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Abstract
The discovery of RNA interference (RNAi) in C. elegans and in plants has revolutionized current
approaches to biology and medicine. RNAi silences genes in a sequence-specific manner through
the actions of small pieces of double-stranded RNAs (siRNAs and miRNAs). RNAi has been found
as a widespread natural phenomenon in eukaryotic cells and is also being used as a powerful
experimental tool to explore gene function. Most importantly, it has many potential therapeutic
applications. Viral gene-specific siRNAs are theoretically very promising antiviral inhibitors and
have been examined in a broad range of medically important viruses. However, many RNA viruses
escape RNAi-mediated suppression by counteracting the RNAi machinery through mutation of the
targeted region, by encoding viral suppressors, or both. DNA viruses also counteract the RNAi
machinery, preferentially using viral suppressors. Cellular factors may also contribute to RNAi
resistance; ADAR1 was the first cellular factor found to be responsible for editing-mediated RNAi
resistance. Because siRNAs can be used as potent small-molecule inhibitors of any cellular gene, the
best way for a cell to maintain expression of essential genes for its long-term survival is to develop
a program to resist the detrimental effects of RNAi.
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INTRODUCTION
RNA interference (RNAi) has recently been recognized as an important mechanism for
controlling gene expression at a post-transcriptional level19,49 and regulating heterochromatin
formation for genome stability 54,69. RNAi-mediated post-transcriptional gene silencing can
restrict expression of certain genes during tissue development or cell differentiation. Small
RNA duplexes, usually 21 to 23 nucleotides (nts) in size, are generated by cleavage of larger
double-stranded (ds) RNAs by the ribonuclease Dicer 53,75. These small RNA duplexes trigger
RNAi by sequence-specific cleavage and degradation of the homologous single-stranded
mRNA or by suppression of mRNA translation 19,28,46.

Based on their origin and function, the small RNAs produced by Dicer cleavage are classified
into two categories: small interfering RNAs (siRNAs) and microRNAs (miRNAs). Both
siRNAs and miRNAs are ∼21- to 23-bp duplexes bearing 2-nt overhangs at the 3′ ends. They
differ in that siRNAs originate in the cytoplasm from cleavage of long dsRNAs with perfect
base-pairing26,73, whereas miRNAs are derived from cleavage of long, single-stranded
primary transcripts containing imperfectly matched hairpin-loop structures. In general, primary
miRNA transcripts are cleaved first by the RNase III-like protein Drosha into ∼65 nt stem-
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loop pre-miRNAs in the nucleoplasm34,35 before being transported by Exportin-5 into the
cytoplasm 44, where they are further processed by Dicer into ∼21- to 23-bp miRNA duplexes
with imperfect base-pairing. For both siRNAs and miRNAs, one strand (antisense) is then
selectively incorporated into a dsRNA-induced silencing complex (RISC) that contains
Argonaute (eIF2C), SMN3, and several other proteins 27,46,47 and guides the selection of a
complementary mRNA for cleavage or for translational inhibition. Recently, Ago 2 was shown
to be a key component in cleavage of the substrate 27,55. The accumulated evidence so far
indicates that siRNAs and miRNAs program RISCs equivalently and that they produce similar
effects on mRNA expression despite their somewhat different origins 16,74.

RNAi can be induced by the introduction of synthetic ∼21- to 23-nt siRNA duplexes into cells,
bypassing the requirement for processing of a long dsRNA mediated by Dicer 20. RNAi
mediated by siRNAs or miRNAs artificially introduced into mammalian cells has been
successfully used to knock down gene expression and to suppress viral replication, although
the outcome of individual RNAi events varies depending on the designed siRNAs and their
targeted regions. Efficient silencing of a target using the RNAi approach also requires active
cell metabolism, with the cells undergoing exponential growth. In most transient transfection
assays of synthetic siRNA duplexes, one run of RNAi at an effective dose generally confers
detectable suppression of the target for no more than 48-72 hours (Fig. 1). Several runs of
RNAi may be needed to achieve more extensive or longer-lasting suppression. Although an
individual siRNA’s half-life and its targeted region influence the proficiency of RNAi, active
RISC function in cells is also necessary to make the suppression effective. Cells under
exponentially active growth both confer efficient up-take of siRNA duplexes and have active
RISC function. As shown in Fig. 1, cells at 96 hours in culture show no response to RNAi
(compare lane 7 to lane 6) and thereby are not affected by siRNA-mediated p53 suppression.
Although “RNAi resistance” usually refers to more active processes, as discussed below, care
should be taken to study RNAi and RNAi resistance in cells at the appropriate phase of growth.

Although it has been known for a while in plant virology that many plant viruses have to
counteract RNAi in plant cells in order to invade their hosts, the many reports of the
development of RNAi resistance in mammalian cells came as a surprise. Approximately 22
silencing suppressors have been described in plant and insect viruses; these have been
summarized in several excellent reviews 15,38,68,72. In this report, we emphasize the
emergence of siRNA resistance as a mechanism that counteracts RNAi-mediated gene
silencing in mammalian cells (Table 1).

Development of resistance to siRNA-mediated viral gene silencing in RNA
virus infections

RNA viruses have an RNA genome that can be either single-stranded or double-stranded. Viral
RNA replication in infected cells is mediated by a viral RNA-dependent RNA polymerase
(RDRP), which produces a dsRNA intermediate phase even in single-stranded RNA viruses.
Because it lacks proofreading activity, this viral RDRP replicates the RNA genome with low
fidelity, resulting in a mutation rate on the order of ∼10-4 per incorporated nucleotide. That is,
viral RDRP has an inherent error frequency on the order of 1 in 104, depending on the virus
17,36. Thus, it is conceivable that RNA viruses under selection pressure may escape siRNA-
mediated suppression through mutation of the target regions, thus becoming siRNA-resistant
viruses. This presumption has been supported by accumulating evidence from several elegant
studies, as described below.

Using RNAi as an antiviral therapy has been considered for many viruses, including both DNA
viruses and RNA viruses. Poliovirus was one of the first to be tested for siRNA-mediated
sequence-specific inhibition. HeLa cells treated with an siRNA specific for a capsid protein or
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viral polymerase before infection with a virulent poliovirus produced only 1%-3% of the virus
titer observed in control-treated cells and showed no virus plaque formation. However, the
poliovirus readily escapes these highly effective siRNAs through unique point mutations within
the targeted regions 23. The emergence of siRNA-resistant viruses begins 30-40 hours
postinfection. Further analysis of these resistant mutants showed that RNAi recognition is
sensitive to subtle point mutations within the central region and the 3′ end of the target RNA.
Even a single point mutation resulting in a G:U mismatch is sufficient for the virus to escape
siRNA inhibition 24. Using a pool of siRNAs to simultaneously target multiple sites in the
virus genome might be a good choice to prevent the emergence of resistant viruses.

RNAi has been demonstrated to be a powerful tool for suppressing HIV infection in various
transient, short-term assays 11,29 33,48. Recently, resistance to RNAi directed against HIV-1
has been noticed when siRNA duplexes targeting the viral tat 1 or nef 12 genes are stably
expressed in human T cells for long-term inhibition. RNAi-resistant HIV-1 variants have been
identified with deletions or substitutions in the siRNA target regions. Through these mutations,
HIV-1 removes its RNA as a target and escapes from RNAi-mediated inhibition.

Resistance to siRNA-mediated suppression of La Crosse Virus (LACV) replication has also
been noticed after only 72 hours of virus infection in 293T cells pre-treated with LACV siRNAs
61. Most of the resistant viruses recovered from culture supernatant show single or double
nucleotide changes in the targeted regions, with a significantly high frequency in the portion
of the S segment targeted by the siRNA LACS103. More interestingly, a viral nonstructural
protein of LACV, NSs, appears to function as an RNAi suppressor protein. Cells expressing
the NSs protein strongly suppress RNAi directed against both an LACV M segment and a host
gene, GAPDH (glyeraldehyde-3-phosphate dehydrogenase) 61.

The Tas protein from the retrovirus primate foamy virus type 1 (PFV-1) has recently been
identified as a suppressor of miR-32, an miRNA of cellular origin. The PFV-1 open reading
frame 2 contains a target for miR-32. As a counterdefense to miR-32-mediated suppression,
PFV-1 encodes Tas as a silencing suppressor that enables host cell invasion and virus
replication 32.

Development of resistance to siRNA-mediated viral gene silencing in DNA
virus infections

Compared to RNA viruses, which are designed to have a high rate of mutation during their
RNA genome replication, the genomes of DNA viruses are relatively stable, with a low
mutation rate of 10-8 to 10-11 per incorporated nucleotide. Thus, resistance to RNAi-mediated
viral gene silencing though mutation of the target sequence has not been observed in DNA
virus infection. However, siRNA may exert selection pressure on pre-existing resistant
mutants, as exemplified by a recent report on hepatitis B virus (HBV) 70. HBV is a DNA virus,
but its DNA replicates through a genomic RNA intermediate and utilizes a virally encoded
reverse transcriptase. Consequently, a significant amount of diversity, similar to that seen in
RNA viruses, occurs in the sequences of HBV isolates; these can be classified into at least 8
genotypes (A-H). A mutant C genotype that contains a mutation in the 3′ portion of the targeted
region was isolated and was more resistant to HBVS1 short hairpin (sh) RNA-mediated RNAi
than the wild-type. This mutant can be preferentially selected out in the presence of HBVS1
shRNA in Huh-7 cells co-transfected with wild-type and mutant HBV-C at a ratio of 9:1 at day
5 post-transfection 70.

Adenovirus infection may also result in inhibition of RNAi, perhaps through the actions of a
virally encoded noncoding RNA, VA1. Adenovirus VA1 RNA is an ∼160-nt structured RNA
that is highly expressed in adenovirus-infected cells (∼108 molecules/cell) and plays important
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roles in increasing viral mRNA translation 65 and stabilizing ribosome-bound mRNAs 63,
64. VA1 RNA enhances viral mRNA translation by blocking activation of protein kinase R
(PKR), which is usually induced by viral dsRNA produced during the adenoviral replication
cycle. Cullen and colleagues recently used a reporter assay to show that VA1 RNA inhibits
RNAi induced by shRNAs, but does not affect RNAi induced by synthetic siRNA duplexes.
VA1 RNA-mediated inhibition of RNAi appears to occur through inhibition of nuclear export
of shRNA, competition for Exportin-5, and inhibition of Dicer function by direct binding of
Dicer 43.

Our recent study on shRNA-mediated oncogene silencing of human papillomavirus 16
(HPV16) in cervical cancer cells provides evidence on how a DNA virus might escape RNAi
(Tang, S., et al., unpublished data). HPV16 contains two viral oncogenes that encode E6, which
targets p53 for degradation, and E7, which targets pRB. The two oncogenes are transcribed as
a single E6E7 bicistronic RNA and are essential genes for the survival of cervical cancer cells.
Transfection of two HPV16-positive cervical cancer cell lines, CaSki and SiHa, with a synthetic
siRNA duplex based on a sequence motif of 21 nts from the HPV16 E6E7 bicistronic RNA
effectively suppressed both the E6 and E7 oncogenes, leading to stabilization of p53 and
increased p21 expression. When stably expressed as a short hairpin RNA in these cells under
selection pressure, however, the siRNA silencing of E6 and E7 expression was efficient only
at early cell passages, and became inefficient with additional cell passages despite the continued
expression of siRNA at the same level. This loss of the siRNA function could be duplicated in
cells with stable p53 siRNA, but not in cells with stable lamin A/C siRNA, suggesting that it
is target-selective. The siRNA-resistant cells retain normal siRNA processing, duplex
unwinding and degradation of the unwound sense strand, and RISC formation, suggesting that
the loss of siRNA function occurred at a later step. Surprisingly, the siRNA-resistant cells were
found to contain a cytoplasmic protein of ∼50 kDa that specifically and characteristically
interacted with the E6E7 siRNA. These data indicate that a potent siRNA targeting an essential
or regulatory gene might induce a cell to develop siRNA resistance through the production of
a specific protein.

Viral proteins from mammalian viruses function as suppressors of RNAi in
non-mammalian cells and plants

Several viral proteins expressed from mammalian viruses, the interferon antagonist proteins
of influenza virus NS1 (non-structural protein 1), reovirus σ3, and vaccinia virus E3L, have
been examined for their suppressive effects on RNAi in non-mammalian cells.

Influenza viruses are a group of single-stranded RNA viruses and are divided into types A, B,
and C. The influenza virus NS1 protein is a multifunctional, non-structural protein that contains
three functional domains. Two of the domains are in the N-terminal half of NS1: one is
responsible for translational enhancement of the influenza virus mRNAs through interactions
with eIF4G, a eukaryotic translation initiation factor, and the other is essential for dsRNA-
binding and antagonizing interferon induction by sequestering dsRNA from PKR binding and
activation. The third domain, which inhibits mRNA processing and nuclear-cytoplasmic
transport of host mRNAs, is in the C-terminal half of the protein 31. Using a plant silencing
suppression assay, two groups simultaneously demonstrated that the influenza NS1 protein is
an RNA silencing suppressor in plants and promotes plant virus pathogenicity of potato virus
X in three different plant hosts 3,14. NS1 suppression of RNAi requires the dsRNA-binding
domain of the protein to be functional and to interact with the siRNAs 3. These observations
were further supported by independent evidence from the Ding and Palese groups showing that
all three NS1 proteins from the influenza A, B, and C viruses are RNAi suppressors in a
Drosophila cell-based, nodaviral silencing screen assay. This study showed that NS1 from
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influenza A viruses also suppresses RNAi in Drosophila cells through its N-terminal dsRNA-
binding domain and its binding of siRNAs 39.

Reoviruses are a group of dsRNA viruses. Reovirus outer shell polypeptide σ3 is one of the
best-characterized dsRNA binding proteins. Like influenza virus NS1, reovirus σ3 carries
conserved dsRNA-binding motifs and binds dsRNAs in vitro and in vivo. Accordingly,
reovirus σ3 protein sequesters dsRNA from PKR binding and thereby prevents activation by
dsRNA. When tested in plant cells, σ3 showed strong RNAi suppression, although it failed to
sequester miRNA precursors 40. Nevertheless, the data suggest that the reovirus σ3 protein is
capable of counteracting RNAi-mediated gene silencing in addition to inhibiting PKR-
mediated responses.

Vaccinia virus is a member of the poxvirus family and has a DNA genome that replicates in
the cytoplasm during viral infection. The vaccinia E3L protein is a dsRNA-binding protein
13 that inhibits PKR by sequestering dsRNA from PKR, thus preventing binding 56,59. The
C-terminus of the vaccinia virus E3L is responsible for binding to dsRNA and preventing it
from activating the interferon pathway. A recent study demonstrated that the E3L protein is a
functional suppressor of RNAi in Drosophila cells that inactivates the RNAi silencing-based
antiviral response of the cells to flock house virus infection 39.

RNA editing plays a role in the development of siRNA resistance in
mammalian cells

Double-stranded RNA induces the homology-dependent degradation of cognate mRNA in the
cytoplasm via RNAi, but it is also a target for adenosine-to-inosine (A-to-I) RNA editing by
adenosine deaminases acting on RNA (ADARs). RNA editing that affects siRNA-mediated
RNAi in vitro was first reported by Chris Smith’s group 58, who showed that production of
siRNAs could be progressively inhibited with increasing deamination of a long dsRNA. This
initial observation was immediately supported by a study in C. elegans that showed that A-to-
I editing of dsRNAs derived from both transgenes and endogenous genes indeed appeared to
prevent their silencing by RNAi 30,67. Recent studies further demonstrated a direct interaction
between three isoforms of ADARs and siRNA, two of which, ADAR1 and ADAR2, strongly
bind siRNA without RNA editing. ADAR1p110, a short form of ADAR1 via an alternative
translation initiation codon, and ADAR2 also bound a 19-bp siRNA, but their binding affinities
were 15 and 50 times lower than that of ADAR1p150 (a full length ADAR1), respectively.
ADAR3 bound longer dsRNAs, but failed to bind the 19-bp siRNA. All ADARs that were
capable of binding the 19-bp siRNA (ADAR1p150 and p110 and ADAR2) also bound siRNAs
containing either 15- or 23-bp dsRNA regions. Thus, the length of the siRNA determines
whether the bound siRNA is edited or held in a stable complex without a change of sequence;
the critical size threshold appears to be 30 bp 71.

The cytoplasmic full-length isoform of ADAR1 has the highest affinity for siRNA among
known ADARs, with a subnanomolar dissociation constant. Gene silencing by siRNA is
significantly more effective in mouse fibroblasts homozygous for an ADAR1 null mutation
than in wild-type cells. This was further supported by the suppression of RNAi in fibroblast
cells overexpressing functional ADAR1, but not in cells overexpressing mutant ADAR1
lacking double-stranded RNA-binding domains. The results provide convincing evidence that
ADAR1 is a cellular factor that limits the efficacy of siRNA in mammalian cells 71.

Other factors that might lead to RNAi resistance in mammalian cells
As described above, resistance to RNAi during viral infection in mammalian cells has thus far
been ascribed to two major mechanisms: mutations in the targeted regions and expression of
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suppressors (Table 1). One might wonder whether viruses have also evolved mechanism(s) to
counteract the initiation of the RNAi pathway, rather than to block the pathway’s intermediate
components.

This hypothesis has received some preliminary support from a hepatitis delta virus (HDV)
study. Data from Taylor’s group indicate that HDV RNAs are resistant to Dicer activity 7.
Dicer cleaves RNAs that are 100% double-stranded, as well as certain RNAs with extensive
but <100% pairing, to release RNAs of ∼21 nt. The circular 1,679-nt genome of HDV and its
exact complement, the antigenomic RNA, can fold into a rod-like structure with 74% pairing,
but show resistance to Dicer cleavage. In an in vitro cleavage assay with purified recombinant
Dicer, <0.2% of unit-length HDV RNAs were cleaved, even though Dicer was able to digest
fragments of the genome. A 66-nt hairpin RNA with 79% pairing was digested with >80%
cleavage activity, and a 66-nt hairpin derived from one end of the HDV genome was also
digested. The data from these in vitro Dicer digestion experiments are consistent with the results
that small RNAs of ∼21 nts cannot be detected during HDV replication in hepatocytes 7. That
unit-length, highly structured HDV RNAs resist Dicer cleavage suggests the some viral RNAs
have evolved to prevent initiation of RNAi by resisting Dicer. Although HDV itself can be
edited by ADAR at adenosine 1012 position in the antigenome 6,52, its resistance to Dicer and
RNAi appears unrelated to ADAR-mediated editing.

The same group also show that the 1,679-nt genomic and antigenomic RNAs of HDV are
resistant to siRNA-mediated degradation, although its viral mRNAs are sensitive to synthetic
siRNA duplexes. It was thought that the base-paring of HDV genomic and antigenomic RNAs
within the nucleus might make them inaccessible to siRNA. However, further studies show
that HDV circular RNAs transcribed from a DNA template by host RNA polymerase II in
Huh-7 cells, which have a similar mRNA structure to mRNAs with a 5′ cap and a 3′ poly A
tail, were also resistant to siRNA attack 8. The mechanism by which HDV becomes resistant
to siRNA remains unknown.

Does siRNA activate the protein kinase PKR?
PKR, a mammalian dsRNA-dependent serine-threonine protein kinase, has an N-terminal
dsRNA-binding domain that can interact non-sequence-specifically with long stretches of
dsRNA, leading to activation. The activated PKR phosphorylates and inactivates the translation
factor eIF2“, resulting in a generalized suppression of protein synthesis, followed by cell death
via both apoptotic and nonapoptotic pathways. Activation of this nonspecific pathway could
mask any sequence-specific effects that might result from the RNAi pathway. Nevertheless,
successful application of RNAi has been reported in many mammalian tissue culture cell lines
by using chemically synthesized siRNAs that bypass activation of PKR. It has been
documented in the literature that a small blunt-ended dsRNA of less than 33 bp does not activate
PKR 45. In addition, early studies demonstrated that siRNA-mediated inhibition of gene
expression in mammalian cells is independent of non-specific interference pathways activated
by larger dsRNAs 5. However, two recent studies indicate that, although the RNAi mechanism
itself is independent of the interferon system, transfection of 21-bp siRNAs or expression of
shRNAs from shRNA vectors does trigger an interferon response through PKR 2,60. Thus,
these studies argue that siRNAs may have broad and complicating effects beyond the selective
silencing of target genes when introduced into cells.

In an effort to evaluate these contradictory results and search for possible activators of PKR,
truncated and full-length versions of PKR were used to select dsRNAs from a partially
structured dsRNA library containing 1011 sequences 76. This study identified a minimal RNA
motif for activation of PKR. This motif has a hairpin with a nonconserved, imperfect 16-bp
dsRNA stem flanked by 11- to 15-nt single-stranded tails. Boundary experiments revealed that
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the single-stranded tails flanking the dsRNA core provide the critical determinant for
activation. A minimum of 11 nts in the tails is needed for the activation, although the tails could
be on the 5′-end, the 3′-end, or both 76. This group also compared dsRNAs with lengths of 24,
33, and 76 bp for PKR binding and activation and found that a 24-bp dsRNA was unable to
activate PKR; instead, it inhibited the kinase. Resolution of the discrepancies among the
findings of these different study groups will require additional biochemical experiments.

Closing remarks and perspectives
We are entering an RNAi era. The discovery of RNAi in C. elegans 21 and in plants 25 has
revolutionized today’s approaches to biology and medicine. Through the actions of small
pieces of dsRNAs (siRNAs and miRNAs), RNAi-mediated gene silencing has been found to
be not only a widespread natural phenomenon in eukaryotes, but also a powerful experimental
tool to explore gene function. Most importantly, it has many potential therapeutic applications.
Although a great deal has been learned in the past few years about RNAi pathways and the
functions of their components, much remains to be understood before we have a complete
picture of how RNAi is regulated in mammalian cells. There is absolutely no doubt that RNAi
pathways, just like many other pathways discovered in mammalian systems, will be subject to
sophisticated regulation (Fig. 2).

One RNAi function in mammalian cells is thought to be a nucleic acid-based antiviral
immunity, as evidenced by the recent discovery that cellular miR-32 mediates antiviral
activities in human cells 32. Identification of viral RNAi suppressors in medically important
RNA and DNA viruses has heralded the beginning of exploration into existing anti-silencing
mechanisms in virus infection. Many of the RNAi suppressors identified so far in various RNAi
reporter assays turn out to be viral dsRNA binding proteins (DRBPs). Although fewer cellular
DRBPs have been identified than viral DRBPs, one may assume that they will also regulate
endogenous miRNA or siRNA functions for the cell whenever it is needed. About 300 miRNAs
have been identified in the genomes of humans, viruses, and non-human eukaryotic species,
some of which are very abundant (∼ 40,000 copies/cell) 4,41,42,50,51. The question is how
to examine a DRBP’s suppressive function in a mammalian system. The suppressive functions
of viral RNA suppressors in RNAi reporter assays have not been recapitulated in any in vivo
viral infections in mammals. For example, NS1 of Influenza A virus behaves as an effective
RNAi suppressor in Drosophila and plant RNAi reporters, but it seems to play no role in
siRNA-mediated inhibition of animal influenza infection 22,66.

There are at least 388 known eukaryotic proteins with dsRNA-binding domains (DRBDs), 72
of which are human 37,62. More than 20 DRBPs have been identified and are reported to
function in a diverse range of critically important roles in the cell, including some (such as
Dicer and Ago-2) with essential roles in RNAi pathways 18,57. Since proteins harboring
DRBDs have been reported to interact with as little as 11 bp of dsRNA, an event that is
independent of nucleotide sequence arrangement 57, it is conceivable that many cellular
DRBPs might actually be involved in switching on and off the function of a partially double-
stranded miRNA that, on average, targets hundreds or more mRNAs through pairing of only
6-8 bases. ADAR1 is the only factor of this type that interacts with siRNAs in vitro and limits
the efficacy of siRNAs in mammalian cells.

Perhaps the most intriguing question is why a natural siRNA has not been found in eukaryotic
cells with or without virus infection. Some RNA viruses have a dsRNA genome and others
carry a single-stranded RNA genome, but produce dsRNA intermediates during their
replication. Theoretically, these viral dsRNAs could be substrates for Dicer digestion to
produce siRNAs in the infected cells. However, viral dsRNAs appear to resist Dicer digestion,
as exemplified by HDV. This may be because production of viral siRNAs to suppress viral
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gene expression would be harmful to replication of the virus. Similarly, endogenous siRNA
production from the human genome would be expected, considering that over 20% of human
genes produce antisense transcripts that might form sense-antisense pairs (dsRNA) 9, but
production of endogenous siRNAs from these human transcripts would not be beneficial for
human gene expression. Discovering how these dsRNAs escape Dicer digestion will be another
challenge.

Understanding viral RNAi resistance has greatly enriched our knowledge of the regulation of
RNAi pathways. It has also been greatly informative to know that some viruses escape RNAi-
mediated inhibition through one or more counteracting mechanisms: mutations in the targeted
region under siRNA selection pressure and/or production of RNAi suppressors. However,
HPV16 seems to use another method to develop siRNA resistance, because the proteins that
appear to be involved in siRNA resistance in cells expressing HPV16 E6 and E7 are neither
viral proteins nor ADAR1. Identification and characterization of such proteins will be
extremely challenging, but will definitely guide us to further understanding of how a cell
counteracts siRNA-mediated events that would adversely affect its own survival. Since siRNAs
can be used as potent small-molecule inhibitors to any cellular gene, the best way for a cell to
keep expression of those genes that are essential for its survival is to develop a program to
resist the detrimental effects of RNAi.
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Fig. 1.
RNAi mediated by synthetic siRNA duplexes depends on active cell growth. Efficiencies of
synthetic p53 siRNA and non-specific (NS) siRNA duplexes on cellular p53 expression were
assayed in CaSki cells at 2 × 105 at 20-24 hours (0 time) after plating by transient transfection
by using oligofactamine (Invitrogen). Cell samples were prepared at 24, 48, 72, 96, and 120
hours after transfection of each siRNA (20 nM) as diagramed above and examined by Western
blot for p53 by using anti-p53 antibody (Oncogene). Cells with (lane 7) or without (lane 6) re-
transfection with either NS or p53 siRNAs at 96 hours of the initial siRNA transfection, as
indicated in diagram above, were further compared and showed no difference in responding
to p53 siRNAs at 120 h post the initial transfection.
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Fig. 2.
RNAi pathways and RNAi resistance. Despite their different origins, both siRNA and
microRNA have similar effects on mRNA expression through RISC-mediated activities.
Development of RNAi resistance in mammalian cells could be because of any possible blocks
(-) in RNAi pathways.

Zheng et al. Page 13

Ann N Y Acad Sci. Author manuscript; available in PMC 2006 May 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Zheng et al. Page 14

Table 1.
Mechanisms in the development of resistance to RNAi in mammalian cells

RNAi-resistance by* Mutation in the target
regions

Production of suppressors Cellular proteins

RNA viruses
Poliovirus Yes
HIV-1 Yes
La Crosse Yes NSs
PFV-1 Tas
Influenza NS1
Reovirus σ3
DNA viruses
HBV Yes
Adenovirus VA1
Vaccinia E3L
HPV16 50 kDa?
CMV TRS1, IRS1 ? **
RNA editing ADAR1

*
see references in text.

?
, hypothetic.

**
See CMV (cytomegalovirus) reference10.
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