Several studies have utilized cell-
targeting ligands such as glycosylated molecules, peptides, anti-
bodies, hormones, vitamines, and aptamers by conjugation to
various carrier systems (reviewed in ref. (182)). Direct conjuga-
tions of siRNAs to cell-targeting ligands such as peptides, antibod-
ies, aptamers, micelles (183), and nanoparticles (184, 185) have
also been reported; this strategy not only confers specificity of tar-
geting, but may also enhance cellular uptake through receptor-
mediated endocytosis of the specific ligand. The conjugation of a
peptide-mimicking insulin growth factor 1 (IGF1) to the 5" end of
the siRNA passenger strand resulted in a 60% KD of target gene
expression in MCF7 cells that overexpresses the IGF1 receptor
(186). Also, an antibody targeting the transferrin receptor expressed
at the blood-brain barrier was conjugated to either passenger
strand ends via biotin—streptavidin linkages leading to effective tar-
get gene silencing in a rat brain tumour model upon intravenous
injection (187). To target siRNA delivery to hepatocytes, Oishi
et al. constructed a lactose-PEG—siRNA conjugate with an acid-
labile linker between siRNA and lactosylated PEG and delivered
high amounts of siRNAs into hepatocytes in a receptor-mediated
manner (188). An aptamer targeting prostate-specific membrane
antigen (PMSA), a receptor expressed in prostate cancers, has been
conjugated to the 5" end of the siRNA passenger strand via a
streptavidine linkage. Target gene KD was as efficient as when
using a conventional lipid-based reagent in LNCaP cells, a prostate
tumour cell lines expressing PMSA (189). A clever chimeric variant
of the siRNA-PMSA aptamer has been generated by combining
the PMSA aptamer and a dsiRNA design in a single T7 transcript
that will be cleaved into effective siRNA by endogenous Dicer
upon receptor-mediated endocytosis of the PMSA aptamer (190).

A major obstacle in systemic siRNA delivery iz pivo is the rapid
clearance of siRNAs typically observed upon delivery via passive
or hydrodynamic intravenous injections (191). Naked siRNAs are
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very rapidly cleared from the bloodstream primarily due to their
renal excretion (51, 52) and degradation by serum RNases (48,
52, 59, 80, 107). As naked siRNAs are smaller than the size
threshold for glomerular filtration, incorporating siRNAs into
several types of particles has allowed prolonged siRNA circulation
and represents the most efficient strategy to avoid renal excretion
(148,183,188,192-197). siRNA bioavailability may be enhanced
by using nuclease-resistant siRNAs, albeit this strategy will princi-
pally not prevent renal excretion and instead lead to excretion of
intact siRNA. Several studies report on the improved efficiency of
naked, chemically stabilized siRNAs upon introduction iz vive
(198) using LNA (89), UNA (96, 198), PS/2'0OMe (52),
DNA/2'F/2'0OMe/PS (72), inverted abasic moieties, and
PS-modified siRNAs (199), whereas other studies did find
enhancement of siRNA efficacy by 2'-F substitution upon hydro-
dynamic injection in mice (73).

Instead, chemical modification or conjugation of the siRNA
itself has also been employed to enhance siRNA biodistribution;
cholesterol conjugations have been reported to improve siRNA
pharmacokinetics and exhibited a higher binding to blood serum
albumin upon intravenous injection in mice resulting in siRNAs
being detectable in liver, heart, lung, kidney, and fat tissue after
24 h in contrast to naked siRNAs (52). Also, conjugations to bile
acids and various long chain fatty acids have been shown to influ-
ence siRNA tissue distribution upon intravenous injection as they
bind to various lipoproteins, lipoprotein receptors, and trans-
membrane proteins in blood facilitating cellular uptake (200). PS
modification of the siRNA backbone may be expected to alter
siRNA biodistribution as PS oligonucleotide non-specifically
binds to cellular proteins (63); however, no alteration in the
biodistribution of modified siRNAs is seen 2z vivo (62).

Delivery strategies, and thereby the chemical modifications
needed in siRNA design, may well focus on local rather than
systemic delivery and indeed the first clinical trials have relied on
intraocular injection of siRNA to treat macular degeneration and
inhalation of siRNA to treat respiratory syncytial virus (RSV)
infection (201).

9. Summary: The
Creation of
Superior siRNAs

Chemical modification studies are still in the stage of identifying
modifications that are beneficial in siRNA design and no univer-
sally favorable siRNA design has, so far, been deduced (202). The
types and extent of chemical modification employed in siRNA
design will likely be tailored to fit the particular application to
balance potency, stability, and pharmacokinetics depending on the
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delivery methods and target cell/tissue. Even so, important
insight into optimizing the performance of siRNAs by chemical
modification resulted in the identification of combinations of sev-
eral types of chemical modifications that synergistically improve
siRNA performance (see main text and Fig. 1 for an overview). In
essence, modification of single positions can serve multiple pur-
poses; siRNA 3’ overhang modification can enhance 3’ exonu-
clease resistance, boost siRNA efficiency, or enhance cellular
delivery by various end-conjugations. Also, site-specific modifica-
tions of the base-pairing siRNA stem may simultaneously enhance
endonuclease resistance and reduce siRNA immunogenicity and
off-target effects. It is very likely that the combinations of such
modifications will allow the generation of superior siRNAs that
can form the basis for potent and safe siRNA therapeutics in the

near future.
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Viral Small RNA Cloning and Sequencing

Valérie Gausson and Maria-Carla Saleh

Abstract

At the current rate of technological progress, high-throughput sequencing of nucleic acids has become a
commodity. These techniques are perfectly suitable for viral small RNAs sequencing and contribute to
the understanding of many aspects of virus biology in the context of host—pathogen interaction. However,
the generation of high quality data is still an issue and the preparation of small RNAs libraries that accu-
rately reflect the viral siRNAs in the sample remains a challenge. In this chapter we describe how to clone
and sequence libraries of viral small RNAs from infected insect samples (mosquito, drosophilidae, insect-
derived cell lines).

Key words: Small RNAs, Deep sequencing, Illumina, Library preparation, RNA ligation

1. Introduction

Virus-derived small RNAs (vsiRNAs) were first identified in plants
as a result of the antiviral RNAI host response (1). The dicing of
the viral RNA into siRNAs was later shown in Drosophila (2) and
the nematode C. elegans (3). These vsiRNAs reflect the activation
of the antiviral immune system in the infected species.

Because vsiRINAs arise from replicative intermediates or struc-
tured genome sequences of viruses, their characterization greatly
contributes to the understanding of many aspects of virus biology
in the context of host—pathogen interaction. The abundance of
vsiRNAs reflects the levels of viral replication and gene expres-
sion. The polarity of the vsiRNAs (they can correspond to the (+)
strand or the (-) strand of the virus) reflects the source of dsRNA.
vsiRNAs can be derived from the dicing of dsRNA in replication
intermediates, in structured regions, or in convergent viral tran-
scripts. Their mapping on the reference viral genome reflects

Ronald P. van Rij (ed.), Antiviral RNAi: Concepts, Methods, and Applications, Methods in Molecular Biology, vol. 721,
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structured and exposed regions and allows the identification of
new viral variants with deletion /insertions compared to the refer-
ence. Analysis of the vsiRNASs size is indicative of the RNAi pathway
involved in their biogenesis. In Drosophila, the main vsiRNAs are
21 nts and a product of Dcr2 (2), whereas in plants they are 21
nts when produced from DCL-4 and 22 nts when produced by
DCL-2 (4). In addition, in Drosophila vsiRNAs may exhibit
3" O-methylation which is the signature of their loading in the
Ago2 RISC complex (5, 6). Finally, the de novo assembly of vsiR-
NAs can be used for the discovery of new virus species (7).

Several techniques have been developed for massive sequencing
of nucleic acids and they are perfectly suitable for small RNAs
sequencing, including vsiRNAs. These techniques include pyrose-
quencing (454—Roche), sequencing-by-synthesis (Solexa — Illumina),
and sequencing by ligation (SOLID — Applied Biosystems). Next
generation sequencing involves direct sequencing of single DNA or
even RNA molecules (Helicos BioScience) (8).

To successtully apply these techniques, one faces two steps:
the preparation of small RNAs libraries that accurately reflect the
vsiRNAs in the sample and the management of a considerable
amount of sequencing data. Here, we describe the method we
use to clone and sequence small RNAs using Illumina technology.
Our protocol is adapted from Pffefer (9). The main steps are sum-
marized in Fig. 1. Briefly, total RNA from infected samples is
purified, and the small RNA fraction is recovered and ligated at
the 5 and 3’ ends to RNA adapters. The ligated RNA is then
reverse-transcribed and specifically amplified with DNA primers
complementary to the primers spotted on the flowcell provided
by Illumina. Once the sequence data have been collected, they

can be analyzed using the bioinformatic pipeline described in
Chap. 7.

2. Material

2.1. Total RNAs
Isolation from Infected
Samples (Mosquito,
Drosophilidae,
Insect-Derived GCell
Lines)

. TRIzol reagent (Invitrogen, Carlsbad, CA).

. Chloroform.

. Isopropyl alcohol.

. Nuclease-free 75% ethanol conserved at -20°C.
. Nuclease-free water.

. Deionized formamide.

N OV Ul N~

. RNaseZap RNase decontamination solution (Ambion, Austin,
TX).

8. Pellet pestle (Sigma, St. Louis, MO).
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Fig. 1. Schematic representation of the small RNA library preparation (see text for details).

2.2. Preparation
of Radiolabeled Size

1. 100 uM of 19-nt oligoribonucleotide: 5’-rCrGrUrArCrGrCr-

Markers

GrGrGrUrUrUrArArArCrGrA-3'. The RNA oligonucleotides
(see item 1-3) are used as size markers and contain the Pmel

GTTT/AAAC restriction site (underlined) (see Note 1).

2. 100 uM of 24-nt oligoribonucleotide: 5'-rCrGrUrArCrGr-
CrGrGrArArUrArGrUrUrUrArArArCrUrGrU-3'.

3. 100 pM of 33-nt oligoribonucleotide: 5'-rCrGrUrArCrG-
rCrGrGrArArUrArGrUrUrUrArArArCrUrGrUrArGrUrGr-
CrUrGrArU-3'".

4. [y-3*P] ATP (6,000 Ci/mmol, 10 mCi/mL).
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14.

15.
16.
17.

2.3. Isolation
of ~19-24nt RNAs

[© NN 2 W NGV I (S R

2.4. Ligation of the 3' 1.

Adapter

. T4 Polynucleotide kinase (T4 PNK) (10 U/uL).
. Polynucleotide kinase (PNK) buffer (10x).

. Nuclease-free water.

. 1 M EDTA, pH 8.

. Gel loading II buffer (Ambion, Austin, TX).

10.
. Urea.
12.
13.

30% Acrylamide /bisacrylamide (37.5:1).

Tetramethylethylenediamine (TEMED).

10% (w/v) Ammonium persulfate. Store in aliquots at
-20°C.

10x Tris/borate/EDTA buffer (TBE): 890 mM Tris base,
890 mM boric acid, 20 mM EDTA, pH 8.0, diluted in
water.

5 M NaCl.
Absolute ethanol.
Thermomixer (Eppendorf, Hamburg, Germany).

. Gel loading II buffer (Ambion, Austin, TX).
. Nuclease-free water.

. 30% Acrylamide /bisacrylamide (37.5:1).

. Urea.

. TEMED.

. 10% (w/v) Ammonium persulfate. Store in aliquots at

-20°C.

. 10x TBE buffer: 890 mM Tris base, 890 mM boric acid,

20 mM EDTA, pH 8.0, diluted in water.

. 5 M NaCl.
. Absolute ethanol.
10.

Thermomixer (Eppendorf, Hamburg, Germany).

10x ATP-free ligation buffer: 100 mM MgCl,, 100 mM
dithiothreitol (DTT), 500 mM Tris—HCI, pH 7.6, 1 mg/mL
acetylated BSA (Ambion, Austin, TX).

2. DMSO.

. 5 nM of Modban adapter 5'-rAppCTGTAGGCACCATCAAT

/3ddC/-3" (IDT, San Jose, CA) (miRNA cloning linker 1,
reference 60910274). This oligonucleotide is provided lyo-
philized and is ready for use in cloning. Resuspend at a concen-
tration of 100 uM in water and store at —-80°C (see Note 2).

. T4 RNA ligase 2 truncated (200 U/ulL) (New England

Bioloabs, Ipswich, MA).



2.5. Preparation
of Radiolabeled
Decade Marker

2.6. Ligation of the 5'
Adapter

11.
12.
13.
14.

N O Ol N

NeRR--BN NG|
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. Gel loading IT Buffer (Ambion, Austin, TX).
. 30% Acrylamide /bisacrylamide (37.5:1).

Urea.

. TEMED.
. 10% (w/v) Ammonium persulfate. Store in aliquots at -20°C.
10.

10x TBE buffer: 890 mM Tris base, 890 mM boric acid,
20 mM EDTA, pH 8.0, diluted in water.

5 M NacCl.
Absolute ethanol.
Nuclease-free water.

Thermomixer (Eppendort, Hamburg, Germany).

. Decade marker (100 ng/uL) (Ambion, Austin, TX).

. Nuclease-free water.

. Kinase reaction buffer (10x) (Ambion, Austin, TX).

. [v-**P] ATP (6,000 Ci/mmol, 10 mCi/mL).

. T4 polynucleotide kinase (10 U/uL) (Ambion, Austin, TX).
. Cleavage reagent (10x) (Ambion, Austin, TX).

. Gel loading IT Bufter (Ambion, Austin, TX).

. 10x ATP-containing ligation buffer: 2 mM ATP, 100 mM

MgCl,, 100 mM DTT, 500 mM Tris-HCI, pH 7.6, 1 mg/mL
acetylated BSA (Ambion, Austin, TX).

2. DMSO.

11.
12.
13.
14.

. 100 uM of Solexa adapter, HPLC purified: 5'-rArCrArCrUr

CrUrUrUrCrCrCrUrArCrArCrGrArCrGrC
rUrCrUrUrCrCrGrArUrC-3'.

. T4 RNA Ligase 1 (20 U/uL) (New England Biolabs,

Ipswich, MA).

. Gel loading II buffer (Ambion, Austin, TX).
. 30% Acrylamide /bisacrylamide (37.5:1).

Urea.

. TEMED.
. 10% (w/v) ammonium persulfate. Store in aliquots at -20°C.
10.

10x TBE buffer: 890 mM Tris base, 890 mM boric acid,
20 mM EDTA, pH 8.0, diluted in water.

5 M NaCl.
Absolute ethanol.
Nuclease-free water.

Thermomixer (Eppendorf, Hamburg, Germany).
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2.7. Reverse
Transcription

2.8. PGR Amplification

of the Library

2.9. Pmel Digestion
of Size Markers

.100 puM RT primer BanOne, HPLC purified:

5'-ATTGATGGTGCCTACAG-3'.

. 5x First-Strand Bufter: 250 mM Tris-HCI, pH 8.3, 375 mM

KCI, 15 mM MgCl, (Invitrogen, Carlsbad, CA).

. 20 mM (each) dNTPs Mix (dATP, dCTP, dGTP, dTTD).

4. 100 mM DTT.

—

. SuperScript III Reverse Transcriptase (200 U /uL) (Invitrogen,

Carlsbad, CA).

. Thermocycler.

. 5x Phusion HF buffer (Finnzymes, Espoo, Finland).

2. 20 mM (each) dNTPs Mix (dATP, dCTP, dGTP, dTTP).

. 100 uM Primer Sol_5_SBS3, standard desalted: 5'-AATG

ATACGGCGACCACCGAACACTCTTTCCCTAC
ACGACG-3'.

. 100 uM Primer Sol_3_Modban, HPLC purified: 5'-CAA-

GCAGAAGACGGCATACGATTGATGGTGCCTACAG-3'.

. Phusion high-fidelity DNA polymerase (2 U /uL) (Finnzymes,

Espoo, Finland).

. Nuclease-free water.

7. NuSieve GTG agarose (Cambrex, East Rutherford, NJ).

11.

N OV U o N~

. 50x Tris/acetate/EDTA (TAE) buffer: 2 M Tris base, 1 M

acetic acid, 50 mM EDTA, pH 8.3, diluted in water.

. Ethidium bromide.
10.

Tracklt 25 bp DNA ladder (0.5 pg/ul) (Invitrogen,
Carlsbad, CA).

Thermocycler.

. 5 M NaCl.

. Phenol /chloroform /isoamylic alcohol, pH 8.

. 3 M NaAc, pH 5.5.

. Absolute ethanol.

. Nuclease-free water.

. Pmel (10 U/uL) (New England Bioloabs, Ipswich, MA).

. NEBuffer 4 (10x): 500 mM KAc, 200 mM Tris—acetate,

100 mM MgAc, 10 mM DTT, pH 7.9 (New England
Bioloabs, Ipswich, MA).

. BSA (10 mg/mL).
. Nuclease-free water.
10.

5x Nondenaturing loading dye: 0.025% bromophenol blue,
0.025% xylene cyanol, 0.125% orange G, 50% Glycerol,
10 mM Tris-HCI, pH 7.5, 50 mM EDTA.
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. NuSieve GTG agarose (Cambrex, East Rutherford, NJ).

2. Ethidium bromide.

w

O 0 N N Ul

. Tracklt 25 bp DNA ladder (0.5 pg/uL) (Invitrogen, Carlsbad,

CA).

. 5 M NaCl.

. Phenol (warmed to 70°C before use).

. Phenol/chloroform /isoamylic alcohol (25:24:1), pH 8.
. Chloroform.

. 70% Ethanol.

. Nuclease-free water.

3. Methods

3.1. Total RNAs
Isolation

For all steps, use nonsticky low-binding tubes to prevent material
loss.

TRIzol Reagent combines acidic phenol and guanidinium thiocyanate
to lyse cells, inactivate RNases, and remove lipids. Manipulate this
toxic solution with gloves and in a chemical fume hood. Remember
to work in an RNase-free area (cleaned with RNase Zap) and
keep samples on ice as much as possible.

1.

Harvest five to ten insects in a clear polypropylene tube and
euthanize them by flash freezing (submerge the tube in liquid
nitrogen or in a dry ice/ethanol mixture). If you are working
with cells, pellet 107 cells by gentle centrifugation (1,300 x4
5 min at RT) and wash them in 1x PBS.

. Add 200 pL TRIzol Reagent and process the sample with a

Kontes pellet pestle until a homogenized tissue sample is
obtained. Complete with 800 uLL TRIzol Reagent and incu-
bate 5 min at room temperature.

. Proceed to phase separation by adding 200 uL chloroform,

vortex for 1 min, and centrifuge at 12,000 x4 for 15 min at
4°C. In order to improve RNA purity, it is preferable to sac-
rifice a little amount of the aqueous phase close to the
interface.

. To precipitate RNA, transfer the aqueous phase to a new pre-

chilled tube and add 400 pL isopropyl alcohol before cen-
trifugation at 12,000 x g for 15 min at 4°C.

. Remove the supernatant and wash the RNA pellet with

500 puL chilled 75% ethanol. Mix by vortexing and centrifuge
at 7,500 x g for 5 min at 4°C.

. Air-dry the RNA pellet by leaving the sample open under the

extractor hood and resuspend it by pipetting up and down in
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3.2. Preparation
of Radiolabeled Size
Markers

3.2.1. Radiolabeling
of RNAs Oligonucleotides

3.2.2. Gel Purification
of Radiolabeled Size
Markers

deionized formamide so that final RNA concentration is
1 pg/ul. RNA can be stored at this step in nuclease-free
water at —20 or -70°C. This is necessary if beta-elimination
and/or 28 ribosomal RNA depletion is required.

. For each marker, mix in a clear polypropylene low-binding

tube:

(a) 1uL of 10 uM marker.

(b) 5 uL of [y-¥P] ATP (6,000 Ci/mmol, 10 mCi/mL).
(¢) 0.2 uLof 10 U/uL T4 PNK.

(d) 2 puL of 10x PNK butffer.

(e) Up to 20 uL with nuclease-free water.

2. Incubate 30 min in water bath at 37°C, in radioactive room.

10.

11.
12.

13.
14.

. Stop the reaction by adding 20 pL of 30 mM EDTA, pH 8.
. Add 1 volume of Gel loading II Buffer, incubate 2 min at

95°C, and quickly chill on ice.

. Prepare a 20x20 cm gel of 15% acrylamide/bisacrylamide

(37.5:1), 7 M urea, 0.5x TBE, with spacers of 0.8 mm and a
15-well comb.

. Prerun the gel in 0.5x TBE for 30 min at 30 W. Check that

your generator can deliver this power.

. Wash carefully the wells with a needle and a syringe.

. Load samples and load markers in outer wells. Be aware of

leaving empty wells between samples.

. Run your gel for 45 min at 15 W (750 V). Remember that

the 19 nt size marker migrates with the bromophenol blue.

. After migration, remove the upper glass plate with a spatula,

cover the gel with saran wrap, place an autoradiography ruler
for orientation, and expose on film for 2 min.

. Pierce the film at the position corresponding to the markers.

. Place the film on top of the gel using the autoradiography

ruler to position.

. Cut the size markers from the gel with a clean scalpel, using

the pierced film to indicate their position.

Place the gel slice in a clear polypropylene low-binding tube
with 300 uL of 0.3 M NaCl.

Elute overnight under agitation at 17°C.

Next day, briefly spin down the tubes and recover the super-
natant avoiding polyacrylamide debris.

Precipitate with 3 volumes of 100% ethanol for 1 h at -20°C.
Centrifuge at 16,000 x4 for 10 min.
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of ~19-24nt RNAs
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16.

10.

11.

12.

13.
14.

15.
16.

17.

18.
19.
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Dry out excess ethanol.

Dissolve in 20 uL of nuclease-free water.

. Prepare a size marker mix with 3 uL of each radiolabeled

marker and 100 pL of gel loading blue II.

. In a polypropylene low-binding tube, mix:

(a) 30 uL. RNA prepared at Subheading 3.1 (30 pg).
(b) 3 uL of size marker mix from Subheading 3.3, step 1.
(c) 33 uL gel loading blue II.

. Denature for 30 s at 95°C and quick chill on ice.
. Prepare a 20x20 cm gel of 15% acrylamide /bisacrylamide

(37.5:1), 7 M urea, 0.5x TBE, with spacers of 1.5 mm and a
15-well comb.

. Prerun the gel on 0.5x TBE for 30 min at 30 W.
. Wash the wells carefully with a needle and syringe.
. Dilute 6 pL of size marker mix prepared in Subheading 3.3,

step 1 in a final volume of 40 puLL and load 20 pL in the first
and last lane of the gel.

. Load samples. Be sure to leave empty wells between

samples.

. Run the gel at 30 W until the bromophenol blue reaches two

third of the gel.

After migration, remove the upper glass plate with a spatula,
cover the gel with saran wrap, and place a autoradiography
ruler for orientation and expose on phosphorimager screen
for 1 h (see Note 3).

Replace the print from the phosphorimager in top of the gel
using the autoradiography ruler to position.

Cut the samples corresponding to the 19-24 nt position
using the size markers as a guide.

Cut out the markers as well from the first and last gel lanes.

Put the gel slice in a polypropylene low-binding tube with
300 puL of 0.3 M NaCl.

Elute overnight under agitation at 17°C.

Next day, briefly spin down the tubes and recover the
supernatant.

Precipitate with 3 volumes of 100% ethanol for 1 h at
-20°C.

Centrifuge at 16,000 x4 for 10 min.

Dry out excess ethanol.
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3.4. Ligation of the 3’
Adapter

1.

AN U W

N

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.
20.

Dissolve small RNAs and cluted markers mix in:
(a) 10 uLL RNase-free water.

(b) 2 uL 10x ATP-free ligation buffer.

(¢) 6 uL 50% DMSO (diluted in water).

(d) 1 uL 50 uM of Modban adapter.

. Denature for 30 s at 95°C and quickly chill on ice.

. Add 1 pL (200 U/uL) of truncated T4 RNA ligase 2.

. Incubate 1 h at 37°C.

. Stop the reaction by adding 20 pL of gel loading II buffer.

. Prepare a 20x20 cm gel of 15% acrylamide /bisacrylamide

(37.5/1), 7 M urea, 0.5x TBE, with spacers of 0.8 mm and
a 15-well comb.

. Prerun the gel on 0.5x TBE for 30 min at 30 W.
. Wash the wells carefully with a needle and syringe.

. Load samples. Be sure to leave empty wells between samples.

Load nonligated and ligated markers at the most external
wells.

Run the gel at 30 W until the bromophenol blue reaches two
third of the gel.

After migration, remove the upper glass plate with a spatula,
cover the gel with saran wrap, and place a autoradiography
ruler for orientation and expose on phosphorimager screen

for ~2.5 h.

Replace the print from the phosphorimager on top of the gel
using the autoradiography ruler to position.

Cut samples in the lanes between the 37—42 nt positions
using the ligated size markers as a guide. Ligation of Modban
adapter to the 19 and 24 nt markers gives rise to 37 and 42
species, respectively. Remember that nonligated products will
also be detectable on gel.

Cut out the ligated markers as well from the first and last gel
lanes.

Put the gel slice in a polypropylene tube with 300 uL. 0.3 M
NaCl.

Elute overnight under agitation at 17°C.

Next day, briefly spin down the tubes and recover the
supernatant.

Precipitate with 3 volumes of 100% ethanol for 1 h at
-20°C.

Centrifuge at 16,000 x4 for 10 min.

Dry out excess ethanol.



3.5. Preparation
of Radiolabeled
Decade Marker

3.6. Ligation of the 5'
Adapter
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11.

12.

13.
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. In a clear polypropylene low-binding tube, mix:

(a) 1 pL Decade marker.

(b) 6 uL Nuclease-free water.

(c) 1 puL 10x Kinase reaction buffer.

(d) 1 uL [y-32P] ATP (6,000 Ci/mmol, 10 mCi/mL).
(e) 1uL T4 PNK.

. Incubate 1 h at 37°C.
. Add 8 pL of nuclease-free water and 2 uL of 10x cleavage

reagent.

. Incubate 5 min at room temperature and stop the reaction by

adding 20 uL of gel loading II bufter. Store at -20°C. The
radiolabeled Decade marker can be used for 15 days accord-
ing to P half-life (14.3 days).

. Dissolve 3'-ligated small RNAs and markers in:

(a) 10 pL. RNase-free water.

(b) 2 uL 10x ATP-containing ligation buffer.
(c) 6 uL 50% DMSO (diluted in water).

(d) 1 uL 50 uM 5’ Solexa adapter.

. Denature for 30 s at 95°C and quickly chill on ice.

. Add 1 pL of 20 U/uL T4 RNA ligase 1.

. Incubate 1 h at 37°C.

. Stop the reaction by adding 20 uL of gel loading II bufter.

. Prepare a 20x20 cm gel of 15% acrylamide/bisacrylamide

(37.5:1), 7 M urea, 0.5x TBE, with spacers of 0.8 mm and a
15-well comb.

. Prerun the gel on 0.5x TBE for 30 min at 15 W.

. Wash the wells carefully with a needle and syringe.

. Load samples. Be sure to leave empty wells between samples.
10.

Run the gel at 30 W until bromophenol blue is completely
out of the gel.

After migration, remove the upper glass plate with a spatula,
cover the gel with saran wrap, place an autoradiography
ruler for orientation, and expose on phosphorimager screen
for 3 h.

Replace the print from the phosphorimager on top of the gel
using the autoradiography ruler to position.

Cut samples in the lanes between the 69 and 74 nt positions
using the ligated size markers as a guide (ligation of 5’ Solexa
adapter to the 37 and 42 nt markers gives rise to 69 and 74 nt
long species, respectively, as well as nonligated products).
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3.7. Reverse
Transcription

3.8. PCR Amplification
of the Library

14.

15.

16.

17.

18.
19.
20.

Put the gel slice in a clear polypropylene low-binding tube
with 300 puL of 0.3 M NaCl and 1 pL of 100 uM RT primer
BanOne.

Elute overnight under agitation at 17°C.

Next day, briefly spin down the tubes and recover the
supernatant.

Precipitate with 3 volumes of 100% ethanol for 1 h at
-20°C.

Centrifuge at 16,000 x4 for 10 min.
Dry out excess ethanol.

Dissolve in 10 pL of nuclease-free water.

. In a PCR tube, mix:

(a) 5 uL of ligated RNA samples.

(b) 4 pL 5x First-strand buffer.

(¢) 2 uL 20 mM dNTPs mix.

(d) 1 uL 100 mM DTT.

(e) Up to 18 uL with nuclease-free water.

2. Incubate 3 min at 50°C

W

. Split each sample into two PCR tubes of' 9 pL.
. In one tube, add 1 pL of 200 U /uL superscript III reverse

transcriptase. Use the other tube as a negative control for
reverse transcription activity (RT control, see Note 4).

. Incubate 1 h at 50°C, then 15 min at 70°C to inactivate the

enzyme.

. In a PCR tube, mix:

5 uL of ¢cDNA or RT control.
20 uL 5x Phusion HF buffer.

a

(a)
(b)
(¢) 1uL 20 mM dNTPs mix.

(d) 1 uL 100 uM Primer Sol_5_SBS3.

(¢) 1 uL 100 uM Primer Sol_3_Modban.
(f) 1 uL Phusion DNA polymerase (2 U).
(g

) Up to 100 uL with nuclease-free water.

. Run in thermocyler:

(a) 94°C for 2 min.

(b) 5 cycles: 94°C 15 s, 54°C 30 s, 72°C 30 s.
(c) 17 cycles: 94°C 15 s, 60°C 30 s, 72°C 30 s.
(d) 72°C for 7 min.

(e) Maintaining at 4°C.



3.9. Pmel Digestion
of Size Markers

3.10. Gel Purification
of Libraries
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16.
17.
18.

1.
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. Run 5 pL of the PCR reaction in a 3% NuSieve GTG agarose

gel in 0.5x TAE.

. Check for one band between 108 and 113 bp (see Note 5).

. In a polypropylene low-binding tube, add to the 95 uL

remaining of the PCR reaction:
(a) 6 uL 5 M NaCl.
(b) 100 uL Phenol/chloroform /isoamylic alcohol, pH 8.

. Vortex.

. Centrifuge at 16,000 x g for 5 min at 4°C.

. Recover the aqueous phase.

. Add 1/10 volume 3 M NaAc, pH 4.5 and 3 volumes of 100%

ethanol.

. Precipitate at —20°C for at least 3 h.
. Centrifuge at 16,000 x g for 10 min.
. Remove supernatant.

. Dry out excess ethanol.

10.

Dissolve the pellet in Pmel digestion mixture (see Note 1):
(a) 23.7 uL of nuclease-free water.

(b) 3 uL of 10x NEBuffer 4.

(c) 0.3 uL of 10 mg/mL BSA.

(d) 3 uL of 10 U/uL Pmel enzyme.

Incubate 2 h at 37°C.

After the digestion, add to each tube:

(a) 200 pL Nuclease-free water.

(b) 230 uL Phenol/chloroform /isoamylic alcohol, pH 8.
Vortex.

Centrifuge at 16,000 x4 for 10 min at 4°C.

Recover the aqueous phase, add 1,/10 volume 3 M NaAc, pH
4.5, and precipitate overnight at —-20°C in 3 volumes of 100%
ethanol.

Centrifuge at 16,000 x4 for 10 min at 4°C.
Discard the supernatant.

Dry and dissolve the pellet in 14.4 uL of nuclease-free water
and 1.6 uL of nondenaturing loading dye.

Prepare a 3% NuSieve GTG agarose gel (20x20 cm) in 0.5x
TAE with 100 ng/mL ethidium bromide. Use a comb that
will accommodate total sample volume (16 pL).

. Load the samples and a DNA ladder (for example, 25 bp

DNA ladder Invitrogen).
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. Migrate at 100 V. Let the bromophenol blue progressing at

least 10 cm.

. Cut the band of interest (108-113 bp). Remember that the

upper band is the insert library, whereas the lower band cor-
responds to amplification of self-ligated adapters.

. Weigh the gel slice and distribute 250 mg of gel into polypro-

pylene tubes.

. Add 2 volumes of 0.4 M NaCl. Melt the gel slice at 70°C,

mixing every 2 min.

7. Add 1 volume of warm phenol, pH 8 (see Notes 6 and 7).

20.
21.
22.
23.
24.
25.
26.

. Vortex 30 s.

. Centrifuge 5 min at 16,000 x4 at room temperature.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

Recover the aqueous phase.

Add 1 volume of phenol /chloroform/isoamylic alcohol, pH 8.
Vortex 30 s.

Centrifuge 5 min at 16,000 x g4 at room temperature.
Recover the aqueous phase.

Add 1 volume of chloroform.

Vortex 30 s.

Centrifuge 5 min at 16,000 x g4 at room temperature.
Recover the aqueous phase.

Add 1/10 3 M NaAc, pH 4.5 and 3 volume of 100%
ethanol.

Incubate overnight at —-20°C.
Centrifuge 10 min 16,000 x g at 4°C.
Wash with 700 uL of 70% ethanol.
Centrifuge 10 min 16,000 x4 at 4°C.
Remove the supernatant.

Dry excess ethanol.

Dissolve in 20 uL of nuclease-free water.

At this step, your library is ready to be sent for sequencing.

Some companies or core facilities may ask you to determine the
concentration of your library. Use accurate technologies such as
fluorometry or microfluidics-based platforms for DNA.

4. Notes

1.

Pmel is an octanucleotide-recognizing rare-cutting restric-
tion endonuclease. Size markers oligonucleotides containing
the Pmel restriction site can be eliminated from the final
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DNA sequencing template by Pmel digestion. Failure to
remove the size markers from the final cDNA library will
result in a sequence dataset that is predominated by size
marker sequences.

2. The Modban adapter is a fully activated 5’ adenylated oligo-
nucleotide and is a substrate for T4 RNA ligase in the absence
of ATP. The use of this adenylated adapter improves the clon-
ing efficiency of small RNAs, which have a 5’-phosphate and
will circularize if adapters are attached using T4 RNA ligase
in presence of ATP. For more details, see refs. (10) and (11).

3. Use of the phosphorimager represents a quicker and quanti-
tative method of visualizing radioactive gels. The phospho-
rimager screen needs to be exposed only for one tenth of the
time required for exposure to film. Because the amount of
radiolabeled size markers present in your sample is subject to
successive loss at each purification step, exposing your gel to
a phosphorimager screen allows a sensitive gain of time. It
would take an overnight exposure to get the equivalent signal
intensity on film.

4. As PCR cannot discriminate between cDNA targets synthe-
sized by reverse transcription and genomic DNA contamina-
tion, the RT control tube detects DNA contamination in the
RNA preparation.

5. Adapters can self-ligate, which generates chimeric sequences.
As the relative concentration of adapter primers increases, the
formation of adapters dimers is promoted. If these dimers are
not removed, they will ultimately be sequenced along with
the intended template, wasting the capacity of the flowcell. At
this stage of the library preparation, an extra lower band cor-
responding to self-ligated adapters can be observed. Be care-
ful to prevent transferring the lower band when excising the
library from the gel.

6. The use of warm phenol prevents agarose from solidifying by
getting cold during the purification steps.

7. Commercial DNA gel extraction and clean-up kits do not
have an exact size cut-off. The cloned library and the self-
ligated adapters are too close in size to be adequately dis-
criminated using a commercial kit.

Acknowledgments

The authors would like to thank Christophe Antoniewski for
insight and discussion into deep sequencing, Marco Vignuzzi for
comments on the manuscript, Nicolas Vodovar for helping with
figures, and Ronald van Rijj for being such a great and patient editor.



122

Gausson and Saleh

This work was financially supported by the Agence Nationale de
la Recherche (ANR-09-JCJC-0045-01) and the European
Research Council (FP7,/2007-2013 ERC 242703) to MCS.

References

1.

Hamilton, A. J., and Baulcombe, D. C. (1999)
A species of small antisense RNA in posttran-
scriptional gene silencing in plants, Science
286,950-952.

. Li, H., Li, W. X., and Ding, S. W. (2002)

Induction and suppression of RNA silencing
by an animal virus, Science 296, 1319-1321.
Lu, R., Maduro, M., Li, F, Li, H. W,
Broitman-Maduro, G., Li, W. X., and Ding, S.
W. (2005) Animal virus replication and RNAI-
mediated antiviral silencing in Caenorbabditis
elegans, Nature 436, 1040-1043.

Deleris, A., Gallego-Bartolome, J., Bao, J.,
Kasschau, K. D., Carrington, J. C., and
Voinnet, O. (2006) Hierarchical action and
inhibition of plant Dicer-like proteins in anti-
viral defense, Science 313, 68-71.

. Horwich, M. D., Li, C., Matranga, C., Vagin,

V., Farley, G., Wang, P., and Zamore, P. D.
(2007) The Drosophila RNA methyltrans-
ferase, DmHenl, modifies germline piRNAs
and single-stranded siRNAs in RISC, Curr
Biol 17,1265-1272.

10.

11.

Flynt, A., Liu, N., Martin, R., and Lai, E. C.
(2009) Dicing of viral replication intermedi-
ates during silencing of latent Drosophiln
viruses, Proc Natl Acad Sci U § A 106,
5270-5275.

Wu, Q., Luo, Y., Lu, R.; Lau, N., Lai, E. C.,
Li, W. X., and Ding, S. W. (2010) Virus dis-
covery by deep sequencing and assembly of
virus-derived small silencing RNAs, Proc Natl
Acad Sci US A 107,1606-1611.

. Anon. (2010) Human genome at ten: The

sequence explosion, Nature 464, 670-671.
Pfeffer, S. (2007) Identification of virally
encoded microRNAs, Methods Enzymol 427,
51-63.

England, T. E., Gumport, R. I, and
Uhlenbeck, O. C. (1977) Dinucleoside pyro-
phosphate are substrates for T4-induced RNA
ligase, Proc Natl Acad Sci U S A 74,
4839-4842.

Ho, C. K., Wang, L. K., Lima, C. D., and
Shuman, S. (2004) Structure and mechanism
of RNA ligase, Structure 12, 327-339.



Chapter 7

Visitor, An Informatic Pipeline for Analysis
of Viral siRNA Sequencing Datasets

Christophe Antoniewski

Abstract

High-throughput sequencing emerged as a powerful approach to characterize siRNA populations
generated by hosts in response to viral infections. Here we described an informatic pipeline visitor to
analyze in-house large sequencing datasets generated from Illumina sequencing of Drosophila small RNA
libraries. The visitor perl script is designed to treat fastq sequence datasets from the Illumina sequencing
platform, using a computer running under a UNIX compliant operating system (MacOS X, Linux, etc.).
visitor first generates a detailed report of the sequence quality of the Illumina run. Then, using the
Novoalign software, the script removes reads that match with the D. melanogaster genome from the
sequencing data set. The remaining reads are aligned to a viral reference library, which can contain one
or several virus genomes. visitor provides a hit table of identified viral siRNAs as well as graphics eps files
of viral siRNA profiles. Unmatched small RNAs are also available in a fast format for de novo assembly
and new virus discovery.

Key words: Illumina deep sequencing, siRNA profiling, Antiviral siRNAs

1. Introduction

High-throughput sequencing using the Illumina system is well
suited for the characterization of 21nt-long viral siRNA as it typi-
cally results in 5-10 millions of ~36 nt reads per small RNA library
(see Chapter 6). With a ~1 Gigabyte sequence data file in hands,
the virologist has to (a) estimate the overall quality of the sequence
reads and to determine the size distribution of inserts in the small
RNA library, (b) separate sequence reads of viral siRNAs from
sequence reads of small RNAs from the host, and (¢) count and
map viral siRNAs reads to one or several viral reference genomes.
These tasks may appear complicated by the volume of data to
analyze. However, a number of efficient softwares have been

Ronald P. van Rij (ed.), Antiviral RNAi: Concepts, Methods, and Applications, Methods in Molecular Biology, vol. 721,
DOI 10.1007/978-1-61779-037-9_7, © Springer Science+Business Media, LLC 2011
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developed to rapidly align a large amount of sequence reads to
reference genomes, using standard desktop computers (1). Here,
we describe a visstor perl script based on the Novoalign aligner
software (2).

We use visitor (a) to analyze the sequence quality and insert
size distribution of an Illumina sequence dataset, provided in an
Tllumina fastq format, (b) to remove sequence reads matching
with the D. melanogaster genome, and (c) to identify and map
vsiRNAs on a collection of viral reference genomes (see Fig. 1 for
an overview of the informatic workflow).

lllumina Fastq File

— table of mean quality per sequence position
Perl Parsing

— histogram of insert size distribution
lllumina Fastq File

Novoalign matching
against D. mel genome

Novoalign output File

—— fasta files of D. mel read sequences

Perl conversion ,
(with occurences)

Sanger Fastq File (unmatched D. mel reads)

Novoalign matching
against Viral Genome(s)

Novoalign output File

) | Virus hit tables
Perl Parsing size histograms for viral hits
fasta files of viral read sequences (with occurences)*

gnuplot script files

Gnuplot
* one sequence may be attributed
. . ) to more than one fasta file
eps profiles of viral siRNA matches (case of sequence homology)

Fig. 1. Informatic workflow for analysis of viral SiRNA sequence reads. Monaco fontindicates Jobs, Arialindicates Inputs,
and Arial italic indicates Outputs.
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2. Materials

1. A computer with 8 Gb of RAM running under MacOSX
(10.5 Intel or later versions) or Linux. The visizor script has
not been tested under Window OS.

2. Minimal knowledge in UNIX management. If you do not
understand the meaning of “mkdir ~/bin under terminal ses-
sion,” you should consider asking for help.

3. Perl installed.

4. Gnuplot installed. This is optional but highly recommended.
How to install Gnuplot ?

(a) Under Mac OS X, Xcode Developer Tools that are pro-
vided with Mac OS installation DVDs (XcodeTools.
mpkg) have to be installed.

(b) Download Gnuplot at http: /sourceforge.net/projects,/
gnuplot/files/. If you are Leopard user, download the
4.2.5 version, if you are Snow-leopard user, the 4.4.0
should work.

(¢) Unzip the package and rename the expanded folder
“gnuplot.”

(d) Move the gnuplot folder to your bin directory.

(e) In a terminal session, navigate to your ~/bin/gnuplot
directory.

(f) Type ./configure --with-readline=builtin
and press enter key.

g) Type make and press enter key.
h) Type sudo make install and press enter key.
Type your password and press enter key.

)
) Installation will proceed and compile the executable gnuplot
file in the ~/bin/gnuplot/src directory.

3. Installation

1. If not already done, create a “bin” directory in your home
directory (~/bin/).

2. Download  (http:/www.novocraft.com/) and install
Novoalign (2.04.03 or later) and Novoindex (2.4 or later), in
a ~/bin/novocraft directory.

3. Download the visitor file at http://drosophile.org/
GEDlab/?page_id=254, or copy/paste the visitor script in a
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text file named visitor. Copy the visitor file in your ~/bin/
directory. Make executable the visitor script by typing chmod
755 ~/bin/visitor and pressing enter.

. Set the $PATH environmental variable so that programs in

the bin directory are permanently accessible under your shell
sessions:

Using an in-line text editor (nano, vi, etc...), add these lines
to your ~/.profile file:

PATH=$PATH:~/bin:~/bin/gnuplot/src:~/bin/
novocraft

export PATH

For example, in terminal, type nano ~/.profile and press

enter. Copy the two above lines in the opened window. Press
Ctrl-O and press enter to write out, then press Ctrl-X to exit
nano.

4. Running
VISITOR

4.1. Prerequirements

1. If you installed gnuplot on your computer, delete the # char-

acter at line 10 of the visitor script, using a text editor that
respects UNIX LF.

. Create a directory ~/fasta_files, in which the reference libraries

(D. melanogaster and viruses) will be stored.

D. melanogaster genome: the up-to-date version can be found
at tip:/fip flybase.net/genomes/Drosophila_melanogaster,/
dmel_r5.26_FB2010_03 /fasta/.

Download the dmel-all-chromosome-rX.YY.fasta.gz file
(~48Mbytes), expand it, and use the resulting .fasta file.

Viral genome(s): You can include as many viral genomes as
you want in a viruses.fa file, which you save in a fasta
format. We strongly recommend not using space charac-
ters in the fasta headers, as Novoalign will cut out head-
ers after the first space character encountered.

Example:

>my virus 1
ATTGTGCTG

ATGGTTCCC

>my virus 2
TTACCCGGATGCCG
TTAGGCCATGGACGTA
GCCATGATGACCATGACCA
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4.2. Running visitor

Important: files should be saved with UNIX Line break
characters (UNIX LF). Avoid manipulating your viruses.fa
fasta file using classical text editors such as Microsoft Word
which code the line break characters differently.

3. Create a working directory. For example, in terminal, type
mkdir ~/my analysis and press return.

4. Copy your Illumina sequence file in the working directory
created above.

This file must be in an [llumina fastq format and is most often
named as s_lane_sequence.txt, where lane stands for a digit.
For simplicity, we recommend to rename the file as s/chanel number |,
for example, s1. It contains millions of blocks of 4 lines similar to:

@HWI-EAS285:1:1:1582:1499#0/1
GGATAAGGATTGGCTCTATCTCGTATGCCGTCTTCT
+HWI-EAS285:1:1:1582:1499#0/1
aa®a J\\[_IV[*a®]1R] " [VIQSXOVVJIQQ] ZKZ

The fourth line of a block describes the quality value associ-
ated to each nucleotide of the read, whose sequence is in the
second line of the block. Note that in the Illumina Casava Pipeline
1.3 and in later versions, encoding of the quality has changed. If
you analyze older Illumina fastq files generated with the pipeline
pre-1.3, you will be prompted to specify it when running visitor.

1. Open a terminal session.

2. Navigate to your working directory by typing cd ~/my
analysis

3. Type visitor <full path to illumina fastg
file> <3’ adapter> <full path to Drosophila
genome fasta file> <full path to viruse genomes
fasta file> where <3’ adapters is the nucleotide
sequence of the 3" adapter used for library preparation.

Example:

visitor /Users/my analysis/s1lCTGTAGGCACCATCA
ATCGT /Users/fasta files/dmel-all-chromosome
-r5.26.fasta /Users/fasta files/viruses.fa

At starting, you will be prompted to choose whether or not
to perform the quality sequence analysis of the fastq file. This is
useful when you analyze a sequencing run for the first time, but
can be omitted to save time if you redo the analysis using differ-
ent reference genomes.

You will also be prompted to indicate whether the Illumina
fastq file was generated using the Illumina Casava pipeline 1.3 or
later (most cases) or using a pipeline pre-1.3 (the Casava pipeline
1.3 was released by Illumina in march 2009).
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4.3. Output Files

After providing this information, vzsitor will run autonomously.
Depending on the performance of your computer, the complete
process may take from several minutes to a couple of hours. Hence,
consider that taking two minutes to correctly type the visitor com-
mand line may save you a lot of time and headache.

A successtul visitor run generates a number of files.

1. .tab files are outputs from Novoalign jobs.

2. .fa files are fasta files of read sequences. Names of .fa files are
selt-explanatory. Note the format of the fasta headers in these
files: >identifier occurence where identifier is an arbitrary
unique reference number of the sequence and occurrence is the
number of time the sequence has been read in your sample.

3. minus_plot, plus_plot, .plt files are all used to generate .eps
profiles. Names of all these files are also self-explanatory.
These files will be generated but not used if gnuplot is not
enabled in visitor (see Subheading 2, item 4). However, note
that the minus_plot and plus_plot file are straight, tabulated
file that can be used to generate viral profile graph using dedi-
cated software such as R or Excel. If you are familiar with
gnuplot, the .plt files are gnuplot scripts that can be modified
using a text editor and run again to adapt the output format
of the .eps files to your convenience (changing the legends,
the axis labels, the axis ranges, etc.).

4. .eps files are virus profiles, where y-axis represents number of
reads on the positive or the negative strand, and x-axis repre-
sents nucleotide coordinates in the viral genome. Note that
these profiles are generated only for reads ranging from 19 to
21 nucleotides. These values can be changed in the visizor
script at lines 306 and 307.

5. The xx_GLOBAL_REPORT.txt is a text file containing a
summary of the analysis, which includes:

(a) Mean sequence quality score for the run.

The table represents the mean quality score for each
nucleotide position in the run. It is coded on a 0 to 62
scale. Mean quality typically ranges from 20 to 40 in an
acceptable run and progressively decline with the sequence
position. See http://en.wikipedia.org,/wiki/FASTQ _
format for relationship between quality value and the
sequence error probability.

(b) Total small RNA size distribution.
Visitor performs its own search for adapter sequences in
the reads and uses the information to compute the size
distribution of small RNAs in your library. This allows to
monitor the number of sequences available for analysis, as
well as the frequency of self-ligated 3'-5" adapters which
appears at the position 0 of the table (insert size = 0).
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(c)

D. melanogaster matching step.

This self-explanatory section describes how many reads were
analyzed by Novoalign, how many reads were discarded due
to poor quality value, how many reads were matched to the
D. melanogaster genome, and how many reads were left for
subsequent matching with viral genomes.

(d) Viral library matching step.

This section shows the total viral small RNA size distribu-
tion in the library as well as the small RNA size distribu-
tion of reads that matched neither the D. melanogaster
genome nor the viral reference library. You may have a
look to these sequences if you are interested in the iden-
tification of new viruses (3).

Size distributions of viral hits, by virus.

This section shows the viral small RNA size distribution
for each virus present in the viral reference library. Note
that if a read matches with more than one virus, this read
will be counted in all the corresponding distributions.

GLOBAL VIRAL HITS table.

This section reports for the fraction of hit matches for
each virus. Note that this is calculated as the number of
matches for a given virus divided by the total number of viral
matches on the viral library. If your library contains only
one virus, the fraction will be equal to 1. On the other
hand, if your library contains two identical sequences
(>my_virus and my_virus_copy), the fractions will be 0.5
tor each virus. Keep this information in mind when viral
genomes with sequence similarity are included in the viral
reference library.

5. Visitor Script

#!/usr/bin/perl -w
# GED pipeline for analy
# version 1.0 : June 8,

# Usage:

sis of solexa viral sequence reads

2010

# visitor <Illumina fastqg file> <3’ adapter sequence> <full path to

Dmel fasta librarys> <ful

use File::Basename ;
Sgnuplot = “absent”
#Sgnuplot = “present”; #

1 path to viruses fasta librarys

uncomment if gnuplot installed
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$illumina fastqg file = shift @ARGV;

Sprefix identifier = basename $illumina fastqg file;

Sprefix_identifier =~ s/\..*// ;

Sadapter sequence = shift @ARGV;

Sadapter sequence =~ tr /atgc/ATGC/ ;

Sreporting = $prefix identifier.” GLOBAL REPORT.txt”;

print “Do you want to perform the quality sequence analysis ?\n”;
print “’'Yes’ is the default option. to skip the step (if you already
performed it), enter ‘no’, otherwise, type any key and press
return\n”;

chomp ($sequence analysis subroutine = <STDIN>) ;

print “\nWhat is the quality format of the Solexa fastqg file?\n”;
print “If the Solexa file was generated with the Illumina Casava
Pipeline v1.3 or later, enter ‘1’ (Default option)\n”;

print “else enter ‘2’ :\n”;

$illumina_ fastg format = “0”

while (($illumina fastqg format ne “1”) and ($illumina fastqg format ne
w27)) {chomp ($illumina_ fastg format = <STDIN>);};
if ($illumina fastg format eq “1”) {$illumina fastq format =

“ILMFQ”;} else {$illumina fastqg format = “SLXFQ”;} ;

open (REPORTING, “>$Sreporting”) ;

sub quality control ({
#### PART 1 : QUALITY CONTROL AND SIZE DISTRIBUTION OF READS ####
#generating regular expression for linker 5’ seed
$linker = substr ($Sadapter sequence,0,7); # 7nt first nucleotides
print “adapter seed: $linker\n”;
S$SsubstA= “[TGC\\.l”";
SsubstT= “[AGC\\.1”;
$substG= “[TAC\\.1]”;
$substC= “[TGA\\.1”;
for ($i=0 ; $i<7 ; $i++) {

my Sposition = substr ($linker, $i, 1);

if (Sposition eg “A") {

$sous_motif = substr($linker, 0, $i).S$substA.substr($linker, $i+1)



Visitor, An Informatic Pipeline for Analysis of Viral siRNA Sequencing Datasets 131

elsif ($position eq “T”) {
$sous motif = substr($linker, 0, $i).$substT.substr($linker, $i+1)

}

elsif ($position eq “G”) {
$sous motif = substr($linker, 0, $i).$substG.substr($linker, $i+1)

else {$sous_motif = substr($linker, 0, $i).S$substC.substr ($Slinker,
$i+1)

}i

push (@imperfect motives, $sous_motif) ;

}

$perfect motif = “(“.substr($linker, 0, 6).”\$|”.”$linker)”;
Simperfect motif = join “|", @imperfect motives ;
Simperfect motif= “(“.$imperfect motif.”)” ;

# parsing fastq file for quality mean by position, and size distribu-
tion of trimmed reads
print “##analyzing quality score and insert size distribution##\n\n”;
$score position = ();
$scanned_lines=0;
Smatched lines=0;
open (ILLUMINA FASQ FILE, “$illumina fastqg file”);
while (<ILLUMINA FASQ FILE>) {
$scanned_lines++;
if (($scanned lines % 4) == 2) { # trimming
if (m/(.*)$perfect motif/) {$size = length $1; S$matched
lines++; Sperfect matched++; $trimmed size{$size}++;} # search for
perfect 7-match, or perfect 6-match at the end of the string (regular
expression engine is greedy)
elsif (m/(.*)Simperfect motif/) {$size = length $1; $matched
lines++;$imperfect matched++; $trimmed size{$size}++;}; # search for
imperfect matches, starting from the end of the string (regular
expression engine is greedy)

}i

if (($scanned lines % 4) == 0) { # quality scoring by position
if (($scanned lines % 2000000)==0) {print $scanned lines/4,”

scanned sequences\n";};
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Squality string = $_ ;

for ($1i = 1; $i < 37 ; Si++) { # adapt $i max if read lengh

is > 36 nt

$ascii value = substr $quality string, $i-1, 1 ;

Squality value = (ord $ascii value) -64 ;

$score position{$i} += Squality value ;

}

close ILLUMINA FASQ FILE ;

print “\n”;

print REPORTING
print REPORTING
print REPORTING
print REPORTING

N S R a0

“Mean Sequence Quality Score for the run\n” ;

N R \n\n" ;

“position\tmean score\n”;

foreach S$position (sort {$a<=>$b} keys %score position) {

$mean quality value = $score position{Sposition}/($scanned lines/4) ;

print REPORTING “$position\tSmean quality value\n”;

}

$score_position
print REPORTING
print REPORTING
print REPORTING
print REPORTING
print REPORTING
print REPORTING

= (); # flush %score position
S \ 0
“Analysis of insert sizes in the sequenced library\n” ;
S S H R A0\ ;
“scanned sequences: “, $scanned lines/4,”\n”;
“trimmed sequences: Smatched lines\n”;

“untrimmed sequences: “, (S$scanned lines/4)-S$perfect

matched - $imperfect matched,”\n”;

print REPORTING
print REPORTING
print REPORTING
print REPORTING

Ssum = 0;

“perfect linker matches: S$Sperfect matched\n”;
“imperfect linker matches: s$imperfect matched\n\n”;
“# Size distribution of trimmed inserts #\n”;

“size\tread number\n”;

foreach $size (sort {$Sa<=>$b} keys %trimmed size) {

print REPORTING “$size\t$trimmed size{$size}\n”;

$sum += Strimmed size{Ssize};
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print REPORTING “sum\t$sum\n\n”;

}; # end of sub

&quality control unless ($sequence analysis subroutine eqg “no”) ;

#### PART TWO : NOVOALIGN MATCHING AGAINST D. mel genome ####

# squashing D.mel fasta library

$Dmel full path = shift @ARGV ;

$Dmel squashed library = “Dmel.squash”;

$novoindex call = “novoindex $Dmel squashed library $Dmel full path”;

system $novoindex call ;

# Calling novoalign for fastqg file matching with the squashed D. mel
library

Snovoalign output file = $prefix identifier.” novoalign Dmel matching.
tab”;

Snovoalign call = “novoalign -d $Dmel squashed library -f $illumina
fastqg file -F $illumina fastqg format -a$adapter sequence -r Random -t
30 -o N > $novoalign output file”; # t paramater (threshold quality)
set to 30, may be adjusted, or removed

print “starting read alignment with Dmel genome\n”

print “Please, be patient\n\n” ;

system S$novoalign call ;

# REGENERATION of a FASTQ *Sanger* file for next alignment with viral
genomes

Sunmatched sanger output = S$prefix identifier.” Dmel unmatched.sfastqg”
open FILE, “$novoalign output file”;

open UNMATCHED SANGER OUTPUT, “>$Sunmatched sanger output”;
Sreadcount = 0;

$Dmel readcount = 0;

Sunmatched readcount = 0;

$QC readcount = 0;
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while (<FILE>) {
unless (m /*#/) {
Sreadcount++; # this will again count all reads from the

starting illumina fastq file.

(sheader, s$sequence, $sanger quality, $status) = (split /\t/)
[0,2,3,4];
if (($status eg “R”) or ($status eq “U”)) {

$Dmel readcount++;
}
elsif ($status eq “NM\n”)
Sunmatched readcount++;
print UNMATCHED SANGER OUTPUT “Sheader\n”;
print UNMATCHED SANGER OUTPUT “$sequence\n”;
print UNMATCHED SANGER OUTPUT “+\n”;
print UNMATCHED SANGER_OUTPUT “$sanger quality\n”;

}

else {$QC readcount++;};

}i
}i
close FILE ;
close UNMATCHED SANGER_OUTPUT ;
print REPORTING “##ft###H#HfH####H###HHd# ) \n”
print REPORTING “D. melanogaster matching step\n”
print REPORTING “###########4######HHHH A H####HHHHH \n\n" ;
print REPORTING “\n$readcount reads were analyzed by novoalign\n”;
print REPORTING “$QC readcount reads were discarded due to poor qual-
ity value\n”;
print REPORTING “Dmel matched reads: “, $Dmel readcount, “\n” ;

print REPORTING “Unmatched reads for next round: Sunmatched readcount\n”

#### PART THREE : NOVOALIGN MATCHING AGAINST VIRAL GENOMES - GLOBAL
MATCHING #######

# squashing virus library

print “Squashing viral library\n”;

$viruses full path = shift @ARGV ;

S$viral squashed library = “viruses.squash”;
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Snovoindex call = “novoindex $viral squashed library $viruses full
path”;

system $novoindex call ;

# Calling novoalign for sanger fastqg file matching with the squashed

viruses library

S$novoalign output file = $prefix identifier.” novoalign Viruses match-
ing.tab”;
$novoalign call = “novoalign -d $viral squashed library -f

Sunmatched sanger output -r Random -t 30 -o N > $novoalign output
file”; # t paramater (threshold quality) set to 30, may be adjusted,
or removed. A this step the sanger quality file format is automati-
cally detected by novoalign

print “starting read alignment with viruses\n”

print “Please, be patient\n\n” ;

system S$novoalign call ;

#parsing viral alignments for viral matches and unmatched fasta files
S$fasta_unmatched output = $prefix identifier.” unmatched reads.fa”;
$fasta viral output = $prefix identifier.” all virus matches.fa”
open FILE, “$novoalign output file”;
open GLOBAL VIRUS OUTPUT, “>$fasta viral output”;
open UNMATCHED VIRAL OUTPUT, “>$fasta unmatched output”;
$viral readcount = 0;
Sunmatched readcount = 0;
$QC readcount = 0;
$viral reads = ();
$unmatched reads = ();
$histo viral sizes = ();
$histo_unmatched sizes = ();
while (<FILE>) {
unless (m /*#/) {
($sequence, S$status) = (split /\t/) [2,4];
if ((Sstatus eq “R”) or ($status eq “U”)) {
Sviral readcount++;
$viral reads{$sequence}++;

$histo viral sizes{length S$sequence}++;
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elsif ($status eg “NM\n”) {
Sunmatched readcount++;
$unmatched reads{$sequence}++;
$histo unmatched sizes{length $sequence}++;
}
else {3$QC readcount++;
Vi
}i
}i
$i = 0;
foreach S$sequence (keys $%viral reads) {
Si++;
print GLOBAL VIRUS OUTPUT “>$i”,” $viral reads{$sequence}\
nsSsequence\n” ;
}i
foreach $sequence (keys %unmatched reads) {
Si++;
print UNMATCHED VIRAL OUTPUT “>$i”,” S$Sunmatched reads{$sequence}\
n$sequence\n” ;
}i
print REPORTING “\n################4HHEEEHHHHHHHHH R\ ;
print REPORTING “Viral library matching step\n” ;
print REPORTING “####HHiHH##########4HHHHH##### #8484 \n\n" ;
print REPORTING “\nsize distribution of viral reads\n”;
print REPORTING “size (nt)\tfrequency\n”;
Ssum =0;
foreach $size (sort {$a<=>$b} keys %histo viral sizes) {
print REPORTING “$size\t$histo viral sizes{$size}\n”;
$sum += shisto viral sizes{$size} ;
Vi
print REPORTING “sum\t$sum\n”;
print REPORTING “\n\nsize distribution of unmatched reads\n”;
print REPORTING “size (nt)\tfrequency\n”;
Ssum =0;
foreach $size (sort {$a<=>$b} keys %histo unmatched sizes) {
print REPORTING “$size\t$histo unmatched sizes{$size}\n”;
$sum += Shisto unmatched sizes{$size} ;

}i
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REPORTING
REPORTING
REPORTING
REPORTING

matched\n\n”;

close

FILE ;

“sum\tS$sum\n” ;
w \n" .
I’
“$viral readcount viral reads identified\n”;

“$unmatched readcount remaining reads were not

close GLOBAL_VIRUS OUTPUT ;

close UNMATCHED VIRAL OUTPUT ;

#### PART FOUR

137

LAST NOVOALIGN MATCHING WITH VIRAL GENOMES LIBRARY,

USING THE FASTA VIRAL READS FILE ####

# Calling novoalign for fasta file matching with the squashed viruses

library

Snovoalign output file = $prefix identifier.” FASTA Viruses_matching.
tab”;

$novoalign call = “novoalign -d $viral squashed library -f $fasta_

viral output -r ALL -t 30 -o N > $novoalign output file”; # t para-

mater (threshold quality) set to 30, may be adjusted, or removed |

Note that ALl matches are now reported

print “remaking read alignment with viruses for additional analyses\n” ;

print “Please, be patient\n\n” ;

system $novoalign call ;

# FIRST PASSAGE ON THE NOVOALIGN OUTPUT FILE TO

# determine the number of match for each sequence in each virus

(internal repeats) for subsequent normalization

# implement virus table for fasta reporting

# implement virus histograms

$virus_table =

0

Ssequence - for fasta virus files

$repeat table =

() ; # repeat table{virus identifier}{read fasta

; # Svirus table{$virus name}{$target header}=

header}= number of matches in the *considered* viral genome (internal

repeats)

open

(TAB,

“Snovoalign output file”) or die ;
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while (<TAB>) {

unless (m/"#/) {

my (Sread header, $sequence, sStarget header) = (split /\t/)
[0,2,71;

next unless (defined $target header) ;

$virus table{$target header}{$read header}= $sequence ;

$repeat table{$target header}{$read header} += 1;

}i
}; # each sequence read is now referenced in the %repeat table hash,
with the number of matches in the considered virus

close TAB ;

#printing fasta virus files, and histogram of read size distribution
for each virus
print REPORTING “##Hft########H i # i # i # HH  H  H H  E \n ;
print REPORTING “Size distributions of viral hits, by viruses\n”
print REPORTING “#H######HHHHHEHEHEH R HEHEH R \n\n”
$total viral hits = 0;
foreach S$virus (sort keys $virus table) ({
(stemporary virus_ identifier = $virus) =~ s/>//;
my $file = $prefix identifier.” Stemporary virus_ identifier”.”.fa”
open (FILE, “>s$file”) or die ;
$histo_virus = ();
foreach Sread (keys %{$virus table{$virus}}) {
print FILE “$read\n$virus table{$virus}{$read}\n”;
(soccurence = S$read ) =~ s/>\d+_// ;
$histo virus{length $virus table{$virus}{Sread}} +=
Soccurence ;
}i
print REPORTING “\nread size distribution for S$temporary virus
identifier hits\n”;
print REPORTING “size (nt)\tfrequency\n”;
Ssum = 0;
foreach $size (sort {$a<=>$b} keys %histo virus) {
print REPORTING “$size\t$histo virus{$size}\n”;
$sum += Shisto virus{$size};
}
print REPORTING “sum\tS$sum\n”;

$viral hit table{$temporary virus identifier}=$sum ;
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Stotal viral hits += $sum;
close FILE ;

i

# LAST PASSAGE ON THE NOVOALIGN OUTPUT FILE TO IMPLEMENT 3%STEP_ TABLES
Sstep = 1 ; # this parameter may be changed for grouping reads on
blocks of nucleotides

Srange min 19;

Srange max = 21; # will only plot 19-21nt lenght viral siRNAs. These

parameters may be also adjusted.

Srange = S$range _min.”-”.$range max.”nt”;
%$step table plus = (); # step table plus{$virus}{Forward offset} =

Sread_occurence
%step table minus = (); # step table plus{$virus}{Reverse offset} =
Sread occurence
open (TAB, “$novoalign output file”) or die ;
while (<TAB>) ({
unless (m/"#/) {
(sread_header, $sequence, S$target header, $target offset,
$strand) = (split /\t/)I[0,2,7,8,9];
next unless (defined $target header) ;
if ((srange min <= (length $sequence)) and ((length $sequence) <=
$range max)) {
(soccurence = Sread header) =~ s />\d+_// ; # extract
occurence from the fasta_ target_ header
if ($strand eq “R”) {$target_offset = Starget offset +
(length $sequence) -1}; # reversion of the offset due to novoalign
offset assignment procedure
Sstepped offset = Starget offset - (Starget offset % $step) ;
$step table plus{$target header}{$stepped offset} +=
($occurence/$repeat table{Starget header}{$read header} ) if ($strand
eq “F”);
$step table minus{$target header}{$stepped offset} -=
($occurence/$repeat table{Starget header}{$read header} ) if ($strand
eq “R”);
)i
}i
}i

close TAB ;
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Snormalization factor = 1; ##H#####HHEHHEHHAHHEHH#EHH# NORMALIZATION
FACTOR to normalize plotting if needed (for instance for comparison
of results from different libraries)

$min data = “”;

Smax data = “”; # smin data and $max data may be changed for gnuplot

representation (for instance, $min data = “-400” and $max data="+400")

# ITERATIVE VIRUS ANALYSIS AND PLOTTING, THIS PART WILL CYCLE ON
FASTA VIRUS IDENTIFIERS ($virus)

foreach S$virus (sort keys $virus table) ({

Sminusplot = $prefix identifier.” $virus”.” S$range”.” minusplot”;
Sminusplot =~ s/>//9;

Splusplot = $prefix identifier.” $virus”.” S$range”.” plusplot”;
$plusplot =~ s/>//;

Seps_output = “$virus”.” Srange.eps”;

Seps_output =~ s/>//g;

open (MINUS, “>$minusplot”) or die ;

open (PLUS, “>Splusplot”) or die ;

foreach $offset (sort {$a<=>$b} keys %{$step table plus{$virus}}) {
$step table plus{$virus}{Soffset} *= $normalization factor ;
print PLUS “$offset\tS$step table plus{$virus}{Soffset}\n”;
Smax offset = Soffset;

}i

foreach Soffset (sort {Sa<=>$b} keys %{$ step table

minus{$virus}}) {

$step table minus{$virus}{$offset} *= $normalization factor ;
print MINUS “$offset\t$step table minus{$virus}{Soffset}\n”;
if (Soffset>$max offset) {$max offset = Soffset;};

}i

close MINUS ;

close PLUS ;

$script file = $prefix identifier.” $virus”.” S$range”.” gnuplot

plotter script.plt”;
$script file =~ s/>//;
open (SCRIPT, “>$script file”) or die ;
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if ($normalization factor == 1) {$graph_title = “Read distribu-
tion on $virus";} else {$graph_title = “$normalization factor
Normalized Read distribution on $virus”;};

print SCRIPT “#!/usr/local/bin/gnuplot\nset output \”S$Seps
output\”\nset terminal postscript colour solid\nset grid layerdefault
linetype 0 linewidth 0.500, linetype 0 linewidth 0.500\nunset key\
nset border 31 front linetype -1 linewidth 0.200\nset xzeroaxis
linetype -1 linewidth 0.500\nset yzeroaxis linetype -2 linewidth
0.500\nset ticslevel 0.3\nset title \”sSgraph title\”\nset title
offset character 0, 0, 0 font \”\” norotate\nset xlabel \”Coordinates
(nt)\”\nset xlabel offset character 0, 0, 0 font \”\” textcolor 1lt -1
norotate\nset xrange [ * : Smax offset ] noreverse nowriteback\nset
ylabel \”Number of reads\”\nset ylabel offset character 0, 0, 0 font
\”\"” textcolor 1t -1 rotate by 90\nset yrange [$min data : Smax datal
noreverse nowriteback\nGNUTERM = \”aqua\”\nplot \”$plusplot\” using
1:2 with impulses, \”$minusplot\” using 1:2 with impulses\n# EOF\n”;

close SCRIPT ;

system “gnuplot $script file” if ($gnuplot eqg “present”) ;

}i

print REPORTING “#######H#H# i d G s
print REPORTING “GLOBAL VIRAL HITS table\n”
print REPORTING “HH#H#H#### R HRHEHE S \n\n”
print REPORTING “Virus\tRead hits\tFraction\n”;
foreach $virus (sort {$viral hit table{$b}<=>$viral hit table{$a}}
keys %viral hit table) ({

print REPORTING “$virus\t$viral hit table{$virus}\t”, $viral hit
table{$virus}/Stotal viral hits, “\n”;
Vi
####H#H##E Cleaning
close REPORTING ;

unlink “$Dmel squashed library”, “$viral squashed library” ;
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Chapter 8

Computational Prediction of Viral miRNAs

Adam Grundhoff

Abstract

While cloning and /or massive parallel sequencing of small RNAs represent powerful tools for the discovery
of novel miRNAs, computational miRNA prediction represents a valuable alternative which can be
performed with comparably little technical effort. This is especially true for viruses, as the number of
predicted candidates generally remains low and thus within a range that may be readily confirmed by
experimental means. Here, we provide a detailed protocol for the prediction of putative miRNA genes
using VMir, an ab initio prediction program which we have recently designed specifically to identify pre-
miRNAs in viral genomes.

Key words: microRNA, miRNA, miRNA prediction, Viral miRNA, VMir, RNAi, Noncoding
RNA

1. Introduction

Mature microRNAs (miRNAs) are produced from primary
precursor transcripts (called pri-miRNAs) via two endonucleolytic
cleavage steps: The first step, carried out by the Drosha-containing
microprocessor complex, liberates a stem-loop structure (termed
pre-miRNA) from the pri-miRNA transcript. The pre-miRNA is
then transported to the cytoplasm and further processed by Dicer
to produce the mature miRNA duplex (see refs. (1, 2) for recent
reviews on miRNA biogenesis). As neither pre- nor pri-miRNAs
share any common sequence motif, it is thought that the pre-
miRNA hairpin structures themselves represent the primary sig-
nal which initiates Drosha processing. Since such structures can
be easily identified via minimal free energy folding, nearly all ab
initio computational miRNA prediction approaches rely on the
detection of genomic sequences able to form signature pre-miRNA
stem loops. However, hairpins are also among the simplest secondary
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structures and are therefore predicted abundantly in all sequences.
The challenge for computational miRNA prediction methods
therefore is not the primary detection of the candidates per se,
but to achieve efficient elimination of large numbers of false posi-
tive predictions while maintaining as many authentic pre-miRNAs
as possible. As the majority of cellular miRNAs are conserved
even between distantly related species, many prediction programs
use evolutionary conservation as an additional filter to reduce the
number of false positives. Such filters have great discriminative
power, but they are of limited use in the case of viral genomes,
given that viral miRNAs tend not to be conserved even between
relative closely related viruses (however, some exceptions to this
general rule exist (3, 4)). Therefore, in most cases it is preferable
to use ab initio prediction methods to identify viral miRNAs, even
though these methods produce more false positives. Fortunately,
the small genome sizes of viruses will lead to a limited number of
predictions which can be readily subjected to experimental confir-
mation. In this chapter, we provide a detailed protocol for the use
of the VMir program (4-8) to perform a computational predic-
tion of viral pre-miRNAs. We also describe how the output may
be filtered depending on the method to confirm the predictions:
high-throughput confirmation screens by microarray analyses, or
northern blot analyses for confirmation of individual miRNAs.

2. Materials

The miRNA prediction method described here requires the VMir
software package and one or more files containing the genomic
sequences to be analyzed; the latter may be in raw text, FASTA or
GenBank format. The latest version of the VMir software (v1.5 as
of the time of this writing) can be downloaded from the following
URL: http://www.hpi-hamburg.de /research /departments-and-
research-groups/antiviral-defense-mechanism /software-down-
load.html. To install the software, you will need a computer
running a Windows operating system; the software will not run
on Linux or MacOS systems. The VMir package also requires the
Microsoft .NET Framework v2.0 or higher; in case your machine
does not already have the framework, it will be installed automati-
cally during the setup process.

Unzip/extract the downloaded software archive to a folder on
your hard drive and click the Setup.exe file, then follow the instruc-
tions provided on the screen. This will install two programs: VMir
Analyzer (which performs the actual analysis) and VMir Viewer
(which allows viewing of results files written by VMir Analyzer).
You can start both programs from the “VMir” folder located in
the Programs folder of your Start Menu. You will also find short-
cuts to the program’s documentation in this folder.



Computational Prediction of Viral miRNAs 145

3. Methods

3.1. Primary Sequence
Analysis Using VMir
Analyzer

The analysis is performed in two steps: First, the miRNA
candidates are predicted using the VMir Analyzer, which accepts
one or more input files containing the viral DNA sequences. The
program predicts secondary RNA structures of overlapping
sequence windows tiled across these sequences, followed by iden-
tification and scoring of putative pre-miRNA hairpins. The results
of the analysis are written to an output file which can be subse-
quently opened in the VMir Viewer. This program allows the
visualization, filtering, and export of the predicted hairpins. It can
also be used to design microarrays to perform high-throughput
validation of the predicted candidates.

1. Launch VMir Analyzer (in Windows XP, select “All
Programs>VMir>VMir Analyzer” from the Start Menu).
The analysis window as shown in the screenshot in Fig. la
will appear.

2. Add one or more sequence files containing the genomic
sequences you wish to analyze by clicking the “Add File” but-
ton. GenBank, FASTA, and raw text files are acceptable file
formats.

3. A dialog in which you can specify several options for each of
the sequence files will appear (you can also make changes
later by selecting one or more files from the list and clicking
the “Edit” button). Click the “Output File” button to select
the name and location at which the results file should be
saved (this button will be grayed out if more than one file is
selected). In the “Conformation” drop-down box, select
whether your input sequence is linear or circular. If you
choose circular, the program will also tile windows across the
junction of the head-to-tail fused input sequence. Under
“Orientation(s),” you can choose “Direct,” “Reverse,” or
“Both,” depending on which of the sequence strands should
be analyzed. We recommend leaving the remainder of the
options at their defaults, although you may for example
change the length or step size of the tiled sequence windows
(see Note 1).

4. Click the “Go” button in the lower right corner of the pro-
gram window. The program will analyze the sequence file and
provide feedback of its progress in the task panel at the bot-
tom half of the window. On an average computer system, you
should expect the program to run for approximately 10-30 s
per kb and sequence strand. Therefore, analysis of, for exam-
ple, both strands of a 150-kb herpesvirus will take around
1.5 h.
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Fig. 1. VMir Screenshots. The screenshots show the main windows of the analyzer (a) and viewer (b) programs from the

VMir package.

3.2. Visualization,

1. After the analysis program has finished, launch VMir Viewer

“All

Filtering, and Export (see Fig. 1b for a screenshot) by selecting
of Results Using VMir Programs > VMir > VMir Viewer” from the Start Menu.
Viewer

2. From the “File” menu, select “Open File,” then browse to

the location of the result file generated by VMir Analyzer.
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The hairpins identified during the analysis will be symbolized
in the chart panel by blue triangles (hairpins in direct orienta-
tion) or green diamonds (hairpins in reverse orientation)
according to their location (x-axis) and VMir score (y-axis).
Click on a symbol to select and view details about a hairpin in
the information panel in the lower half of the program win-
dow. An image of the predicted hairpin structure will be dis-
played in the graphics panel to the right. By default, the
program shows the complete stem-loop structure, which may
be several hundred nucleotides in size. As the microprocessor
complex recognizes the apical portion of the hairpin, you may
wish to display only this part of the stem-loop: to do so, check
the “Trim Size” box at the bottom of the picture panel and
double-click on the label showing the size value to select the
maximum number of nucleotides to be shown in the graphics
panel.

. When you use VMir Viewer for the first time after installa-

tion, all stem-loop structures which have been identified dur-
ing the analysis step are shown. For large virus genomes (e.g.,
herpesviruses), this can amount to several thousand hairpins
(see Fig. 2a for the primary output from an analysis of the
Epstein—Barr virus (EBV) genome). The output can be filtered
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Fig. 2. VMir prediction of EBV pre-miRNAs. Depicted is the output from the prediction of pre-miRNAs encoded by
Epstein—Barr virus (EBV, GenBank accession number NC_007605) under different filtering and stringency conditions. The
primary analysis was performed as described in (5). Only hairpins in direct orientation are shown. Solid black triangles
indicate the 25 authentic (i.e., experimentally confirmed) pre-miRNA stem loops encoded by EBV (3-5, 11, 12). Open gray
triangles represent false positives. (@) Shows all predicted hairpins, without any filtering or stringency adjustment. In
(b), the stem loop predictions are filtered to those which fold in 35 or more windows and which are between 50 and 220 nt
in size. In (c) and (d), the stringency adjustment of the scoring algorithm was additionally set to 50 and 100%, respectively,
of its maximum value. The dashed lines in (b—d) indicate the position of the highest scoring false positive prediction.
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to identify those candidates with the highest probability of
representing bona fide pre-miRNAs. The parameters of the
filtering procedure are user adjustable (see Note 2): Select
“Filter” from the “Edit” menu to open the filter dialog. You
will be presented with a window that allows you to enter a
minimal score as well as a cutoff value for the “Window
Count” of the hairpins, which represents the number of over-
lapping sequence windows in which the hairpin was detected.
We recommend to initially use values of 115 for the score and
10-35 for the window count cutoffs (see Note 3). You can
also limit the output to only display the hairpins mapping to
one of the sequence strands, or only hairpins with a length
that falls in a specific range (see Note 4). Figure 2b shows the
output from the analysis of the EBV genome after selecting a
minimal window count of 35 and a hairpin length between
50 and 220 nucleotides. The filter settings are saved when
you close a file and exit VMir viewer; they will be restored
when you restart VMir or open another file.

. VMir was originally designed as a low-stringency ab initio

prediction method which minimizes the number of false neg-
ative predictions. Inevitably, this comes at the cost of rela-
tively large numbers of false positives. We reasoned that the
latter does not represent a problem for the analysis of viral
sequences, as even large virus genomes produce a limited
number of predictions which can be easily screened by high-
throughput microarray methods. We realize, however, that
many researchers might not want to carry out a microarray-
based verification screen, but rather prefer to perform north-
ern blotting to individually confirm the predicted candidates.
In this case, it is preferable to minimize the number of false
positive predictions, even if this may result in the elimination
of some bona fide pre-miRNAs. In the current version of the
software, we have therefore incorporated the possibility to
increase the stringency of the predictions by imposing score
penalties upon hairpins which have features that are unusual
tor bona fide pre-miRNAs (see Note 5). To use this feature,
select “Adjust Score Stringency” from the “Edit” menu.
A window with a slider control will open; move the slider
from left to right to increase the stringency from its lowest
(0%) to the highest possible value (100%). Figure 2¢ and d
show the output of the VMir predictions with the same filter
settings as in Fig. 2b, but with the stringency increased to
50% (Fig. 2¢) and 100% (Fig. 2d). Note that, in contrast to
the filter settings, the stringency parameter is not saved and
will default to 0 every time you open a VMir file.

. Once you have filtered the predictions according to your

preferences, you can export the results by choosing the
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“Export” option from the “File” menu. This will save a text
file which lists the specific prediction and filtering parameters
and contains detailed information about all filtered hairpins
(sorted in descending order by their score). You can use this
file to design probes for northern blot confirmation of the
individual hairpins (see Note 6). Alternatively, if you wish to
perform microarray validation experiments, VMir contains
tools for the design and analysis of custom microarrays which
can be accessed by selecting “Microarrays” from the “Tools”
menu. See the “Designing Microarrays” and “Analyzing
Microarrays” sections of the VMir documentation for detailed
instructions of how to use these tools.

4. Notes

. VMir predicts hairpins by shifting a window of defined size

over the input sequence, advancing each window by a given
step value. Within each window, the program performs a
structure prediction by minimal free energy folding using the
RNAfold algorithm (9) and identifies individual hairpins
above a given size cutoff (45 nt), which are then analyzed by
the scoring algorithm. By default, the window size is set to
500 nt and the step size to 10 nt. The large overlap between
successive sequence windows means that each hairpin
sequence will be analyzed several times, only in a slightly dif-
ferent sequence context at each step. This significantly
increases the time of the analysis, but allows filtering of the
results depending on the number of sequence windows in
which a specific hairpin is detected (window count, see Note 3).
Thus, if you change these settings, you will also have to adjust
the filtering parameters accordingly. While the window and
step size parameters may be adjusted for each file individually,
there are also some global settings which may be changed by
selecting “Settings” from the “Edit” menu, among them the
maximum length of the hairpin segment (centered on the
apical position of the terminal loop) is considered when cal-
culating hairpin scores. See the program’s documentation
(contained in the installation package) for further details on
these settings.

. The optimal filter settings may differ depending on the sub-

sequent confirmation methods you plan to use. If you want
to use microarrays for high-throughput confirmation, it is
preferable to perform only minimal filtering, such that the
number of probes does not exceed the capacity of the microar-
ray of your choice. The microarray design tool (see the VMir
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documentation for details) calculates the number of required
probes depending on the preferred array layout (i.e., the
number of probe replicates and type and number of control
spots) and will help you in determining the minimal filtering
requirements. If no high-throughput validation methods are
to be used, more stringent filtering parameters should be
employed, as described in Notes 3 and 4 below.

. We routinely use a score cutoff of 115, as more than 95% of

all experimentally confirmed mammalian or viral pre-miRNA
hairpins reach or exceed this value (if you adjust the strin-
gency of the scoring algorithm, you may however also have to
use a different score cutoft; see Note 4 below). The window
count parameter is independent of the hairpin score, but
rather provides a measure of the “robustness” with which the
structures fold in the different sequence contexts generated
by the sliding window. For example, if the window and step
size parameters are set to their default values of 500 and 10
nt, respectively, a hairpin of 80 nt will have the opportunity to
fold in up to 43 successive windows. Significantly stable struc-
tures are expected to fold in the majority of sequence con-
texts, and the number of windows in which a given hairpin is
detected (i.e., its window count) can therefore be used as a
quality criterion. We typically use window count cutoffs
between 10 (least stringent) and 35 (most stringent). As the
maximum number of sliding windows which contain a given
hairpin sequence is dependent on the window and step size
parameters, you will have to adjust the filter settings if you
used other than the default values during the primary sequence
analysis.

. We usually use a size range of between 50 and 220 nucle-

otides. The upper limit will especially eliminate large stem-
loops which are often predicted in repetitive regions.

. The score stringency tool is based upon a statistical analysis of

structural features of approximately 6,500 mammalian and
viral pre-miRNA hairpins listed in release 14 of the miRNA
registry (10). Hairpins which deviate significantly from this
reference set in one or more categories (such as the number,
size and symmetry of internal bulges, or the overall percent-
age of paired vs. unpaired nucleotides in the hairpin stem) are
assigned a penalty which is subtracted from the hairpin score.
In contrast to the original scoring system implemented by
VMir Analyzer, this penalty system is much more restrictive
and will eliminate false positive hairpins more efficiently (see
the VMir documentation for details on how the penalty is
calculated). However, as it is based on an averaged and there-
fore “ideal” feature set, many authentic pre-miRNAs will also
be penalized and it thus may be necessary to lower the score
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threshold. The effects of adjusting the stringency to 50 and
100% of its maximum value can be seen in Fig. 2¢, d. In
Fig. 2b, no stringency adjustment is used. If one was to per-
form northern blotting confirmation of the highest scoring
candidates under these conditions, the first two blots would
identify authentic miRNAs, but the third would already rep-
resent a false positive prediction (see the dashed line, which
indicates the highest scoring false positive candidate). In con-
trast, 9 and 12 bona fide miRNAs would be identified before
encountering the first false positive when adjusting the strin-
gency as shown in Fig. 2b, ¢, respectively. Using a score cut-
oft value of 115 under conditions of maximum stringency
(Fig. 2c), however, would also eliminate several authentic
pre-miRNAs. The score threshold should therefore be lowered
to 50 when the score stringency adjustment is set to 100%.

. For northern blot confirmation, we routinely select probes

complementary to the 35 nucleotides which flank the terminal
loop on each side (it is notoriously difficult to predict which
hairpin arm will give rise to mature miRNA species, and thus
both arms should be tested). When no high-throughput vali-
dation screen is performed, a relatively large number of candi-
dates may have to be tested. In these cases, it is possible to
initially “multiplex” northern blots by pooling several probes
prior to the labeling procedure. If a positive northern blot sig-
nal is observed, subsequent blots with individual probes can be
performed. To avoid hybridization among the probes them-
selves, it is important that a given pool contains only one probe
from a specific hairpin (i.e., avoid mixing the probes specific
tor the 5p and 3p arms of the same hairpin, as they may bind
to each other due to the partial self-complementarity of the
hairpin). Under these conditions, we have pooled up to six
probes without observing a significant decrease in sensitivity.
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Chapter 9

Detection of Viral microRNAs by Northern Blot Analysis
Lydia V. McClure, Yao-Tang Lin, and Christopher S. Sullivan

Abstract

microRNAs (miRNAs) of host and viral origin have been suggested to play important roles in the viral
infectious cycle. The discovery of new viral miRNAs, and understanding how viral infection alters host
miRNAs, has been greatly aided by Northern blot analysis. The Northern blot method is used to detect
specific RNAs that have been separated by size and immobilized onto a membrane. This method can
provide specific information regarding the size of a miRNA and possible precursor structures. Thus, it
represents a valuable tool in the discovery and validation of new miRNAs. Viral infection can sometimes
present special challenges to utilizing Northern blot analysis. These challenges may include low miRNA
expression levels, high GC content, and abundant background signal from nonspecific RNA degradation
fragments triggered by the stress of lytic infection. We present a protocol for small RNA Northern blot
analysis that we have successfully used to detect viral miRNAs from cells undergoing lytic infection from
members of the Herpes and Polyoma virus families. Included are optimization strategies and a protocol
for using radiolabeled oligonucleotides to detect larger RNAs.

Key words: Viruses, microRNA (miRNA), Urea denaturing acrylamide gel, Northern blot,
Messenger RNA (mRNA), Noncoding RNA (ncRNA), Agarose formaldehyde gel, RNA-induced
silencing complex (RISC), Translational inhibition

1. Introduction

Viral microRNA (miRNAs) have been identified in at least three
virus families and are the subject of intense study. These small
RNAs have been shown to negatively regulate expression of viral
and host genes and have been implicated in processes relevant
to immune evasion, tumorigenesis, and the infectious cycle.
Furthermore, host miRNAs can be induced by viral infection and
are likely to be utilized by viruses to optimize their replicative
cycle. The discovery of viral miRNAs and understanding how
infection alters cellular miRNA levels has been greatly aided by
Northern blot analysis.

Ronald P. van Rij (ed.), Antiviral RNAi: Concepts, Methods, and Applications, Methods in Molecular Biology, vol. 721,
DOI 10.1007/978-1-61779-037-9_9, © Springer Science+Business Media, LLC 2011
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Northern blot analysis separates RNA based on size and
allows for the identification of specific RNAs using radiolabeled
probes. Alwine et al. was the first to visualize specific RNAs using
this method (1). Early studies in the miRNA field relied on
Northern analysis to confirm the existence and authenticity of
novel short RNAs (2, 3). The Northern method was used to
identify the first short-interfering RNA species in plants (4)
and the first miRNAs conserved between Caenorbabditis elegans
and mammals (4-7). The Northern blot analysis protocol
described here, or similar variations, were used in the discovery of
viral miRNAs from the Herpes, Polyoma, and Asco virus families
(8-11). Because of its ability to give specific information regard-
ing miRNA size and precursor structure, small RNA Northern
analysis has become the gold-standard method for identifying
novel small RNAs and analyzing their functions.

Several other methods are currently used to detect miRNAs
and monitor their expression. Real-time PCR (RT-PCR), microar-
ray analyses, RNase protection assays (RPA), and primer exten-
sion assays all have their specific advantages. RT-PCR, utilizing a
miRNA-specific hairpin reverse transcription primer is a highly
sensitive detection method for miRNAs (12). However, this
method is expensive and provides little information about the
authenticity of a predicted miRNA. RPA and primer extension are
also sensitive methods for quantifying miRNA species, but infor-
mation regarding transcript size and miRNA precursors is lim-
ited. Higher-throughput analysis of changes in relative miRNA
levels is accomplished through microarray analysis or next genera-
tion sequencing. However, both have a limited dynamic linear
range and typically provide no information about precursor
structure. Similarly, Northern blot analysis has its own set of
limitations, including limited sensitivity, inability to discern
small sequence differences between orthologous miRNAs, and a
requirement for a relatively large amount of starting material
(total RNA) to obtain a strong signal. On the other hand,
Northern blot analysis is the gold-standard method for validation
of novel miRNAs as it provides information that can be used
to differentiate bona fide miRNAs from background bands.
Detection of some viral-relevant miRNAs can be challenging as
the stress of lytic infection can trigger enormous background sig-
nal from nonspecific RNA degradation products. Furthermore,
some viral miRNAs have abnormally high GC content such that
complementary probes are prone to pick up background signal.
We present here our protocol for Northern blot analysis and opti-
mization strategies that are highly sensitive for viral miRNAs. We
also include a protocol for using oligonucleotide probes to detect
larger RNAs.
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2. Materials

2.1. Total RNA
Isolation

2.2. Denaturing Small
RNA Acrylamide
Analysis

2.2.1. Preparing
the Denaturing
Acrylamide Gel

1
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. PIG-B reagent is a cost-effective reagent for isolating total RNA
and can be stored in an amber bottle at 4°C for several months
(see Note 1) (adapted from ref. (13)): guanidinium thiocya-
nate, Coomassie brilliant blue dye R-250, sodium citrate, citric
acid, ethylenediamine (EDTA), isoamyl alcohol, Sarkosyl, satu-
rated phenol pH 4.5, B-mercaptoethanol, 8-Hydroxyquinoline.
Phenol is a hazardous poison and Guanidine Thiocyanate is a
skin irritant. Wear gloves and a lab coat when preparing and
using PIG-B and avoid breathing fumes by working in a chem-
ical fume hood. Allow complete solubilization before adding
each reagent by using a stir bar and a large beaker placed on a
stir plate in a chemical fume hood. This recipe will prepare 1 L
of PIG-B reagent and each reagent should be added in the
order listed. To 250 mL of distilled water add 236 g of guani-
dinium thiocyanate (final concentration 2 M), 2.09 g citric acid
(final 15.4 mM), 2.96 g sodium citrate (final 11.5 mM), 20 mL
0.25 M EDTA at pH 8.0 (final 5 mM), 2.5 g Sarkosyl (final
concentration 0.25%), and bring to 490 mL with distilled
water. Allow the solution to dissolve completely, which may
take an hour or longer. When the previous reagents are in solu-
tion add 480 mL saturated phenol pH 4.5 (final concentra-
tion 48%), 21 mL Isoamyl alcohol (final concentration 2.1%),
5 mL B-mercaptoethanol (final concentration 0.5%),and 1 g
8-hydroxyquinoline (final concentration 0.1%). Adjust the pH
to 4.5 with 1 N citric acid pH 2 and add 25 mg Coomassie
blue. PIG-B preparation will take approximately 2 h.

. RNaseZap RNase decontamination solution (Ambion,
Austin, TX).

. 13 mL Sarstedt tube, 95x16.8 mm and cap (Sarstedt,
Toronto, ON).

. Chloroform.
. Isopropanol.
. 75% Ethanol.

. Nuclease-free Tris-EDTA (pH 7) buffer (TE, Ambion,
Austin, TX).

. RNA coprecipitant: GlycoBlue (Ambion, Austin, TX).

. Large format vertical gel system: BioRad Protean II xi (Bio-
Rad, Hercules, CA).

. Large gel casting stand (Bio-Rad, Hercules, CA).

. Glass plates: 16x20 and 18.3x20 cm (Bio-Rad, Hercules, CA).
. Glass plate separators: 2 mm (Bio-Rad, Hercules, CA).

. Gel comb: 1.5 mm and 25-well (Bio-Rad, Hercules, CA).
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2.2.2. Running
the Denaturing
Acrylamide Gel

2.3. Electrophoretic
Transfer of Acrylamide
Gel

. RNaseZap RNase decontamination solution (Ambion,

Austin, TX).

7. 75% Ethanol.

12.

13.
14.

. 50 mL Conical tubes.
. Urea.

10.
11.

30% Acrylamide:bisacrylamide solution (29:1).

Concentrated running buffer: 5x Tris—borate-EDTA (TBE)
solution. Mix 108 g Tris, 55 g boric acid and 5.845 g of
EDTA to 2 L with distilled water. Add reagents in this order
and allow complete solubilization using a magnetic stir bar
before adding the next reagent. To reduce precipitation of
components out of solution, the buffer can be stored at
37°C.

10% Ammonium persulfate (APS): Prepare a fresh solution in
water. Use fresh or store in aliquots at ~20°C for up to several
months.

N,N,N, N'-Tetramethyl-ethylenediamine (TEMED).

18-Gauge needle and 30-mL syringe (BD, Franklin Lakes,
NJ) for flushing the wells of the gel.

. Concentrated running buffer: 5x TE buffer, see

Subheading 2.2.1, item 11.

. Nuclease-free Tris-EDTA (pH 7) buffer (TE, Ambion,

Austin, TX).

. 2x RNA loading buffer: NorthernMax-Gly Sample Loading

Dye (Ambion, Austin, TX).

4. 1% Ethidium bromide.

[\

N O\ Ul

. RNaseZap RNase decontamination solution (Ambion,

Austin, TX).

. Saran wrap.

. Transfer system: BioRad Transblot cell (Bio-Rad, Hercules, CA).
. Positively charged nylon membrane (Hybond-N+, Amersham,

Piscataway, NJ).

. Concentrated running buffer: 5x TE buffer, sece

Subheading 2.2.1, item 11.

. Filter paper: Whatman gel blotting paper.
. Gel holder cassette (Bio-Rad, Hercules, CA).
. Fiber pads (Bio-Rad, Hercules, CA).

. Transfer cooling system: Super cooling coil (Bio-Rad,

Hercules, CA).



2.4. Northern Blot
Analysis for miRNAs

2.5. Northern Analysis
for mRNAs and Large
ncRNAs

2.5.1. 1% Agarose
Formaldehyde Gel
Preparation
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. Power supply: BioRad PowerPac Basic (Bio-Rad, Hercules, CA).

9. Membrane UV crosslinker and hybridization oven: HL-2000

HybriLinker (UVD, Upland, CA).

. Expresshyb  hybridization buffer solution (Clontech,

Mountain View, CA). Store at 37°C. Alternatively, store
Expresshyb at room temperature and warm to 37°C to com-
pletely dissolve before use (see Note 2). We store a magnetic
stir bar in the Expresshyb solution and stir on a magnetic stir
plate for ~5 min before using.

. Small hybridization vessels: 20 mL disposable scintillation

vials.

. Large hybridization vessels: 100 mL Kimble hybridization

roller bottles.

. Membrane UV crosslinker and hybridization oven: HL-2000

HybriLinker (UVP, Upland, CA).

. T4 polynucleotide kinase (PNK).

6. Radioactive y-¥P adenosine 5'-triphosphate. Store at -80°C,

10.
11.
12.
13.
14.
15.

and thaw at least 1 h prior to using. 1 mCi stored at 5 mCi/
mL in 10 mM Tricine, pH 7.6.

. Nuclease-free Tris-EDTA (pH 7) bufter (TE, Ambion,

Austin, TX).

. Probe purification columns, Illustra Microspin G-25 Sephadex

Columns.

. Wash buffer: 2x SSC/0.1% SDS. 20x SSC buffer stock:

175.3 g of NaCl, 88.2 g of Sodium Citrate to 1 L with dis-
tilled water (dH,O). Dissolve a 10% SDS solution in water,
autoclave, and store for long periods at room temperature.

Filter paper: Whatman gel blotting paper.

Thermal plastic sealer: Hot iron impulse sealer.

Heat sealable plastic bags: Seal-o-meal.

Film exposure cassette: Kodak Bio-max exposure cassette.
Film: Kodak Bio-Max MR film, 8 x 10 in.

High-energy signal intensifying screen: Kodak Bio-Max
TranScreen HE.

. D2Wideagarose gel electrophoresis system (ThermoScientific,

Waltham, MA).

. RNaseZap RNase decontamination solution (Ambion, Austin,

TX).

. GenePure LE Agarose (ISC BioExpress, Kaysville, UT).

4. 10x MOPS bufter: Add 41.8 g MOPS to 700 mL of dH,O

and adjust to pH 7.0 with 2 N NaOH. Add 20 mL of 1 M
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2.5.2. Sample Preparation
and Gel Running

2.5.3. Transfer to Nylon
Membrane

2.5.4. Hybridizing the Blot

2.6. Stripping and
Reprobing Blots

sodium acetate and 20 mL of 10 mM EDTA, pH 8.0. Adjust
the volume to 1 L with dH,O.

. 37% Formaldehyde.

. RNA sample loading buffer, made fresh each time (1-10 pg

of RNA resuspended in a final volume with 20 uL of loading
buffer): 2 uL. of 10x MOPS buffer, 3.5 uL of 37% formalde-
hyde, 10 pL of formamide, 1 pl of 0.1% ethidium bromide
(diluted 1,/10 from 1% stock solution, 3.5 uL of loading dye
(0.25% bromophenol blue, 0.25% xylene cyanol)). Formamide
is highly corrosive and should be worked with only in a chem-
ical fume hood.

. Concentrated 10x MOPS running buffer, see Sub-

heading 2.5.1, item 4.

. RNA running buffer: 162 mL of 37% formaldehyde, 100 mL

of 10x MOPS, and 738 mL of dH,O.

. Concentrated 20x SSC buffer, see Subheading 2.4, item 9.
2. Whatman 0.45 pm nylon transfer membrane.
. Nytran SuPerCharge TurboBlotter Kit (11x14 cm)

(Whatman, Florham park, NJ).

. Methylene blue (0.02% in 0.3 M sodium acetate (pH 5.5)).

. Stripping buffer: 0.1% SDS. Stock solution of 10% SDS is dis-

solved in water, autoclaved, and stored for long periods at
room temperature.

3. Methods

3.1. Total RNA
Isolation

. Itis important to minimize RNase contamination by cleaning

all areas where samples will be handled with RNaseZap. If
possible, equipment should be reserved only for RNA work.

. RNA can be isolated from freshly harvested cells or from sam-

ples stored at —-80°C in PIG-B in 13 mL Sarstedt tubes. Add
0.2 mL of chloroform for every 1 mL of PIG-B reagent.
Typically, we use 10 mL of PIG-B and 2 mL of chloroform
for a 75 cm? flask of confluent cells. Cap the tube and invert
it for 15-30 s. Let the tube sit on ice for 5 min before cen-
trifugation at 5,000 x g4 for 30 min at 4°C (see Note 3).

. Transfer the top clear aqueous phase to a new 13 mL Sarstedt

tube and add 5 mL of isoproponal (see Note 4). Be careful
not to disturb the interface between the phases. Invert the



3.2. Denaturing Small
RNA Acrylamide
Analysis

3.2.1. Preparing
the Denaturing Acrylamide
Gel
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mixture repeatedly and let sit for 5-10 min at room temperature.
Centrifuge the samples at 5,000 x4 for 15 min at 4°C (see
Notes 5 and 6).

. The RNA is contained within the white/yellow pellet and

may not be visible when preparing small amounts of RNA.
Remove the supernatant and add 1 mL of’ice cold 75% etha-
nol. Vortex to break-up the pellet and transfer the 75% ethanol
containing the fragments of the pellet to a clean microfuge
tube using a p1000 pipettor. Centrifuge in a table-top micro
centrifuge at maximum speed (16,000 x 4) for 10 min at 4°C
(see Notes 7-9).

. Carefully remove the supernatant using a thin-bore gel load-

ing pipette tip and an aspirator or a pipettor. It is helpful to
spin the pellet down a second time to remove all residual
ethanol. Allow 5-10 min to air dry the sample at room tem-
perature in the microfuge tube until ethanol is no longer
visible. Dissolve the pellet in 20 pL of nuclease-free TE
(pH 7) bufter. Adjust the resuspension volume based on your
pellet size. 30 uLL of TE is an appropriate volume for a 25 cm?
flask. The samples can be stored in TE for several months at
-80°C with limited degradation (see Notes 10-13). For longer-
term storage, leave the RNA pellet in the 75% ethanol solu-
tion until just before using.

. These instructions are for use with the BioRad Protean II xi

large format vertical gel system. Before preparing the gel
make sure the glass plates (16x20 and 18.3x20 cm), glass
plate separators (2 mm), comb (1.5 mm, 25-well), and other
equipment to be used are scrubbed clean with RNaseZap,
then rinsed with dH,O, and 70% ethanol.

Prepare a 2 mm thick urea denaturing 15% acrylamide gel.
Warm a 50 mL conical tube containing 24 g of urea, 25 mL
of 30% acrylamide:bisacrylamide (29:1) solution, 5 mL of 5x
TBE buftfer, and distilled water to 50 mL at 55°C in a water
bath. Vortex the solution several times during heating to help
dissolve the solution. This process may take 10-20 min.

. Once dissolved, cool the tube in an ice water bath to room

temperature and then add 500 pL of fresh 10% APS and
20 pL of TEMED. Invert and quickly vortex. Add to the
preassembled gel casting apparatus and fill to the top of the
assembled glass plates using a 25 mL serological pipette.
Insert a 25-well comb (at an angle to avoid air bubble forma-

tion) and allow the gel to polymerize at least 1 h (see Notes
14 and 15).

. Once polymerized, use an 18-gauge needle and a 30-mL

syringe to flush the acrylamide from the wells with 0.5x TBE.
Clamp the gel into the running apparatus (see Note 16).
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3.2.2. Running
the Denaturing
Acrylamide Gel

3.3. Electrophoretic
Transfer of Acrylamide
Gel

1. Assemble the running apparatus and add ~400 mL of 0.5x

TBE running buffer to the upper buffer chamber of the gel
apparatus. Make sure buffer does not leak from the apparatus
before filling the gel box with ~3 L of 0.5x TBE running buf-
fer. Shake the apparatus up and down to remove air bubbles
from the bottom of the glass plates and anode. If air bub-
bles remain, use a flame to bend a glass Pasteur pipette into a
loop. Use this to flush the bottom of the gel and anode with
running buffer to remove any residual air bubbles.

. Each RNA sample should be prepared with 15 pg of total

RNA diluted with TE bufter. Volumes of more concentrated
samples are brought up to the same volume of the least con-
centrated sample with TE. Add an equal volume of 2x RNA
loading buffer and load into the well (see Note 17).

. Run the gel at 300-500 V until the bromophenol blue band

is 1/3 to 1/2 way down the gel. If you are planning to use
scintillation vials as hybridization vessels, make sure the bro-
mophenol blue band runs a maximum of only 8 cm from the
wells.

. Separate the glass plates, and remove extraneous portions of

the gel. Mark the orientation of the gel by removing a small
portion of one corner of the gel. Peel one corner of the gel
off the glass plate to help move the gel into a pyrex dish con-
taining ~100 mL of distilled water. To this, add 10 uL of 1%
ethidium bromide solution. Incubate for 7 min while gently
rocking. Destain by adding ~100 mL of fresh distilled water
and gently rocking for 7 min. Replace with fresh distilled
water. Image the stained gel on a UV box (prewashed with
RNaseZap and covered in saran wrap) and photo document.
Before proceeding, ensure RNA samples are not degraded
and are equally loaded (Fig. 1a) (see Note 18).

. These instructions are for use with the BioRad Transblot cell

transfer apparatus. Cut the HybondN+ membrane slightly
larger than the gel size. Set up the transfer in 0.5x TBE bufter
with the gel facing the cathode (black) and the membrane
towards the anode (red). Sandwich the membrane and gel
with Whatman paper cut to the size of the transfer apparatus.
Use a disposable seriological pipette to remove any air bub-
bles by rolling the pipette back and forth across the Whatman
paper with gentle pressure. Sandwich the Whatman papers
with fiber pads, again remove air bubbles, and slide into the
gel holder cassette. Add the closed cassette, cooling coil, and
a stir bar to the transfer box and fill with 0.5x TBE bufter.
Place the transfer box on a stir plate and attach the cooling
coil with latex rubber tubing to a sink faucet. Allow a steady,
low level of cold tap water to run through the cooling coil
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Fig. 1. Northern analysis for small RNAs. (a) Picture of ethidium bromide stained RNA
from a denaturing 15% urea-acrylamide gel, pretransfer. Bromophenol blue (BPB),
xylene cyanol (XC), and tRNA are denoted. BPB migrates at ~10 nucleotides, XC migrates
at ~30 nucleotides, and tRNA migrates at ~70 nucleotides. The distinct bands seen
above ~70 nucleotides indicates limited or no degradation of the RNA sample and
approximately equal loading. (b) The nylon membrane is marked with a #2 pencil after
RNA transfer at both the BPB and XC bands and at the bottom of the tRNA bands visible
on the membrane under a handheld UV lamp. A notch is used to orient the membrane.
(c) Higher-throughput analysis of specific miRNAs using radiolabeled DNA probes can be
achieved using 20 mL scintillation vials. Membranes with four or fewer lanes are hybrid-
ized in scintillation vials. (d) Large hybridization tubes can be used for larger membranes
and they also hold stacked scintillation vials rotating in a hybridization oven.

during transfer. Make sure the stir bar is steadily spinning and
not blocked by the transfer cassette. Transter at 30 V for
45 min, then 35 V for 15 min, and the remaining for 40 V for
10 min (in this order to reduce chances of heat-induced air
bubble formation) (see Notes 19 and 20).
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3.4. Northern Blot
Analysis for miRNAs

2. After the transfer is complete, remove the membrane and

mark the side that was facing the gel in the lower right hand
corner with a #2 pencil (see Note 21). Hang the membrane
to dry for 5 min at room temperature to remove excess buf-
fer. UV crosslink with the RNA side of the membrane facing
the UV source at 1,200 uJ/m?. Using a handheld long wave-
length UV lamp, use a #2 pencil to mark the tRNA bands at
the bottom of the visible ethidium bromide stained bands
near the top portion of the gel (Fig. 1a). tRNA migrates at
~70 nucleotides. Also mark both the xylene cyanol (migrates
at ~30 nucleotides) and bromophenol blue (migrates at ~10
nucleotides) dye locations (see Note 22). Dry the membrane
overnight sandwiched between clean, dry Whatman paper
held lightly together with a binder clip (see Note 23).

. Prehybridize the membrane in a glass roller bottle tube with

8 mL of Expresshyb solution for at least 40 min at 55°C.
Alternatively, membranes with four or fewer lanes can be
hybridized in scintillation vials containing 2 mL of Expresshyb
solution. The same prehybridization and radiolabeling condi-
tions apply for hybridization in the scintillation vials. Insert
the membranes into the vessels so that the side of the mem-
brane crosslinked with RNA is facing the inside of the tube
(Fig. 1c, d) (see Notes 23 and 24).

. An 18-22 nucleotide radiolabeled DNA probe is used to

detect the miRNA of interest. Normally, the probe should be
designed to be a perfect complement to the microRNA
sequence. (There are exceptions to this where shorter probes
may be desirable for high GC content miRNAs). Dilute the
probe to 10 uM in nuclease-free water. Radiolabel 1 puL of
10 uM probe in a 10 pL kinase reaction (1 uL 10x PNK buf-
fer, 6.75 uL of nuclease-free water, 1 uL. of T4 PNK enzyme
and 0.25 pL of radioactive y-3*P Adenosine 5'-triphosphate
(0.00125 mCi)).

. Incubate for 30 min at 37°C.
4. Add 40 pL of TE bufter to increase the total volume to 50 pL.

before purifying using a Sephadex G25 spin column (see
Note 25).

. Pipette the purified radioactive probe into the Expresshyb

solution avoiding direct contact with the membrane. For a
typical probe, we incubate overnight at 38.5°C rotating in a
hybridization oven, however, the optimal hybridization tem-
perature may have to be empirically determined (see Notes
26 and 27, Fig. 2).

. After approximately 12 h, wash the membrane with pre-

warmed (to 55°C) 2x SSC/0.1% SDS buffer for 20 min.
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Fig. 2. Optimizing hybridization temperature based on probe GC content for microRNA
Northern blot analysis. (a) Northern blot analysis of KSHV miR-K12-12-3p (68% GC con-
tent) shows high background signal at a 38.5°C hybridization temperature. The left lane
shows expression of KSHV miR-K12-12-3p during latent infection (UN) and the right
lane shows expression of miR-K12-12-3p during Iytic infection (IN). Extensive RNA deg-
radation is observed during lytic infection and there is an increase in expression of
miR-K12-12-3p. (b) Northern blotting analysis of KSHV miR-K12-12-3p using the same
radiolabeled probe at a higher hybridization temperature of 50°C shows better resolu-
tion of the microRNA with lower background signal.

Repeat wash step an additional 3 times. The wash steps are
completed while rotating in the hybridization oven. The
roller bottles should be washed with >30 mL of wash buffer
each time, whereas the scintillation vials are washed with
~10 mL of wash buffer. The discarded waste is radioactive
and care should be taken for proper disposal.

7. Mount the damp membrane on Whatman paper that is
prewetted with 2x SSC. Once hybridized, it is important to
keep the blot damp at all times to allow for successful future
stripping. Heat-seal the mounted membrane inside a seal-o-
meal plastic bag and use scissors to remove the excess plastic
outside of the heat-seal to allow proper fit inside the exposure
cassette. Place in a high-energy intensifying screen and expose
to film at -80°C overnight (see Note 28).

8. Typically an overnight exposure is appropriate to detect most
miRNAs. A very highly expressed miRNA will have detectable
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3.5. Northern Analysis
for mRNAs and Large
ncRNAs

3.5.1. 1% Agarose
Formaldehyde Gel
Preparation

3.5.2. Sample Preparation
and Gel Running

3.5.3. Transfer to Nylon
Membrane

bands after a 1-h exposure time. Less abundant miRNAs may
take up to 7 days of exposure for bands to be detectable. In
our experience, exposing for more than 7 days fails to appre-
ciably increase the signal that is detected.

. These instructions are for use with the Thermo Scientific D2

Wide agarose gel electrophoresis system. Before preparing
the gel, clean and dry the buffer chamber, gel tray, combs,
and other equipment to be used with RNaseZap.

. Mix 1 g of agarose and 73 mL of nuclease-free water.

Microwave for 1-2 min to melt the agarose being careful to
avoid boiling over. Allow the agarose solution to cool, reach-
ing equilibrium in a 60°C water bath (see Notes 29 and 30).

. Add 10 mL of 10x MOPS buffer and 16.2 mL of 37% form-

aldehyde. Mix gently and pour the gel into the assembled gel
tray within the fume hood.

. Transfer 1-10 ug of total RNA into a clean microcentrifuge

tube and use a speed vacuum concentrator to dry the RNA
sample. Alternatively, for more concentrated samples with a
volume smaller than 20 pL, omit the concentration step.

. Resuspend the RNA samples in 20 pL. of RNA sample bufter

and heat at 60°C in a water bath for 10 min. Chill the sample
on ice.

. Add ~700 mL RNA running buffer to the buffer chamber

and load the RNA samples into individual wells.

4. Run the gel at ~75 V for ~3 h (see Note 31).

. Image the agarose gel on a UV box and photo document to

ensure RNA samples are not degraded and are equally

loaded.

. Remove the gel from the electrophoresis box and rinse in a

glass pyrex dish containing ~100 mL of nuclease-free water
by gentle agitation for 10 min. Repeat 4 times.

. Discard the water and soak the gel in 1x SSC at room tem-

perature for 20 min with gentle agitation. Soak the nylon
transfer membrane in 1x SSC for 10-15 min while the gel is
soaking (see Note 32).

. Set up the TurboBlotter Rapid downward transfer system as

described by the manufacturer. Place the stack tray on a flat
surface. It is essential that the transfer is level. Arrange the
transfer with 20 sheets of dry GB004 thick blotting paper in
the stack tray. Add four sheets of dry GB002 thin blotting
paper to the thick blotting paper stack. Add one sheet of
GB002 blotting paper wet with 20x SSC. Briefly rinse the nylon
transfer membrane with 20x SSC and place it on the stack.
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Lastly, rinse the agarose gel with 20x SSC and arrange it on
the membrane. Make sure there are no air bubbles between
the gel and the membrane by carefully smoothing back and
forth across the gel with gentle pressure and rolling with a
seriological pipette. Wet the gel with 20x SSC and place three
sheets of GB002 blotting paper wet with 20x SSC on top of
the stack. Attach the buffer tray to the bottom tray and fill
with 20x SSC buffer. Use a wick presoaked in transfer buffer
to connect the gel stack with the buffer tray. Lay the wick
across the stack to start transferring.

4. Transfer overnight at room temperature.

1. Disassemble the transfer apparatus and rinse the blot in 2x
SSC for 5 min.

2. Use a binder clip to hang the membrane for 5 min to remove
excess buffer.

3. UV crosslink the membrane twice at 1,200 mJ/cm?.

4. Mark the upper left hand corner of the membrane with a #2
pencil and label the location of the bromophenol blue and
xylene cyanol bands (see Note 31).

5. Soak membrane in methylene blue solution for approximately
5 min until ribosomal RNA becomes visible. Mark locations
of the RNA ladder and ribosomal RNAs with a pencil.
Photograph stained blot for future reference as a loading and
transfer control.

6. Prehybridization, hybridization, and exposure to film is the
same as for small RNAs (Fig. 3) (see Note 33).

11Kb e

28S rRNA

18S rRNA

Fig. 3. Northern blot analysis of large RNAs using radiolabeled oligonucleotides as
probes. Transfection of a pcDNA3.1 vector (/eft lane) or a vector expressing the KSHV
Iytic specific ncRNA PAN (right lane) in 293 T cells shows specific signal of the ncRNA
from total RNA samples. 28S and 18S rRNA ethidium bromide bands from the 1% aga-
rose formaldehyde gel are shown as loading controls.
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3.6. Stripping
and Reprobing Blots

1. Each membrane may be stripped and reprobed up to 8 times

before signal is no longer visible or the background signal
becomes too high.

. Boil 100 mL of 0.1% SDS stripping buffer in a 500-mL bea-

ker by microwaving. Pour onto the membrane in a glass pyrex
dish rocking for 15 min.

. Repeat the membrane wash step 4 times with boiling hot

0.1% SDS bufter. Once the hot stripping buffer cools to room
temperature it can be changed. Use a Geiger counter or a
phosphorimager to check the blot for removal of radiation
before repeating the probe process with a new radioactive
probe.

4. Notes

. The homemade PIG-B total RNA isolation reagent is an

affordable alternative to commercial reagents. Trizol
(Invitrogen, Carlsbad, CA) and RNA-Bee (AMS Biotechnology,
Abingdon, UK) are commercial reagents that work well and
can substitute for PIG-B. All of these reagents separate total
RNA from protein and most DNA. A sample lysed in PIG-B
is separated into an aqueous and an organic phase by the
addition of chloroform. DNA and protein are trapped in the
organic phase and interface. Adding isopropanol precipitates
the RNA from the aqueous phase and the 75% ethanol wash
removes contaminating salts.

. For ready use, we store our stock solution of ExpressHyb at

37°C and leave a stir bar in the ExpressHyb buffer to easily
mix the solution before prehybridization.

. We recommend that 1 mL of PIG-B reagent be used per

1x107 cells. An increase in PIG-B volume may be required if
more cells are used. For example, we typically use 10 mL of
PIG-B for harvesting a confluent monolayer of cells on a
T75 cm? flask. The samples may be frozen for long-term stor-
age in PIG-B at -80°C.

. To expedite processing of multiple samples at the same time,

it is useful to pre-add 5 mL of isopropanol to each clean
13 mL Sarstedt tube prior to transterring the aqueous phase.
This assumes an initial volume of 10 mL of PIG-B; adjust the
volume of isopropanol according to initial PIG-B levels.

. Two phases should be visible after mixing with chloroform

and incubating for 10 min, the top colorless aqueous phase
and the bottom blue organic phase. If you do not see a dis-
tinct interphase, add more chloroform to the solution and
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repeat the purification. A major source of contamination and
RNA degradation occurs if the interphase of the organic phase
is transferred with the aqueous phase into the clean 13 mL
cap tube.

. Use an alcohol resistant marker to mark the outside of the

tube where the pellet is expected to form after the spin. This
is useful for small volume samples and low concentration
RNA preparations.

. Carefully transfer the ethanol containing the pellet into the

clean microfuge tube by vortexing and transferring with a
pl000 pipettor with an aerosol barrier tip. The white or
opaque pellet will be insoluble in the 75% ethanol solution
and is usually visible. If low levels of RNA are to be precipi-
tated, add GlycoBlue as a coprecipitant to increase the size
and visibility of the RNA.

. Samples are stored in nuclease-free TE buffer (pH 7) at

-80°C and are stable for a few months. For long-term storage
samples are left in 75% ethanol and kept at -80°C.

. An extra wash with room temperature 75% ethanol is recom-

mended to remove residual chloroform and to improve the
solubility and purity of the RNA.

It is important to allow the appropriate amount of time for the
RNA to dry before resuspending in TE buffer. Any visible etha-
nol should be removed and the sample should not be overdried.
Leaving residual ethanol or overdrying the sample will result in
a pellet that does not dissolve completely in TE buffer.

To dissolve the RNA, resuspend in nuclease-free TE butffer,
and vortex for a few seconds. Let the sample sit at room tem-
perature for 10 min. Repeat the vortex step and, if necessary,
incubate at 42°C for a few minutes. The resuspended RNA
solution should be clear when completely dissolved.

The appropriate volume needed to resuspend an RNA pellet
varies among cell types and cell density. Initially, add less
resuspension volume and check the concentration using a
spectrophotometer. Increase the final volume accordingly
with resuspension buffer until the RNA concentration is
between 0.7 and 2.0 ug/uL.

Complete RNA solubilization is fostered by using the appro-
priate volume of RNA resuspension butffer. It is important to
ensure the RNA concentration reading is accurate. If the
RNA solution is too viscous, add more resuspension volume.
This may be evident by difficulty in pipetting. An overly high
concentration of RNA will affect both the RNA solubility and
the accuracy of the spectrophotometer reading. As a result,
the volume calculated to load into the wells of the gel will be
inaccurate.
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Cooling the gel solution before pouring the gel prevents
premature polymerization during pipetting. A warm gel will
polymerize quickly.

The degree of acrylamide gel polymerization will affect the
resolution of miRNAs. When the acrylamide gel is polymer-
ized longer we typically observe better resolution. Therefore,
when possible, pour the gel a day before needed and store at
room temperature.

It is critical to flush the wells with running buffer before load-
ing the RNA samples. The remaining acrylamide is clear but
will appear oily when flushed from the wells. Acrylamide that
is not flushed from the wells prevents the RNA from sinking
to the bottom of the well and can cause aberrant RNA migra-
tion while running the gel.

If extra wells are available, only load the middle wells of the
gel. RNA that is loaded in the wells nearest to the edge of
the gel tends to migrate aberrantly compared to the middle
wells.

Intact RNA will show distinct bands by ethidium bromide
staining corresponding to transfer RNA (~70 nucleotides),
5§ ribosomal RNA, and other small noncoding RNAs
(Fig. 1a). A smear of RNA in the wells indicates RNA degra-
dation that may have occurred during RNA isolation or sub-
sequent steps.

The transfer time is based on an individual gel transfer. If
transferring two gels at the same time, transfer at 30 V for
45 min, then 35 V for 15 min, and 40 V for 15-18 min (in
this order). The gradual increase is meant to minimize air
bubble formation from the heat of transfer.

It is imperative to remove all air bubbles due to the transfer
setup for a complete and intact RNA transfer from the gel
onto the membrane.

Pencil marks pick up radiation and this signal can be used to
orient the blot and mark the migration of RNA ladders.

The three pencil-labeled marks (for both dyes and tRNAs)
show approximately where 10, 30, and 70 nucleotides
migrate. Several other options for RNA markers are available,
including the Decade markers (Ambion, Austin, TX) that are
prepared by enzyme cleavage of a long RNA template and
radiolabeled before loading onto the gel.

One can probe the membrane on the same day as transferring
the gel by drying it in a hybridization oven. This can be done
by placing the membrane in a hybridization roller bottle with
the cap off. Bake in the hybridization oven at 80°C for 45 min
prior to prehybridization.
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Hybridization in scintillation vials has several advantages. The
smaller hybridization tube gives a greater concentration of
radiolabeled probe, higher throughput, and uses less reagents.
Use of the scintillation vials is limited to membranes with 4 or
fewer lanes and a gel that has only 8 cm of separation between
the dye front and the wells.

The Sephadex G-25 spin column must be prepared prior to
radiolabeled probe purification. The column is vortexed to
resuspend the sephadex suspension. Remove the bottom clo-
sure and loosen the cap. Spin the column for 1 min at 700 x g4
to pack the sephadex resin. Discard the liquid waste. Apply
the labeling reaction containing the probe to the top of the
angled resin. Do not disturb the resin when adding the lig-
uid. The appropriate loading volume for radiolabeled oligo-
nucleotides on the G25 columnis 50 uL. Elute the radiolabeled
probe by spinning the column for 2 min at 700 x 4. Most
of the unincorporated radioisotopes are trapped in the col-
umn while the labeled probe is in the flow through. The
column is solid radioactive waste and should be disposed of
appropriately.

The appropriate hybridization temperature for Northern
analysis should be changed based on the GC content of the
probe. If possible, repetitive nucleotide strings within the
DNA probe should be avoided.

There are three major factors that affect probing stringency:
temperature, probe composition, and wash buffer conditions.
If the stringency needs to be changed to achieve better results,
we find it easiest to begin by changing the hybridization
temperature. Usually 38.5°C works well for most 19-23 nucle-
otide probes with 30-50% GC content. If higher GC content
probes are used, increase the hybridization temperature. For
example, raising the temperature to 45°C improves the reso-
lution for 60-65% GC content probes. In addition, higher
temperature washing conditions and using more than four
wash steps can achieve higher stringency. Alternatively, we have
had success by decreasing the length of the probe by up to
five nucleotides (length of 17 nucleotides) for those miRNAs
that are particularly GC rich (70%). The best strategy will
ultimately be determined empirically for each miRNA.

The high-energy intensifying screen is used to increase the
sensitivity of the radioactive signal detection. Close the assem-
bled intensifying screen, film, and Northern blot in a film
cassette and wrap in aluminum foil to eliminate light leakage
into the cassette. Place at —-80°C. After removing from the
-80°C freezer, allow 30 min at room temperature for the cas-
sette and intensifying screen to thaw before developing the
film in a dark-room.
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For the gel composition, different percentages of agarose
should be used based on the size of the RNA of interest.

We observed that some brands of agarose are not suitable for
RNA Northern blot analysis due to poor transfer efficiency.

The bromophenol blue (~300 bp on 1% agarose gels) and
xylene cyanol (~4,000 bp on 1% agarose gels) will give you an
idea of how the RNA electrophoresis is progressing. You can
also use a UV box to check RNA electrophoresis progression
due to ethidium bromide in the RNA sample buffer.

Rinse the gel in buffer to remove formaldehyde to increase
transfer efficiency.

We find that Northern blot analysis with end labeled probes
is less sensitive than with probes labeled with other methods,
such as random primed fill-in reactions or in vitro transcription.
We use end-labeling to detect abundant RNAs. Low abun-
dance RNAs will likely not be detected with this method.
However, this method has several advantages for some appli-
cations. It is easy to prepare the probe and to strip from the
membranes. It also allows for more precision and flexibility in
the part of the mRNA the probe hybridizes to.
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Chapter 10

Detection of Viral microRNA with S1 Nuclease
Protection Assay

Matthias John and Sébastien Pfeffer

Abstract

Mammalian host cells and their viral pathogens express and make use of short noncoding RNA molecules
to control the infectious cycle. In order to understand their physiological role, it is necessary to develop
tools for detection and quantification of these molecules. Here, we present a simple, specific, and very
sensitive protocol using short radioactive DNA oligonucleotides for hybridization to homologous RNA
target in a nuclease protection assay. The S1 nuclease from Aspergillus oryzae degrades single-stranded
oligonucleotides composed of either deoxynucleotides or ribonucleotides. In contrast, double-stranded
DNA, double-stranded RNA, or DNA-RNA hybrids are resistant to digestion. Subsequent analysis of
the protected DNA oligonucleotide with denaturing gel electrophoresis results in radioactive signals
strictly proportional to the abundance of short RNA in a given sample. The protocol works equally well
for in vitro cell culture assays and for tissue samples obtained from in vivo experiments.

Key words: Nuclease protection, S1 nuclease, microRNA

1. Introduction

Micro (mi) RNAs compose a growing family of small noncoding
regulatory RNA molecules that can be found in virtually all
eukaryotes, from the unicellular alga Chlamydomonasto humans (1).
Recently, miRNAs were also found in some viruses infecting
mammals, such as herpesviruses and polyomaviruses (2, 3). Being
practically indistinguishable from their cellular counterpart in
terms of physico-chemical properties, the approaches used to
study the miRNAs of viral origin mainly parallel the ones used to
study cellular miRNAs. A particular challenge one could face
when analyzing these tiny RNAs is their detection in tissue sam-
ples from infected animals. For example, in the case of mouse
cytomegalovirus, only one in a hundred cells will be infected in

Ronald P. van Rij (ed.), Antiviral RNAi: Concepts, Methods, and Applications, Methods in Molecular Biology, vol. 721,
DOI 10.1007/978-1-61779-037-9_10, © Springer Science+Business Media, LLC 2011
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the mouse liver, which means that viral miRNAs will be strongly
diluted in total RNA extracted from this organ. It might thus
become challenging to detect a given miRNA with sufficient sen-
sitivity and specificity. In this case, northern blotting is clearly not
sensitive enough, although it is very specific. RT-PCR could be
another approach that is more sensitive, but it can sometimes be
prone to specificity issues. We found that nuclease protection
assay is of sufficient specificity, and high sensitivity not only for
the detection of low abundant viral miRNA in vivo (4), but also
for siRNAs (5) and endogenous miRNAs (6).

2. Materials

2.1. Preparation

of a Radioactive
Single-Stranded DNA
Probe

2.2. Hybridization
and S1 Nuclease
Digestion of Probe
and Viral miRNA

Radioactive
label

. Single-stranded oligodeoxyribonucleotide (Fig. 1): dissolved

in nuclease-free water at a concentration of 20 puM
(~130 ng/ul), store at -20°C (see Note 1).

. ¥-[3P] ATP: specific activity >6,000 Ci/mmol. Use appropri-

ate measures for protection from this radiation hazard.

. 10x Kinase buffer: 700 mM Tris-HCI, pH 7.6, 100 mM

MgCl,, 50 mM dithiothreitol (New England Biolabs); store
at -20°C (see Note 2).

. T4 Polynucleotide kinase 10 U/ul (New England Biolabs),

store at —20°C.

. Microspin column 1.5 ml packed with G-25 sephadex™ DNA

grade (GE Healthcare).

. Scintillation cocktail and liquid scintillation counter.

. 5x S1 Hybridization buffer: 1.5 M NaCl, 5 mM ethylenedi-

aminetetraacetic acid (EDTA), 190 mM HEPES, pH 7.0,
store at room temperature.

. Sterile tRNA solution prepared from Escherichin coli, 10 ug,/ul

in nuclease-free water (Roche).

. Triton X-100 5% in nuclease-free water, store at room

temperature.

DNA probe Pyrimidine
overhang

R ALcIGYcIGIcIATCIGITIGITITATGICTALTIATGIGIAL T Ic T T Ic T T R

3= (G)W)GIC)GIC)IG UG HCIANCIAIANUIC G UNAWUINCICIU)-&
A A Y N AV Ve Ve V2 e

N

Viral microRNA m01-4

Fig. 1. Schematic illustration of a hybridized complex with a radioactive DNA probe and complementary mouse

Cytomegalovirus microRNA m01-4.
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4.

10x S1 Nuclease digestion buffer: 3 M NaCl, 20 mM
Zn-acetate, 600 mM Na-acetate, pH 4.5; store at room
temperature.

. S1 Nuclease: 140 U /ul, store at -20°C (GE Healthcare).

6. S1 nuclease stop solution: sterile tRNA prepared from E. col,

dissolved at 3 pg/ul in 350 mM EDTA; store at -20°C in
small aliquots.

. Technical grade 95% ethanol.
. Dry heating blocks for 1.5 ml reaction tubes set at 92 and

42°C.

. 40% Acrylamide /7.5 M urea solution (19:1 acryl:bis-acrylamide).

of the Digested Use appropriate measures for protection from this toxic
Sample hazard.
2. 10x Tris/Borate/EDTA (TBE) buffer: 890 mM Tris base,
890 mM boric acid, 25 mM EDTA disodium salt dihydrate.
Dissolve 108 g of Tris base, 55 g of boric acid, and 9.3 g of
EDTA in 1,000 ml water.
3. N,N,N, N'-Tetramethyl-ethylenediamine (TEMED).
4. 10% Ammonium persulfate (APS): dissolve 1 g APS in 10 ml
sterile water, store at —20°C.
5. Vertical gel system with 16 x20 cm glass plates and 0.4 mm
sequencing spacers.
6. Formamide buffer: 25 mM EDTA, 70 uM bromophenol blue
sodium salt, 90 uM xylene cyanol FF dye in formamide. Mix
9.4 ml of formamide, 0.5 ml of 500 mM EDTA, 50 ul of
10 mg/ml bromophenol blue sodium salt, and 50 ul of
10 mg/ml xylene cyanol FF. The stock solution of the dyes
are prepared in nuclease-free water.
7. Chromatography paper (0.34 mm).
8. Vacuum gel dryer.
9. Phosphorimager and storage screen (GE Healthcare).
3. Methods

3.1. Preparation

of a Radioactive
Single-Stranded DNA
Probe

. Label the oligonucleotide. Mix the following components.

(a) 0.75 ul 20 uM Oligonucleotide.
(b) 5 uly-[32P] ATPD.

(c) 2.5 ul 10x PNK kinase bufter.
(d) 6.5 ul Nuclease-free water.

(e) 1ulPNK10 U/l

Incubate at 37°C for 30 min.
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3.2. Hybridization
and S1 Nuclease
Digestion of Probe
and Viral miRNA

. Vortex a G-25 microspin column for a few seconds, pierce a

hole in the cover with a small needle and break the bottom
neck of the column (see Note 3).

. Place the column on top of an empty 1.5 ml reaction tube

and centrifuge the G-25 column for 1 min at 700 x g. Discard
the reaction tube and the collected liquid.

4. Place the G-25 column on a new 1.5-ml tube.

. Transfer the complete labeling reaction on top of the dry

G-25 resin.

. Spin the G-25 column for 1 min at 700 x 4.
. Discard the column. Use the collected flow-through directly

in a hybridization reaction, or store at —20°C for later use.

. Take a 1 pl aliquot, add 5 ml scintillation cocktail and deter-

mine radioactive counts in a liquid scintillation system (see
Notes 4 and 5).

. For one hybridization reaction, combine in a 1.5 ml reaction

tube:

a) 10 pl Sample (see Notes 6-8).
b) 5 ul 10 pg/ul tRNA solution.
¢) 10 ul 5x Hybridization buffer.
d) 1 ul 5% Triton X-100.

e) 23 ul Sterile water.

(
(
(
(
(
(f) 1 ul of Radioactive DNA oligonucleotide probe.

. Vortex the tube thoroughly for a few seconds and briefly cen-

trifuge to collect all liquid at the bottom of the tube.

. Secure the cover with a safety clip.

. Place the tube in a heating block and incubate at 92°C for

2 min.

. Transfer the tube to a heavy-duty Plexiglas rack with cover

and wait 2 h until the tube has reached room temperature
(see Note 9).

. Combine 50 pl of the hybridization reaction, 50 pl of 10x S1

Nuclease digestion buffer, 0.75 pl of S1 Nuclease, and 400 pl
of sterile water (see Note 10).

. Vortex the digestion solution.

. Incubate tubes at 42°C for 30 min.

. Add 10 pl of S1 nuclease stop solution and vortex briefly.
10.

Add 900 pl of 95% ethanol and precipitate protected frag-
ments overnight at -20°C.
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3.3. Analysis of the 1.

Digested Sample

14.
15.

Prepare a vertical 12% acrylamide /urea gel by mixing (see
Note 11):

(a) 6 ml40% acrylamide /7.5 M urea solution.
(b) 2 ml 10x TBE running bufter.

(c) 12 ml Sterile water.

(d) 60 ul 10% APS.

(e) 20 ul TEMED.

. Take precipitated S1 nuclease digest samples from freezer (see

Notes 7 and 8).

. Centrifuge at 16,100 x g for 10 min at 4°C.
. Caretully remove and discard radioactive supernatant.

. Spin again for a few seconds to remove remaining droplets of

liquid.

. Resuspend RNA pellets thoroughly by pipetting and vortex-

ing in 12 pl of formamide buffer.

. Centrifuge tubes for a few seconds to collect liquid at the

bottom of the tube.

. Denature samples by incubating the tubes for 2 min at

92°C.

. Place tubes immediately on ice.
10.
11.
12.
13.

Rinse gel pockets before loading the samples.
Load 4 pl of resuspended sample per lane.
Run for 1 h at 500 V.

Transfer gel to chromatography paper and dry the gel for 1 h
at 85°C.

Expose to phosphorimager screen for 4 h or overnight.

Scan the screen in phosphorimager (see Note 12 and Fig. 2).
Figure 3 shows the results of an actual experiment.

Protected probe

o o G «+— after digestion

Titration curve

with S1 nuclesae

Tissue samples

Fig. 2. Graphic representation of a S1 nuclease protection experiment after gel separation of digested probes and expo-

sure to phosphorimaging.
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NP 3 dpi 5 dpi
ND Neg MiM2 Pos ABC DE F

458 F T h

miR-m01-4, liver

..-’.-.'-4-

miR-m01-4, spleen

' ' - - .
*
miR-m01-4, lung

Fig. 3. Detection of viral microRNA-m01-4 in liver, spleen, and lung tissue samples
derived from infected animals. ND nondigested radioactive DNA probe. Neg negative
control with S1 nuclease digest of radioactive probe in presence of tRNA alone; M1, M2
S1 nuclease digest of radioactive probe in presence of RNA derived from uninfected
mice. M7+ Pos RNA from mCMV-infected cell culture serves as positive control and is
added to extracts from uninfected mouse tissue; 3 dpi detection of viral microRNA in
tissue 3 days after infection; 5 dpi detection of viral microRNA in tissue 5 days after
infection. The arrow indicates the correct size of protected DNA fragment after digestion
in the presence of viral microRNA-m01-4 and separation on gel. Residual full-length
DNA probe is detectable in several samples and appears above the protected fragment.
Below the specific fragment, some nonspecific signal of short fragments is seen in liver
samples from uninfected and infected mice (indicated by an asterisk). Adapted from (4)
with permission of the American Society for Microbiology. © 2007, American Society for
Microbiology.

4. Notes

1. The DNA oligonucleotide has to be of HPLC-grade purity.
The first 20-22 nucleotides are fully complementary to viral
miRNA target sequence and length. After hybridization, a
DNA-RNA duplex with a blunt end at the site of the radioac-
tive label is formed. Sometimes the 3'-end of a miRNA is
prone to degradation by exonucleases during the isolation
process and their terminal nucleotide is removed. As a conse-
quence, DNA probes covering the whole miRNA sequence
forms a duplex with the shortened target. This results in an
unprotected, unpaired nucleotide carrying the radioactive
label at the 5" overhang. This free nucleotide of the hybrid-
ized probe is quickly removed by the single-strand specific S1
nuclease, resulting in loss of radioactive label. This effect is
minimized using a DNA probe that is not covering the whole
miRNA target sequence. A single or double nucleotide over-
hang of miRNA at its 3’-end results in higher signals without
compromising the specificity of the probe (Fig. 1). The DNA
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oligonucleotide has a noncomplementary 4-7 nucleotides
pyrimidine overhang as an optimal substrate for S1 nuclease.
The removal of the overhang pyrimidines is clearly visible
during gel analysis as the resulting fragment migrates faster.
Traces of undigested probe in the same lane are an indicator
for suboptimal digestion caused by sample impurities, low
nuclease concentration, or inadequate digestion times.

2. Avoid repeated freeze—thaw cycles for kinase buffer, enzyme,
and radioactive y-[32P] ATD. The kinase buffer contains DDT
to prevent oxidation of the enzyme. Vortexing of buffer and
enzyme promotes oxidation and results in lower yield of
radioactive label. The y-[**P] ATD is subjected to both radio-
active decay and chemical degradation by radicals. In our
hands, the labeling of the oligonucleotide works best if the
v-[32P] ATP is used within 1 week of its shipment date.

3. Careful preparation of the spin column is critical. Low label-
ing yields are observed for probes that get stuck in a badly
prepared sephadex resin.

4. Typical yield for a good DNA probe is
1,000,000-2,000,000 cpm /pl.

5. Labeled probe can be stored at -20°C and used for 3 working
days. However, best performance is obtained for radioactive
probes prepared the same day as hybridization.

6. Procedures to isolate small RNA are described elsewhere in
this book. In Chap. 9, McClure et al. identified microRNA
with a Northern Blotting protocol. In Chap. 11, Akusjarvi
et al. presented a method to isolate small RNA after immuno-
precipitation of RNA-induced silencing complex (RISC).
Both described isolation methods results in high-quality RNA
samples that are suitable for our S1 Nuclease procedure. In
Dolken et al. (4), we pulverized tissue samples and used a
method based on a combination of phenol and solid-phase
extraction in minicolumns. This enables the separation of
long and short RNA. Commercial suppliers offer this extrac-
tion method as ready-to-use kits with detailed manuals. The
final eluate is enriched for short RNA. With these short RNA
enriched preparations instead of total RNA, we observed bet-
ter signals, lower background, and enhanced sensitivity for
certain miRNAs in S1 Nuclease protection assays. Although
this procedure seems rather expensive, the gain of time and
improved data quality make it an interesting option. For the
preparation of RNA samples, we lyse and process 20 mg of
animal tissue or 500,000 cells in culture. The RNA vyields are
sufficient for 3—6 S1 nuclease protection assays, depending on
miRNA abundance in the sample. We recommend doing the
first hybridization for new miRNA targets with 4 pug of
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10.

enriched short RNA per reaction. Depending on the obtained
signal, the RNA input can be reduced or increased in subse-
quent assays.

. For quantification experiments, perform the S1 nuclease

protection assay with a titration of a synthetic miRNA oligo-
nucleotide of at least four different concentrations. This
allows the generation of a standard curve and subsequent
determination of miRNA concentration in cell culture or tis-
sue samples.

. Always prepare negative controls to determine background.

First, digest the hybridization buffer with only tRNA and
radioactive probe to control for assay performance. Second,
include miRNA-free cell culture or tissue samples to see the
background of your reaction. In case that there is too much
background, adjust hybridization and digestion conditions
(see Notes 9 and 10; Fig. 2).

. After the heat denaturation of the hybridization reaction,

tubes can be placed in a tube incubator to adjust tempera-
tures between 37 and 50°C. Make sure that all tubes are air
tight to avoid evaporation. Adjusting the hybridization con-
ditions helps to reduce background and to increase probe
specificity. It is recommended to extend the hybridization
time to 4 h or even overnight if the chosen temperatures are
higher than 42°C. This is necessary to reach the equilibrium
between unbound probe and probe hybridized to miRNA.
Hybridization temperatures higher than 50°C are not recom-
mended, because the short DNA-miRNA hybrids may have
melting temperatures between 60 and 80°C. Thus, the
hybridization process may remain incomplete if the chosen
temperature is too high, keeping DNA probe and miRNA
target in a dissociated state.

Optimize the S1 nuclease digest by lowering or increasing
the enzyme concentration between 50 and 200 U /reac-
tion. An alternate approach to optimize the S1 nuclease
digest is by changing the incubation temperature. The S1
nuclease is active at temperatures between 30 and 60°C.
Increasing the temperature to 50°C, for example, can help
to optimize the signal to background ratio of protected
probe. An increase of band intensity for digested, but pro-
tected DNA fragment during gel analysis is a good indica-
tor for effective improvement. The same is true for
disappearance of any undigested probe or nonspecific sig-
nal appearing on the gel. In cases where the intensity of
digested probe is fading, too much enzyme might be used
or the temperature during digestion is too high. Usually,
an optimization step is only needed for a new probe
sequence or for S1 nuclease enzyme from a new supplier.
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11.

12.

Once the standard conditions are defined, the protocol is
quite robust and does not need frequent adjustments.

The acrylamide concentration and the run time of gel elec-
trophoresis has to be chosen carefully such that a clear differ-
ence in size between undigested probe and digested probe is
visible after analysis. The conditions in this chapters were suc-
cessfully used for the detection of mouse cytomegalovirus
miRNAs, endogenous mouse liver miRNAs and worked well
for detection of siRNA in animal tissue (4-6).

An actual S1 nuclease protection assay is shown in Fig. 3. The
negative control and two tissue samples of uninfected animals
do not show any sign of viral miRNA. In contrast, a positive
control and the tissue RNA preparations of six virus-infected
animals give a clear signal for the viral miRNA of interest. The
DNA oligonucleotide used here is not completely digested
and runs above the miRNA-specific fragment. This is no prob-
lem for a qualitative or semiquantitative analysis. However,
the digestion of the probe must be complete to permit quan-
titative analysis. Incomplete digestion of free probe is an indi-
cation for nonequilibrium condition. In this case, the observed
signal intensity of a protected radioactive fragment does not
represent the true amount of miRNA target in the hybridiza-
tion and digestion reaction. Further optimization of digestion
conditions is therefore needed to overcome the problem (see
Notes 9 and 10). On the other hand, the appearance of non-
specific fragments is not problematic if they run with a differ-
ent mobility from the specific protected fragment. In this
example, a nonspecific band runs below the band correspond-
ing to viral microRNA-mO1-4, and it does, therefore, not
interfere with detection of the miRNA.
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Chapter 11

Characterization of RISG-Associated Adenoviral

Small RNAs

Ning Xu and Goran Akusjarvi

Abstract

RNA interference (RNAI) plays novel roles in both host antiviral defense and viral replication. It has been
shown that some viruses can exploit the RNAi machinery for their own benefit by encoding for their own
viral small RNAs. Here we present a collection of methods to study adenoviral small RNAs, specifically a
method for immunopurification of RNA-induced silencing complex (RISC) and a biochemical assay for
the activity of purified RISC associated with adenoviral small RNAs.

Key words: Adenovirus, RNA interference, RISC, Ago2, VA RNA, Viral small RNA, 293-Ago2
Cell line, S15 Extract, Immunoprecipitation

1. Introduction

One of the first biological functions established for RNA interfer-
ence (RNAIi) was as an antiviral defense mechanism in plants. In
the early 1990s, plant scientists noticed that when they overex-
pressed certain plant genes from recombinant viral vectors, the
corresponding mRNA was degraded rather than overexpressed, a
phenomenon that was termed virus-induced gene silencing
(VIGS) (1, 2). Today, we know that the RNAI response is equiva-
lent to an immune system in plants and insects, whereas it is still
debated whether RNAI naturally limits viral infections in verte-
brates. Although our knowledge about the role of RNAI in virus—
host interactions is still limited, emerging evidence suggests that
RNAI is important for both virus replication and host antiviral
defense (3). Several viruses, such as members from the herpesvi-
rus family, simian polyomaviruses and human adenovirus, utilize
this novel host cell gene regulatory mechanism to encode for

Ronald P. van Rij (ed.), Antiviral RNAi: Concepts, Methods, and Applications, Methods in Molecular Biology, vol. 721,
DOI 10.1007/978-1-61779-037-9_11, © Springer Science+Business Media, LLC 2011
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their own subsets of small RNAs. These virus-encoded small
RNAs have, in some cases, been shown to modulate viral and
cellular gene expression and play important roles in both latent
and productive infections (reviewed in (3)).

We have previously shown that human adenovirus (Ad) infec-
tion suppresses the activity of the two key enzyme systems in the
RNAi pathway, Dicer and RNA-induced silencing complex
(RISC). Human adenovirus type 5 (Ad5) encodes for two abun-
dant 160-nucleotide-long noncoding hairpin RNAs, the virus-
associated RNA (VA RNA) I and II. Both VA RNAs are processed
to small RNAs (so-called mivaRNAs) that are efficiently incorpo-
rated into active RISC complex (4-6). We have established meth-
ods to isolate and functionally and structurally characterize RISC
complexes from adenovirus-infected cells. For these experiments,
we have established a 293-Ago2 cell line, which stably overex-
presses a FLAG/HA-epitope tagged version of the Argonaute-2
protein (Ago2, the core protein of the RISC complex). By immu-
nopurification of RISC complexes formed in Ad5 infected 293-
Ago2 cells, the activity of viral small RNAs associated with RISC
could be characterized in vitro (see Subheading 3.6). In addition,
the small RNAs can be extracted from the immunopurified RISC
and subjected to cloning and sequence analysis (see Chapter 6) or
characterization by Northern blot analysis (see Chapter 9). By
using these strategies, we not only identified a novel set of adeno-
viral small RNAs, but also characterized some of their biological
activities. The in vitro RISC activity assays described here can also
be used for the analysis of the biological activity of exogenous-
introduced siRNAs or endogenous miRNAs by suitable design of
substrate RNAs.

2. Materials

2.1. Establishment
of the 293-Ago2 Cell
Line

1. Cell culture medium: Dulbecco’s modified Eagles medium
(DMEM) supplemented with 10% newborn calf serum (NCS),
100 U/mL penicillin, and 100 pg/mL streptomycin.

2. Solution of trypsin (0.25%) in 1 mM ethylenediamine tetraa-
cetic acid (EDTA).

3. G418 sulfate. Dissolve at 50 mg/mL in 100 mM N-2-
hydroxyethylpiperrazine- N'-2-ethanesulfonate (HEPES), pH
7.3. Stable for 1 year at 2-8°C.

4. Fugene 6 reagent (Roche).

5. Plasmid pIRESneo-FLAG/HA Ago2 (Addgene, Cambridge,



2.2. Infection
of Adherent Cells
with Adenovirus

2.3. Preparation of S15
Extracts

2.4.Immunoprecipitation
of RISC

2.5. Preparation
of Radioactively
Labeled Substrate
RNA for the RISC
Assay
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. Cell culture materials (see Subheading 2.1, items 1-4).

. CsCl-purified adenovirus stock (wild-type or mutant) with a

titer preferably higher than 10! fluorescent focus-forming
unit (FFU)/mL (7).

. Cell-lifters.

2. 1 mL Syringe with 23-gauge needle.

. Phosphate-buffered saline (PBS): 20 mM potassium phos-

phate, pH 7.4, 130 mM NaCl. Prepare PBS in autoclaved
double-distilled H,O (ddH,0), store at +4°C.

. Bufter A (hypotonic): 10 mM HEPES, pH 7.9, 10 mM KCI,

1.5 mM MgCl,, 1 mM dithiotreitol (DTT). Make buffer A
without DTT in ddH,O, and filter through a 0.2 um mem-
brane. Add the DTT from a 1 M stock solution (stored at
-20°C) just before use. Keep on ice.

. Buffer A+50% glycerol: Add 500 pL of 87% glycerol to

370 uL Bufter A. Although this practice results in a dilution
of salts, it does not affect the performance of the extracts.

. Anti-FLAG M2 affinity agarose gel (Sigma-Aldrich).
. NET-1 butffer: 50 mM Tris—-HCI, pH 7.5, 150 mM NaCl,

2.5% Tween 20.

. Buffer A without DTT: 10 mM HEPES, pH 7.9, 10 mM

KCI, 1.5 mM MgCl,.

4. Buffer A+50% glycerol (see Subheading 2.3, item 5).

. A roller mixer at 4°C.

. Template DNA dissolved in RNase-free water (>40 ng/uL)

(see Note 1).

. 10x Nucleotide mix: 5 mM ATP, 5 mM UTP, 1 mM GTP,

1 mM CTP (see Note 2).

. 10 mM m’GpppG-cap nucleotide (Amersham Biosciences,

27-4635): Dissolve 5 A, units of lyophilized m’GpppG in

24 pL autoclaved ddH, O, store at -20°C.

4. 300 mM DTT: in ddH, O, store at -20°C.

(92

O 0 NN O

. T7 RNA polymerase (50 U/uL) and 10x reaction buffer

provided by the supplier.

. Porcine RNase Inhibitor (Amersham Biosciences): 39 U/uL.
. 0-32P-CTP (Perkin-Elmer): 800 Ci/mmol, 20 pCi/uL.

. RQ1 DNase (Promega): 1 U/uL.

. Phenol: Phenol—chloroform-isoamylalcohol (25:24:1).
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2.6. In Vitro RISC
Assay

10.

11.

12.
13.

14.

15.

16.

1.

Sample loading buffer: 80% formamide (p.a. grade), 50 mM
Tris—-HCI, pH 7.9, 10 mM EDTA, 0.025% bromophenol
blue, 0.025% xylene cyanol.

10x TBE stock solution: 108 g Tris base, 55 g boric acid,
7.44 g EDTA, add deionized H,O to 1 L and autoclave. Use
1x TBE in gel and 0.5x TBE as the running buffer.

Tetramethylethylenediamine (TEMED).

10% APS: for 10 mL dissolve 1 g ammonium persulfate in
10 mL ddH,O. Store in 1 mL aliquots at -20°C. Keep a
working solution at 4°C no longer than 1 month.

Preparative 4% acrylamide 8 M urea gel (acrylamide:bis-
acrylamide=29:1) in 1x TBE buffer. Add 25 uL. TEMED
and 250 pL 10% APS to every 50 mL gel just before casting
the gel. Use a wide comb (20 mm) so that the entire sample
can be run in one well in a midi gel.

RNA elution buffer: 0.75 M NH,-acetate, 10 mM Mg-acetate,
0.1 mM EDTA, 0.1% (w/v) sodium dodecyl sulfate (SDS).
Store aliquots at ~20°C and prewarm bufter at 37°C prior to
use.

Ethanol: 99.9 and 70% (diluted from 99.9% with autoclaved
ddH,0).

RISC 4x A buffer: 60 mM HEPES-HCI, pH 7.4, 1 mM
MgCl,, 180 mM KCl, 2 mM DTT.

2. 100 mM ATP. Store in aliquots at —-20°C.

10.

11.

. 20 mM GTP. Store in aliquots at -20°C.
. Creatine phosphate: Dissolve at 0.5 M in autoclaved ddH,O.

Store in 100 pL aliquots at —20°C.

. Creatine phosphokinase: Dissolve at 1.2 mg/mL in auto-

claved ddH,O. It is important to prepare a fresh solution
immediately before use.

. Porcine RNase inhibitor (Amersham Biosciences): 39 U /uL.
. 0.5 M EDTA.
. Proteinase K buffer: 100 mM Tris-HCI, pH 7.5, 150 mM

NaCl, 12.5 mM EDTA, 1% SDS. Prepare buffer in autoclaved
ddH,O and store at room temperature.

. 20 mg/mL Proteinase K: Dissolve 20 mg lyophilized protei-

nase Kin 1 mL of buffer: 50 mM Tris-HCI, pH 7.5, 10 mM
CaCl,. Store in small (e.g., 30 uL) aliquots at -20°C. Do not
freeze—thaw more than five times.

10 mg/mL Yeast tRNA. Dissolve in autoclaved ddH,O and
store in aliquots at —-20°C.

Sample loading buffer (see Subheading 2.5, item 10).
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12.
13.
14.
15.

Phenol: Phenol-chloroform-isoamylalcohol (25:24:1).
Chloroform-isoamylalcohol (24:1).
99.9% Ethanol.

8% Acrylamide 8 M urea gel (acrylamide:bis-acrylamide =19:1)
in 1x TBE. Add 25 uLL. TEMED and 250 puL 10% APS to
every 50 mL gel solution just before casting the gel.

3. Methods

3.1. Establishment
of the 293-Ago2 Cell
Line

The method section summarizes the following methods:

1.

. Infection of adherent cells with Adenovirus.

[S2 TN NN I S

6.

Establishment of the 293-Ago2 cell line.

. Preparation of S15 extracts from Ad-infected cells.
. Immunopurification of RISC.

. Strategies to synthesize radioactively labeled substrate RNA

for RISC assay.
In vitro RISC activity assay.

The protocol describes establishment of an adherent cell line,
which constitutively expresses a FLAG/HA-tagged Ago2 protein.
We have used this protocol to construct 293, Hela, and C33A
cells stably overexpressing the FLAG/HA-tagged Ago2 protein.

1.

2.

Grow 293 cells on 6-cm culture plates in cell culture medium
at 37°C in 5% CO,,.

Transfect cells with 1 pg plasmid pIRESneo-FLAG/HA
Ago2 (Addgene, Cambridge, MA) using the Fugene 6 reagent
as described in the protocol supplied by the manufacturer.
This plasmid contains a neomycin (G418) resistance marker
and codes for an amino-terminal FLAG/HA-tagged human
Ago2 protein (8).

. At 48 h posttransfection, split cells into 10-cm culture plates

containing the same medium (step 1) supplemented with
400 pg/mL of G418 (see Note 3). Dilute cells such that they
are not more than 25% confluent on the 10-cm culture plate
at the start of the G418 selection. Change to new selection
medium every 3—4 days.

. When all 293 cells in the untransfected control plate are dead,

isolate single surviving colonies of 293-Ago2 cells growing in
the transfected plates by using a Gilson pipette with a sterile
tip on an inverted light microscope. Transtfer the clone to a
24-well plate containing prewarmed cell culture medium with
G418 for further expansion of the clone.
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3.2. Infection
of Adherent Cells
with Adenovirus

293 293-Ago2
W/B: anti-FLAG W < FLAG-AgO2

W/B:anti-Ago2 . -— — Ago2

Fig. 1. Western blot analysis (W/B) of Ago2 expression in the selected 293-Ago2 cell
clone and the parental 293 cell line. The membrane was detected by anti-FLAG antibody
(upper panel) and anti-Ago2 antibody 8C7 (lower panel).

N O\ Ul

. Identify FLAG/HA Ago2 expressing stable clones by Western

blot analysis using the FLAG M2 monoclonal antibody.

. Determine the level of FLAG/HA-Ago2 overexpression in

individual stable clones by Western blotting using an anti-
body detecting both the endogenously expressed Ago2 pro-
tein and the FLAG/HA-tagged Ago2 protein (see Note 4).

. Select a clone with a high and stable Ago2 protein expression

for subsequent experiments. Avoid stable cells with an artifi-
cially too high level of Ago2 overexpression (see Note 5). In
our experiment, we selected a clone showing an approxi-
mately sevenfold Ago2 overexpression (Fig. 1).

. Grow 293-Ago2 cell line under the same condition as non-

transfected 293 cells (step 1). The cells are reselected every
2-3 months by adding 400 pug/ml G418 into the culture
medium. Keeping track of passage numbers and periodically
freezing down cells are recommended. Work with early pas-
sage cells is recommended.

. Split 293-Ago2 cells the day before infection and seed in five

10-cm plates such that the monolayer is between 60 and 80%
confluent at the time of infection. We usually infect four 10-cm
293-Ago2 plates and use an extra plate of cells for counting
the number of cells on the day of infection (see Note 6).

. Count number of cells in the control plate and calculate the

amount of virus needed to obtain a multiplicity of infection of
100 FFU /cell.

. Thaw virus stock on ice. Mix stock briefly by tapping the tube

(do not vortex). Dilute virus in 3 mL of DMEM containing
2% NCS /10 cm plate. Quick-freeze the remaining virus stock
in a dry ice-ethanol bath.

. Remove culture medium.
. Add 3 mL virus inoculum per plate.
. Incubate for 60 min in a CO, incubator (37°C, 5% CO,).

. Remove and discard virus inoculum using an established and

safe procedure.

. To each plate, add 10 mL of DMEM containing 10% NCS.
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9.
10.

Incubate cells in a CO, incubator (37°C, 5% CO,).
Harvest at 20-24 h postinfection.

The protocol for preparing cytoplasmic extracts from small vol-
umes of cells is adapted from a protocol for preparing extracts
from Drosophila S2 cells (9, 10). Recovering sufficient amounts of
extracts requires careful handling and preferably a packed cell vol-
ume (PCV) of at least 50 puL. The protocol below is designed for
four 10-cm plates of 293-Ago2 cells collected at about 20-24 h
postinfection.

1.

10.

11.

Carefully remove the growth medium by gentle aspiration. If
cells are loosely attached to the plate, it is better to resuspend
all cells in the growth medium with a cell-lifter and collect
cells by centrifugation 5 min at 2,000 x4 in a 50-mL plastic
Falcon tube.

. Add 1 mL ice-cold PBS per plate and resuspend cells with a

cell-lifter or by gently pipetting up and down with a Gilson
pipette. Transfer to four 1.5-mL Eppendorf tubes and collect
cells by centrifugation at 3,000 x g for 2 min.

. Remove the supernatant by gentle aspiration.

. Resuspend the pellets in the four tubes in a total volume of

1.5 mL ice-cold PBS and combine them into a clean 2 mL
Eppendorf tube, centrifugate at 3,000 xg for 2 min, and
remove supernatant.

. Estimate the PCV (see Note 7). Adjust the volume to 6x

PCV with ice-cold Buffer A.

. Allow cells to swell on ice for 15 min.

. Disrupt cells by passing the solution through a 23-gauge

syringe needle. Press the needle opening to the surface of the
tube. Approximately 30—40 strokes are required. Be careful
not to introduce bubbles. To check the efficiency of disrup-
tion, place 5 uL of the solution on a plate, add 2 pL 0.4%
trypan blue, and check under the microscope. Nuclei stain
blue, intact cells do not stain. Continue until more than 90%
of the cells are disrupted.

. Spin down the nuclei at 7,000 x 4 for 5 min at 4°C.

. Transfer the supernatant (cytoplasmic extract) to a new tube.

Add 0.1 volume of Buffer A+50% glycerol.

Clear the supernatant by centrifugation at 15,000x 4 for
60 min at 4°C (see Note 8).

Aliquot the S15 extract into Eppendorf tubes. Quick-freeze
the extracts in liquid nitrogen, and store at -70°C. The
extracts can be thawed three times without losing activity if
they are refrozen in liquid nitrogen. A useful scheme for
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12.

3.4. Immunopurification 1.

of RISC

aliquoting is to prepare two tubes with 30 uL extract to be
used for the RISC assay (see Subheading 3.6), one tube with
5 uL extract to be used for determining the protein concen-
tration and one tube containing the rest of the extract that
will be wused for immunopurification of RISC (see
Subheading 3.4).

Assay the protein concentration of the S15 extract. The pro-
tein concentration is typically 6-8 pg/uL.

Calculate the amounts of anti-FLAG M2 affinity gel needed
for the immunoprecipitation reaction. We use 40 pL gel
slurry (equal to 20 puL packed resin, see Note 9) for S15
extract prepared from four 10-cm plates.

. Mix the bottle containing anti-FLAG M2 agarose bed slurry

thoroughly by vortexing. Immediately transter the required
amount of gel suspension into a fresh 1.5-mL Eppendorf
tubes (see Note 10).

. Centrifuge the resin for approximately 5 s at 10,600 x4.

Remove the supernatant carefully; avoid discarding any resin
(see Note 11).

. Wash the beads twice with ice-cold NET-1 buffer at a volume

equal to 20 times the packed resin volume (for example,
400 uL NET-1 buffer for 20 pL packed resin), repeat step 3.

. Add the S15 extract containing the same amount of protein

(see Subheading 3.4, steps 12 and 13) to the washed resin.
Mix samples gently on a roller mixer at 4°C for 2 h.

. Centrifuge the tubes for 5 s at 10,600 xg. Discard the super-

natant, or transfer to a fresh tube for an optional control
experiment (see Note 12).

. Wash the resin three times with ice-cold NET-1 buffer and

once with buffer A (without DTT) as described in step 3.
After the last wash, remove all washing buffer carefully (see
Notes 11 and 12).

. Resuspend the washed resin in 20 puL buffer A +50% glycerol,

quick-freeze in liquid nitrogen, and store at -70°C for use in
RISC assay (see Subheading 3.6) or isolation of RISC-
associated RNA (see Note 13).

3.5. Preparation In our assay system, we use capped transcripts uniformly labeled
of Radioactively with o-3*P-CTP. It is essential to use a capped transcript when
Labeled Substrate S15 extracts are used, since the 3’ fragment produced after RISC
RNA for the RISC cleavage often is rapidly degraded. However, in assays using
Assay immunopurified RISC,; both the 5’ and 3’ fragments are stable
and can usually be detected on the gel (Fig. 2). Using suitable
PCR primers template, DNA can be produced that allows
transcription of substrate RNAs that match essentially any
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Fig. 2. In vitro RNA-induced silencing complex (RISC) activity assay. S15 cytoplasmic
extracts and immunopurified RISC (IP) from uninfected 293-Ago2 cells or cells infected
with Ad5 (+) were assayed for RISC activity against the synthetic transcripts with target
regions complementary to the 5’ or 3’ half of VA RNAIl (Reverse VAIl 5" or 3') (4, 11).
Arrows indicate the span of the virus-associated RNA (VA RNA) target regions in respec-
tive transcript. The positions of the 5’ end cleavage products generated by Dicer cleav-
age at the terminal stem in VA RNAIl are indicated by a dot. Bands labeled with asterisk
indicate the 3' end cleavage product of the substrate RNA, which usually is degraded
in S15 cytoplasmic extracts, but is often seen in reactions using immunopurified RISC.
L DNA size ladder.

sequence of interest. In our assays, target RNAs for the RISC
reaction are typically synthetic RNAs containing sequences com-
plementary to the 5" or 3' halves of the adenovirus VA RNAs
((11); see Note 1).

1. Combine in an Eppendorf tube at room temperature (see
Note 14):
(a) 1.25uL 10x T7 RNA polymerase buffer.

(b) 4.75 uL Template DNA (200-500 ng in RNase-free
water).

¢) 1.25 pL 10x Nucleotide mix.

d) 1.25 pL 10 mM mGpppG-cap nucleotide.
e) 0.5uL 300 mM DTT.

f) 2.5 uL a-**P-CTP (50 uCi).

g) 0.5 uL Porcine RNase inhibitor.

(
(
(
(
(
(h) 0.5 uL. T7 RNA polymerase.
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2. Incubate for 2 h at 37°C.

11.

12.

13.

. Add 1 pLL RQ1 DNase, incubate for 30 min at 37°C.
. Add 13 pL sample loading buffer. Store at —~20°C or continue

directly.

. Heat samples at 100°C for 5 min, chill on ice, and load on a

preparative 4% acrylamide 8 M urea gel (see Note 15).

. Run gel in 0.5x TBE at 50 W until the bromophenol blue

dye reaches the middle of the gel (see Note 16).

. Detach the gel from the electrophoresis equipment and care-

fully remove the upper glass plate. Discard the lower part of
gel [below the bromophenol blue dye (see Note 17)]. Wrap
the rest of the gel in a plastic film (Saran wrap) and cover with
a clean glass plate. Move the whole set-up to the darkroom.
In the darkroom, remove the clean glass plate, place an X-ray
film on top of the Saran wrap, and mark the position of the
X-ray film with a waterproof pen on the Saran wrap. Cover
with a clean glass plate and expose for 5 min at room tem-
perature. Develop the X-ray film. For your own safety, work
behind a Plexiglas shield.

. Copy the position of the band corresponding to your full-length

transcript from the autoradiogram back to the gel by cutting
out the band on the X-ray film, which opens a window in the
film. Align the film with gel using the marker pen positions and
label the position of the product band on the Saran wrap
through the window on the film. Cut out the full-length band
on the gel with a disposable scalpel or razor blade, cut the gel
slice into smaller pieces (volume 100-150 uL), and put them in
an Eppendorf tube containing 500 L RNA elution buffer.

. Elute the transcript on a shaker at +37°C for 2 h.
10.

Remove insoluble gel debris by spinning the tube at 16,000 x 4
for 5 min at room temperature and transfer the supernatant
to a fresh tube. Check with a hand monitor that roughly 80%
of the radioactivity is in the supernatant. If necessary, the
remaining gel pieces can be eluted by adding a second 500 pL
aliquot of RNA elution buffer and repeating step 9.

Add an equal volume of Phenol to the supernatant, vortex
vigorously for 1 min, and spin at 16,000 x 4 at room tempera-
ture for 5 min. Carefully transfer the upper phase to a fresh
tube and add 2.5-3 volumes of 99.9% ethanol. Precipitate the
RNA at overnight —20°C.

Spin tube at 16,000 x g for 1 h at 4°C and remove the etha-
nol. Wash the pellet with 500 pL. 70% ecthanol, spin at
16,000 x g for 15 min, remove ethanol, and air-dry the pellet
for 5-10 min at room temperature.

Dissolve in 30-50 pL. RNase-free water. Store at -70°C.
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1.

Prepare a reaction master-mix on ice (see Note 18). One
RISC reaction should contain the following components:

(a) 2.5 uL RISC 4x A buffer (sece Note 19).

(b) 0.1 uL 100 mM ATD.

(¢) 0.1 uL 20 mM GTP.

(d) 0.5 uL 500 mM Creatine phosphate.

(e) 0.25 pL Creatine kinase (freshly dissolved).

(f) 0.05 pL Porcine RNase inhibitor.

(g) 50,000 dpm Substrate RNA (see Note 20).

(h) Add RNase-free water to a final volume of 5 pL.

. Thaw S15 extract (see Subheading 3.3) and /or immunopuri-

fied RISC complexes on beads (see Subheading 3.4, step 8).
Place on ice.

. Add 5 pL of master-mix into each of reaction tube. Place the

tubes at room temperature.

. Resuspend the RISC-bound beads in buffer A by tapping the

tube. Immediately transfer 5 pL. of beads or 5 uL. S15 extract
to the reaction tube containing the master-mix. Mix by gently
pipetting up and down 20 times. Be careful not to introduce
any bubbles. Do not vortex (see Note 21).

. Incubate in a cabinet incubator at 30°C for 2 h (see Note 22).

6. Add 1 uL 0.5 M EDTA to terminate reaction. Chill on ice.

10.

11.

12.

. Prepare Proteinase K mix. For one reaction, mix the follow-

ing components:

(a) 400 pL Proteinase K bufter
(b) 2 puL 20 mg/mL Proteinase K
(¢) 1 pL 10 mg/mL tRNA.

Add 400 pL Proteinase K mix to each reaction and incu-
bate at 65°C for 45 min

. Centrifuge at 16,000x 4 for 5 min at room temperature to

pellet any insoluble material.

. Transfer the supernatant to a new Eppendorf tube, extract

with 400 puL phenol/chloroform/isoamyl alcohol (25:24:1),
and transfer upper phase (380 uL) into a new tube (see
Subheading 3.5, step 11).

Repeat extraction with 380 pL chloroform /isoamyl alcohol,
transfer upper phase (360 pL) into a new tube (see Note 23).
Add 3 volumes of cold 99.9% ethanol, precipitate at —20°C
overnight.

Pellet RNA by centrifugation at 16,000 x4 for 1 h at 4°C.
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13.

14.

15.
16.

17.

Remove supernatant, air-dry the pellet at room temperature
for 1-5 min, and dissolve in 10-20 pL of sample loading
bufter.

Heat samples at 100°C for 5 min, chill on ice, and collect all
material at the bottom of the tube by a short centrifugation.

Load samples on an 8% acrylamide 8 M urea gel (see Note 24).

Run the gel until desired separation is obtained and dry the
gel on a gel dryer.

Expose the gel to an X-ray film and/or expose it on a
PhosphorImager screen for subsequent quantification of the
results (see Fig. 2 for an example).

4. Notes

. To generate target RNAs for mivaRNAs, the VA RNA genes

were separated near the apical loop into two halves and cloned
into pGL4-luciferase reporter plasmids in the reverse orienta-
tion (11). We used a forward primer with a 5’-extension
encoding a minimal T7 promoter (ATATATTAATACGACT
CACTATAG:; bold nucleotide = transcription start site) and a
reverse primer to generate DNA template by PCR amplification.
The template DNA is purified (QIAquick PCR purification
kit, QIAGEN) and used for the in vitro transcription reac-
tion. Alternative templates can be designed to virtually any
sequence by PCR amplification using one primer containing
the 5’ extension encoding a minimal T77 promoter sequence.
It is important that the DNA is RNase-free and without
inhibitory contaminants. The length of the targets used in
our study are 400-500 nucleotides and the cleavage products
are 100-300 nucleotides, which can be well-separated in the
8% acrylamide 8 M urea gel. The percentage of the gel can be
adjusted according to the length of RNA that you need to
separate.

. The nucleotide mix contains a lower concentration of GTP to

favor incorporation of the synthetic m’GpppG-cap nucle-
otide. The concentration of CTP is also lower, since o-3
P-CTP is used to label the transcript. The nucleotide mix
stock solution can be stored in small aliquots at —20°C. Avoid
repeated freeze—thawing of the stock.

. G418 is an aminoglycoside, which blocks mammalian protein

synthesis by interfering with ribosomal function. Expression
of the bacterial APH gene in mammalian cells can detoxificate
G418, which results in the resistance to G418 (12). The opti-
mal killing concentration for G418 should be titrated prior to
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10.

11.

the transfection and varies with the cell type. In an initial
experiment, we treat the cells with several concentrations
ranging from 100 pug/mL to 1 mg/mL. The concentration
that kills the cells after 1 week of treatment is used as the
selection concentration. We use a selection concentration of

400 pg/mL G418 for 293 cells.

. To detect both the endogenously expressed and the FLAG/

HA-tagged Ago2 proteins, we used antibody 8 C7, which was
kindly provided by G. Dreyfuss. Today, several anti-Ago2
antibodies are commercially available.

. We avoid using clones with very high Ago2 overexpression

(for example, more than ten-times overexpression compared
to the 293 cell line), since the artificially high level of Ago2
protein could saturate other components of the RNAi machin-
ery and potentially interfere with other processes in the cell.

. The protocol can be scaled up or down, but the total cell

volume at the time of harvest should be at least 50 pL to sim-
plify the technical handling of the cell pellet during the passage
through a syringe with a needle (see Subheading 3.3).

. A simple trick to estimate the PCV is to resuspend the pellet

in a small volume of Buffer A (for example 100 uL) and mea-
sure the total volume of the solution using a 200 pL pipette.
The PCV is total volume minus 100 puL. Accurate measure-
ment of PCV is important to obtain reproducible extracts.

. Removes large cellular structures from the extract.
. 40 puL Anti-FLAG M2 affinity gel slurry is equal to approxi-

mately 20 uL packed gel volume. Smaller amounts of resin
can be used, since around 10 pL packed gel can bind >1 pg
FLAG-tagged protein. However, using too small volume of
anti-FLAG M2 affinity resin will cause difficulties with quan-
titative manipulations in the following steps.

For resin transfer, leave the pipette in the vial containing the
agarose slurry longer than 30 s to make sure that the correct
volume is taken, since the gel slurry is very viscous. Round-
bottom tubes (for example, 2 mL Eppendorf tube) are not
suited in this step, since it is difficult to observe the small vol-
ume of resin pellet in these tubes. If multiple immunoprecipi-
tation reactions are simultaneously performed, we wash the
resin needed for all samples together and divide it into each
reaction tubes after the washing step.

In order to avoid losing resin, we remove the supernatant with
a narrow-ended pipette tip, which we make by using a forceps
to pinch the opening of the tip. During the wash steps, we
usually leave a little bit supernatant above the pellet. However,
try to take away all of the buffer after the last wash step.
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12.

13.

14.

The efficiency of immunoprecipitation (IP) can be estimated
by comparing the amount of Ago2 protein in S15 extract
before IP, after IP, and on the beads by Western blotting
using the anti-FLAG antibody. The proteins bound to beads
can be eluted as below:

(a) Add 20 pL 2x SDS-PAGE Sample buffer (125 mM Tris—
HCI, pH 6.8, 4% SDS, 20% (v/v) glycerol, 0.004% bro-
mophenol blue) to each tube containing the washed
beads (see Subheading 3.4, step 7).

(b) Boil samples at 100°C for 3 min.

(c) Centrifuge at 10,600 x g for 5 s at room temperature and
load the supernatant, which contains the eluted protein,
on the SDS-PAGE gel.

The immunopurified RISC-associated RNA (see Sub-
heading 3.4, step 7) can be extracted from the beads and
subjected to sequence analysis (see Chapter 6) or detected by
Northern blot (see Chapter 9) (11).

(a) Following Subheading 3.4, step 7, add 600 puL IsoB/
NP40 buffer (10 mM Tris—HCI, pH 7.9, 0.15 M NaCl,
1.5 mM MgCl,, 0.5% ethylphenyl-polyethylene glycol
(NP40)).

(b) Add 130 pL 5x RPS buffer (0.5 M Tris, 2.5% SDS,
50 mM EDTA).

(c) Add 600 pL phenol/chloroform/isoamyl alcohol
(25:24:1) to the beads, vortex vigorously at room tem-
perature for 10 min.

(d) Centrifuge at 16,000 x g for 5 min at room temperature.
Repeat Phenol extraction once.

(e) Caretully transter the upper phase to a fresh tube con-
taining 600 uL chloroform/isoamyl alcohol (24:1).
Vortex for 1 min and centrifuge again.

(f) Precipitate the supernatant overnight at -20°C with
600 pL isopropanol, 30 uL sodium acetate (3 M), and
10 pg Glycogen (Applied Biosciences).

(g) Pellet RNA by centrifugation at 16,000x4 for 1 h at
4°C. Remove supernatant, air-dry the pellet at room
temperature for 1-5 min, dissolve in RNase-free water or
gel loading bufter.

(h) Proceed with small RNA cloning and /or Northern blot.

Do not combine the in vitro transcription reaction on ice,
because spermidine in the enzyme buffer will precipitate at
low temperature, which is detrimental for the activity of the
spermidine-dependent T7 RNA polymerase. Also, thaw the
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15.

16.

17.

18.

19.

20.

21.

22.

10x T7 RNA polymerase buffer at room temperature and be
careful to dissolve the precipitate in the buffer before use.

It is not practical to run radioactive-labeled DNA or RNA
size marker beside the in vitro-transcribed RNA product in
the preparative 4% acrylamide gel. In order to obtain the sim-
ilar level of radioactive intensity for both size marker and the
RNA product during exposure, very high amount of size
marker needs to be used. If necessary, the size of the tran-
scription product can be verified by separating 0.5 puL of the
reaction mix alongside a size marker in a 4% acrylamide 8 M
urea mini gel.

The 4% polyacrylamide gel is suitable for separating tran-
scripts ranging in size from 200 to 500 nucleotides. For tran-
scripts smaller than 200 nucleotides, higher percentage
polyacrylamide gels should be used (6-10%). The gel can be
run for longer times if a better separation of the full-length
transcript is needed. However, be aware that the free radioac-
tive nucleotides may run out of the gel into the lower buffer
chamber and contaminate the electrophoresis equipment.

On a 4% denaturing polyacrylamide gel, the migration of the
bromophenol blue dye runs with approximately 35 nucle-
otides (13). Therefore, the part of gel below the bromophe-
nol blue marker contains the unincorporated radioactive
nucleotides (about 80% of the input radioactivity). Discarding
this part of gel will decrease the radioactivity of the whole gel
and facilitate the following steps.

For the RISC reaction to be successful, it is important that
the reaction master-mix is made fresh immediately before
mixing the reaction. The crucial component appears to be the
creatine kinase, an enzyme that is needed to provide the RISC
reaction with ATD.

The final concentrations of components in the RISC reaction
mixture, including the salts from the cell extracts, are: 15 mM
HEPES-KOH, pH 7.4, 50 mM KCI, 1 mM MgCl,, 1 mM ATP,
0.2 mM GTP, 10 pg/mL RNasin, 30 pg/mL creatine kinase,
25 mM creatine phosphate, 0.5 mM DTT, 2.5% glycerol.

A purified transcript can be used for RISC assay up to 2 weeks
after synthesis, if stored at -70°C. However, use of fresh tran-
scripts usually results in higher cleavage efficiency and lower
background.

A negative control can be done by adding 1 uL. 0.5 M EDTA
at =0, and incubate at 30°C for the same time as other
samples.

Since the reactions are performed in a small volume (10 pL),
it is important that the Eppendorf tubes are incubated in a
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cabinet incubator rather than in a water bath to prevent
evaporation and condensation of water under the lid.

23.

Do not try to recover all of the supernatant during the phenol

extraction, because contaminates in the interphase frequently
result in a smearing of bands on the gel.

24.

The length of the expected cleavage products determines the

percentage of the gel. 8% Gel are suitable to resolve products
ranging from 100 to 500 nucleotides; longer fragments
should be run on a 4 or 6% gel.
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Identification of Viral Suppressors of RNAi
by a Reporter Assay in Drosophila S2 Gell Culture

Koen W.R. van Cleef, Joél T. van Mierlo, Marius van den Beek,
and Ronald P. van Rij

Abstract

The RNA interference (RNAI) pathway plays an important role in antiviral immunity in insects. To counteract
the RNAi-mediated immune response of their hosts, several insect viruses, such as Flock house virus,
Drosophila C virus, and Cricket paralysis virus, encode potent viral suppressors of RNAi (VSRs). Because
of the importance of RNAI in antiviral defense in insects, other insect viruses are likely to encode VSRs
as well. In this chapter, we describe a detailed protocol for an RNAi reporter assay in Drosophila S2 cells
for the identification of VSR activity.

Key words: Insect virus, Antiviral immunity, RNAI, Viral suppressor of RNAi (VSR), Reporter assay

1. Introduction

During prolonged coevolution of virus and host, viruses have
developed various sophisticated strategies to evade the immune
defenses of their hosts. In insects, RNA interference (RNAi) is an
important antiviral defense mechanism (reviewed in Chapter 1
and refs. (1, 2)). The RNAi machinery is triggered by viral double-
stranded RNA (dsRNA), which is cleaved by Dicer-2 into viral
small interfering RNAs (v-siRNAs). The v-siRNAs are incorpo-
rated into an RNA-induced silencing complex (RISC) where they
guide the recognition and cleavage of complementary viral RNAs
by Argonaute-2 (Ago-2) and thereby restrict viral replication. To
interfere with the antiviral RNAi defense system, several insect
viruses encode potent viral suppressors of RNAi (VSRs). These
VSRs include Flock house virus (FHV) B2 (3), Drosophila C
virus (DCV) 1A (4), and Cricket paralysis virus (CrPV) 1A (4,
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5). The VSRs target different steps in the RNAi pathway. For
example, both FHV B2 and DCV 1A block Dicer-mediated cleav-
age of long dsRNA into siRNAs by binding long dsRNA mole-
cules, whereas FHV B2 also sequesters siRNAs to prevent their
incorporation into RISC (4, 6-9). In addition to these dsRNA-
binding activities, several VSRs interact with components of the
RNAIi machinery directly. For instance, FHV B2 interacts with
Dicer in order to suppress siRNA biogenesis (10), whereas CrPV
1A inhibits RISC activity via an interaction with Ago-2 (11).

Given the importance of RNAI as an antiviral defense mecha-
nism in insects, many more insect viruses are likely to encode VSRs.
This chapter provides a detailed protocol that can be used to rou-
tinely screen potential VSRs for their ability to suppress RNAi in
the Drosophila Schneider 2 (S2) cell line. In brief, S2 cells are first
cotransfected with a plasmid that expresses the potential VSR and
copper-inducible expression plasmids for the firefly and Renilla
luciferases. Two days after transfection, the cells are treated with
dsRNA to silence expression of the firefly luciferase reporter
(dsRNA feeding). The Renilin luciferase reporter is not silenced
and functions as an internal control which can be used to normalize
the data. Several hours after dsSRNA treatment, expression of the
luciferase reporters is induced with CuSO,. The cells are lysed
the next day and luciferase activity is quantified by dual-luciferase
reporter (DLR) assays. The data are presented as firefly/Renilla
ratios and, therefore, increased ratios indicate RNAi suppression by
apotential VSR. Once a VSR has been identified, additional reporter
assays and biochemical experiments can be performed to determine
which step in the RNAI pathway is targeted by the VSR.

A flow chart of the RNAi reporter assay and two variants thereof
are shown in Fig. 1. In experiments to identify VSR activity, we
routinely induce RNAI by adding dsRNA to the culture superna-
tant (dsRNA feeding, see Note 1). In Fig. 2, a representative exam-
ple is presented of an experiment that demonstrates the VSR
activities of both DCV 1A and CrPV 1A, using the standard RNAi
reporter assay and the two variants. In one of the variants, siRNAs
are cotransfected with the plasmids (siRNA cotransfection). In
contrast to dsRNA, siRNAs do not require processing by Dicer-2.
Successful suppression of RNAI in this variant therefore implies that
the VSR interferes with steps downstream of Dicer-2 cleavage. In
the other variant, dsRNA is cotransfected with the plasmids, rather
than added to the culture supernatant (dsRNA cotransfection).
Notably, whereas DCV 1A inhibits Dicer-2 cleavage of dsRNA (4),
the protein is unable to suppress RNAI in this experimental setup.
Presumably, the cotransfected dsRNA is processed into siRNAs
before the VSR is expressed at sufficient levels to suppress Dicer-2
cleavage. The main protocol (see Subheadings 2 and 3) describes
the RNAI reporter assay using dsRNA feeding to induce RNA;;
details on the variants are described in Subheading 4.
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Fig. 1. Flow chart of the RNAI reporter assay. See text for details.
2. Materials
2.1. Cell Culture 1. Drosophila  S2R+ cells (Drosophila Genomics Resource

Center, https: //dgrc.cgb.indiana.edu) (see Note 1).

2. Culture medium: Schneider’s Drosophila Medium (Invitrogen,
Carlsbad, CA) supplemented with 10% heat-inactivated Fetal
Calf Serum (FCS) (Biochrom, Berlin) and 1% Penicillin/

Streptomycin (Invitrogen). Store at 4°C.
. Cell scrapers (Corning, Corning, NY).
. 25 cm? Cell culture flasks (Corning).
. 96-Well cell culture plates (Corning).

N U1 W

. Hemocytometer.

2.2. Generation 1. Phusion High-Fidelity DNA polymerase (Finnzymes, Espoo),
of Templates including 5x Phusion HF Buffer (see Note 2).

for In Vitro

Transcription 3

2. 10 mM dNTP mix (Roche, Mannheim).

. Plasmid templates for polymerase chain reaction (PCR) con-

taining the GL3 firefly luciferase and green fluorescent pro-

tein (GFP) target sequences.
4. The tollowing primers (10 uM):

T7-Luc-F: 5-TAATACGACTCACTATAGGGAGATATGA

AGAGATACGCCCTGGTT-3'
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Fig. 2. Example of an experiment that demonstrates the VSR activities of DCV 1A and CrPV 1A. S2R+ cells were transfected
with plasmids pMT-Luc, pMT-Ren, and either a plasmid that expresses one of the indicated VSRs or the corresponding
empty plasmid. Firefly luciferase-specific or nonspecific (GFP) dsRNA was introduced into the cells by feeding at 48 h
after plasmid transfection (upper panel) or by cotransfection with the plasmids (middle panel). Firefly luciferase-specific
or nonspecific (MDA5) siRNAs were introduced into the cells by cotransfection with the plasmids (lower panel). To induce
expression of the firefly and Renilla luciferase reporters, the culture supernatant was supplemented with CuSO, at 55 h
after transfection. At 72 h after transfection, DLR assays were performed to determine the activity of the reporters. The
firefly/Renilla ratios were calculated and the data were normalized to the nonspecific dsRNA or siRNA controls. Error bars
represent the standard deviations of three independent samples. DCV 1A interferes with RNAi at the level of Dicer and
only suppresses RNAi if the luciferase reporter is silenced by dsRNA feeding after plasmid transfection. Notably, whereas
DCV 1A inhibits Dicer-2 cleavage of dsRNA (4), the protein is unable to suppress RNAi after dsRNA transfection.
Presumably, the cotransfected dsRNA is processed into siRNAs before the VSR is expressed at sufficient levels to sup-
press Dicer-2 cleavage. CrPV 1A, which interferes with RNAi at the level of RISC, is active in all variants of the RNAi
reporter assay.
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T7-Luc-R: 5-TAATACGACTCACTATAGGGAGATAAAA
CCGGGAGGTAGATGAGA-3’

T7-GFP-F: 5'-TAATACGACTCACTATAGGGAGAAGCTG
ACCCTGAAGTTCATCTG-3’

T7-GFP-R: 5-TAATACGACTCACTATAGGGAGAGGTG
TTCTGCTGGTAGTGGTC-3'

5. Thermal cycler.

2.3. In Vitro 1. T7-promoter-flanked firefly luciferase and GFP PCR prod-
Transcription ucts (see Subheading 3.2).

and dsRNA Formation 2. RiboMAX Large Scale RNA Production System-T7 (Promega,
Madison, WI), containing T7 Transcription 5x Buffer, INTPs
(25 mM each), and T7 Enzyme Mix (see Note 3).

3. GenElute Mammalian Total RNA Miniprep Kit (Sigma-
Aldrich, St. Louis, MO) (see Note 4).

4. Heating block.
5. Spectrophotometer.

2.4. Transfection 1. S2R+ cells cultured in a 96-well plate, seeded 1 day prior to

transfection at a density of 5x10* cells per well (see
Subheading 3.1). The cells should be 40-80% confluent on
the day of transfection.

2. Effectene Transfection Reagent (Qiagen, Hilden), including
Buffer EC and Enhancer.

3. Plasmids pMT-Luc and pMT-Ren, which express the firefly
(pMT-Luc) and Renilla (pMT-Ren) luciferases from the copper-
inducible metallothionein promoter (4) (see Note 5).

4. Plasmids that express the potential VSRs which are to be
tested for VSR activity as well as the corresponding empty
plasmid (see Note 6).

5. A plasmid that expresses a known VSR (see Note 7).

2.5. dsRNA Feeding 1. Transfected S2R+ cells in a 96-well plate (see Subheading 3.4).
2. Firefly luciferase and GFP dsRNA (see Subheading 3.3).
3. Culture medium (see Subheading 2.1, item 2).

2.6. Induction 1. Transfected S2R+ cells in a 96-well plate that are fed with
of the Reporters dsRNA (see Subheading 3.5).

2. 50 mM CuSO,: Dissolve 2.5 g of CuSO,.5H,0 in 200 ml of
H,O. Filter sterilize, aliquot, and store at -20°C.

3. Culture medium (see Subheading 2.1, item 2).
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2.7. DLR Assays

. Transfected S2R+ cells in a 96-well plate that are fed with

dsRNA and of which the reporters have been induced (see
Subheading 3.6).

. Phosphate-buffered saline (PBS): Dissolve 80 g of NaCl, 2 g

of KCI, 11.5 g of Na,HPO,.7H,0, and 2 g of KH,PO, in 11
of H,O to prepare a 10x stock solution. Adjust the pH to 7.3
with HCI, sterilize by autoclaving, and store at room tem-
perature. To prepare a working solution, add nine volumes of
H,O to one volume of 10x PBS stock solution.

. Dual-Luciferase Reporter Assay System (Promega), contain-

ing Passive Lysis Buffer (PLB), Luciferase Assay Reagent II
(LAR IT), and Stop & Glo Reagent (see Note 8).

4. Rocking platform or orbital shaker.
. Luminometer tubes.

6. Luminometer.

3. Methods

3.1. Cell Culture

3.2. Generation
of Templates for
In Vitro Transcription

. Culture S2R+ cells in 25 cm? flasks at 25°C without CO,.

The cells should be passaged when approaching confluency.

. To split the cells, scrape the cells with a cell scraper in their

culture supernatant and resuspend them by gently pipetting
up and down several times.

. Transfer the desired amount of cells to new cell culture flasks

and/or plates in an appropriate volume of fresh culture
medium. Split the cells 1:5 into 25 cm? flasks for routine
maintenance. For RNAIi reporter assays, count the cells using
a hemocytometer and seed 5x10* cells in 100 pl of culture
medium per well in a 96-well plate. Since the RNAI reporter
assays are performed in triplicate, seed three wells for each
potential VSR that is to be tested as well as for all the controls
(see Subheading 3.4).

. Perform PCR reactions to generate T7-promoter-flanked

templates for in vitro transcription (see Subheading 3.3).
Primers T7-Luc-F and T7-Luc-R are used for the amplifica-
tion of firefly luciferase; primers T7-GFP-F and T7-GFP-R
are used for the amplification of GFP. Both primer sets intro-
duce a T7 promoter sequence at both the 5" and 3’ end of the
amplified fragment. Prepare 50-ul PCR reactions containing;:

(a) 1 pgtol0 ng of plasmid template DNA.
(b) 10 pl of 5x Phusion HF Buffer.

(¢) 1ulof 10 mM dNTP mix.

(d) 2.5 ul of 10 uM forward primer.
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(e) 2.5 ul of 10 uM reverse primer.

(f) 0.5 ul of 2 U/ul Phusion DNA polymerase.
(g) H,O to 50 ul.

Mix by gently pipetting up and down.

. Place the PCR reactions in a thermal cycler. To amplify the

target sequences, start with an initial denaturation at 98°C for
30 s, followed by 30 cycles of denaturation at 98°C for 10 s,
annealing at 61°C for 20 s, and extension at 72°C for 20 s.
Finish with a final extension of 10 min at 72°C.

. Analyze 5 pl of the PCR product by standard agarose gel

electrophoresis and ethidium bromide staining. The
T7-promoter-flanked firefly luciferase and GFP PCR frag-
ments should have lengths of 489 and 483 bp, respectively
(see Note 9). The PCR products can be used directly in sub-
sequent in vitro transcription reactions without purification.

. Firefly luciferase and GFP dsRNA is generated by in vitro

transcription reactions on their corresponding T7-promoter-
flanked PCR fragments (see Subheading 3.2). Since the PCR
fragments contain a T7 promoter sequence at both the 5" and
3" end, both strands of the dsRNA duplex are generated in a
single reaction. Set up 20-pl in vitro transcription reactions
containing:

(a) 5 ul of T7-promoter-flanked PCR product.

(b) 4 ul of T7 Transcription 5x Buffer.

(c) 6 ul of INTPs (25 mM each).

(d) 2 ul of T7 Enzyme Mix.

(e) 3 ulof H,O.

Mix by gently pipetting up and down.

2. Incubate at 37°C for 2-4 h.

. Place the reaction mixture in a heating block preheated to

80°C and incubate for 10 min.

. Switch off the heating block, but do not take out the reaction

mixture.

. Let the reaction mixture slowly cool to room temperature in

the heating block to allow dsRNA formation.

. Clean up the in vitro-transcribed dsRNA using the GenElute

Mammalian Total RNA Miniprep Kit according to the manu-
facturer’s instructions (see Note 10).

. Verify the integrity of the dsRNA by standard agarose gel elec-

trophoresis and ethidium bromide staining, and determine its
concentration and purity using a spectrophotometer.

. Aliquot the purified dsRNA preparations and store at —-80°C

(see Note 11).
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3.4. Transfection

3.5. dsRNA Feeding

. Transfections are done in triplicate for the following experi-

mental conditions.

(a) Nonspecific dsRNA control (no VSR; GFP dsRNA).

(b) Specific dsRNA control (no VSR, firefly luciferase dsRNA).
(c) Dositive VSR control (known VSR, firefly luciferase dsRNA).
(

d) Test samples (each of the potential VSRs; firefly luciferase
dsRNA).

The nonspecific and specific dsSRNA controls are
included to monitor the efficiency and specificity of the
dsRNA-induced silencing of the firefly luciferase reporter,
whereas the positive VSR control is incorporated to
determine whether the sensitivity of the assay allows
detection of VSR activity.

. For transfection of S2R+ cells in a well of a 96-well plate,

combine the following amounts of plasmid DNA (see Notes
12 and 13):

(a) 50 ng of one of the following plasmids.

(i) The empty plasmid (nonspecific and specific dsSRNA
control).

(ii) The plasmid that expresses a known VSR (positive
VSR control).

(iii) A plasmid that expresses a protein which is to be
tested as a VSR (test sample).

(b) 12.5 ng of pMT-Luc.
(¢) 3 ngofpMT-Ren.

. Adjust the volume to a total of 30 ul with Buftfer EC.

4. Add 0.8 pl of Enhancer to condensate the DNA. Mix by vor-

10.

texing for 1 s.

. Incubate at room temperature for 2-5 min.
. Briefly spin down.
. Dilute the Effectene Transfection Reagent 8x in Buffer EC

and add 2.5 pl of the dilution to the DNA-Enhancer mixture
to create condensed Effectene-DNA complexes. Mix by vor-
texing for 10 s.

. Incubate at room temperature for 5-10 min.

. Add the transfection mixture to the culture supernatant of

the S2R+ cells. There is no need to refresh the medium prior
to transfection.

Incubate the cells at 25°C for 48 h.

. Dilute the purified dsRNA preparations in culture medium to

a final concentration of 20 ng/ul.
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10.

11.
12.

13.

14.

. At 48 h after plasmid transfection, add 10 pl of the diluted

dsRNA targeting either firefly luciferase (specific dsSRNA con-
trol, positive VSR control, and test samples) or GFP (nonspe-
cific dsSRNA control) to the culture supernatant of the cells.
There is no need to refresh the medium prior to dsRNA feeding
(see Note 14).

. Incubate the cells at 25°C for 7 h.

. Dilute the 50 mM CuSO, stock solution 10x in culture

medium and induce expression of the firefly and Renilia
luciferase reporters by adding 16 pl of the CuSO, dilution to
the culture supernatant of the cells at 7 h after dsRNA
feeding.

. Incubate the cells at 25°C for 17 h.

. At 17 h after induction of the reporters, completely remove

the culture supernatant from the cells.

. Add 100 pl of PBS to the cells.

. Gently swirl the culture plate.

. Completely remove the PBS from the cells.
. Apply 100 pl of 1x PLB to the cells.

. Place the culture plate on a rocking platform or orbital shaker

and shake gently at room temperature for 15 min to ensure
complete lysis of the cells (see Note 15).

. Predispense 25 pl of LAR II into the number of luminometer

tubes required to complete the desired number of DLR
assays.

. Program a luminometer to perform a premeasurement delay of

2 s tollowed by a measurement period of 10 s (see Note 16).

. Transfer 10 pl of the cell lysate into a luminometer tube pre-

dispensed with LAR II and mix by pipetting up and down
several times (see Note 17). It is not necessary to clear the
lysate of residual cell debris first.

Place the tube in the luminometer and measure the firefly
luciferase reporter activity.

Remove the tube from the luminometer.

Add 25 pl of Stop & Glo Reagent and mix by vortexing
briefly.

Place the tube in the luminometer and measure the Renilla
luciferase reporter activity.

Discard the tube and proceed with the next DLR assay (see
Note 18).
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3.8. Presentation
of the Data

1.

2.

To normalize the data from the DLR assays, calculate the
firefly / Renilla ratio for each sample.

Determine the mean firefly / Renilla ratio as well as the stan-
dard deviation of the triplicates for each experimental
condition.

. Present the data in diagrams similar to those shown in Fig. 2

(see Note 19). The controls provide important information
regarding the quality of the experiment. First, successful
silencing of the firefly luciferase reporter should be evident
from a lower firefly / Renilla ratio of the specific dsSRNA control
than of the nonspecific dsRNA control (see Notes 20 and 21).
Second, when compared to the specific dsSRNA control, the
positive VSR control must present a higher firefly/Renilla
ratio (see Notes 22 and 23).

4. Notes

. To silence the firefly luciferase reporter, we add dsRNA to the

culture supernatant of S2R+ cells (dsRNA feeding, or soaking).
The dsRNA is taken up by the cells and processed by the
RNAi machinery (12). The S2 cell line is highly heteroge-
neous in morphology, growth rate, and other characteristics.
Be aware that, due to variable passage history and culture
conditions, not all sublines of the S2 cell line possess the ability
to efficiently take up dsRNA from the culture supernatant.
When using an S2 cell line other than S2R+, make sure that
the cells are capable to do so. Different S2 cell lines might
require optimization of the protocol. When using S2 cells
that do not take up dsRNA from the culture supernatant, you
can consider transfection of the dsRNA into the cells.

. Phusion DNA polymerase works very well in our hands, but

any thermostable DNA polymerase (such as Taq) can be used
to amplify the templates for in vitro transcription. Keep in
mind that the indicated cycling conditions are optimized for
amplification with Phusion DNA polymerase. Use of other
polymerases may require optimization of the PCR reaction.

. The RiboMAX Large Scale RNA Production System-T7 is

specifically designed to produce large amounts of in vitro-
transcribed RNA. However, other T7 RNA polymerase-based
in vitro transcription methods can also be used.

. The GenElute Mammalian Total RNA Miniprep Kit is

designed to isolate total RNA from mammalian cells and
tissues, but the kit can also be used to clean up RNA. Although
the kit is not optimized for dsRNA, we obtain good results
using the RNA clean-up procedure of the kit. When using
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10.

11.

12.

13.

other commercial kits or methods to clean up dsRNA, verify
its functionality.

. Plasmids pMT-Luc and pMT-Ren are derived from vector

pMT /V5-His B (Invitrogen).

. We generally express our proteins of interest from vector

pAc5.1/V5-His (Invitrogen). The Drosophila actin 5 (Ac5)
promoter in this vector allows high-level, constitutive expres-
sion in S2 cells. In addition, the vector contains a C-terminal
V5 epitope and a polyhistidine (6xHis) tag which can be used
to confirm expression of the protein.

. As a positive control, you can include a known VSR in your

experiment. All established VSRs can be used as a positive
control when the firefly luciferase reporter is silenced by
dsRNA feeding 2 days after plasmid transfection. However,
when the reporter is silenced by cotransfection of dsRNA or
siRNAs with the plasmids, it is important to use a VSR that
interferes with RNAI at steps downstream of Dicer (for example,
CrPV 1A, see Fig. 2).

. Instructions for preparation and storage of 1x PLB, LAR II,

and the Stop & Glo Reagent are described in the manufac-
turer’s technical manual. It is important that all reagents and
samples are at ambient temperature when performing the
DLR assays, since the activity of the luciferase reporters is
temperature-sensitive.

. The firefly luciferase and GFP PCRs should generate single

T7-promoter-flanked fragments with the indicated sizes. If
no products or nonspecific products are observed on the aga-
rose gel, optimization of the PCR reaction may be required.
Alternatively, it might be necessary to purify the correct frag-
ment from gel before continuing with in vitro transcription.

It is not necessary to remove the DNA template by digestion
with DNase.

Avoid multiple freeze—thaw cycles and keep the RNA on ice
whenever it is thawed for use.

Since the experiments are performed in triplicate, it is conve-
nient to prepare a master mix for each experimental condition.

Instead of inducing RNAi by dsRNA feeding at 48 h after
plasmid transfection, the firefly luciferase reporter can be
silenced by cotransfection of dsSRNA or siRNAs with the plas-
mids. For dsRNA cotransfection, add 10 ng of either firefly
luciferase (specific dsRNA control, positive VSR control, and
test samples) or GFP (nonspecific dsRNA control) dsRNA to
the mixture of plasmids during the transfection procedure.
For siRNA cotransfection, add 2 ul of a 1 uM stock solution
to the mixture of plasmids during the transfection procedure.
We purchase our firefly luciferase-specific and nonspecific



212

van Cleef et al.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

control (MDA5) siRNAs from Dharmacon (Lafayette, CO).
When performing the dsRNA or siRNA cotransfection vari-

ants of the assay, omit the dsRNA feeding step (see
Subheading 3.5).

Some researchers use FCS-free culture medium during dsRNA
feeding. In our experiments, we do not observe any difference
in the efficiency of dsRNA-mediated silencing when feeding is
performed in either the presence or absence of FCS.

The cell lysates can be stored at —20°C for up to 1 month if
you wish to continue with the DLR assays later. For long-
term storage, the lysates should be stored at -80°C. Prevent
multiple freeze—thaw cycles, since this can cause gradual loss
of reporter activity.

Single-sample, multiple-sample, and plate-reading luminom-
eters can be used to perform the DLR assays. It is recom-
mended that multiple-sample and plate-reading luminometers
are equipped with reagent injectors. This is not required for
single-sample luminometers.

It is important not to mix by vortexing, but by pipetting up
and down. Vortexing can create a microfilm of the lumines-
cent solution along the sides of the tube which can escape
mixing with the Stop & Glo Reagent in subsequent steps.

It is more convenient to first measure the firefly luciferase
activities in all the samples, before measuring the Renilla
luciferase activities.

As an alternative, you can present the data as fold silencing
relative to the nonspecific dsSRNA control. To calculate the
fold silencing for a specific experimental condition, divide the
mean firefly/Renilia ratio of the nonspecific dsRNA control
by that of the experimental condition.

If you do not observe silencing in the specific dsRNA control,
make sure that the dsRNA preparations are of sufficient qual-
ity (see Subheading 3.3). It is important to work under
RNase-free conditions to prevent degradation of the RNA.

Low absolute firefly and Renilla luciferase counts may indi-
cate a low transfection efficiency and may require optimiza-
tion of the assay.

If you do not observe suppression of RNAI by either the posi-
tive VSR control or the test samples, confirm their expression
(for example, by Western blot analysis).

While interpreting data from the RNAI reporter assay, it is
important to realize that virtually any dsRNA-binding pro-
tein can suppress RNAi when overexpressed (13). Where pos-
sible, confirm the activity of an identified VSR in cells infected
with the virus carrying the VSR.
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Chapter 13

Dicer Assay in Drosophila S2 Cell Extract

Baojun Yang and Hongwei Li

Abstract

Double-stranded RNA (dsRNA) is the trigger of RNA interference (RNAi)-mediated gene regulation.
Dicer processes dsRNAs into short interfering RNAs (siRNAs), which are incorporated into the effector
RNA-induced silencing complex (RISC) and direct degradation of homologous target mRNAs. In plants
and invertebrates, the RNAi machinery also acts as an antiviral mechanism through production of viral
siRNAs by Dicer and silencing of replicating viruses. Viral suppressors of RNAi (VSRs) are encoded by
some viruses and serve as a strategy to counteract the RNAi-based antiviral immunity. In this chapter, we
describe a Dicer activity assay in extracts prepared from Drosophila melanogaster S2 cells. We also intro-
duce a simple procedure to study VSR activity in the ¢z vitro Dicer assay.

Key words: RNAi, Drosophila, Dicer, dsRNA, siRNA, Virus, Suppressor

1. Introduction

RNAI is a small RNA-mediated gene regulatory mechanism that is
evolutionally conserved in most eukaryotic organisms (1). There
are two major classes of small RNAs, short interfering RNAs (siR-
NAs) and microRNAs (miRNAs) (2). These 21- to 25-nucleotide
(nt) small RNAs are produced by an RNaselll family enzyme
called Dicer and regulate gene expression through the effector
protein Argonaute (Ago) in a sequence-specific manner (2). In
Drosophila, there are distinct RNAi components which are required
for production and function of siRNAs and miRNAs (3, 4).
Dicer-2 serves as the central engine to sense double-stranded RNA
(dsRNA) triggers and to process them into siRNAs (5). The siR-
NAs are subsequently loaded onto the RNA-induced silencing
complex (RISC) and guide the RISC to recognize cognate mRNAs
for destruction (6, 7). The target mRNAs is cleaved by Argonaute
2 (Ago2) protein at the central position of a siRNA /mRNA pairing
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(4, 6, 8). For the biogenesis of miRNAs, Pasha and Drosha form
the microprocessor that converts primary miRNAs into precursor
miRNAs (pre-miRNAs) (9). A complex of Dicer-1 and Loquacious
is required for the processing of stem-loop structures of pre-miR-
NAs into mature miRNAs (10-12). AGOL1 is involved in mature
miRNA production and also has impacts on miRNA-directed
regulation of target mRNA (4).

In the siRNA pathway, the dsRNA triggers are generally
derived from viral infection, direct introduction of exogenous
dsRNAs, transcription of an inverted repeat transgene, processing
of fold-back structures of RNAs, mobilization of transposable
elements, or activities of endogenous RNA-dependent RNA poly-
merase, especially in plants (13). In plants and invertebrates
infected with viruses, dsRNAs generated from replicating viruses
can be processed by RNAi machinery, leading to accumulation of
viral-specific siRNAs and inhibition of viral replication (13-19).
Virus-specific RNAI is induced during viral infection and plays a
role in antiviral immunity (15, 20-22). In Drosophila, evidence
from extensive studies using cultured cells and whole flies strongly
supports the concept of antiviral RNAi (14, 15, 21, 23). On the
other hand, viruses also evolve strategies to counteract the RNAi-
based immunity. Nonstructural or structural proteins encoded by
a variety of viruses have been identified as viral suppressors of
RNAIi (VSRs) (13, 15,21, 22, 24, 25). Mechanistically, most char-
acterized VSRs suppress RNAi by sequestration of dsRNAs or siR-
NAs. VSRs bind to dsRNAs or siRINAs in a sequence-independent
way and protect dsRNAs from being processed by Dicer or pre-
vent incorporation of siRNAs into the RISC (22, 26-28).

In the model system Drosophila melanggaster, in vitro bio-
chemical analysis has been widely used as a tool to study mecha-
nisms underlying RNAI and virus—RNAI interactions. Using crude
or purified extracts prepared from Drosophila S2 cells, major com-
ponents of the RNAi machinery, such as Dicer-2, Ago-2, and
R2D2, were identified and their functions have been illustrated
(4-8, 29, 30). In the analysis of antiviral RNAi, VSRs such as flock
house virus B2 (FHVB2) and Drosophila C virus 1A proteins
inhibit dsRNA processing in S2 extracts (15,21, 27). In this chap-
ter, we describe a detailed method for Dicer activity assay using
extracts prepared from Drosophila S2 cells, and we introduce a
simple procedure to study VSR activity in an ¢z vitro Dicer assay.

2. Materials

2.1. Preparation
of dsRNAs

2.1.1. Preparation of DNA

Templates for dsRNAs

1. Tag DNA polymerase (5 units/ul) and 10x reaction buffer
(Promega). Store at —20°C.

2. 10 mM dNTPs: dATP, dGTP, dCTP, and dTTP at a concen-
tration of 10 mM, store at -20°C.
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Fig. 1. Preparation of dsRNA. (a) Schematic presentation of dsRNA production. (b) The
508-nt dsRNA of eGFP synthesized by in vitro transcription is visualized on 1% agarose
gel by ethidium bromide staining. Marker, 1 Kb DNA ladder.

3. Primers for amplification of DNA templates for cGFP dsRNA:
The primers were designed by adding a T7 promoter sequence
to the 5’-end of 18-nt eGFP-specific oligonucleotides, giving
forward primer 5’-TAATACGACTCACTATAGGGCG
AGGAGCTGTTCACCGG-3'andreverseprimer5’-TAATAC
GACTCACTATAGGGTCCTCGATGTTGTGGCGG-3'.
The T7 promoter sequence is indicated in bold (Fig. 1a).

4. Phenol/chloroform (1:1): mix an equal volume of buffer-
saturated phenol and chloroform, store at 4°C.

5. 3 M sodium acetate (pH 5.2).

6. Isopropanol.

7. 70% Ethanol.

1. MEGAScript Kit (Ambion), store at -20°C. The kit contains
all reagents required, including buffer, enzyme, nucleotides,
and stop solution (5 M Ammonium Acetate, 100 mM
EDTA).

2. [a-¥P]UTP (6,000 Ci/mmol, 10 mCi/ml) (MP Biomedicals,
LLC), store at —20°C.

3. DEPC-H,O: add 1 ml of diethyl pyrocarbonate (DEPC) to
1 I H,0O, and mix thoroughly. Incubate overnight at room
temperature and autoclave.

4. Phenol/chloroform, see Subheading 2.1.1, item 4.
5. Isopropanol.
6. 70% Ethanol.
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2.2. In Vitro Dicer
Activity Assay Using
Extracts from
Drosophila S2 Cells

2.2.1. Preparation of Dicer
Extracts from Drosophila
S2 Cells

2.2.2. In Vitro Dicer
Activity Assay

. Schneider’s Drosophila Medium supplemented with 10% fetal

bovine serum and 100 units/ml of penicillin and 100 pg/ml
of streptomycin (Invitrogen). Store at 4°C.

2. Drosophila Schneider 2 (S2) cells (Invitrogen).
. 10x Phosphate-buftered saline (PBS): dissolve 80 g NaCl,

11.5 g Na,HPO, -7H,0, 2 g KCI, and 2 g KH,PO, in 800 ml
of H,0, adjust pH to 7.4, and add H,O up to 1 1. Sterilize by
autoclaving and store at room temperature.

. 50x Stock solution of protease inhibitor: dissolve one com-

plete protease inhibitor cocktail tablet (Roche) in 1 ml H,O
to make a 50x stock solution. Store aliquots at —20°C.

. Hypotonic buffer: 10 mM Hepes-KOH, pH 7.0, 2 mM

MgCl,, 0.1% B-mercaptoethanol, 1x Protease inhibitor. To
make 10 ml of the bufter, mix 0.1 ml of 1.0 M Hepes-KOH,
pH 7.0, 0.2 ml of 100 mM MgCl,, 10 pl of B-mercaptoetha-
nol, 0.2 ml of 50x Stock solution of protease inhibitor, and
9.5 ml of H,O together. Prepare fresh every time.

. Dounce tissue homogenizers with pestle B (2 ml, Kontes).

. 80% Glycerol: autoclave and store at room temperature.

. 10x Buftfer K: 200 mM Hepes-KOH, pH 7.0, 20 mM DTT,

20 mM MgCl,. Make 10 ml of the 10x buffer by mixing 2 ml
of 1 M Hepes, pH 7.0, 0.2 ml of 1 M DTT, 0.2 ml of 1 M
MgCl,, and 7.6 ml of H,O together. Prepare fresh every time.

. 0.5 M Creatine Phosphate (disodium salt, Roche): dissolve

80 mg creatine phosphate in 500 pl H,O, store aliquots at
-20°C.

. 1 mg/ml Creatine Phosphate Kinase (Roche): dissolve creatine

phosphate kinase in storage buffer (50 mM Tris—HCI, pH
7.0, 1 mM DTT, 0.1 mM EDTA, 1 uM ATP, 50% Glycerol),
and store at —20°C.

4. RNasin Ribonuclease Inhibitor, 40 units/ul (Promega).
. 2x PK buffer: 1.0% SDS, 10 mM Tris—HCI, pH 7.5, 1 mM

EDTA, and 1 mg/ml Protease K. Prepare fresh every
time from individual stock solutions (20% SDS, 1 M
Tris-HCI, pH 7.5, 500 mM EDTA, pH 8.0, 20 mg/ml
Protease K).

. Glycogen (20 pg/pl, Invitrogen). Store at -20°C.
. TE buffer (10 mM Tris-HCI, pH 8.0, 1 mM EDTA).
. Sample buffer: deionized formamide /TE (1:1), prepare fresh

every time.
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. Chemically synthesized 21-nt siRNA duplex (Dharmacon) or

22-nt DNA oligonucleotide.

2. [y-3P] ATP (6,000 Ci/mmol, 10 mCi/ml). Store at —-20°C.
. T4 DNA polynucleotide kinase (PNK, 10 units/ul) and 10x

PNK reaction buffer (Promega).

. Acrylamide solution 40% (Acrylamide: Bis-Acrylamide 19:1),

store at 4°C.

. 5x TBE (electrophoresis running buffer): dissolve 54.0 g of

Tris base and 27.5 g of boric acid in 800 ml of H,O, add
20 ml of 0.5 M EDTA (pH 8.0), and adjust the volume to
1 L. Sterilize by autoclaving.

. 10% Ammonium persulfate. Store at 4°C.
4. TEMED, store at 4°C.
. 6x gel loading buffer: 0.25% xylene cyanol FF, 0.25% bro-

mophenol blue, and 30% glycerol. Prepare with DEPC-H,O,
autoclave and store aliquots at -20°C.

. Dual adjustable SLAB gel unit (CBS Scientific): glass plates

(W16 cmxL.20 c¢m), spacer (1-mm thick), and comb (20-well).

. X-ray film (BioMax MS Film, Kodak) or a screen of

PhosphorImager (Molecular Dynamics).

. pGEX-FHVB2: FHVB2 gene was cloned into pGEX-4T2

(GH Healthcare) for expression of GST-tagged recombinant
B2 protein in Escherichia coli (27).

. I1x PBS buffer: diluted from 10x PBS as described in

Subheading 2.2.

. Glutathione Sepharose 4 Fast Flow (GE Healthcare): 50%,

equilibrated with 1x PBS.

. Elution buffer: 50 mM Tris-HCI, 10 mM reduced glutathi-

one, pH 8.0.

. Ampicillin stock solution (100 mg/ml). Filter sterilize and

store at —20°C.

. LB medium (Luria—Bertani Medium): dissolve 10 g of tryp-

tone, 5 g yeast extract, and 10 g NaCl to 900 ml of H,O,
adjust pH to 7.0, and add H,O up to 1 1. Sterilize by auto-
claving and keep at 4°C.

. LB/amp: LB medium supplemented with 100 pg/ml

Ampicilin.

. 100 mM IPTG. Filter sterilize and store at -20°C.
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3. Methods

3.1. Preparation
of dsRNAs

3.1.1. Preparation of DNA
Templates for dsRNAs

3.1.2. Synthesis of dsRNAs
by In Vitro Transcription
and Labeling of dsRNAs
with [o.-%2P] UTP

Currently, # vitro transcription by T7 RNA polymerase is the
most commonly used method to synthesize long dsRNAs. Usually,
dsRNAs with the size of 300- to 1,000-bp exhibit a potent RNAi
effect in transfected S2 cells and can be efficiently produced by
T7 RNA polymerase (7, 31, 32). We used PCR fragments flanked
by T7 promoter sequence at both ends as a DNA template for
transcription.

1.

Set up PCR reaction for dsRNA template in a total volume of
100 pl. Assemble the following components:

(a) 10 pl 10x Reaction buffer.
b) 2 ul 10 mM dNTPs.

¢) 5ul 10 uM forward primer.
d

)
e) 1 pl eGFP PCR fragment or plasmid containing the
eGFP gene (0.1 pg/ul).

(f) 1 pl Taq DNA polymerase (5 units/ul).
(g) 76 ul H,O.

(
(
( 5 ul 10 uM reverse primer.
(

Split the reaction mix into two 200-pl PCR tubes and
run the following program on a PCR thermocycler: 94°C for
5 min; followed by 94°C for 45 s, 55°C for 45 s, 72°C for
1 min for 30 cycles; 72°C for 10 min.

. Run 3 pl of PCR products on 1% agarose gel to check speci-

ficity of amplification.

. Combine PCR products from the two tubes and add an equal

volume of phenol/chloroform (1:1). Vortex for 30 s, and
centrifuge at 16,000 x g for 10 min at room temperature, and
carefully transfer the aqueous phase to a new tube.

. Add 1/10 volume of 3 M sodium acetate and an equal vol-

ume of isopropanol, mix thoroughly, and keep at room
temperature for 10 min.

. Centrifuge at 16,000xy4 for 10 min at room temperature.

Discard the supernatant and rinse the DNA pellet with 800 pl
of 70% ethanol. Air-dry the pellet for 10-20 min at room
temperature.

. Dissolve the pellet in 30 pl H,O, and measure the OD260 to

calculate the concentration of DNA. Store at -20°C.

Ambion’s MEGAScript T7 Kit provides an efficient tool to pro-

duce dsRNAs with high yield and quality (Fig. 1b). According to
manufacturer’s manual, dsSRNAs are synthesized by iz vitro tran-
scription and uniformly labeled with [a-3?P] UTP as below.



3.2. In Vitro Dicer
Activity Assay Using
Extracts from
Drosophila S2 Cells

3.2.1. Preparation of Dicer
Extracts from Drosophila
S2 Cells

Dicer Assay in Drosophila S2 Cell Extract 221

1. Assemble the 7 vitro transcription reaction on ice (see Note 1):
(a) 2 pl of 10x Reaction buffer.
(b) 2 pul of ATP (75 mM).
(c) 2l of CTP (75 mM).
(d) 2 pl of GTP (75 mM).
() 0.5 ulof UTP (75 mM).
(f) 2 pl of template DNA (0.5 pg/ul).
(g) 2 pl of Enzyme mix.
(h) 4 pl of [a-¥P] UTPD.
(i) 3.5 pl of DEPC-H,O, bringing the final volume up to
20 pl.
2. Incubate at 37°C for 2—4 h (see Note 2).

3. To remove the template DNAs, add 1 pl of DNasel (2 units/pl)
into the reaction, and incubate at 37°C for 15 min.

4. Add 115 pl of H,O and 15 pl of stop solution, mix well.
. Add 150 pl of phenol /chloroform (1:1), and vortex for 30 s.

. Centrifuge at 16,000x4 for 10 min at room temperature,
and carefully transfer the aqueous phase to a new tube.

AN G

7. Add an equal volume of isopropanol, mix thoroughly, and
incubate at room temperature for 10 min.

8. Centrifuge at 16,000x4 for 10 min at room temperature.
Discard the supernatant and rinse the dsRNA pellet with

800 ul of 70% ethanol. Air-dry the pellet for 10-20 min at
room temperature.

9. Dissolve the pellet in 100 pl H,O and measure OD260 to
calculate concentration of dsRNAs (see Note 3). Store the
labeled dsRNAs at -20°C.

Processing of dsRNA into siRNAs by Dicer extract was first estab-
lished by Hannon and coworkers (5, 7). Crude and purified
extracts prepared from Drosophila S2 cell have been widely used
in biochemical analysis of RNAi machinery. In our study, we
adopted the same method with some modifications.

1. Passage Drosophila S2 cells into two 100-mm cell culture
dishes containing 10 ml of fresh complete Schneider’s
Drosophila medium at a concentration of 1x10° cells/ml,
and incubate at 28°C.

2. At 3 days after passage, collect S2 cell culture into two 15-ml
centrifuge tubes.

3. Centrifuge at 1,000x g for 3 min at room temperature to
pellet the cells, discard the supernatants (medium).
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10.
11.

12.

3.2.2. In Vitro Dicer Activity 1.

Assay

. Gently resuspend the cell pellets in 10 ml 1x PBS. Centrifuge

at 1,000 x g for 3 min to pellet the cells.

. Repeat step 4 once.
. Resuspend the cell pellets in 4 ml of ice-cold Hypotonic

buffer containing 60 mM KCI, and combine cell suspensions
into one ice-cold 15-ml centrifuge tube. Centrifuge at 1,000 x4
for 5 min at 4°C, remove the supernatant (see Note 4).

. Estimate the volume of the cell pellet, and add 50-80%

volume of'ice-cold Hypotonic buffer (no KCI). Gently resus-
pend the cells.

. Transfer the cell suspension into an ice-cold Dounce tissue

homogenizer, and keep on ice for 10 min.

. Slowly dounce 30 times on ice, and transfer the lysate to a

1.5-ml microcentrifuge tube.
Centrifuge at 20,000 x4 at 4°C for 20 min (see Note 5).

Carefully transfer the supernatant into a 1.5-ml microcentri-
fuge tube, and do not touch the pellets.

Add 80% glycerol to a final concentration of 10%. Store the
S$2 extract at -80°C.

Assembly the Dicer assay reaction on ice in a volume of 10 pl:
(a) 1 pl 10x Buffer K.

(b) 1 pl 10 mM ATP.

(c) 0.5 ul 0.5 M Creatine phosphate.

(d) 0.3 pl 1 mg/ml Creatine phosphate kinase (see Note 6).
(e) 0.2 pl Ribonuclease inhibitor (40 units/ul).

(f) 1 pl*P-labeled dsRNA (50 nM).

(g) 6 ul S2 extract (see Subheading 3.2.1).

2. Incubate at 30°C for 2 h.

. Add 90 pl of 2x PK buffer to the 10 pl Dicer assay reaction,

and incubate at 65°C for 10 min.

. Add 100 pl TE butffer to bring the volume up to 200 pl, and

then mix with an equal volume of phenol/chloroform (1:1).
Vortex for 10 s.

. Centrifuge at 16,000x4 for 10 min at room temperature,

carefully transfer the aqueous phase to a new microcentrifuge
tube, and add 1 pl of 20 pg/ul Glycogen.

. Add 3x volume of ice-cold ethanol, keep at -20°C for at

least 2 h.

. Centrifuge at 20,000xg for 10 min at 4°C, discard

supernatants.
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8. Air-dry the RNA pellet at room temperature for 10-20 min

(see Note 7).

9. Dissolve RNAs in 20 pl sample buffer. Heat at 95°C for 5 min

and chill on ice for 1 min.

10. Centrifuge the tube for a few seconds to collect the sample at

the bottom, and add 2 pl of 6x gel loading bufter. The sample
is ready for loading on Urea-PAGE.

Both 21-nt siRNA and 22-nt DNA oligonucleotide can be used
as the siRNA size marker in the Urea-PAGE after labeled with
[y-32P] ATP (see Note 8).

1.

Set up the reaction in a total volume of 20 pl:

(a) 2 ul of 10x PNK buffer.

(b) 2 pl of siRNA or DNA oligonucleotide (10 uM).
(¢) 1 pulof T4 PNK (10 units/pul).

(d) 4 pl of [y-**P] ATD.

(e) 11 ulof H,O.

. Incubate at 37°C for 45 min; add 180 pl of sample bufter and

40 pl of 6x loading bufter. Store at —~20°C (see Note 9).

. Prepare 15% denaturing urea polyacrylamide gel in a total vol-

ume of 45 ml: mix 4.5 ml of 5x TBE, 9 mlof H,O,and 189 g
of urea in a 100 ml beaker, heat in a microwave oven for
10-15 s to completely dissolve urea. Then add 16.9 ml of 40%
acrylamide solution while continuously stirring with a small
magnetic bar. Adjust the volume up to 45 ml with H,O, add
240 wl of 10% Ammonium persulfate and 10 pl of TEMED.

. Immediately pour gel with a 25 ml serological pipette, place

the comb, and keep at room temperature for about 30 min
until polymerized.

. Prerun the gel in 0.5x TBE for 30 min at 200 V.
. Rinse the well with 0.5x TBE using a 30 ml syringe, and load

the heat-denatured RNA sample prepared from Dicer assay
(see Subheading 3.2.2). The *?P-labeled siRNA or DNA oli-
gonucleotide is loaded as a size marker (see Note 10).

. Run the gel at 200 V until bromophenol blue reaches about

2/3 of gel. siRNAs should migrate between the bromophe-
nol blue and xylene cyanol FF.

. Carefully remove the gel from the glass plate, drain off the

extra buffer from the gel, and wrap it in Saran wrap.

. Expose the gel to a sheet of X-ray film or a PhosphorImager

screen (Fig. 2). Exposure time will depend on the strength of
radioactive signal on the gel (see Note 11).
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3.3. Inhibition of Dicer
Activity by Viral
Proteins

3.3.1. Expression and
Purification of GST-Tagged
FHVB2 Protein from E. coli

M —+ < S2
Extract

' < dsRNA

- ¥ |« siRNA

Fig. 2. Processing of dsRNAs into siRNAs in in vitro Dicer assay. The %2P-labeled 508-bp
dsRNA of eGFP was incubated with Dicer extracts prepared from Drosophila S2 cells. M,
a P-labeled 21-nt siRNA, is used as size marker.

In Drosophila S2 cells, FHV induces antiviral RNAI, evidenced by
accumulation of abundant viral siRNAs (33). In addition, B2
protein of FHYV is identified as a viral suppressor of RNAi. The
suppression mechanism has been investigated recently (21,27, 33).
B2 has the affinity to bind long dsRNAs and siRNAs, and the
binding activities are essential for suppression of FHV-induced
antiviral RNAi in Drosophila cells. We also demonstrated that
recombinant FHVB2 protein purified from E. coliis able to inhibit
dsRNA processing by Dicer in S2 extracts in a dose-dependent
manner (Fig. 3).

1. Inoculate a single colony of E. coli BL21 cells containing a
recombinant plasmid pGEX-FHVB 2-10 ml of LB/amp
medium. Incubate overnight at 37°C with vigorous shaking.

2. Inoculate the 10 ml culture to prewarmed 240 ml of LB, and
grow at 37°C with shaking for 0.5-1 h until the OD600
reaches 0.5. Add 2.5 ml of 100 mM IPTG (a final concentra-
tion of 1.0 mM), and incubate for additional 4-5 h.

3. Pellet the bacteria by centrifuging the culture at 4,000 x g
for 10 min at 4°C, and resuspend the cell pellet in 5 ml of
ice-cold 1x PBS. Disrupt the cells by sonication on ice.

4. Add another 4.5 ml of 1x PBS to the cell lysate, and 0.5 ml
0of 20% Triton X-100 (a final concentration of 1%). Mix gently
on a rotary shaker at 4°C for 30 min to aid in solublization
of the fusion protein.

5. Centrifuge at 4,000x 4 for 10 min at 4°C, and transfer the
supernatant to a 15-ml centrifuge tube. Add 1 ml of the 50%
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Fig. 3. FHVB2, a viral suppressor of RNAI, inhibits dsRNA processing in S2 extracts.
32P-labeled dsRNA of eGFP was incubated with S2 extracts in presence of purified GST
(lane 4-11) or GST-tagged flock house virus B2 (GST-FHVB?2) proteins (lane 12-19),
which were used at increasing concentrations (25, 50, 100, 200, 400, 800, 1,200,
2,400 nM). M, a labeled 21-nt siRNA, is used as size marker.

slurry of Glutathione Sepharose 4 Fast Flow, incubate on a
rotary shaker at 4°C for 30-60 min.

6. Centrifuge at 500xg for 5 min, and carefully discard the
supernatant. Wash the Sepharose medium with 10 ml of
ice-cold 1x PBS twice.

7. Gently resuspend the Sepharose medium in 0.5 ml of elution
bufter, incubate on a rotary shaker at 4°C for 10 min.

8. Centrifuge at 500x g for 5 min and carefully transfer the
supernatant (the first eluted protein) into a fresh centrifuge
tube.

9. Repeat steps 7 and 8 for a second elution. The concentration
of GST-tagged protein is determined by standard Bradford
assays and pool those eluted proteins together if both have
significant amounts of proteins (see Note 12).

1. Prepare a master mix for a reaction volume of 10 pl by com-
bining the following components:

(a) 1 pl 10x Bufter K.
(b) 1 ul10 mM ATD.
(¢c) 0.5 ul 0.5 M Creatine phosphate.
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(d) 0.3 ul 1 mg/ml Creatine phosphate kinase.
(e) 0.2 ul Ribonuclease inhibitor (40 units/ul).
(f) 5 ul S2 extract.

.Add 1 pl of purified recombinant viral proteins (see

Subheading 3.3.1) to a final concentration of 25, 50, 100,
200, 400, 800, 1,200, and 2,400 nM.

. Add 1 pl of 50 nM #P-labeled dsRNA.
4. Incubate at 30°C for 2 h, and purify RNAs from the reaction

mix as described above (see Subheading 3.2.2).

. Run the RNAs on a 15% denaturing Urea-PAGE and expose

it to a X-ray film or a screen of PhosphorIlmager as described
above (see Subheading 3.2.4 and Fig. 3).

4. Notes

. Before the template DNA is used in 7 vitro transcription for

production of uniformly labeled dsRNA, it should be first
tested in a small volume of transcription reaction without
addition of [a-3?*P] UTP. The dsRNA product needs to be
analyzed by electrophoresis to ensure that the dsRNA is
synthesized with high specificity and correct size.

. Alternatively, dsRNAs can also be synthesized and labeled in

the following reaction. Although it is not as efficient as the
Ambion’s MEGAScript T7 Kit, it can generate dsSRNAs with
sufficient quality and quantity for 2z vitro Dicer assay.

(a) 4 pl1 M Hepes-KOH, pH 7.5.

(b) 2 ul 50 mM Spermidine.

(c) 6 ul 100 mM MgCL,.

(d) 5ul 100 mM DTT.

(e) 2 ul of ATP, CTP, GTP (75 mM each).
(f) 0.5ul 75 mM UTP.

(g) 4 pl template DNA (0.5 pg/ul).

(h) 1 ul Ribonuclease Inhibitor (40 units/pl).
(i) 2 pl T7 RNA polymerase (20 units/ul).
(j) 4 ul[a-**P] UTP.

(

k) 15.5 pl of DEPC-H,O, bringing the final volume up to
50 ul.

Incubate at 37°C for 2—4 h, and purify dsRNA product as
described in Subheading 3.1.2.
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. At the step of dsRNA purification, some NTPs can be
coprecipitated with dsRNA, leading to inaccurate measure-
ment of dsRNA concentration. To solve this problem,
Qiagen’s RNAeasy columns could be used for further purifi-
cation of dsRNAs.

. Starting from this step, the sample should be kept or manipu-
lated on ice as long as possible. Addition of KCl up to 60 mM
in the hypotonic buffer is to prevent the cells from swelling
too much and bursting when the cells are rinsed.

. The S2 cell lysate can be centrifuged at 100,000 x g at 4°C for
30 min (Optima TLX Benchtop Ultracentrifuge, Beckman
Coulter). The supernatant could give a better result in 2z vitro
dsRNA processing.

. Processing of dsRINAs by Dicer-2 is an ATP-dependent event
(5, 10,29, 34). In the Dicer activity assay, ATD is supplied in
the reaction up to a concentration of 1 mM. The presence of
the phosphate-creatine kinase system could further facilitate
siRNA production. However, efficient dsRNA processing can
be still achieved without addition of the creatine phosphate
and creatine phosphate kinase.

. During purification of RNAs from Dicer assay reaction, it is
casy to lose the RNA because of its trace amount. After extrac-
tion of Dicer reaction with phenol/chloroform, 1 pl of glyco-
gen (20 pg/ul) is added into the aqueous phase to facilitate
precipitation of RNAs by ethanol. Alternatively, 1 upl of
sheared salmon sperm DNA (nuclease-free, 10 pg/ul) can
also be used as carriers and performs as efficiently as glyco-
gen. We usually use the Geiger counter to monitor the pres-
ence of RNAs in the desired fraction during the process. To
minimize the loss of RNAs, washing the RNA pellet is not
recommended. The RNA pellet can be kept at -20 or -80°C
if the Urea-PAGE is not performed immediately.

. Without any specific modification, chemically synthesized
siRNA duplex, single-stranded siRNA, and DNA oligonucle-
otides usually have a 5’-OH group. By labeling with [y-3P]
ATP, the 21-nt siRNA and 22-nt DNA oligonucleotides can
be used as size markers in the Urea-PAGE for analysis of siR-
NAs that are processed from dsRNAs by the Dicer extract. In
the gel, the 21-nt siRNA (single-stranded) migrates slightly
slower compared to the 22-nt DNA oligonucleotide.

. Iflabeled siRNA duplex is used as the size marker, it should be
denatured by incubation at 95°C for 5 min followed by the ice-
bath for 2 min before loading. Even after heat-treatment, the
siRNA duplex could be still detected and migrates more slowly
than the single-stranded siRNA. If DNA oligonucleotide or
single-strand siRNA is used, heat-treatment is not necessary.
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10. Fresh labeled size marker usually gives a much stronger signal
than siRNAs processed from labeled dsRNAs by the Dicer
extract, resulting in an overexposed image of siRNA marker.
Before loading, labeled siRNA size marker should be mea-
sured by the Geiger counter, and appropriate dilution should
be made to give the amount of loaded marker with a reading
of ~200-300 cpm. Also, it is reccommended to leave one or
two lanes blank between the sample and the size marker.

11. The signal from siRNAs processed from the fresh labeled
dsRNA by the extract is usually strong so that exposure of the
film or PhosphorImager screen could be carried out in one or
a few hours. The weak signal due to poor labeling or old
[a-3P] UTP requires a longer exposure time, which may
result in diffuse bands of the siRNA. In that case, the gel has
to be dried before film exposure.

12. To monitor the quantity and quality of the purified recombi-
nant viral protein, it is necessary to analyze the protein on
SDS-PAGE betore use for Dicer inhibition assay.
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Chapter 14

Slicer Activity in Drosophila melanogaster S2 Extract

Arabinda Nayak and Raul Andino

Abstract

Reconstitution of RNA-inducing silencing complex (RISC) in vitro is a powerful biochemical technique
to analyze crucial steps in RNA interference (RNAi) pathways. RISC contains an RNase enzyme,
Argonaute, which is guided by small interfering RNA (siRNA) to recognize and silence its targets.
Drosophila S2 cell extract is a good source of enzymes and factors that faithfully recapitulate essential
steps in RISC assembly and function. In this chapter, we will describe how to prepare enzymatically active
cell-free 82 extract to analyze the Slicer activity of RISC as well as the effects of viral RNAi suppressors
which block this process.

Key words: Drosophila, Cell-free extracts, RNAI, Argonaute, siRISC, mRNA cleavage

1. Introduction

RNA interference (RNAi) is a mechanism for double-stranded
RNA (dsRNA)-induced, sequence-specific silencing of cognate
genes (1-3). Cellular events like replication of RNA viruses, con-
vergent transcription of cellular genes, and transcription of para-
sitic genetic elements such as transposons generate dsRNAs,
which are processed into discrete 21-25 nt RNA duplexes called
small interfering RNAs (siRNAs) (2, 4). Artificial introduction of
dsRNA into Drosophila S2 cells by transfection triggers a similar
response (5). siRNA duplexes act as signature molecules that
guide the formation of RNA-inducing silencing complex
(RISC). In this chapter we discuss about RISC initiated by siRNA
hence referred as siRISC. The loaded siRISC then selects its
mRNA target by sequence homology and induces target mRNA
degradation. RISC competent for target degradation has been
purified from Drosophiln S2 cells (6) and the minimal compo-
nents required for such cleavage have been defined as a 232 kDa
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complex (7). Although several additional protein components
like Tudor-SN (Tudor-Staphylococcal Nuclease), VIG (Vasa
Intronic Gene), and dFXR (Drosophila Homologue of Human
Fragile X mental Retardation protein) have been shown to copu-
rify with siRISC (8, 9), Argonaute 2 is the sole nuclease required
for mRNA target cleavage (10). Indeed, messenger RNA cleav-
age can be reconstituted in vitro using recombinant Argonaute 2
and single-stranded siRNA, suggesting that siRNA and Argo-
naute 2 are the core of the RISC machinery (11, 12).

Recent biochemical and structural analyses of key compo-
nents of the RNAi pathways shed light on the molecular mecha-
nisms that dictate the specific function of each RNAi component
(13-17). In Drosophila, RNase 111 motifs of Dicer 2 catalyze the
cleavage of long dsRNA to produce 21-25 nt siRNAs, a process
called Dicing (4, 18-20). siRNAs are a hallmark of the Dicing
process and have a characteristic 3' hydroxyl with dinucleotide
overhang and a 5’ monophosphate (19). In the subsequent step,
Assembly, each siRNA duplex molecule is channeled through a
sequential modification process with the aid of several protein
factors, including R2D2, Dicer 2, and Argonaut 2, to form a cata-
lytically competent RISC called holo-RISC (12, 21-24). R2D2 is
an RNA-binding adaptor protein that senses the thermodynami-
cally stable end of the double-stranded siRNA, and with the aid of
Dicer 2, which recognizes the unstable end, facilitates siRNA load-
ing (21, 22, 25, 26). Both Dicer 2 and Argonaute 2 contain PAZ
(Piwi/Argonaute /Zwile) domains that have been shown to recog-
nize and bind to 3’ 2-nt overhangs of siRNA (6, 18, 27, 28, 33).
The overlapping PAZ domain in Dicer 2 and Argonaute 2 facilitates
the transfer of the siRNA from Dicer 2 to Argonaute 2, providing
fidelity to this transition process (29). This is supported by the
finding that Dicer 2 and Argonaute 2 interact with each other in
Drosophila cells (6, 22). In the final stage of Assembly which leads
to activation of RISC, Argonaute 2 initiates duplex unwinding at
the less stable end of the siRNA (25, 30, 31). Subsequently, the
passenger strand is cleaved and the guide strand retained (10, 12,
32). This process is facilitated by C3PO (component 3 promoter
of RISC), a Mg?*-dependent endoribonuclease (33). Argonaute 2
complexed with guide strand is a fully competent multiturnover
RNase enzyme capable of several rounds of target RNA degrada-
tion (34). Argonaute 2 possesses RNase H activity (Slicer) and
catalyzes a Mg**-dependent mRNA cleavage at position between
10 and 11 nt from the 5’ end of the guide strand siRNA (14, 20,
34, 35). This process is called Slcing. In Drosophila cell-free
extract, both Dicing and Assembly are ATP-dependant process,
whereas Slicing is an ATP-independent processes (7, 23).

We have shown in Drosophila that RNAI serves as an adaptive
antiviral defense mechanism against invading insects Dicistroviruses
(36). As a countermeasure, insect viruses encode RNAi suppressors
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to perturb RISC function and pathogenesis. Our current studies
reveal that Drosophila C Virus (DCV) and Cricket Paralysis Virus
(CrPV) encode RNAI suppressors (1A) with different biochemical
properties and hence inhibit different steps in the RNAi pathway
(36, 37). RNAI suppressor DCV-1A is an RNA-binding protein
that inhibits the Dicing steps in RISC Assembly, on the other hand,
CrPV-1A inhibits Slicing activities of holo-RISC. In the absence of
specific pharmacological inhibitors of RNAi components, viral sup-
pressors provide exciting opportunities to dissect and understand
intricate molecular mechanism of the RISC assembly and function
in vivo and in vitro. In this chapter, we discuss the Slicer activity of
RISC in cell-free S2 extract and some insights into the effects of
RNAI suppressors on RISC catalysis. This RISC cleavage assay can
be used as a tool to understand the molecular requirements of vari-
ous viral suppressors to exert their function on RISC in vitro.
Additionally, it could be used for candidate siRNA target validation
for applications that include the study of loss of function phenotype
in cell culture for reverse genetics approach as well as for therapeu-
tic intervention in animals.

2. Materials

2.1. Cell Culture
and Extract Preparation

. Drosophila S2 cells (Invitrogen).
. Schneider’s Drosophila medium (Invitrogen).
. Penicillin streptomycin glutamine solution (100x) (Invitrogen).

. Fetal bovine serum (FBS), heat inactivated (Invitrogen).

gt o o N~

. Drosophila culture medium: Schneider’s Drosophila medium,
10% FBS, 1x Penicillin Streptomycin Glutamine solution.

. Tissue culture treated, 150 cm? cell culture flask (Corning).
. Trypan blue (Invitrogen).

. Hemocytometer.

O 0 NN O

. Dulbecco’s phosphate buffer saline (D-PBS), no calcium or
magnesium salt: 0.2 g /L. KH,PO,,2.16 g/1. Na,HPO,7H, O,
0.2 g/L KCI, 8.0 g/L NaCl.

10. Protease inhibitor tablet, EDTA Free (Roche).

11. 82 Lysis buffer: 30 mM HEPES-KOH (pH 7.4), 100 mM
KOAc, 2 mM MgCl,, add one EDTA free, protease inhibitor
tablet (Roche) per 10 mL of buffer.

12. Protein assay kit (Bio-Rad).
13. Stereomicroscope (Nikon).

14. Sterile 1.5 mL eppendorf tube, sterile 15 and 50 mL gradu-
ated conical tubes.
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2.2. DNA Template
Preparation for
In Vitro Transcription

2.3. In Vitro
Transcription of RNA
and Gel Purification

. DNA template, e.g., Luciferase template (pGL3 Firefly

luciferase reporter vector, Promega).

. Forward and Reverse primer: T7-Luc Forward: (gcg

TAATACGACTCACCTATAGGGTGGAGAG
CAACTGCATAAGQG), T7-Luc Reverse: AGAATCTCACG
CAGGCAGTTC.

. Thermostable DNA polymerase enzyme Pfx and buffer

(Stratagene).

. Deoxyribonucleotide triphosphate (ANTP) mixture containing

10 mM each dATP, dGTP, dCTP, and dTTP (Fermentas).

. GFX PCR DNA and Gel Band purification kit (GE

Healthcare).

. Nuclease-free water (Ambion).
. Spectrophotometer,/Nanodrop (Thermo Scientific).
. Thermal Cycler.

1. DNA template with bacteriophage T7 promoter.

N O\ Ul W [\
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. 5x Transcription buffer: 400 mM HEPES-KOH (pH 7.5),

120 mM MgCl,, 10 mM spermidine, 200 mM DTT.

. NTP set, 100 mM solutions 4x 0.25 mL (Fermentas).

. RNasin Ribonuclease Inhibitor (Promega).

. TURBO DNase (Ambion).

. Phenol:chloroform:isoamyl alcohol (25:24:1) (Invitrogen).

. Ammonium acetate stop solution: 5 M NH,OAc, 100 mM

EDTA (Ambion).

. RNA storage solution: 1 mM sodium citrate, pH 6.4 (Ambion).

9. 2x Gel-loading buffer II: 95% Formamide, 18 mM EDTA,

10.

11.

12.

13.
14.
15.

and 0.025% SDS, Xylene Cyanol, and Bromophenol Blue
(Ambion).

6% Acrylamide denaturing gel: 1x TBE (Tris-Borate-
ethylenediaminetetraacetic acid), 6 M urea, 6% acrylamide.
1.5% TBE agarose gel and 10x TBE running buffer: 108 g
Tris base, 55 g boric acid, 40 mL 0.5 M EDTA (pH 8.0) per
liter of solution.

RNA elution buffer: 200 mM Tris—Cl, pH 7.5, 25 mM EDTA

(pH 8.0), 600 mM sodium chloride, 2% w /v sodium dodecyl
sulfate.

T7 RNA polymerase enzyme.
Absolute ethanol (200 proof).

Fluor-coated thin layer chromatography (TLC) plate
(Ambion).



2.4. Radiolabel GTP
Cap Labeling

2.5. Slicer Assay

p—

SN U R~ W

Slicer Activity in Drosophila melanogaster S2 Extract 235

. Gel-purified RNA substrate.
. Guanylyltransferase (GTR), 10x capping reaction bufter,

S-adenosyl methionine (SAM) (10 mM) (Ambion).

. [a-*2P] GTP (3,000 Ci/mmol) (Perkin Elmer).

. MicroSpin G-50 column (GE HealthCare).

. Glycogen (20 mg/mL, Roche).

. SAM (New England Biolab): SAM bought from NEB is

32 mM and dilute it to 10 mM with SAM dilution buffer.
SAM decomposes quickly when not stored at —20°C and is
best for one time use.

7. SAM dilution buffer: 10% ethanol, 5 mM H,SO,

[ ST NS ]

. Ultrafree-MC centrifugal filter units, pore size 0.1 uM

(Millipore).

. Amino acid mixture, complete (1 mM) (Promega).

. Creatine phosphate (Fluka).

. Creatine phosphokinase (CPK) (Calbiochem).

. 40x RISC cleavage bufter (38): Prepare creatine phosphate in

water, aliquot, and store at -70°C. Creatine kinase can be
prepared in 30 mM HEPES pH 7.4, 50% glycerol and can be
stored at —=70°C for at least 6 months to 1 year. Store 1 mM
amino acid mix at -70°C. Store rest of the components
at -20°C and prepare 40x bufter fresh each time.

(a) 50 pL Nuclease-free water
(b) 20 pL. 500 mM Creatine monophosphate
(¢) 20 uL. 1 mM Amino acid mix
(d) 2uL 1 M DTT

(e) 2 pL 20 U/uL RNasin
(f) 4 pL 100 mM ATP
(g) 1uL 100 mM GTP
(h) 6 uL2 U/uL CPK

(1) 16 pL of 1 M Potassium acetate

. Radiolabeled capped luciferase mRNA substrate, as prepared

in Subheading 3.4.

. Luciferase  siRNA (Luc siRNA): Passenger strand:

5'CUUACGCUGAGUACUUCGAJTAT, Guide strand: 5
UCGAAGUACUCAGCGUAAGATAT (Dharmacon).

. GAPDH siRNA negative control (Ambion).
. Proteinase K solution (10 mg/mL).
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3. Methods

3.1. Drosophila S2 Cell
Extract Preparation

3.2. Preparation
of Radiolabeled GTP
Capped mRNA

3.2.1. Designing Template
DNA for Target RNA
Synthesis

10.

. Culture S2 cells at 25°C in Drosophila culture medium to a

cell density of 2.0-3.0x107 cells/mL (see Note 1). Five
T150 cm? flasks with 20 mL media per flask will yield suffi-
cient cells for a good extraction.

. Check cell number and viability by Trypan blue staining using

a Hemocytometer (cells should have >90% viability). Harvest
cells by gently tapping the flask and pipetting with a 10 mL
pipet with the conditioned media (the media in which cells
are grown in the flask). Transfer the cells to a prechilled
50 mL graduated conical tubes (25 mL cell suspension per
50 mL conical tube).

. Centrifuge cells for 10 min at 1,000 x4 at 4°C (see Note 2)

using a prechilled centrifuge.

. Pool all cells into a single 50 mL conical tube by resuspending

each pellet with 5 mL of cold D-PBS and centrifuge for 5 min
at 1,000 x g at 4°C.

. Discard supernatant, resuspend the pellet in 5 mL of D-PBS,

and transfer cell suspension to a prechilled 15 mL graduated
conical tube and centrifuge at 1,000 x4 for 5 min.

. Discard the supernatant and measure the packed cell volume

(PCV) (expect a cell volume of ~1 mL for a 100 mL
culture).

. Resuspend the cell pellet in 1 PCV of S2 Lysis buffer contain-

ing protease inhibitors.

. Aliquot S2 cell suspension (100 pL/aligout) into prechilled

1.5 mL eppendorf tubes, transter to —~80°C until further use.

. To prepare the extract for your experiments, remove aliquots

from -80°C and thaw on ice for 60 min.

Mix the tube content by tapping the tube, centrifuge for
20 min at 13,000x g, and carefully collect the supernatant.
Estimate the protein concentration of the extract using the
protein assay kit. Supernatant will have both Dicing and
Slicing activities (see Note 3).

. Design forward primers against the gene of interest preceded

by a T7 promoter sequence. We add three nucleotides (ggc
or gcg) upstream of the T7 promoter sequence (Fig. 1a) for
efficient RNA polymerase binding and RNA production. T7
promoter sequence is followed by 20-22 nucleotide sequences
corresponding to the gene of interest. Design a 20-22 nucle-
otides reverse primer complementary to the gene to produce
a PCR fragment ranging from 200 to 600 bp in length.
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a T7-Luc Forward: gcg TAATACGACTCACTATAGGG TGGAGAGCAACTGCATAAGG

T7-Luc Reverse: AGAATCTCACGCAGGCAGTTC

b W N\
NN

Wl

~ @ < 592 bp RNA

<**P-GpppG mRNA

: 5
'
I
1 2

Fig. 1. Radiolabeled capped mRNA synthesis. (a) Primers for polymerase chain reaction (PCR) amplification of a DNA
template for in vitro transcription. Forward primer (T7-Luc Forward) containing firefly luciferase (Luc) sequence (bold
capital) flanked by a T7 promoter sequence (ifalics) at the 5’ end was designed. The reverse primer (T7-Luc Reverse) is
complementary to Luc, but does not contain a T7 promoter. Primer pairs were used to amplify a 592 base pair DNA
product from pGL3 template. The amplified PCR product with T7 promoter sequence was gel-purified and used as a
template for the transcription reaction using recombinant T7 RNA polymerase. (b) RNA synthesized in vitro was gel-
purified. A molecular weight marker (/ane 1) was run along gel-purified RNA (/ane 2) on a 1.5% tris-borate-ethylenedi-
aminetetraacetic acid (TBE) agarose gel electrophoreis. (¢) Gel-purified RNA was used as a substrate for radiolabeled GTP
capping. Integrity of the capped transcripts was verified by autoradiography using 6% denaturing urea-polyacrylamide
gel electrophoresis (lane 1and 2).

2. Amplify the desired DNA fragment in 50 pLL PCR reactions.
Set up multiple parallel PCR reactions to have sufficient
starting material for multiple in vitro transcription reactions
(for example, one 8-tubes strip of PCR reactions, corre-
sponding to 400 pL of PCR reaction mix).



238 Nayak and Andino

3.3. In Vitro
Transcription
of Target mRNA

. To remove any nonspecific amplification products and other

contaminating materials, purify the PCR DNA fragment using
low-melting agarose and GFX PCR DNA Gel Band purifica-
tion kit. Dissolve purified DNA in nuclease-free water.

. Quantify using a Nanodrop or Spectrophotometer and dilute

to a final concentration of 0.1 pg/ul.

. Setup a 120 pL. RNA transcription reaction, by mixing:

(a) 35 pL DNA template (0.1 pg/ul)
(b) 24 pL 5x Transcription bufter

(¢) 36 uL 25 mM each NTP mix

(d) 19 puL RNase-free water

(e) 4.5 uL T7 polymerase (15 uM /uL)

(f) 1.5 uL (20 U/uL) RNase inhibitor (see Note 4)
Incubate the reaction at 37°C from 6 h to overnight

Add 1 pL. TURBO DNase and incubate for 25 min at 37°C

. Add 20 pl. ammonium acetate stop solution and 60 pl. nuclease-

free water to 121 pL in vitro transcription reaction. Mix with
equal volume (200 pL) of phenol:chloroform:isoamyl alcohol
(25:24:1) and centrifuge at 13,000 x4 for 10 min.

. Carefully collect aqueous supernatant (approximately 160 pL.)

0 as not to contaminate with organic solvent and precipitate
with 2.5 volumes of absolute ethanol (200 proof). Place the
tube at —20°C for 6 h to overnight.

. Centrifuge for 15 min at 13,000x4 at 4°C. Remove the

supernatant, wash the pellet with 1 mL of 70% ethanol, and
spin for 5 min at 4°C. Discard the supernatant, air-dry the
pellet for a brief period (be careful not to overdry the pellet),
and dissolve in 100 pLL of RNA storage solution.

. Quantify RNA concentration using a spectrophotometer or a

Nanodrop. The typical yield is about 0.5 mg of 600 bases
RNA per in vitro transcription. Check the integrity and quality
of RNA on a 1.5% TBE agarose gel (see Note 4).

. Gel purification of the in vitro-transcribed RNA: Mix RNA

sample with equal volume of 2x gel-loading buffer II, heat
for 5 min at 75°C, and immediately transfer the denatured
sample to ice for 2 min. Run the sample using a 6% denaturing
urea-polyacrylamide gel.

. Visualize the RNA by UV shadowing: carefully remove the gel

from glass plates and cover it with a plastic wrap. Place the plastic-
wrapped gel on top of a fluor-coated TLC plate and visualize
the RNA band in a dark room by exposing gel with a hand-held
UV light source (254 nm). RNA band will appear as a purple
band, excise the band and cut the gel band into small pieces.



3.4. GTP Cap Labeling
of Target mRNA
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Assay
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8. Elute RNA by incubating gel pieces in RNA elution buffer
overnight at 37°C with constant shaking.

9. Extract the eluate with phenol as described in steps 2—4.
Resuspend the RNA pellet in nuclease-free water, quantify
the sample, and dilute to a final concentration of 10 pmol /pL.
Store in small aliquots of RNA sample and store at —=70°C for
future use. Check the quality of the RNA on a 1.5% TBE
agarose gel (Fig. 1b).

1. Set up a 30 pL reaction by mixing
(a) 2.0 uL Gel-purified RNA (10 pmol/uL)
(b) 3.0 uL 10x Capping reaction buffer
(c) 2.0 uL SAM (10 mM stock)
(d) 1.0 uL RNasin (20 U/uL)
(e) 2.0 uL GTR
(f) 10 pL [a-*?P] GTP (3,000 Ci/mmol) (see Note 5)
(g) 10 pL Nuclease-free water
Incubate the reaction for 60 min at 37°C

2. Remove unincorporated nucleotides using MicroSpin G-50
column. Mix the flow-through with an equal volume of 2x
gel-loading buffer II, heat for 5 min at 75°C, and run the
sample through a 6% urea-polyacrylamide gel as described in
Subheading 3.3, step 6.

3. Carefully remove the gel from glass plates and cover the gel
with a plastic wrap. Expose the gel on X-ray film for 1-5 min
and detect the radiolabeled band by autoradiography (Fig. 1¢c).
Excise the gel band, break it into small pieces, and elute radi-
olabeled capped RNA in RNA elution buffer overnight as
described Subheading 3.3, step 8.

4. Extract the eluate with phenol:chloroform:isoamyl alcohol
(25:24:1) and precipitate with 2.5 volumes of absolute etha-
nol and 1 pL of 20 mg/mL glycogen. Incubate the sample
overnight at -20°C. Pellet the sample at 13,000 x g for 10 min
at 4°C, wash with 70% ethanol, spin for 5 min at 4°C, and
dissolve the pellet in nuclease-free water.

5. Measure the specific activity of the transcript via scintillation
counting, dilute the sample to an activity of 30,000 cpm/puL,
and store in small aliquots at -20°C. For an alternative
method for GTP cap labeling, see Note 6.

In S2 extracts, RISC Assembly and mRNA Slicing can be achieved
by incubating siRNA duplex and cognate target mRNA. Since cap-
radiolabeled mRNA is stable in S2 extract, a 5’ cleaved product
induced by the siRNA duplex can be detected by denaturing poly-
acrylamide gel electrophoresis. The RNAi suppressor CrPV-1A



240 Nayak and Andino

blocks mRNA cleavage by interfering with the function of Argonaute
2; DCV-1A, on the other hand, has no observable effects on Slicer
activity (37). Thus, CrPV-1A functions as an inhibitor of mRNA
degradation mediated by Argonaute 2 enzyme and serves as a nega-
tive regulator of the RISC cleavage activity. Recombinant CrPV-1A
and DCV-1A purified from Escherichin coli retain their functionality
and can be supplemented in the RISC assay (37).

1

. Assemble 35 pL Slicer assay reactions on ice by mixing in the

tollowing order:

(a) 14 pL S2 extract (17 mg/mL, 40% of reaction volume)
(b) 10.2 uL 40x cleavage buffer

(¢) 1.0 uL siRNA (100 nM)

(d) 7.8 uL S2 lysis bufter

Incubate at 25°C for 30 min. This incubation period
allows the RISC to fully assemble in S2 extract.
Subsequently add:

(e) 1.0 pL recombinant RNAi suppressor (1A) protein
(350 nM)
Mix and incubate at 25°C for another 10 min. Then add:

(f) 1.0 uL Capped mRNA (30,000 cpm/~10 nM 600 bases
mRNA).

Incubate at 25°C for additional 2 h 30 min.

Follow Note 7 and 8 while performing the reaction.

. Add 130 pL of RNA eclution buffer and 35 pL proteinase

K solution (10 mg/mL) to the Slicer reaction and incubate
at 65°C for 30 min.

. Extract with phenol:chloroform:isoamyl (25:24:1) alcohol

and add 1 pL glycogen (20 mg/mL) and 480 pL of absolute
ethanol to the aqueous phase (~160 uL). Precipitate RNA
as described in Subheading 3.4, step 4.

. Dissolve the pellet in 25 pl. 2x gel-loading buffer 11, dena-

ture the sample, and resolve the 5’ cleaved RNA product in a
6% urea-polyacrylamide gel. Analyze the 5’ cleaved product
by phosphorimaging (Fig. 2).

4. Notes

. While culturing S2 cells, do not split to a density below

0.5x10°/mL. S2 cells tend to clump at low density and grow
poorly.

. While making S2 extract, care should be taken to maintain

cold temperature throughout the procedure to prevent
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30 min 10 min 25h

S2 extract 5» 1A >»3?P-mRNA > PAGE
siRNA

S2 extract + + + o+ o+

CrPV-1A I
DCV-1A - - - + -
BSA - - - - 4
siRNA-Luc - + + + +

< mRNA
substrate
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= . 2 "4— 5’ product

1 2 3 4 5

Fig. 2. Slicer assay in S2 extracts. S2 extracts were programmed with small interfering
RNA (siRNA) duplex for 30 min followed by addition of suppressor proteins (1A) for
10 min. RNA-inducing silencing complex (RISC) cleavage reaction was initiated by incu-
bating mRNA target (Fig. 1c) for additional 2 h 30 min. A 100 nucleotides 5’ cleaved
product was analyzed using 6% denaturing polyacrylamide gel electrophoresis (PAGE).
Lane 1 no protein no siRNA control; /ane 2 no protein control; /ane 3 350 nM CrPV-1A;
lane 4 350 nM DCV-1A; lane 5 350 nM BSA control. As expected, supplementation of
CrPV-1Ain S2 extracts inhibited Argonaute 2-mediated mRNA target cleavage; DCV-1A,
on the other hand, did not have any effects.

inactivation of the RISC components. Significant Slicer activity
can be lost exposing the extract to 30-37°C for 30 min (33).
Once prepared, S2 extract can be stored at -80°C up to
6 months without significant loss of Slicer activity.

3. High-speed centrifugation (100,000x4) cell-free extract of
untreated S2 cells (§100) can be prepared and used for the
RISC cleavage assay. However, treatment of S2 cells with
dsRNA by soaking or transfection results in sedimentation of
holo-RISC complex with high molecular weight ribosomal
fractions rendering S100 extract inefficient in RISC cleavage
assay (5).

4. Follow aseptic technique when working with RNA. Use latex
or vinyl gloves while handling reagents and RNA samples to
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prevent RNase contamination from the skin surface or other
sources. Ribonucleases (RNases) are very stable enzymes and
care should be taken to avoid introducing RNases into the
RNA sample during or after the isolation procedure. Keep
isolated RNA on ice all the time. Purified RNA may be stored
at -20 or -70°C in RNA storage solution (Ambion) up to
1 year. For analyzing the RNA sample, electrophoresis tanks
should be cleaned with detergent solution (e.g., 0.5% SDS),
thoroughly rinsed with RNase-free water. The use of sterile,
disposable polypropylene tubes throughout the procedure is
recommended.

. Always use fresh [a-*P] GTP and gel-purified RNA for syn-

thesis of the capped mRNA target

. Previously, our lab used Vaccinia GTR enzyme from Ambion

to cap mRNA. GTR from Ambion has recently been discon-
tinued. We recommend obtaining an expression construct to
purify recombinant GTR from bacteria and follow the proto-
col below for capped mRNA synthesis. Prepare 10x capping
reaction bufter [500 mM Tris—-HCI (pH 8.0), 60 mM KCI,
12.5 mM MgCl,, 12.5 mM DTT, 0.5 mg/mL BSA], pass
through a 0.1 pM ultrafree-MC centrifugal filter unit
(Millipore), aliquot and store at —20°C (Personal communi-
cation from Ambion). Set a 20 pL reaction containing 2.0 pL.
gel-purified RNA (10 pmol/uL), 2.0 uLL 10x capping reac-
tion buffer, 1.0 pLL SAM (10 mM stock), 1.0 uL. RNasin
(20 U/uL), 4.0 uL GTR (7.5 uM/uL), 10 pL [o-3P] GTP
(3,000 Ci/mmol). Incubate the reaction for 1 h at 37°C and
process the sample as described in the Subheading 3.4.

. Presence of 5’ phosphate in siRNA duplex is essential for pro-

ductive RISC formation and mRNA cleavage. Synthetic
siRNA with 5'OH undergoes rapid phosphorylation in S2
extracts (7) and can be used for analyzing the slicer activity.

. RNAI is an ATP-dependent process and requires an ATP

regenerating system in cell-free extract for efficient target
cleavage (7, 23, 34). Supplementation of exogenous CPK
enzyme and creatine phosphate substrate in the reaction facil-
itates transfer of phosphates from substrate to ADP to form
ATD. While performing the Slicing assay, always use a fresh
aliquot of creatine phosphate and creatine kinase.
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Chapter 15

Gel Mobility Shift Assays for RNA Binding Viral
RNAIi Suppressors

Tibor Csorba and Jézsef Burgyan

Abstract

The host—virus interaction is a continuous coevolutionary race involving both host defence strategies and
virus escape mechanisms. RNA silencing is one of the main processes employed by eukaryotic organisms
to fight viruses. However, viruses encode suppressor proteins to counteract this antiviral mechanism.
Virtually all plant viruses encode at least one suppressor. In spite of being highly diverse at the protein
level, a large group of these proteins inhibit RNA silencing very similarly, by sequestration of double-
stranded RNA or small-interfering RNA molecules, the central players of the pathway. The RNA binding
capacity of virus suppressor proteins can be studied by the electrophoretic mobility shift assay method.
Also known as gel retardation assay, gel mobility assay, gel shift assay or band shift assay, EMSA is an
in vitro technique used to characterize protein:DNA or protein:RNA interactions. The method had been
developed based on the observation that protein: nucleic acid complexes migrate slower through a
non-denaturing polyacrylamide gel than the free nucleic acid fragments.

Here, we provide a detailed protocol for the analysis of crucifer-infecting Tobacco mosaic tobamovirus
(cr-TMV) silencing suppressor protein p122 RNA binding capacity.

Key words: Antiviral silencing, Viral suppressor proteins, siRNA, RNA binding, Electro mobility
shift assay, Band shift assay, cr-TMV p122

1. Introduction

The electrophoretic mobility shift assay (EMSA) assay was developed
based on the method described earlier (1, 11). EMSA is per-
formed by incubating purified native protein or a mixture of pro-
teins with a labelled RNA in a binding reaction. After the
formation of protein: RNA complexes, they are separated based
on their differences in electrophoretic mobility in a native acryl-
amide gel. The speed at which the RNA or the protein: RNA
complexes move through the gel is determined by their size, charge

Ronald P. van Rij (ed.), Antiviral RNAi: Concepts, Methods, and Applications, Methods in Molecular Biology, vol. 721,
DOI 10.1007/978-1-61779-037-9_15, © Springer Science+Business Media, LLC 2011
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and shape. As the protein: RNA complex is less mobile compared

to the free RNA, the signal is “shifted” up on the gel (see Fig. la—c).
The protein—RNA interaction depends on the RNA binding affin-

ity of the protein. The formed complexes are stabilized by the low

ionic strength buffer used and by the caging effect of the acrylam-
ide gel matrix during the course of electrophoretic separation. In
the correct experimental conditions (see Note 1) the ratio of free
to bound RNA is identical to the ratio formed in the binding

reaction before entering in the gel. Knowing the concentration of

siRNA

p122-inf. plant extract

mock
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Fig. 1. Tobamoviral (cr-TMV) p122 protein but not polerovirus (BWYV) PO protein binds 21 nt “bona fide” siRNA. *2P-labelled
siRNA molecules were incubated with a dilution series of PO or p122-agroinfiltrated Nicotiana benthamiana plant extracts
as indicated. 1 ug of total protein (1:1) or twofold dilutions (1:2, 1:4, etc.) was used in the band shift reactions. Empty-
vector infiltrated plant extract (mock) was the negative control (a). p122 does not bind long dsRNA molecules (50 bp).
dsRNA-binding Reovirus sigma3 protein infiltrated plant extract was used as positive control (b). The relative binding
affinity of p122 protein was determined from a dilution series p122-siRNA complexes (c). Signals were quantified with
ImageQuant software and a sigmoid curve was fitted with Origin software. Relative K,=0.026 ug total protein (d).
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the protein of interest the dissociation constant (K,) is estimated
as the concentration of the protein required to give 50% saturation.
If a mixture of proteins or a crude preparation is used (and the
concentration of protein of interest is therefore not known) the
relative dissociation constants can be estimated for different types
of nucleic acids, such as siRNA, long dsRNA, single-stranded (ss)
RNA, ssDNA, dsDNA, as a function of protein concentration
and the relative affinities can be compared.

The method described in this chapter has been used to dem-
onstrate the RNA binding affinity of cr-TMV p122 (2) and other
virus silencing suppressor proteins (3—06).

2. Materials

2.1. siRNA Preparation

2.2. Protein Expression

and Preparation

1. Synthetic  2'-ACE  protected siRNAs (Dharmacon).
Deprotection buffer: 100 mM acetic acid, adjusted to pH 3.8
with TEMED.

2. DNA oligonucleotides.
3. [y-32P] ATP (3,000 Ci/mmol, 10 mCi/mL).
4. T4 polynucleotide kinase (PNK) enzyme (10 unit/pL) and

10x PNK buffer: 700 mM Tris-HCl, pH 7.6, 100 mM
MgCI2, 50 mM DTT.

5. Band shift buffer: 83 mM Tris—-HCI, pH 7.5, 100 mM NacCl,
66 mM KCl, 0.8 mM MgCl,, 10 mM DTT. Add DTT fresh
from a stock solution (see Note 2).

6. Penguin Electrophoresis System from Owl Technologies
(20x20 cm glass plates, 1.5 mm width).

7. 40% acrylamide /bis-acryamide (39:1) stock solution in 0.5x
TBE butffer. For 10 mL gel mix: 3.76 mL of 40% acrylamide,
1 mL of 5x TBE buffer, 5.14 mL MQ water, 100 uL of 10%
APS, and 5 pLL of TEMED.

8. 0.5x TBE (Tris—borate-ethylenediaminetetraacetic acid)
electrophoresis buffer: 0.045 M Tris base, 0.045 M boric
acid, 1 mM EDTA, pH 8.0.

9. 6x loading dye: 0.25% bromophenol blue, 0.25% xylene-
cyanol, 40% glycerol.
10. 300 mM NaCl, solution.

1. Agrobacterium tumefaciens C58C1 bacteria transformed with
pBING1-pl122 construct (for transient expression of pl22
protein in Nicotiana benthamiana leaves, see Note 3).

2. Agroinfiltration buffer: 10 mM morpholineethanesulfonic
acid (MES), 0.15 mM acetosyringone, 10 mM MgCIL,.
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. Protein extraction buffer: 83 mM Tris-HCL, pH 7.5, 100 mM

NaCl, 66 mM KCI, 0.8 mM MgCl,, 10 mM DTT (see Note 2).
This buffer is identical to the band shift buffer.

4. 0.2-um Syringe filter.

5
2.3. Binding Reaction 1.
2
2.4. Native Gel 1.
Preparation and
Complex Separation 2
2.5. Signal Detection 1.
and Band
Quantification

. Bradford assay.

Band shift bufter: 83 mM Tris—-HCI, pH 7.5, 100 mM NaCl,
66 mM KCI, 0.8 mM MgCl,, 10 mM DTT (see Note 2).

. 0.02% Poly (oxyethylene) x-sorbitane-monolaurate (Tween-20).

Materials for running native acrylamide gels (see Subheading
2.1, items 6-9).

. Gel dryer.

PhosphorImager screen and Storm 860 Molecular Imager
(GE Healthcare).

2. ImageQuant software (GE Healthcare).

. Origin software (www.origin.com).

3. Methods

3.1. siRNA Preparation 1.

Design synthetic RNA oligonucleotides (19, 21, 26, and
50 nt long) as siRNA pairs that generate perfect dsRNA
duplexes with or without 2 nt 3’ overhangs after annealing
(see Note 4). Deprotect the 2'-ACE protected RNA molecules
according to manufacturer’s instructions. Briefly, dissolve the
RNA pellet in 2'-deprotection buffer, divide in aliquots, incu-
bate at 60°C for 30 min and lyophilize to dryness before use.
Resuspend one aliquot of deprotected RNA in MilliQ water
and store other aliquots at —-80°C.

. Phosphorylate 20 pmols of one strand of the siRNAs with

y-3P ATP in using T4 polynucleotide kinase. Combine in an
Eppendorf tube on ice:

(a) 12 pL water.

b) 2 pL 10x PNK buffer.

c) 2 uLy-*P ATD.

d) 2 pL oligonucleotides (10 pmol /puL).

(
(
(
(e) 2 pL PNK (10 unit/uL).

. Phosphorylate complementary strand. Assemble the reaction as

in Subheading 3.1, step 2, but use 2 uL of cold 10 mM ATP.

. Add cold-phorphorylated complementary strand in fivefold

molar excess to the P labelling reaction in 1x T4 PNK buffer



3.2. Protein Expression
and Preparation

Gel Mobility Shift Assays for RNA Binding Viral RNAi Suppressors 249

in a total volume of 40 pL. Heat the mix containing both
strands to 95°C for 1 min, and very slowly cool down in a
water bath (about 1°C/3 min) to facilitate the strand annealing.
Turn oft the power supply of the water bath and let it cool
down to room temperature (see Note 5). The 1:5 molar ratio
ensures that the all of the labelled RNA will be converted to
double-stranded form. The dsRNA will be separated from
the non-annealed ssSRNAs by purification from a native gel
(see Subheading 3.1, step 06).

5. Store an aliquot of the labelled RNA in single-stranded form
to analyze the p122 affinity for ssRNA molecules.

6. Repeat the same procedure for ssDNA and dsDNA to assess
the p122 affinity for these nucleic acids.

7. Use native 1.5 mm thick 15% acrylamide gels in 0.5x TBE
(see Notes 6 and 7) for the labelled nucleic acid purification.
Add 8 pL of 6x loading dye to the 40 pL reaction mix and
load on gel 12 pL /well.

8. Run the gels at 10 V/cm for 3—4 h, disassemble and locate
the duplexes by exposing for 1-2 min to X-ray film. The pro-
cedure should be done behind a shield: remove the glass plate
from one side of the gel and wrap the other glass plate with
the gelin cling film. Place the film on the top of the gel. Mark
the position of the film with a marker pen. Develop the film
after exposure and dry it. Afterwards place back the film on
the top of the gel and mark the position of labelled RNA/
DNA with a needle by making punctures through the film.
Then unwrap the gel and excise the RNA /DNA band.

9. Add 0.5 mL of 300 mM NaCl solution to the gel slices and
incubate overnight at 4°C on a rotary shaker. Cut the gel
slices into small pieces to enhance the yield of nucleic acid
extraction. Precipitate the nucleic acid in 2.5 volumes of
ethanol, wash the precipitates two times with 1 mL of 70%
ethanol, dry the pellet and resuspend in 100 pl. band shift
buffer. The general yield of purification is about 50% of
the input.

Protein p122 was expressed in plant leaves using Agrobacterinm
infiltration-mediated transient expression (1). The protein is
expressed at high level as the RINA silencing system is blocked by
its presence (see Note 8). However, if the protein of interest can
be purified by the mean of other methods, its RNA binding affinity
can also be studied by EMSA (see Note 9).

1. Resuspend Agrobacterium C58C1 harbouring pBIN-pl122 in
agroinfiltration buffer, and incubate at 25°C for 3 h. Infiltrate
the second and third youngest leaves of a six-leaf stage
Nicotiana benthamiana plant with a Agrobacteria suspension
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3.3. Binding Assay 1.

2

3
3.4. Native Gel 1.
Electrophoresis

2

3

4
3.5. Signal Detection, 1.
Quantification and P
Data Analysis

3

at OD,,=0.5. For negative control infiltrate leaves with

pBIN-empty vector containing Agrobacterinm.

. Prepare the native protein extracts from infiltrated patches at

3 days after infiltration. Perform the extraction on ice using
ice-cold materials: grind 0.25 g leaf tissue in 1 mL of band
shift buffer. Centrifuge the crude extract twice for 15 min at
15,000 x g and filter through a 0.2 pm syringe filter. Store the
supernatants in -80°C in single-use aliquots. Quantify the
concentration of total protein by Bradford assay.

Assemble the in vitro binding reactions on ice. In a 10 uL
reaction, use labelled RNA or DNAs at a final concentration
of 1 pM in 1xband shift buffer containing 0.02% of Tween-
20 (2). Prepare master-mix containing band shift buffer,
labelled RNA and Tween-20 and aliquot in eppendorf tubes
(9 pL/tube).

. Prepare a twofold serial dilution in band shift bufter of protein

extracts from plants infiltrated with p122 or empty vector,
starting from a concentration of 1 pg/ul (see Fig. la—c).
Add 1 pL of pl22-containing or control extracts to 9 pL
the band shift reaction mix (see Note 10).

. Incubate the reactions at 25°C for 30 min. Add 2 pL of

loading dye, spin down quickly. Load the reactions directly
onto the pre-runned and pre-chilled gel.

Pre-run a 5% native acrylamide gel in 0.5x TBE for 20 min at
10 V/cm at 4°C (see Note 7).

. Load reactions (5-10 pL) on gel and run the gel at 10 V/cm

for 2 h.

. Carefully disassemble the gel after electrophoresis: the gel

should stick to one of the glass plates. Pla