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Abstract

Dramatic advances in understanding of the roles RNA plays in normal health
and disease have greatly expanded over the past 10 years and have made
it clear that scientists are only beginning to comprehend the biology of
RNAs. It is likely that RNA will become an increasingly important target
for therapeutic intervention; therefore, it is important to develop strategies
for therapeutically modulating RNA function. Antisense oligonucleotides
are perhaps the most direct therapeutic strategy to approach RNA. Anti-
sense oligonucleotides are designed to bind to the target RNA by well-
characterized Watson-Crick base pairing, and once bound to the target RNA,
modulate its function through a variety of postbinding events. This review
focuses on the molecular mechanisms by which antisense oligonucleotides
can be designed to modulate RNA function in mammalian cells and how
synthetic oligonucleotides behave in the body.
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INTRODUCTION: AN RNA WORLD

The past 10 years have witnessed an explosion in knowledge regarding the diverse functional
roles that RNAs play in regulating cellular processes and have provided many surprises (1). RNA
has long been recognized as playing center stage in the central dogma of molecular biology,
that is, messenger RNAs, transfer RNAs, and ribosomal RNAs. Shortly after the role of RINAs
in protein biosynthesis was determined, it was discovered that most messenger RNAs derive
from much larger precursors in which the coding region is interrupted by large blocks of RNAs
that must undergo splicing reactions to remove intervening sequences. Surprisingly, a family
of small RNAs, small nuclear RNAs (snRNAs), were found to play key roles in the splicing
process by binding to the splice donor and acceptor sites. Recently, a new class of small RINAs
has been identified, microRINAs, which control translation of targeted mRINAs, essentially acting
as naturally occurring antisense oligonucleotides (2, 3). Thus, the roles of RNA in translating
information from the genetic code to protein products have greatly expanded. These discoveries
were followed by the identification of additional classes of small RNAs and a diverse group of
large noncoding RNAs, whose functions are poorly characterized (4-7). Recent estimates suggest
that as much as 90% of the genome is transcribed, resulting in production of an extremely diverse
population of cellular RNAs, including overlapping transcripts in both the sense and antisense
orientation, highlighting that we still have much to learn about RNAs (4, 8).

Another fairly recent advance is a greater appreciation that genetic changes can affect the func-
tion of RNA such that RNA is the initiator of pathology, independent of protein-coding activity
(RNA-mediated toxicity) (9, 10). Perhaps the best-characterized examples of RNA-mediated dis-
ease are those diseases that feature an expansion of two- to six-nucleotide repetitive sequences
in noncoding regions of the transcript. Examples include the neuromuscular diseases myotonic
dystrophies (types 1 and 2), spinocerebellar ataxia 8, Huntington’s disease-like 2, and fragile
X-associated tremor ataxia syndrome. Among these diseases, type 1 myotonic dystrophy is best
characterized from a mechanistic standpoint. Type 1 myotonic dystrophy is caused by expansion of
a trinucleotide repeat cytotide-thymidine-guanidine (CTG) repeat in the 3'-untranslatated region
of the gene that encodes dystrophia myotonica-protein kinase, resulting in a large (80 to 3000)
trinucleotide repeat in the mRNA. Dystrophia myotonica-protein kinase transcripts containing
this large CUG repeat are primarily retained in the nucleus and form nuclear foci with splicing
factors such as muscleblind, depleting the nucleoplasm of the factors (9, 10). Other examples
of how RNAs can directly contribute to disease include deregulation of microRINA expression
and genetic changes that result in the alteration of microRNA binding sites in a protein-coding
transcript (11-14). Given the increased understanding of potential roles of RNAs in the mainte-
nance of normal health and in contribution to disease, directly targeting RNAs is an increasingly
compelling therapeutic strategy.

Since its inception, the modern pharmaceutical industry has focused almost exclusively on
proteins as drug targets, either by design or happenstance (15). Rationally designing or identifying
traditional small-molecule drugs that selectively interact with nucleic acids, carbohydrates, or lipids
in a safe and efficacious manner has been challenging. There are a small number of cytotoxic
chemotherapeutic agents that primarily interact with DNA, and aminoglycoside and macrolide
antibiotics that bind to bacterial ribosomal RNAs. However, these examples are the exception
rather than the rule, and additional therapeutic platforms are needed to expand the list of druggable
macromolecules. As described in detail in this review, we proffer that antisense oligonucleotides
represent a promising drug platform that has the potential to target, in a selective manner, all
RNAs in a cell, thus dramatically expanding the druggable universe and in the process producing
medicines that will have a major impact on patients’ lives.
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The authors recognize that antisense oligonucleotides are not a new concept as a therapeutic
platform (16). However, there has been significant progress over the past few years, both in
preclinical or research settings and in the clinic. First, results from clinical trials clearly demonstrate
that it is possible to safely practice antisense pharmacology in humans at commercially attractive
doses (17, 18). Second, antisense oligonucleotides that work through a variety of mechanisms
have been identified and have progressed into clinical trials, thereby expanding the application of
the technology (19). Finally, new oligonucleotide chemistries and formulations for delivery have
been identified that promise to further enhance the properties of antisense drugs by increasing
potency, safety, and broader tissue distribution. Several recent reviews and whole volumes have
been dedicated to antisense technology, to which the reader is referred (20-25). We focus this
review on molecular aspects of the technology, highlighting areas where significant advances have
occurred and identifying some key questions and issues for future research.

ANTISENSE MECHANISMS

There has been some confusion in the scientific and lay literature regarding the definition of the
types of molecules that should be considered antisense oligonucleotides. For the purposes of this
review, we define antisense oligonucleotides as those oligonucleotides that are 8 to 50 nucleotides
in length that, in toto or in part, bind to RNA through Watson-Crick base pairing (Figure 1) and
upon binding to RNA, modulate the function of the targeted RNA. This definition includes a
wide variety of oligonucleotide designs that modulate RNAs thorough a diverse set of postbinding
mechanisms, including RNA interference. These mechanisms can be broadly categorized as
(@) those that involve binding to the RNA and interference with its function without promoting
RINA degradation and () those that promote degradation of the RNA either through endogenous
enzymes, such as RNase H, or Argonaute 2 (RNA interference), or cleavage mechanisms
designed into the oligonucleotide (Figure 2, Table 1). According to this definition, antisense
oligonucleotides do not encompass oligonucleotides that form triple helix structures with DNA,
double-stranded DNA structures that serve as transcription factor decoys, or oligonucleotides
designed to bind to proteins, often referred to as aptamers. One could think of oligonucleotides
as the drug family, antisense as the genus, and different mechanisms as the species.

The Receptor

The receptor for antisense-based drugs is RNA. Antisense oligonucleotides bind to the tar-
geted RNA by the well-characterized base pairing mechanism first defined by Watson and Crick
(Figure 1). This mechanism includes specific hydrogen bonding interactions between bases on
the drug and the target RNA strand, as well as hydrophobic interactions resulting from base
shape complementarity and coaxial base stacking. RNA targets in mammalian cells are a diverse
set of molecules that range in size from less than 20 nucleotides in length on one extreme to
hundreds of thousands or perhaps over 1 million nucleotides in length on the other. RNA folds
into complex three-dimensional structures equal in complexity to proteins (26). Akin to proteins,
RNAs have a primary structure (the sequence) and a secondary structure (the folding, or how the
sequence interacts with itself). The binding interactions of RINA secondary structures tend to
be dominated by Watson-Crick base pairing interactions, which drive the folding of RNAs into
self-complementary stem-like structures. Imperfections in the duplex structure lead to unique
shapes that can interact with other portions of RNA to form more complex tertiary structures in a
manner similar to protein folding. In general, there is less potential for hydrophobic interactions
in RNA structures than in proteins, which likely results in many RNA structures being quite
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Figure 1

Base pairing interactions formed during Watson-Crick hybridization. The hydrogen bonds formed as a
result of Watson-Crick hybridization are shown on the left side of the figure. Antisense oligonucleotide
(gray) bound to a target RNA (blue) is shown in the right side of the figure.

dynamic and having several low-energy structures represented at equilibrium. Ribosomal RNA is
a notable exception, being highly ordered and having many hydrophobic interactions (27).

How antisense oligonucleotides find their receptor (RNA) in a cell is largely unknown. A cell
may contain over a hundred million RNA molecules, with the number of unique RNA transcripts
ranging from one copy per cell for some mRNAs, to greater than 1 million copies per cell for
snRINAs, to 10 million or more copies per cell for ribosomal RNAs. Given the complexity of the
RINA transcriptome and the potential for partial interactions of the oligonucleotide with numer-
ous RNAgs, it is remarkable that an antisense oligonucleotide binds to a given target RNA with
an apparently high degree of fidelity. Numerous experiments have demonstrated that antisense
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Different antisense mechanisms: different steps in the maturation of an mRNA where antisense oligonucleotides are known to interact
and block the function of the mRINA. Different antisense mechanisms shown include the nondegradative mechanisms (e.g., modulation
of RNA splicing, modulation of polyadenylation, inhibition of translation) and mechanisms that promote degradation of the RNA [e.g.,
RNase H, RNA interference (Ago 2), ribozymes, and double-stranded RNases (dsRNase)].

oligonucleotides exhibit exquisite specificity, capable of distinguishing a single nucleotide mis-
match (28-31). Although we cannot rule out the possibility that interaction with the target RNA
occurs by simple diffusion of the oligonucleotide in cytoplasm or nucleoplasm and random inter-
action with the target RNA, this seems unlikely given the specificity of the oligonucleotides. A hint
may be provided by studying the natural antisense mechanisms, such as microRNAs, described
in more detail below. In this case the oligonucleotide binds to a protein forming a heterodimeric
complex, which in turn binds to the target RNA directed by the sequence of the oligonucleotide
loaded into the protein complex. The oligonucleotide in the complex presumably has fewer non-
productive interactions with proteins and other nucleic acids. The protein-RNA complex may
also localize in the cell where mRINAs are present. Another intriguing observation is the finding
that RNA binding proteins, such as hnRNP Al and YBI, facilitate nucleic acid hybridization up
to 1000-fold (32, 33). Thus, it is possible that hnRINPs or other proteins enhance hybridization of
the oligonucleotide to the RNA. Clearly, more work is needed to better understand how antisense
oligonucleotides bind to the targeted RNA in cells.
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Table 1 Different antisense mechanisms

Mechanism Example Reference
Noncleavage Translation arrest (211, 212)
Inhibition of translation initiation (63)
Inhibition of exon inclusion (81)
Promotion of exon inclusion (213,214)
Inhibition of polyadenylation (88)
RINA antagonist (68,72,215)
RNA agonist (54, 216)
Disruption of RNA structure (92, 217)
Cleavage RNase H (218,219)
Ago 2 (RNA interference) (40, 41)
MicroRNA (P-body) (50, 54, 220)
UI1RNA adapters (59
Ribozymes (221, 222)
DNAzymes (57)
Chemical facilitated (60, 223)
Unknown Promoter-targeted oligonucleotides (95, 96, 224)

Because the nature of the binding interaction with its receptor is well known, it is easy to
design an antisense oligonucleotide that will bind to the targeted RINA. However, owing to both
the complex and dynamic secondary and tertiary structures that RNA forms and occupancy of RNA
by proteins, not all sites on the receptor are accessible to oligonucleotide drugs. Recent advances
in predicting oligonucleotide binding sites on the RNA receptor have enhanced the probability
of identifying active oligonucleotides versus random selection but still do not adequately predict
for activity. Therefore, screening for active antisense oligonucleotides in cell culture cannot be
eliminated (34-36). Fortunately, with the availability of large volume oligonucleotide synthesizers,
high-throughput RNA quantitation methodologies and robotic sample handling, screening large
numbers of oligonucleotides can be easily accomplished.

All antisense mechanisms have in common the binding of the oligonucleotide to the targeted
RNA. What happens after the oligonucleotide binds to the RNA is dictated by the chemistry,
design of the oligonucleotide, where on the RNA the oligonucleotide binds, where in the cell
the oligonucleotide binds to the RNA, and auxiliary factors associated with the RNA. Different
types of antisense mechanisms can be broadly classified as cleavage-dependent mechanisms and
occupancy-only mechanisms (Table 1).

RNA Cleavage Mechanisms

Oligonucleotides that work through an RNase H-dependent cleavage mechanism are the best-
understood class of antisense oligonucleotides, accounting for the majority of drugs in development
(Table 2). RNase H is a family of enzymes present in all mammalian cells that mediates the cleavage
of the RNAin an RNA-DNA heteroduplex (37). RNase H recognizes an RNA-DNA heteroduplex,
cleaving the RNA strand, resulting in a 5’-phosphate on the product and release of the intact DNA
strand (oligonucleotide). Human cells contain two types of RNase H: RNase H1 and RNase H2.
Human RNase H1 is active as a single peptide, whereas RNase H2 is a heterotrimeric enzyme
(37). Both enzymes are thought to play a role in DNA replication and repair, but additional
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biological functions are likely for both. RNase HI is the enzyme responsible for mediating the
target RNA cleavage directed by antisense oligonucleotides containing five or more consecutive
DNA nucleotides (38). Human RNase H1 binds to the RNA-DNA heteroduplex through an RNA
binding domain located on the N terminus of the protein, with cleavage of the RNA occurring
7 to 10 nucleotides from the 5'-end of the RNA (approximately one helical turn). The RNase
H mechanism has proven to be a robust antisense mechanism and is broadly exploited as both a
research tool and a potential human therapeutic (Table 2).

Oligonucleotides that work through an RNA interference mechanism are another example
of an antisense mechanism that induces cleavage of the target RNA through an endogenous
enzyme (39). In this case, the enzyme responsible for cleavage of the RNA in human cells is
Argonaute 2 (Ago 2), which cleaves the RNA through an RNase H-like enzyme mechanism
(40, 41). Oligonucleotides that work through the RNA interference (siRINA) mechanism appear
to mimic endogenous small RNAs present in cells, which naturally regulate expression of the
targeted gene. The mechanisms by which siRNA oligonucleotides modulate expression of the
target gene have been fairly well characterized, although the source and role of the naturally
occurring siRNAs in mammalian systems have not. In Drosophila cells, the enzyme Dicer cleaves
long double-stranded RINA substrates into 21 to 23 nucleotide products. These products are
transferred to a protein complex termed the RISC loading complex, which in turn forms a pre-
RISC complex with duplexed oligonucleotides (42). The pre-RISC complex contains Ago 2 protein
and other unknown factors. The two strands are separated such that one of the strands loads into
the Argonaute protein and forms a haloenzyme. The Drosophila Ago 2 protein is capable of binding
duplex RNA substrate directly, cleaving, and releasing the sense strand (43). Exogenously delivered
siRINAs appear to enter the pathway downstream of Dicer because inhibition of Dicer expression
does not impact activity (44). Mammals differ from Drosophila in having only one Argonaute
protein (Ago 2) capable of cleaving the target RNA; this protein is most closely related to the
Drosophila Ago 1 protein. The mammalian Ago 2 protein does not bind to duplex RNA but is
capable of binding single-stranded RNA (45, 46). Mammalian Ago 2 also differs from Drosophila
Ago 2 in that the mammalian enzyme exhibits burst kinetics without release of product in the
purified state, which is similar to the Drosophila Ago 1 enzyme (47).

Cellular factors that promote product release from the Ago 2 complex have not been identified.
Interestingly, the PIWI domain of Argonaute proteins forms an RNase H-like structure. Ago 2
is the only Argonaute family member in human cells to have the critical active site residues
that coordinate a divalent cation required for enzyme activity (48). These mechanistic studies
clearly demonstrate that oligonucleotides that promote cleavage of a targeted RNA through the
RNA interference mechanism do so through an antisense mechanism very similar to RNase H-
dependent oligonucleotides. However, a key difference is that the oligonucleotide is bound to the
cleavage enzyme prior to interacting with the target RNA for the RNA interference mechanism. In
contrast, RNase H-dependent oligonucleotides bind to the target RNA prior to interaction with
the enzyme, although the evidence supporting these steps occurring in the order outlined in cells or
tissues is largely circumstantial. Another antisense mechanism that results in loss of RNA mimics
the natural pathway through which microRNAs regulate expression of gene products (49, 50). For
microRNA-mediated target RNA reduction, the oligonucleotide only requires hybridization of six
to eight nucleotides in the 5'-end of the oligonucleotide, the so-called seed region, to a sequence
that occurs predominantly in the 3’-untranslated region of an mRINA. Because microRNAs bind
to target mRNAs through only six to eight nucleotides, a single microRINA may regulate hundreds
of different mRNAs (51).

All four human Argonaute proteins have been associated with endogenous microRNAs, but Ago
1, 3, and 4 lack the critical amino acids needed to form the RNase H catalytic domain, thus these
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proteins are not capable of directly degrading the bound mRINA. Although the details have not been
worked out, the Ago-microRNA complex bound to the target RNA (ternary complex) somehow
directs the transcript to sites in cells called P bodies, which are enriched in RNA degradation factors
such as deadenylation enzymes, decapping enzymes, and exonucleases (52, 53). In contrast to
RNase H or siRNA oligonucleotides, in which the desired goal is to promote selective degradation
of a single transcript, oligonucleotides that work through a microRNA-dependent pathway result
in the degradation of numerous transcripts. This approach is being explored as a means of replacing
microRNAs that are dysregulated in cancer and other diseases (54).

A novel approach for selectively decreasing the expression of a target RNA was recently de-
scribed (55). The authors designed a bifunctional oligonucleotide containing a sequence that
targeted the Ul snRINA splicing factor and a sequence complementary to the target RNA se-
quence, thus tethering Ul snRNPs to the targeted RNA. When the target site was 3’ to a site
near the conserved polyadenylation sequence, the complex inhibited polyadenylation, resulting
in degradation of the transcript. Although the authors addressed some of the concerns regarding
depletion of Ul snRNA with the synthetic oligonucleotide, concerns about the long-term safety
and specificity of this approach remain. In addition to the nucleases mentioned above, numerous
other nucleases and natural RNA-degrading pathways, such as nonsense-mediated decay, that
are present in cells could potentially be harnessed to promote selective degradation of RINAs
(56).

Other approaches that have been developed to promote selective cleavage of RNA include
ribozymes and DNAzymes in which the oligonucleotide possesses inherent catalytic activity (57—
59). Although ribozymes and DNAzymes have shown promise in cell culture experiments, they
have not proven to be as effective in vivo as some other approaches and have largely been abandoned
as a therapeutic strategy for targeting RNA. Approaches to attach so-called chemical warheads
such as metallonucleases to oligonucleotides as a means to promote selective RNA degradation
have shown encouraging activity in cell-free assays (60, 61). These approaches have proven to be
difficult synthetically and currently do not appear to offer an advantage over simpler approaches
that take advantage of endogenous nucleases present in cells.

Non-RNA-Degrading Mechanisms

Blocking translation of an mRINA by an oligonucleotide is the prototypical antisense mechanism
and is often referred to as translation or hybridization arrest. Such oligonucleotides are usually
designed to bind to, or are adjacent to, the translation initiation region of an mRINA and are thought
to block either the scanning of the 40S subunit on the transcript, assembly of the 40S and 60S
ribosomal subunits, or movement of the ribosome down the transcript once assembly has occurred.
Although evidence suggests that oligonucleotides utilize such mechanisms in cell free assays, there
is limited evidence that oligonucleotides designed to work through a translation arrest mechanism
actually do so in cell culture or in vivo. Translation arrest is not widely used as a therapeutic
strategy (Table 2), although it is utilized as a research tool for studies of zebra fish (62). Factors
that limit its potential use as a therapeutic approach include that it is more difficult to document
the pharmacological activity of the oligonucleotide owing to variability in the availability of quality
reagents for protein detection (because translation arrest does not decrease mRNA levels) and the
limited sequence space on the RNA in which this mechanism is effective. Despite these limitations,
oligonucleotides have been identified that work through translation arrest to selectively inhibit
the expression of the targeted gene product. A variant of the translation arrest mechanism is use
of oligonucleotides to block interaction of the 40S ribosome subunit to the mRNA by binding to
the transcript adjacent to the 5'-cap (63). Such oligonucleotides likely prevent formation of the
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preinitiation complex on the mRNA transcript through blocking interactions of eIF4E or other
5'-cap-binding proteins with the transcript.

As discussed above, microRINAs are small noncoding RNAs present in eukaryotes that in
essence function as naturally occurring antisense oligonucleotides. In addition to promoting degra-
dation of the targeted RNA transcript, microRNAs can also block protein translation without
affecting the level of the targeted mRINA transcript (3). The mechanisms by which microRINAs
regulate translation are still the subject of debate (64—67). Insights into their mechanism are pro-
vided by the finding that the Mid domain on Argonaute proteins resembles eIF4E, binding the
m7G cap structure found at the 5'-end of mRINA transcripts. Argonaute proteins that bind the
cap structure compete with eIF4E for binding to the m7G cap present on the 5'-end of mRINAs
(65).

Another approach to modulating microRINA function in tissues is to antagonize the microRNA.
This approach has been successfully applied both in cell culture and in vivo (68-71). In this case, a
single-strand synthetic oligonucleotide is designed to bind to the 21- to 23-nucleotide microRNA
and upon binding to the microRINA blocks its ability to interact with mRNAs. Although initial
reports suggested that the oligonucleotide binding to the microRNA promoted its degradation,
this conclusion is questionable because the oligonucleotide binding to the microRNA interferes
with its detection. Recent work clearly demonstrates that an oligonucleotide can interfere with
microRNA function without promoting its degradation (72). Additional work is needed to clarify
the mechanism by which microRNA-targeting oligonucleotides interfere with microRNA func-
tion. As our knowledge of the contribution of microRNAs to disease increases, it is likely that
microRNA agonists and antagonists will become important therapeutic strategies.

"Telomerase is another ribonucleoprotein complex in which a segment of the RNA is exposed
and enables specific interaction of the complex with another nucleic acid. Telomerase binds to
telomere sequences at the end of chromosomes and is involved in maintaining telomere length.
Telomerase activity is present in cancer cells but not most normal somatic cells and may provide a
survival advantage to the cancer by maintaining telomere length (73). Antisense oligonucleotides
designed to bind to the exposed RNA in telomerase (complementary to the telomere sequence)
have been shown to inhibit telomerase activity, promote telomere shortening, and inhibit prolif-
eration of cancer cells (74, 75).

Two additional antisense mechanisms that rely on binding to the target RNA, but not its
degradation, interfere in RNA intermediary metabolism. Most mRINAs undergo a complex series
of processing steps thatinclude splicing, polyadenylation, and addition of the 7mG 5’-cap structure
(1). It has been estimated that approximately 90% of the mRINA transcripts exhibit alternatively
spliced variants in human cells (76). The alternatively spliced transcripts may result in proteins
with similar biological properties or can exhibit very distinct biological functions [e.g., BCL-X|,
and BCL-Xs (77)]. In addition, many mRNAs exhibit alternate polyadenylation sites, which can
result in inclusion or loss of RNA regulatory elements in the 3’-UTR of the transcript (78, 79). As
a result of these possible alternative maturation steps, a given gene may encode multiple related
transcripts that can have different biological functions or be subject to different regulatory controls.
Multiple examples of genetic diseases caused by aberrant RNA intermediary metabolism exist; such
disease settings present opportunities for antisense oligonucleotide-based therapeutics (9). These
RNA processing events occur in the cell nucleus, where single-stranded oligonucleotides readily
accumulate following introduction into the cytoplasm, which further enhances the probability of
success (80). Numerous studies have demonstrated that antisense oligonucleotides are capable of
binding to the pre-mRNA and modulating RNA splicing both in vitro and in vivo by masking
splicing enhancer and repressor sequences (81-87). This includes exon skipping and inclusion of
an alternatively spliced exon. In addition to modulating RNA splicing, it has been demonstrated
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that antisense oligonucleotides can modulate poly A site selection in a transcript (88). These results
support the contention that antisense oligonucleotides represent a unique therapeutic strategy for
treatment of diseases of RINA intermediary metabolism.

As previously discussed, RNA forms a variety of secondary and tertiary structures that are
important for normal function and gain of function in pathologies (9, 10, 89, 90). Antisense
oligonucleotides can be utilized to bind to a target RNA and disrupt RNA structures, interfering
with the regulatory role provided by the structure. A well-characterized example is the conserved
stem-loop transactivator response RINA structure present in the 5’-end of HIV transcripts. This
RNA structure binds the HIV protein Tat, which is an important step in viral replication. An-
tisense oligonucleotides have been used to bind to the HIV RNA, disrupting the transactivator
response RINA stem-loop structure, such that Tat protein no longer binds to it (91, 92). Another
potential example is the recent demonstration that antisense oligonucleotides designed to bind to
the trinucleotide CAG repeat in the first exon of the huntingtin mRNA selectively inhibit expres-
sion of mutated huntingtin versus wild-type protein (93). Expansion of the CAG repeat from 12
to 39 repeats to greater than 45 repeats is responsible for the toxic gain of function in the protein.
It was proposed that oligonucleotides may disrupt a hairpin structure in the mutant huntingtin
RNA formed by the expanded CAG repeat. These results were extended to ataxin-3, which has a
CAG repeat in the coding region and causes spinocerebellar ataxia type 3 when the CAG repeat
expands. A similar strategy has been successfully applied to an expanded CUG repeat that causes
myotonic dystrophy (94). The oligonucleotide disrupts the interaction of muscleblind to the CUG
repeat, reversing the splicing defects and defective chloride channel conductance observed in a
mouse model of myotonic dystrophy. Both of these studies demonstrate the potential of antisense
oligonucleotide as a therapeutic for triplet repeat disease.

A recent surprising finding was that oligonucleotides designed to bind to promoter sequences
inhibited the expression of the targeted gene. This observation has been made with peptide nu-
cleic acids, single-stranded oligonucleotides, and double-stranded oligonucleotides targeting the
promoter sequence (95, 96). Remarkably, oligonucleotides targeting promoter sequences are also
capable of activating gene expression (97). The mechanisms by which oligonucleotides targeting
promoter sites activate or inhibit gene transcription are not well understood but appear to involve
targeting of short RNA transcripts that are found at promoter sites in either the antisense or sense
orientation (98-100). These short transcripts affect histone methylation patterns at the promoter
site through a poorly characterized mechanism that results in changes in transcriptional rates.
It is not known whether the oligonucleotide directly promotes a loss in the RNA transcript or
binds to the RNA and blocks its function. Although it has not been definitively proven that these
oligonucleotides work via an antisense mechanism as defined above, the prevailing body of data
suggest that they do. Additional studies are necessary to better characterize the mechanism by
which these oligonucleotides exert their action and determine how viable they are as therapeutic
strategy.

The above discussion focuses on antisense mechanisms currently being exploited in the labo-
ratory and as potential therapeutics. As knowledge of RNA regulatory pathways increases and
oligonucleotide chemistry advances, it is likely that additional antisense mechanisms will be
developed.

Comparisons of Different Antisense Mechanisms

Multiple articles have touted the attributes of one antisense mechanism while being critical of other
mechanisms. In our experience, all the antisense mechanisms described above can be designed to
function very effectively in cell culture assays. For example, a comparison of a series of optimized
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RNase H oligonucleotides to siRNA oligonucleotides in cultured cells revealed that they have
similar potencies, maximal efficacies, and sequence specificities (30). Others have reported that
siRNA oligonucleotides were more potent in cell culture than RNase H oligonucleotides (101,
102). In these instances, the RNase H oligonucleotides used were not optimally designed, incor-
porating low-affinity phosphorothioate-modified oligodeoxynucleotides (first-generation modi-
fication) and/or designs in which the oligonucleotide is not stable to nuclease degradation in cell
culture. However, with recent advances in siRNA designs, including chemical modifications, it
is possible to identify and use very potent siRNAs in cell culture assays; in many cases siRNA
oligonucleotides may be more potent than oligonucleotides that work through other antisense
mechanisms (103, 104).

RNase H oligonucleotides and those that mediate RNA splicing (85, 105) and prevention of
ribosome assembly (63) have similar potencies in cell culture. The latter two examples are instruc-
tive because they demonstrate that catalysis or degradation of the mRNA is not required for the
potency of oligonucleotides because in both of these cases, oligonucleotides that do not promote
degradation of the RNA transcript were as potent as, or in the latter case more potent than, an
oligonucleotide that promotes degradation. A likely explanation is that the number of oligonu-
cleotides delivered to cells is in vast excess compared to the level of the transcript being targeted
(106). These studies suggest that the rate-limiting step in antisense activity is gaining access to
the target RNA rather than what happens after the oligonucleotide binds to the target RNA. We
suggest that the main reason that optimized siRNNA oligonucleotides tend to be more potent in
cell culture is that the RISC complex may facilitate binding of oligonucleotides to the target RNA
or, alternatively, decrease the number of nonproductive interactions that an oligonucleotide may
undergo, rather than because of increased potency in catalytically cleaving the target RNA. Ago
2 does not appear to be as efficient an enzyme as RNase H (47).

In vivo, single-stranded oligonucleotides containing phosphorothioate modifications
(Figure 3) have a pharmacokinetic advantage over uncharged oligonucleotides or double-stranded
siRNA oligonucleotides, in that they readily distribute to tissues and are taken up into cells with-
out the need for formulations. Such oligonucleotides can be designed to work through the RNase
H mechanism, various translation inhibition mechanisms, both types of RNA splicing modula-
tion, inhibition of polyadenylation, and microRINA antagonists. In contrast, results obtained with
double-stranded oligonucleotides, which work through the RNA interference mechanism, require
formulations or lipophilic conjugates for effective delivery to tissues, increasing complexity and
overall costs (20, 107). With the development of more efficient formulations, this may be less of an
issue in the future. Additionally, as discussed below, oligonucleotides that work through the RNA
interference pathway may have a disadvantage with respect to sequence specificity and the potential
to produce undesirable side effects owing to competition with endogenous microRNAs for RISC
components (44, 108-110), although preliminary results suggest that siRINA oligonucleotides may
not compete with endogenous microRNAs (111). With time, these issues with siRNA oligonu-
cleotides may be minimized through better oligonucleotide design and chemical modifications.

MEDICINAL CHEMISTRY OF ANTISENSE OLIGONUCLEOTIDES

Unmodified DNA and RNA are inherently unstable molecules in biological systems, based on the
action of ubiquitously expressed nucleases that cleave the phospohodiester linkage. This instability
precludes the use of unstabilized nucleic acids as drugs because they are degraded before they have
a chance to reach their target receptor. In addition to their susceptibility to attack by nucleases,
the pharmacokinetics of RNA and DNA make them unacceptable systemic therapeutics because
they are weakly bound to plasma proteins and rapidly filtered by the kidney and excreted into the
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urine. Because intracellular RNA targets are likely to be highly structured, an antisense drug must
be able to compete with those structures. DNA has a lower affinity for RNA than RNA does for
itself, which presents a thermodynamic challenge that must be overcome. Increasing the intrinsic
affinity for a complementary nucleic acid target is the most straightforward way to address this

challenge.

Thus, both the intrinsic binding affinity and pharmacokinetics of natural oligonucleotides are
insufficient for their use as systemic drugs. Oligonucleotides, akin to small-molecule drugs, are
amenable to medicinal chemistry efforts that can improve their attributes. Cells use this strategy
to stabilize endogenous nucleic acids such as ribosomal and transfer RNAs, and thus cues for the

medicinal chemist can be taken from naturally occurring nucleoside modifications (112).

272 Bennett o Swayze



Annu. Rev. Pharmacol. Toxicol. 2010.50:259-293.

Antisense drugs are intermediate in size between protein-based biologicals and conventional
small-molecule drugs. They range in length from approximately 8 to over 50 nucleotides. Duplex
drugs consisting of two strands (such as siRNA drugs) contain approximately 40 total nucleotides in
two molecules held together by Watson-Crick base pairing. Most antisense oligonucleotides have
a length of approximately 20 bases, which yields a molecular weight of approximately 7000 atomic
mass units. Owing to the phosphate backbone, the same 20-mer oligonucleotide has a formal
negative charge of —19, although it is likely that in solution at physiologic salt concentrations not
all of those residues are anionic at any given time.

"To be broadly useful in antisense approaches, modifications must retain, and preferably en-
hance, the ability to recognize their target RNAs by Watson-Crick base pairing. This property
is commonly measured by the melting temperature (T},) of an oligonucleotide that contains the
modification of interest and is duplexed with a complementary strand of the RNA. For many drugs,
binding to the receptor is sufficient to affect the desired pharmacology. However, for antisense
approaches this is not always the case. The most widely used antisense drugs utilize cleavage of the
target RNA to achieve their desired effects, using endogenous nucleases such as RNase H or Ago
2. Many studies have shown that modifications that are not substrates for these nucleases are poor
antisense drugs, despite being tight binders to their complementary RNA, which is presumably
their receptor. It is therefore crucial to examine the effects of modifications on these terminating
events and to understand these effects when optimizing oligonucleotide designs.

As discussed above, resistance to nucleases must be engineered into oligonucleotides for them
to be useful drugs. Nuclease stability is necessary but not sufficient for achieving a favorable
pharmacokinetic profile. The drug must also distribute to and persist at the site of action for
a reasonable period of time. As discussed in the pharmacokinetic section, protein binding is an
important attribute that facilitates distribution to tissues.

Because oligonucleotide drugs are fairly large (molecular mass of ~7000 Da) molecules com-
posed of monomeric building blocks, the cost of monomers is a key driver in the ultimate cost of
the active pharmaceutical ingredient. Therefore, monomers with complex syntheses and those for
which no cheap source of starting materials exists are less viable as antisense drugs, in particular
if the goal is to compete in the marketplace with other treatments.

Backbone Modifications

Because of the inherent instability of the phosphodiester linkage to nucleases, the oligonucleotide
backbone presents an obvious first target for improvement with chemical modification. As a result,
extensive medicinal chemistry research has focused on efforts to find backbone modifications that
increased nuclease resistance and maintained or improved affinity and specificity to the target
RNA.

Phosphorothioate (PS)-containing oligonucleotides (Figure 3) were one of the earliest and
remain one of the most widely used backbone modifications for antisense drugs. PS-containing
oligonucleotides differ from natural nucleic acids in that one of the nonbridging phosphate oxygen
atoms is replaced with a sulfur atom. The substitution of sulfur for oxygen in the phosphate ester
confers several properties onto oligonucleotides that are crucial for their use as systemic antisense
drugs (113). Foremost, the PS linkage greatly increases stability to nucleolytic degradation (114),
such that after systemic administration to an animal, PS oligonucleotides possess sufficient stability
in plasma, tissues, and cells to avoid metabolism prior to reaching the target RNA. Second, PS
oligodeoxynucleotides are able to efficiently elicit RNase H cleavage of the target RNA, which
is critical in the mechanism of action of many antisense drugs. Additionally, the PS modification
confers a substantial pharmacokinetic benefit by increasing the binding to plasma proteins, which
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prevents rapid renal excretion and facilitates binding to other acceptor sites that facilitate uptake
to tissues.

Although often maligned (115-118), PS remains the most successful modification to
date in oligonucleotide therapeutics. Moreover, so-called first-generation antisense drugs (PS
oligodeoxynucleotides) have advanced through various stages of clinical trials, with one,
fomivirsen, achieving regulatory approval (119) (Table 2). The action of PS-modified oligonu-
cleotides can involve all the different antisense mechanisms (Table 1). Furthermore, most of the
current drugs in clinical trials (Table 2) incorporate PS modifications. It is difficult to envision a
modification that will completely displace PS from antisense drugs and exhibit its broad utility.
Another example of a backbone modification is the N3’—P5’ phosphoramidate oligodeoxynu-
cleotides (Figure 3) in which the 3’-oxygen in the deoxyribose ring is substituted with a 3’-amino
atom (120). Phosphoramidates exhibit high affinity toward the complementary RNA and high nu-
clease resistance (121) but do not activate RNase H. Thiophosphoramidate analogs were also pre-
pared and found to be more acid stable when incorporated into oligonucleotides. Introduction of
sulfur in place of one of the nonbridging oxygen atoms did not alter the RNA binding properties of
these compounds (122). A palmitoyl-conjugated thiophosphoramidate-modified oligonucleotide,
GRN163L, has shown promise as an antitelomerase agent (75).

Other backbone modifications of oligonucleotides have been less successful. Methylphospho-
nates have one of the nonbridging oxygen atoms replaced by a methyl group and are neutral in
charge. Early progress in the standard solid phase synthesis of these molecules made possible a rig-
orous evaluation of the biophysical and biochemical properties of methylphosphonate-modified
oligonucleotides. Although it provides high nuclease resistance, this modification does not sup-
port RNase H activity. Additionally, high methylphosphonate content in an oligomer leads to loss
of affinity toward its complementary RNA and to poor solubility. Interestingly, removal of the
negative charge did not improve the cellular uptake and pharmacokinetics relative to PS-modified
oligonucleotides. These shortcomings have limited the utility of this modification. Many other
attempts to modify the backbone have been attempted. Substitution of the phosphodiester with
groups such as amides (123, 124), hydroxylamines (125), and acetals (126, 127) has succeeded in
replacing the phosphorus atom and maintaining or increasing binding affinity, but improvements
over the phosphorothioate backbone have not been demonstrated yet.

In addition to modifications of the phosphodiester, replacements of the sugar phosphate back-
bone with an isostere have been devised. One of these led to the phosphorodiamidate morpholino
oligonucleotides (Figure 3), which have a morpholine ring as a replacement for the furanose, with
a phosphorodiamidate linkage connecting the morpholine nitrogen atom with the hydroxyl group
of the 3'-side residue. Because of the phosphorodiamidate linkage, morpholino oligonucleotides
are neutral. These modifications are similar in affinity to DNA-DNA duplexes and are nuclease
stable. However, they do not activate RNase H and are primarily used in translation arrest or
other steric blocking mechanisms, such as alteration of splicing, where they have shown activity
in animal models (83, 128). Morpholino oligonucleotides have been reviewed in detail (129) and
have shown promise for modulating splicing and translation arrest (128, 129, 131).

Peptide nucleic acids (Figure 3) (PNAs) are a radically different class of oligonucleotide analogs
that contain a peptide replacement for the sugar phosphate backbone, yet maintain the ability to
Watson-Crick base pair with complementary RNA and DNA (132). First introduced by Nielsen
and coworkers (133), PNAs are highly resistant to degradation by nucleases and proteases and
exhibit high affinity when paired with RNA and DNA. PNAs do not activate RNase H and, as
such, have been used primarily in translation inhibition (134) and splicing modulation antisense
mechanisms (83, 105, 130). Despite their uncharged nature, PNAs do not readily cross cell mem-
branes, so transfection methods are required for their use with cultured cells. These limitations
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have been addressed by the conjugation of short peptides (130, 135, 136) and the use of charged
amino acids (137) in the PNA backbone, which increase solubility. Importantly, the short pep-
tides employed were also able to improve tissue distribution. As an example, PNAs designed to
modulate splicing, reducing expression of the targeted protein, were conjugated to 8-mer lysine
peptides (E. E. Swayze et al., unpublished studies). Whereas little or no activity was observed in
kidney and liver (the organs with the highest concentration of PNA), activity was observed in
adipose tissue, with an alteration of splice products observed concomitant with a dose-dependent
downregulation of the targeted protein. As in liver and kidney, a relatively high drug concentration
was required to produce the pharmacological effect. This result suggests that both pharmacoki-
netic and potency hurdles remain for PNA oligonucleotide drugs and introduces concerns as to
whether the modification is too stable in tissues.

Heterocycle Modifications

Modification of the heterocycle has focused mainly on increasing binding affinity for complemen-
tary nucleic acids (138-140). This may be accomplished through increasing stacking interactions
or by increasing the strength of the Watson-Crick base pairs. The C5 position has been a common
place for chemical manipulation on pyrimidine heterocycles because substitution at this position
increases affinity without affecting the ability to serve as an RNase H substrate. Substituting the C5
hydrogen of deoxycytidine with a methyl group improves T\, of the DNA-RNA duplex by approx-
imately 0.5°C per substitution (141) owing to enhanced base stacking on the 5’-side nucleobase.
Further enhancing the stacking interactions with additional aromatic or 7 -rich surfaces prompted
a substitution of the C5 position with a propynyl group (142). Enhanced duplex stability (AT, ~
+2°C per modification) and potent antisense effects were achieved in vitro using T- and C-rich
phosphorothioate oligodeoxynucleotides poly-substituted with 5-propynyl nucleosides (143, 144).
The presence of C5 propynyl pyrimidine bases did not interfere with RNase H cleavage kinetics
but were found to be more toxic than unmodified counterparts when tested in vitro and in vivo
(145). Given the lack of improvement in in vivo activity, coupled with the severe in vivo toxicity,
it is unlikely that C5 propynyl-modified oligonucleotides will be useful in oligonucleotide drugs.

Sugar Modifications

To date, modifications to the 2’-position of the sugar moiety have provided the most value in en-
hancing the drug-like properties of oligonucleotides. Organization of the sugar into an RNA-like
3’-endo pucker or northern conformation in the furanose pseudorotation cycle (146) increases bind-
ing affinity. Furthermore, the proximity of the 2’-substituent to the 3’-phosphate in an oligonu-
cleotide generally causes 2’-modified oligonucleotides to increase nuclease resistance. Unfortu-
nately, essentially all 2’-modifications greatly reduce or completely inhibit the ability of RINase H
to cleave the RINA strand opposite the modification, which restricts the use of 2’-modifications
for antisense purposes. This limitation has been minimized by use of a gapmer strategy, where re-
gions of 2’-modified residues flank a central DNA region of the oligonucleotide. The 2’-modified
wings thus increase affinity and nuclease resistance, whereas the central gap region allows RNase
H-mediated cleavage of the target RNA. Similar limitations are currently in the process of be-
ing elucidated for the use of 2’-modified nucleosides in siRNA duplexes, which utilize the RINAi
machinery. Considerably more flexibility is afforded for use in oligonucleotide drugs that do not
require a terminating mechanism, such as those that alter splicing of mRINA.

The increase in affinity observed with 2’-modifications is energetically driven by the elec-
tronegative substituent at the 2’-position. As such, the 2’-fluoro (Figure 3) modification imparts
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the highest binding affinity (AT,, ~ 2°C per modification, relative to the DNA) for the target
RINA of the 2’-class of modifications (141). The 2’-fluoro modification has also been employed
in the design of duplex siRNA oligonucleotides (147, 148). This substitution has allowed for
the complete elimination of RNAs from siRNAs, providing duplexes with increased stability and
potency that act via activation of the RNAi pathway (103).

2'-0-alkyl groups improve binding affinity to a lesser degree than do the 2’-fluoro nucleosides
but impart a substantial degree of nuclease resistance to the resulting oligonucleotide. Antisense
oligonucleotides with gapmer designs employing 2’-O-methyl nucleosides have been well charac-
terized, and these designs have advanced to human clinical trials (149). The use of 2’-O-methyl
nucleosides (Figure 3) in siRNA oligonucleotides also holds promise. The steric requirements
of the RNAi machinery for recognition of the antisense strand appear to restrict the broad use
of bulkier modifications, whereas 2’-O-methyl is often well tolerated (150). Minimal use of 2’-O-
methyl nucleosides has been employed to stabilize siRINAs for successful in vivo proof-of-concept
experiments (107, 151) and to minimize off-target effects due to limiting their ability to serve as
microRNA agonists (152).

The 2’-O-methoxyethyl (MOE) (Figure 3) modification is currently the most advanced of
the 2’-modified series and has entered clinical trials for multiple indications (Table 2). MOE
increases T\, by about +2°C per modification versus RNAs, relative to DNAs, and greatly increases
resistance to nucleases. It also appears to reduce certain nonspecific protein binding, which can
reduce toxicities. MOE oligonucleotides have unique structural features evident from structural
studies that help explain the properties of MOE oligonucleotides (153). MOE substitution at
the 2’-position induces a C3’-endo (northern) conformation of the sugar and assumes a gauche
orientation that traps water in a shell of hydration that includes the adjacent phosphate residue.
This further increases rigidity of the C3’-endo sugar conformation, and the organization of the
oligonucleotide into an A-form geometry is thought to largely account for the increased affinity
for the RNA. The increased nuclease resistance is most likely due to steric hindrance imparted
by the MOE substituent combined with the shell of hydration created by the bound water. These
attributes have translated from the test tube to human, resulting in numerous MOE-modified
antisense drugs entering the clinic (Table 2).

As with traditional small-molecule drug optimization efforts, the rewards for correctly con-
straining a ligand are large entropic gains in binding affinity. The sugar modification showing the
largest known improvement in binding affinity is a bicyclic system with the 4'-carbon tethered
to the 2’-hydroxyl group, called 2’,4" bicyclic nucleic acid by Imanishi (154) and locked nucleic
acid (LNA) by Wengel (155, 156), who published shortly thereafter (Figure 3). This modification
can also be thought of as a constrained analog of 2’-O-methyl RNA, where the 2’-substituent is
tethered to the 4'-C atom. This enforces a northern sugar pucker, which is essentially identical
to that adopted by A-form RNAs and has been confirmed by structural analysis (157, 158). LNA
shows dramatically improved hybridization properties relative to a DNA-RNA duplex and im-
proves nuclease resistance. LNA-modified oligonucleotides, akin to MOE, have been exploited for
numerous antisense mechanisms. Uniform LNA oligonucleotides do not support RNase H (159),
thus a gapmer strategy must also be employed with LNA-modified oligonucleotides to support
the RNase H mechanism. LNA-modified antisense drugs, if optimally designed, exhibit better
potency than other 2’-modifications but also appear to have increased toxicological liabilities in
the gapmer design that supports RNase H activity (160). Several analogs of LNA have been re-
ported, some of which have improved activity and/or toxicity profiles in animals (161, 162). These
studies further highlight the promise that this class of molecules holds for improving the potency
of antisense drugs in the near future.
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Conjugation Strategies

Conjugation of oligonucleotides to ligands that can bind to various acceptor sites would be expected
to alter the pharmacokinetic properties of the oligonucleotide, and many attempts have been made
toincrease the tissue and cellular uptake of oligonucleotide drugs via conjugation of various ligands.
Cholesterol conjugates of oligonucleotide are one of the most studied classes of conjugates. Choles-
terol conjugation has been shown to increase the exposure of the liver, with a concomitant reduction
in exposure to kidney (69, 107, 163). Cholesterol-conjugated oligonucleotides have been used for
multiple antisense mechanisms including RNase H, siRINA, and microRNA antagonists. However,
cholesterol conjugation raises concerns regarding toxicity, with increased toxicity of cholesterol-
conjugated oligonucleotides reported (164). In addition to cholesterol, other lipid groups can
alter distribution of oligonucleotides in animals (163, 165). Cationic peptides have also been used
to enhance intracellular delivery of oligonucleotides (87, 130, 136, 166). Although early data is
promising for enhancing antisense delivery inside cells, their long-term safety needs to be defined.

PHARMACOKINETICS OF OLIGONUCLEOTIDES

Antisense oligonucleotides must reach the targeted RNA inside the cytoplasm or nucleoplasm to
be effective. To reach the RNA, the oligonucleotide must traverse intact from the site of appli-
cation to the cell surface, across the plasma membrane to the cytoplasm, and then to the target
RINA. This is a significant challenge for a molecule that has a molecular mass between 4,500 and
18,000 Da and that contains numerous solvent-exposed negative charges. Several strategies are
available to deliver the antisense oligonucleotide to the target RNA inside cells. The most widely
used strategy is to administer chemically modified oligonucleotides to the organism, either locally
or systemically, exploiting poorly described natural cellular uptake pathways that exist in cells in
tissues. Oligonucleotides can be modified by appending lipophilic substituents, ligands for cell sur-
face receptors, or cell-penetrating peptides to enhance their delivery to the cytoplasm. Numerous
formulations are being explored as a means to enhance delivery of synthetic oligonucleotides to
cells. A discussion of formulations used for nucleic acid delivery is beyond the scope of this review
and has been presented in several recent reviews (22, 167, 168). A brief discussion of different
conjugation strategies is provided in the medicinal chemistry section above and in a recent review
(169). We focus this discussion on what is known regarding the mechanisms by which unformu-
lated oligonucleotides accumulate in tissues and ultimately cross the plasma membrane. Readers
who seek background information may consult recent reviews on the general pharmacokinetics
of antisense oligonucleotides (170, 171).

Following parenteral (subcutaneous or intravenous) administration, oligonucleotides tran-
siently circulate bound to plasma proteins. This interaction with plasma proteins prevents the
oligonucleotides from being filtered through the glomerulus and excreted in the urine. The affin-
ity for plasma proteins is dictated by the chemistry of the oligonucleotide, with single-stranded,
but not double-stranded, PS-modified oligonucleotides exhibiting high affinity for plasma pro-
teins (163, 172, 173). Uncharged oligonucleotides, such as PNAs morpholino, or oligonucleotides
containing phosphodiester linkages tend to exhibit low plasma protein binding and are rapidly
excreted in the urine (174-176). Thus, maintaining plasma protein binding is important in facili-
tating delivery to tissues. In addition to the PS modification, another way plasma protein binding
can be modulated is by attaching lipophilic substituents, such as cholesterol, to the oligonucleotide
(177, 178). A key question is whether plasma proteins play a direct role in the delivery of oligonu-
cleotides to cells or act passively, essentially serving as a buffer to prevent the rapid renal excretion

www.annualreviews.org ¢ RNA Targeting Therapeutics

277



Annu. Rev. Pharmacol. Toxicol. 2010.50:259-293.

278

of oligonucleotides by increasing the size such that it is too large to be filtered by the glomerulus.
Evidence for the former includes, first, the observation that PS oligonucleotides exhibit marked
differences in their affinities for different plasma proteins (173). Second, the main plasma pro-
teins that bind oligonucleotides interact with proteins expressed on the surface of cells; these
include albumin binding to megalin (LRP2) in the kidney and o2 macroglobulin binding to low-
density lipoprotein receptor-related protein 1 (LRP-1, CD91). Third, there is heterogeneity in
the cell types that accumulate oligonucleotides, and this heterogeneity appears to be cell lineage
dependent, suggesting that cellular accumulation is mediated by proteins expressed on the cells
rather than by blood flow (174, 179). It cannot rule out that other cell-type-specific processes
are responsible for differential accumulation of PS-modified oligonucleotides such as rates of
pinocytosis.

A series of experiments was performed to directly address whether plasma proteins play an active
or passive role in the delivery of PS-modified oligonucleotides to tissues (180). The results suggest
that binding to high-affinity plasma proteins results in greater delivery of the oligonucleotide to
the liver but unexpectedly do not result in better antisense activity. Dosing schedules and dosages
that produce greater binding to low-affinity plasma protein or free oligonucleotide resulted in
better efficacy even though less drug accumulated in the liver. These studies also suggest that
there may be at least two distinct pathways in which oligonucleotides accumulate in cells: one
delivering the oligonucleotide to a productive compartment containing the target RNA and a
second delivering it to a nonproductive compartment, which can be competed for by excess
oligonucleotide. The nonproductive cell uptake pathway appears to be more efficient because
>80% of the oligonucleotide can be competed for without loss of antisense activity (180).

Recent studies of cultured hepatocytes and a mouse hepatocellular carcinoma cell line
confirm that oligonucleotides enter these cells by at least two pathways: the productive and
nonproductive pathways noted above (E. Koller and C. E. Bennett, manuscript in preparation).
Studies of these cells demonstrate that, in contrast to most cultured cells (106, 181), these
hepatocellular carcinoma cells accumulate single-stranded, but not double-stranded, PS-modified
oligonucleotides into the cell, such that they are available to interact with the target mRINA. The
nonproductive pathway results in accumulation of oligonucleotide in lysosomal structures and,
similar to the in vivo observations, accounts for the bulk of oligonucleotide transported into the
cell. The productive uptake pathway appears to be a novel vesicular transport pathway that is
clathrin and caveolin independent but dependent on the adapter protein AP2M1. Chloroquine,
which prevents acidification of late endosomes, blocks the effect of the antisense oligonucleotide
without affecting the bulk accumulation of oligonucleotide into cells, providing further evidence
that the productive uptake pathway accounts for a minority of the bulk oligonucleotide in cells.
Antisense activity is also partially inhibited by brefeldin A, an antibiotic that blocks anterograde
transport of materials from endoplasmic reticulum vesicles to the Golgi apparatus.

These results suggest that single-stranded antisense oligonucleotides are transported into
cells by at least two distinct vesicular pathways, one of which delivers oligonucleotide to lyso-
somes, whereas the second results in release of oligonucleotide from vesicles into the cytoplasm
(Figure 4). Once in the cytoplasm, the oligonucleotide can readily shuttle between the cytoplasm
and the nucleus (182). The mechanisms by which oligonucleotides escape from endosomal vesi-
cles are not well understood. There may be specific channels, which we call oligoportins, that
allow passage of oligonucleotides. There is evidence that renal cells express a cation-regulated
nucleic acid channel (183, 184). This nucleic acid channel is composed of two subunits, a 45-kDa
pore-forming cation-binding protein and cytosolic malate dehydrogenase, which functions as a
regulatory subunit (185). It remains to be determined if this or related channels are responsible
for the release of single-stranded oligonucleotides from endosomal vesicles.
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Single-stranded and double-stranded oligonucleotides with a lipophilic conjugate such as
cholesterol also interact with plasma proteins, but in this case they bind to plasma lipoproteins
such as low-density or high-density lipoprotein (177, 186). Oligonucleotides that do not contain
the lipophilic conjugate fail to interact with plasma lipoproteins (186). The lipoprotein appears
to facilitate delivery of the oligonucleotide to lipoprotein-binding proteins expressed on the sur-
face of cells such as the low-density lipoprotein receptor, high-density lipoprotein receptor, or
scavenger receptors (178, 186). Internalization of cholesterol-conjugated double-stranded RNA
does not appear to be mediated by endocytosis of the lipoprotein receptors, although binding
to the receptors appears to be required. The double-stranded RNA appears to be transported
into the cell by the transmembrane channel SID-1, which was first identified as responsible for
the RNA spreading in Caenorhabditis elegans (178, 187). SID-1 does not appear to be involved in
the cellular uptake of single-stranded unconjugated PS-modified oligonucleotides (E. Koller and
C. F. Bennett, manuscript in preparation).

These studies clearly demonstrate that mammals are capable of accumulating systemically
and locally administered single-stranded oligonucleotides and lipophilic-conjugated single- and
double-stranded oligonucleotides inside the same subcellular compartment as the target RINA.
The mechanisms for accumulation within cells are complex but appear to involve novel endosomal
transport mechanisms. Additional work is needed to provide greater insights into these pathways
because such information will enhance medicinal chemistry and formulation efforts to broaden
the potential of antisense technology.

TOXICOLOGY OF ANTISENSE OLIGONUCLEOTIDES

Antisense oligonucleotides, like all drugs, exhibit dose-dependent toxicities. The best-
characterized classes of antisense drugs with respect to such toxicities [owing to the large number of
such drugs that have entered clinical trials (Table 2)] are first-generation PS oligodeoxynucleotides
and second-generation 2’-MOE-modified antisense oligonucleotides. The preclinical and clinical
toxicity of PS-modified first- and second-generation oligonucleotides has been reviewed exten-
sively (188, 189). The toxicological properties of other types of antisense oligonucleotides are just
beginning to be understood (25, 111, 160, 176, 190).

The observed or potential toxicities for antisense oligonucleotides can be classified as hybridiza-
tion dependent or hybridization independent (Table 3). Hybridization-dependent toxicities can
be attributed to exaggerated pharmacological effects and hybridization to nontarget RNAs. The
former class of toxicities are akin to those of other drugs and can be avoided or minimized by
proper selection of the target RNA and careful characterization of the pharmacology and toxi-
cology of antisense inhibitors in preclinical models. Off-target hybridization-dependent effects
can be minimized by performing careful bioinformatics analyses to identify targets with perfect
mismatches or one to three mismatches. In general, an oligonucleotide 20 nucleotides in length
will match with 100% complementarity to the targeted RNA transcript and not to any other
unintended transcript but will exhibit partial complementarity to several genes. The number of
genes to which the oligonucleotide is predicted to hybridize directly relates to the number of mis-
matches allowed. We generally limit our analysis to three mismatches because we have found that
a greater number of mismatches than this results in almost complete loss of activity (28, 191). The
effects on predicted off-target genes can be determined experimentally to validate the specificity
of the antisense drug. Oligonucleotides that work via the RNA interference mechanism are more
problematic because they have the ability to function as microRINAs in which only six to eight
nucleotides (in the seed region) are required for activity and can result in hundreds if not thou-
sands of potential off-target interactions (108, 190). The potential for seed-matched off-target
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Table 3 Examples of adverse effects described for antisense nucleotides

Hybridization Dependent Hybridization Independent
Preclinical On target toxicity: Plasma protein interaction:
Exaggerated pharmacology Increase in APTT
Complement activation
Off target toxicity: Tissue/cell interaction:
Perfect match to nontarget gene Proinflammatory effects
Mismatch to nontarget gene Decrease in platelets
MicroRNA (RNAi mechanism only) Kidney: proximal tubule cell effects at high doses
Liver: increase in liver enzymes
Clinical None described to date Plasma protein interaction:
Increase in APTT

Tissue/cell interaction:
Injection site reactions

Decrease in platelets

Constitutional symptoms (fever, chills, arthalgia, headache, etc.)

effects can be reduced through chemical modifications of the oligonucleotide (152). Taking all
these precautions into account dramatically increases the probability of successfully identifying a
selective antisense drug, but these precautions may not prevent off-target hybridization events,
especially with such a large part of the genome being transcribed.

A second source of potential toxicities can be mediated through interactions of the oligonu-
cleotide with proteins—so-called aptameric effects. These effects can be sequence dependent, such
as interaction with Toll-like receptors (192, 193), or sequence independent. Generally, this class of
toxicity depends on the chemistry of the oligonucleotides and the proteins with which each chem-
ical class interacts, the net result being a common set of toxicities such as effects on coagulation
(194), complement activation (195), and immune cell activation (196, 197). These effects are dose
dependent and tend to occur at high doses of the oligonucleotides resulting in an adequate thera-
peutic index (188, 198). Once these toxicities have been characterized for a chemical class, the data
dramatically enhance the efficiency of the technology because they define the class of toxicities
that need to be monitored and narrow the dose ranges and duration of exposure to be explored
in preclinical studies. Clinically, the primary tolerability issues for first- and second-generation
antisense drugs have proven to be nonhybridization-dependent effects such as prolongation of ac-
tivated partial thromboplastin time, injection site reactions, and constitutional symptoms such as
fever, chills, and headache. In addition, decreases in platelet count have been occasionally described
for some but not all phosphorothioate-modified oligonucleotides (189). Second-generation anti-
sense drugs have proven to be better tolerated than first-generation antisense drugs and are well

Figure 4

Proposed mechanism by which single-stranded, phosphorothioate-modified antisense oligonucleotides accumulate in hepatocytes.
Briefly, it is proposed that oligonucleotides circulate in plasma bound to high-affinity plasma proteins and low-affinity, high-capacity
plasma proteins. Oligonucleotides bound to high-affinity plasma proteins are taken up into cells by endocytosis, resulting in
accumulation of the oligonucleotides in lysosomes. Oligonucleotides bound to low-affinity plasma proteins dissociate from the plasma
protein where they bind to proteins expressed on the cell surface. Proteins are internalized by a clathrin-independent vesicular pathway
and ultimately released from the vesicles where they can bind to RNA in the cytoplasm and nucleus. Release from the vesicles is
proposed to be mediated by a fictional protein complex or channel that we call oligoportin. This second, productive uptake pathway is
inhibited by inhibitors of the adapter protein Ap2M1, chloroquine, and Brefeldin A.
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tolerated overall. The safety profile for other chemical classes of oligonucleotides remains to be
determined because the drugs are still in early clinical testing.

PHARMACOLOGY OF ANTISENSE OLIGONUCLEOTIDES

Because antisense oligonucleotides can be designed to target any RNA, the pharmacological effects
of antisense-based drugs are very diverse. Both cellular (host) RINAs and viral RNAs have been
targeted with antisense oligonucleotides, with examples of both antiviral and host-targeted anti-
sense drugs advancing into clinical trials and in one case to the market (Table 2). Use of antisense
oligonucleotides targeting prokaryotes has not been well characterized. Preliminary studies have
suggested that antisense oligonucletoides may have use in targeting prokaryotic RNAs (199-202),
but these initial observations have not been extended. Furthermore, in many cases the studies
were performed in bacteria strains with compromised cell walls to enhance uptake of the oligonu-
cleotide, having been shown to be inactive in bacteria with normal cell walls. Although they may
have utility as research reagents for prokaryaotes, it is questionable whether antisense oligonu-
cleotides would prove to be commercially successful as antibacterial agents, given their likely
narrow spectrum of activity, cost constraints, and technical challenges for enhancing delivery and
uptake by bacteria at sites of infection in a safe manner.

Some common features of antisense drugs are worth discussing. First, antisense drugs do not
affecta protein thatis already expressed; instead they prevent the expression of the protein or, in the
case of the microRINA antagonist and splicing-modulating oligonucleotides, increase expression.
As a result, the onset of action for antisense drugs is variable, depending on the protein half-life.
It is generally possible to detect changes in RNA levels 3 to 4 hours after administration of an
oligonucleotide to cultured cells and 12 to 24 hours in animal tissues (30, 107, 203). The time for
detectable effects on the target protein is highly variable and can range from several hours to more
than a week for stable proteins. In most circumstances antisense drugs are transfected into cultured
cells using cationic lipids, cationic dendrimers, or electroporation. Cationic lipids appear to be
the most efficient and most broadly exploited delivery method for cultured cells. Typical doses
of antisense oligonucleotides used in the presence of cationic lipids in cell culture experiments
range from 0.1 to 100 nM. Doses used in rodents for first-generation PS oligodeoxynucleotides
range from 10 to 75 mg/kg/day, whereas doses for second-generation 2’-O-methoxyethyl- and
LNA-modified oligonucleotides range from 5 to 50 mg/kg/week, depending on the tissue being
targeted. For systemic administration, most published reports for double-stranded siRINAs utilize
some form of lipid formulation and administer the drug in doses ranging from 1 to 10 mg/kg
(107). In general, both second-generation antisense oligonucleotides and double-stranded siRNA
oligonucleotides produce effects for 10 to 15 days after single administration, allowing weekly,
biweekly, or possibly monthly dosing.

As of this writing, more than 35 antisense oligonucleotides are in development (Table 2).
The most advanced class of antisense drugs are those that work by the RNase H mechanism of
action (Table 2). The pharmacological properties of both first- and second-generation RNase
H oligonucleotides have been consistent from preclinical studies to studies of humans (17, 18,
204-208). For example, mipomersen, an antisense drug that targets Apolipoprotein B (Apo B) in
the liver, produces a dose-dependent reduction in Apo B levels in plasma with doses ranging from
50 to 400 mg per week (18, 208). The degree of Apo B reductions and pharmacokinetics have
proven consistent across different patient populations and in the presence of statins, suggesting that
intersubject variability should not be a major issue for this class of antisense oligonucleotides (208).
Results from clinical studies of mipomersen and several other antisense drugs are encouraging and
conclusively demonstrate that antisense oligonucleotides can modulate target gene expression
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in humans. Although this is promising, additional studies are required to demonstrate that the
antisense drugs currently in development produce a robust enough clinical benefit and have safety
profiles to support registration and widespread use in patients.

CONCLUSIONS

The development of antisense oligonucleotide technology has progressed steadily over the past
20 years. Although there have been some disappointments in the clinic with some of the early
drugs entering clinical trials for each mechanistic class of antisense oligonucleotides, these failures
have been instructive in identifying the attributes and limitations of the technology. In particular,
studies have been very helpful in defining those target tissues where antisense technology works
well and those that are going to be more challenging to demonstrate robust activity. As a result,
many of the drugs currently in clinical trials focus on target tissues that have proven to be sensitive
to antisense drugs, enhancing their probability of being successful (Figure 2). The development of
antisense technology parallels the development of other platform technologies such as monoclonal
antibodies (209, 210). This is not to say that all of the drugs currently in development will be
successful. The success rate for more established drug platforms such as small molecules is typically
approximately 10% of drugs starting clinical testing. There is no reason to suspect that the success
rate for antisense oligonucleotides entering clinical trials will be markedly different. However,
if several of the drugs currently in clinical trials are ultimately succesful, it will be an important
milestone for the technology and patients.

Although much progress has been made in the field, and most of the technology-disruptive
questions and issues have been addressed, many additional questions remain to be answered re-
garding antisense oligonucleotide drugs. A major focus of biology over the next 10 years will
be to gain a better understanding of the function of the RNA transcriptome and, as part of the
process, to identify additional therapeutic targets for antisense oligonucletoide drugs. It remains
to be determined if certain types of RNA targets will prove to be more efficiently approachable
with antisense oligonucletoides than others, although data generated to date suggest that this is
unlikely to be the case. As already discussed in this review, there is a large gap in our understanding
of how oligonucleotides distribute to tissues, are taken up by cells, and find their targeted RNAs
without use of formulations. Better understanding of these steps will greatly facilitate approaches
to increase the potency and broaden the tissues in which antisense pharmacology can be practiced,
either through medicinal chemistry or formulations.

Not discussed in this article, but also a major opportunity for the technology, is how to demon-
strate that formulations and other delivery technologies can enhance the performance and/or
patient convienence of antisense oligonucleotide drugs, such as oral delivery. A big unknown for
the field is whether the technology has long-term toxicology issues. Patients have been treated
with several RNase H antisense oligonucleotide drugs for over two years, providing some comfort
that this class of antisense drugs will prove to be safe for chronic diseases. However, the number
of patients treated for this length of time is relatively small, so it remains to be seen if issues
will arise with longer-term therapy. As already mentioned, antisense oligonucleotides that utilize
the RNA intereference mechanism have an additional potential liability, in that they may either
compete with endogenous microRNAs for processing or incorporation into Argonaute proteins
and also exhibit promiscuous off-target effects by entering microRINA pathways. It remains to
be seen whether these potential liablilities manifest themselves in producing toxicities in pre-
clinical studies or in humans and, if so, whether they can be diminished or eliminated. Finally,
it would be naive to expect that antisense oligonucleotide drugs would be a commerically viable
therapy for all types of diseases. As we gain more clinical and commercial experience with different
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antisense approaches, the types of diseases and molecular targets that are commerically attractive
will become better defined.

Although many questions remain unanswered, the results to date are very encouraging; an-

tisense oligonucleotide drugs should join small molecules and protein-based therapeutics as the
third drug discovery platform.

DISCLOSURE STATEMENT

The authors are employees and shareholders of Isis Pharmaceuticals, Inc., a biotechnology com-

pany focused on RNA targeting therapeutics.

LITERATURE CITED

1.
2.

3.

Sharp PA. 2009. The centrality of RNA. Cell 136:577-80

Lagos-Quintana M, Rauhut R, Yalcin A, Meyer J, Lendeckel W, Tuschl T. 2002. Identification of tissue-
specific microRNAs from mouse. Curr: Biol. 12:735-39

Carthew RW, Sontheimer EJ. 2009. Origins and mechanisms of miRNAs and siRNAs. Ce// 136:642-55

4. Kapranov P, Cheng J, Dike S, Nix DA, Duttagupta R, et al. 2007. RNA maps reveal new RNA classes

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

and a possible function for pervasive transcription. Science 316:1484-88

. Mercer TR, Dinger ME, Sunkin SM, Mehler MF, Mattick JS. 2008. Specific expression of long non-

coding RNAs in the mouse brain. Proc. Natl. Acad. Sci. USA 105:716-21

. Guttman M, Amit I, Garber M, French C, Lin MF, et al. 2009. Chromatin signature reveals over a

thousand highly conserved large non-coding RNAs in mammals. Nazure 458:223-27

. Malone CD, Hannon GJ. 2009. Small RNAs as guardians of the genome. Ce// 136:656-68
. He Y, Vogelstein B, Velculescu VE, Papadopoulos N, Kinzler KW. 2008. The antisense transcriptomes

of human cells. 322:1855-57

. Cooper TA, Wan L, Dreyfuss G. 2009. RNA and diseases. Ce// 136:777-93
10.
11.

O’Rourke JR, Swanson MS. 2009. Mechanisms of RNA-mediated disease. 7. Biol. Chem. 284:7419-23
Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, etal. 2002. Frequent deletions and down-regulation
of microRNA genes miR15 and miR16 at 13q14 in chronic lymphocytic leukemia. Proc. Natl. Acad. Sci.
USA 99:15524-29

He L, Thomson JM, Hemann MT, Hernando-Monge E, Mu D, et al. 2005. A microRNA polycistron
as a potential human oncogene. Nature 435:828-33

Mayr C, Hemann MT, Bartel DP. 2007. Disrupting the pairing between let-7 and Hmga2 enhances
oncogenic transformation. Science 315:1576-79

Wang G, Van Der Walt JM, Mayhew G, Li Y-L, Zuchner S, et al. 2008. Variation in the miR-433 binding
site of FGF20 confers risk for Parkinson disease by overexpression of alpha-synuclein. Amz. 7. Human
Gen. 82:283-89

Overington JP, Al-Lazikani B, Hopkins AL. 2006. How many drug targets are there? Nat. Rev. Drug
Discov. 5:993-96

Crooke ST, Bennett CF. 1996. Progress in antisense oligonucleotide therapeutics. Annu. Rev. Pharmacol.
Toxicol. 36:107-29

Chi KM, Eisenhauer E, Fazli L, Jones EC, Goldenberg SL, et al. 2005. A Phase I pharmacokinetic and
pharmacodynamic study of OGX-011, a 2’-methoxyethyl antisense to clusterin, in patients with localized
prostate cancer prior to radical prostatectomy. 7. Natl. Cancer Inst. 97:1287-96

Kastelein JJP, Wedel MK, Baker BF, Su J, Bradley JA, et al. 2006. Potent reduction of Apolipoprotein
B and LDL cholesterol by an antisense inhibitor of Apolipoprotein B. Circulation 114:1729-35

Bonetta L. 2009. RNA-based therapeutics: ready for delivery? Ce// 136:581-84

Bumcroft D, Manoharan M, Koteliansky V, Sah DW. 2006. RNAi therapeutics: a potential new class of
pharmaceutical drugs. Nat. Chem. Biol. 2:711-19

Crooke ST. 2008. Antisense Drug Technology: Principles, Strategies, and Applications. Boca Raton, FL: CRC
Press

Bennett o Swayze



Annu. Rev. Pharmacol. Toxicol. 2010.50:259-293.

22

23.
24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.
36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

. Juliano R, Alam MR, Dixit V, Kang H. 2008. Mechanisms and strategies for effective delivery of antisense
and siRNA oligonucleotides. Nucleic Acids Res. 36:4158-71

Kurreck J. 2008. Therapeutic Oligonucleotides. Cambridge, UK: Royal Society of Chemistry. 343 pp.
Bauman ], Jearawiriyapaisarn N, Kole R. 2009. Therapeutic potential of splice-switching oligonu-
cleotides. Oligonucleotides 19:1-14

Castanotto D, Rossi JJ. 2009. The promises and pitfalls of RNA-interference-based therapeutics. Nature
457:426-33

Batey RT, Rambo RP, Doudna JA. 1999. Tertiary motifs in RNA structure and folding. Angew. Chem.
Int. Ed. Engl. 38:2326-43

Noller HF. 2005. RNA structure: reading the ribosome. Science 309:1508-14

Monia BP, Johnston JF, Ecker DJ, Zounes MA, Lima WF, Freier SM. 1992. Selective inhibition of
mutant Ha-ras mRNA expression by antisense oligonucleotides. 7. Biol. Chem. 267:19954-62

Basilion JP, Schievella AR, Burns E, Rioux P, Olson JC, etal. 1999. Selective killing of cancer cells based
upon loss of heterozygosity and normal variation in the human genome: a new paradigm for anticancer
drug therapy. Mol. Pharmacol. 56:359-69

Vickers TA, Koo S, Bennett CF, Crooke ST, Dean NM, Baker B. 2003. Efficient reduction of target
RNAs by small interfering RNA and RNase H-dependent antisense agents: a comparative analysis.
7. Biol. Chem. 278:7108-18

Schwarz DS, Ding H, Kennington L, Moore J T, Schelter ], etal. 2006. Designing siRINA that distinguish
between genes that differ by a single nucleotide. PLoS Genet. 2:¢140

Pontius BW, Berg P. 1990. Renaturation of complementary DNA strands mediated by purified mam-
malian heterogeneous nuclear ribonucleoprotein Al protein: implications for a mechanism for rapid
molecular assembly. Proc. Natl. Acad. Sci. USA 87:8403-7

Skabkin MA, Evdokimova V, Thomas AA, Ovchinnikov LP. 2001. The major messenger ribonucleo-
protein particle protein p50 (YB-1) promotes nucleic acid strand annealing. 7. Biol. Chem. 276:44841-47
Matveeva O, Nechipurenko Y, Rossi L, Moore B, Saetrom P, et al. 2007. Comparison of approaches for
rational siRNA design leading to a new efficient and transparent method. Nucleic Acids Res. 35:¢63
Petzel V. 2007. In silico selection of active siRNA. Drug Discov. Today 12:139-48

Sipes TB, Freier SM. 2008. Prediction of antisense oligonucleotide efficacy using aggregate motifs.
7. Bioinform. Comput. Biol. 6:919-32

Cerritelli SM, Crouch R]. 2009. Ribonucelase H: the enzymes in eukaryotes. FEBS 7. 276:1494-505
Wu H, Lima WF, Zhang H, Fan A, Sun H, Crooke ST. 2004. Determination of the role of the human
RNase H1 in the pharmacology of DNA-like antisense drugs. 7. Biol. Chem. 279:17181-89

Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K, Tuschl T. 2001. Duplexes of 21-nucleotide
RNAs mediate RNA interference in cultured mammalian cells. Nazure 411:494-98

Liu J, Carmell MA, Rivas FV, Marsden CG, Thomson JM, etal. 2004. Argonaute? is the catalytic engine
of mammalian RNAI. Science 305:1437-41

Meister G, Landthaler M, Patkaniowska A, Dorsett Y, Teng G, Tuschl T. 2004. Human argonaute 2
mediates RNA cleavage targeted by miRNAs and siRNAs. Mol. Cel/ 15:185-97

Kim K, Lee YS, Carthew RW. 2007. Conversion of pre-RISC to halo-RISC by Ago2 during assembly
of RNAi complexes. RNA 13:22-29

Matranga C, Tomari Y, Shin C, Bartel DP, Zamore PD. 2005. Passenger-strand cleavage facilitates
assembly of siRNA into Ago2-containing RNAi enzyme complexes. Cel/ 123:1-14

Vickers TA, Lima WF, Nichols JG, Crooke ST. 2007. Reduced levels of Ago2 expression result in
increased siRNA competition in mammalian cells. Nucleic Acids Res. 35:6598-610

Wu H, Macleod AR, Lima WF, Crooke ST. 1998. Identification and partial purification of human double
strand RNase activity. A novel terminating mechanism for oligoribonucleotide antisense drugs. 7. Biol.
Chem. 273:2532-42

Rivas FV, Tolia NH, Song JJ, Aragon JP, Liu J, et al. 2005. Purified Argonaute2 and an siRNA form
recombinant human RISC. Nat. Struct. Biol. 12:340-49

Lima WF, Wu H, Nichols JG, Sun H, Murray HM, Crooke ST. 2009. Binding and cleavage specificities
of human Argonaute2. 7. Biol.Chem. 284:26017-28

www.annualreviews.org ¢ RNA Targeting Therapeutics



Annu. Rev. Pharmacol. Toxicol. 2010.50:259-293.

286

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

Song J-J, Smith SK, Hannon GJ, Joshua-Tor L. 2004. Crystal structure of argonaute and its implications
for RISC slicer activity. Science 305:1434-37

Bagga S, Bracht J, Hunter S, Massirer K, Holtz J, et al. 2005. Regulation by let-7 and lin-4 miRNAs
results in target mRNA degradation. Cel/ 122:553-63

Lim LP, Lau NC, Garrett-Engele P, Grimson A, Schelter JM, et al. 2005. Microarray analysis shows
that some microRNAs downregulate large numbers of target mRNAs. Nature 433:769-73

Bartel DP. 2009. MicroRNAs: target recognition and regulatory functions. Cel/ 136:215-33
Behm-Ansmant I, Rehwinkel J, Doerks T, Stark A, Bork P, Izauralde E. 2006. mRNA degradation by
miRNAs and GW182 requires both CCR4:NOT deadenylase and DCP1:DCP2 decapping complexes.
Genes Dev. 20:1885-98

Wu L, Fan ], Belasco JG. 2006. MicroRNAs direct rapid deadenylation of mRNA. Proc. Natl. Acad. Sci.
USA 103:4034-39

He L, He X, Lim LP, de Stanchina E, Xuan Z, et al. 2007. A microRNA component of the p53 tumour
suppressor network. Nature 447:1130-34

Goraczniak R, Behlke MA, Gunderson SI. 2009. Gene silencing by synthetic U1 adaptors. Nat. Biotechnol.
27:257-63

Houseley J, Tollervey D. 2009. The many pathways of RNA degradation. Cel/ 136:763-76

Breaker RR, Joyce GF. 1994. A DNA enzyme that cleaves RNA. Chem. Biol. 1:223-99

Usman N, Beigelman L, Draper K, Gonzalez C, Jensen K, et al. 1994. Chemical modification of ham-
merhead ribozymes: activity and nuclease resistance. Nucleic Acids Symposium Series 31:163-64

Weng DE, Usman N. 2001. Angiozyme: a novel angiogenesis inhibitor. Curr: Oncol. Rep. 3:141-46
Baker BF, Khalili H, Wei N, Morrow JR. 1997. Cleavage of the 5'-cap structure of mRNA by a Eu-
ropium(III) macrocyclic complex with pendant alcohol groups. 7. Am. Chem. Soc. 119:8749-55
Morrow JR, Iranzo O. 2004. Synthetic metallonucleases for RNA cleavage. Curr. Opin. Chem. Biol.
8:192-200

Bill BR, Petzold AM, Clark KJ, Schimmenti LA, Ekker SC. 2009. A primer for morpholino use in
zebrafish. Zebrafish 6:69-77

Baker BF, Lot SS, Condon TP, Cheng-Flournoy S, Lesnik EA, et al. 1997. 2’-O-(2-methoxy)ethyl-
modified anti-intercellular adhesion molecule 1 (ICAM-1) oligonucleotides selectively increase the
ICAM-1 mRNA level and inhibit formation of the ICAM-1 translation initiation complex in human
umbilical vein endothelial cells. 7. Biol. Chemr. 272:11994-2000

Petersen CP, Bordeleau M-E, Pelletier J, Sharp PA. 2006. Short RINAs repress translation after initiation
in mammalian cells. Mol. Cell 21:533-42

Kirakidou M, Tan GS, Lamprinaki S, De Planell-Saguer M, Nelson PT, Mourelatos Z. 2007. An mRNA
m7G cap binding-like motif within human Ago2 represses translation. Ce// 129:1141-51

Mathonnet G, Fabian MR, Svitkin Y, Parsyan A, Huck L, etal. 2007. MicroRNA inhibition of translation
initiation in vitro by targeting the cap-binding complex eIF4F. Science 317:1764-67

Kozak M. 2008. Faulty old ideas about translational regulation paved the way for current confusion about
how microRNAs function. Gene 423:108-15

Esau C, Kang X, Peralta E, Hanson E, Marcusson EG, et al. 2004. Micro-RINA-143 regulates adipocyte
differentiation. 7. Biol. Chem. 279:52361-65

Krutzfeldt J, Rajewsky N, Braich R, Rajeev KG, Tuschl T, et al. 2005. Silencing of microRNAs in vivo
with “antagomirs.” Nature 438:685-89

Esau C, Davis S, Murray SF, Yu XX, Pandey SK, et al. 2006. miR-122 regulation of lipid metabolism
revealed by in vivo antisense targeting. Cell Metabolism 3:87-98

Elmén J, Lindow M, Schiitz S, Lawrence M, Petri A, et al. 2008. LNA-mediated microRNA silencing
in non-human primates. Nature 452:896-99

Davis S, Propp S, Freier SM, Jones LE, Serra MJ, et al. 2009. Potent inhibition of microRNA in vivo
without degradation. Nucleic Acids Res. 37:70-77

Shay JW, Wright WE. 2002. Telomerase: a target for cancer therapeutics. Cancer Cell 2:257-65

Chen Z, Koeneman KS, Corey DR. 2003. Consequences of telomerase inhibition and combination
treatments for the proliferation of cancer cells. Cancer Res. 63:5917-25

Bennett o Swayze



Annu. Rev. Pharmacol. Toxicol. 2010.50:259-293.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

Hochreiter AE, Xiao H, Goldblatt EM, Gryaznov SM, Miller KD, et al. 2006. Telomerase template
antagonist GRN163L disrupts telomere maintenance, tumor growth, and metastasis of breast cancer.
Clin. Cancer Res. 12:3184-92

Wang ET, Sandberg R, Luo S, Khrebtukova I, Zhang L, et al. 2008. Alternative isoform regulation in
human tissue transcriptomes. Nature 456:470-76

Boise LH, Gonzalez-Garcia M, Postema CE, Ding L, Lindsten T, et al. 1993. Bcl-X, a bcl-2-related
gene that functions as a dominant regulator of apoptotic cell death. Cel/ 74:597-608

Lutz CS. 2008. Alternative polyadenylation: a twist on mRNA 3’ end formation. ACS Chem. Biol. 3:609—
17

Sandberg R, Neilson JR, Sarma A, Sharp PA, Burge CB. 2008. Proliferating cells express mRNAs with
shortened 3" untranslated regions and fewer microRNA target sites. Science 320:1643-47

Lorenz P, Baker BF, Bennett CF, Spector DL. 1998. Phosphorothioate antisense oligonucleotides induce
the formation of nuclear bodies. Mol. Biol. Cell 9:1007-23

Dominski Z, Kole R. 1993. Restoration of correct splicing in thalassemic pre-mRNA by antisense
oligonucleotides. Proc. Natl. Acad. Sci. USA 90:8673-77

Sierakowska H, Sambade M]J, Agrawal S, Kole R. 1996. Repair of thalassemic human beta-globin mRNA
in mammalian cells by antisense oligonucleotides. Proc. Natl. Acad. Sci. USA 93:12840-44

Sazani P, Gemignani F, Kang SH, Maier MA, Manoharan M, etal. 2002. Systemically delivered antisense
oligomers upregulate gene expression in mouse tissues. Nat. Biotechnol. 20:1228-33

Roberts J, Palma E, Sazani P, Orum H, Kole R. 2006. Efficient and persistent splice switching by
systemically delivered LNA oligonucleotides in mice. Mol. Ther. 14:471-75

Vickers TA, Zhang H, Graham M]J, Lemonidis KM, Zhao C, Dean NM. 2006. Modification of MyD88
mRNA splicing and inhibition of IL-1beta signaling in cell culture and in mice with a 2’-O-methoxyethyl-
modified oligonucleotide. 7. Immunol. 176:3652-61

Hua Y, Vickers TA, Okunola H, Bennett CF, Krainer AR. 2008. Antisense masking of an hnRNP
A1/2 intronic splicing silencer corrects SMN2 exon 7 splicing in transgenic mice. Amz. 7. Hum. Genet.
82:834-48

Jearawiriyapaisarn N, Moulton HM, Buckley B, Roberts J, Sazani P, et al. 2008. Sustained dystrophin
expression induced by peptide-conjugated morpholino oligomers in the muscles of mdx mice. Mol. Ther:
16:1624-29

Vickers TA, Wyatt JR, Burckin T, Bennett CF, Freier SM. 2001. Fully modified 2’-MOE oligonucleotides
redirect polyadenylation. Nucleic Acids Res. 29:1293-99

Batey RT, Rambo RP, Doudna JA. 1999. Tertiary motifs in RNA structure and folding. Angew. Chem.
Int. Fd. 38:2327-43

Almeida J, Westhof E. 2009. The dynamic landscapes of RNA architecture. Cel/ 136:604-9

Vickers T, Baker BF, Cook PD, Zounes M, Buckheit RW Jr, et al. 1991. Inhibition of HIV-LTR gene
expression by oligonucleotides targeted to the TAR element. Nucleic Acids Res. 19:3359-68

Ivanova G, Arzumanov A, Gait MJ, Reigadas S, Toulme JJ, et al. 2007. Comparative studies of tricyclo-
DNA and LNA-containing oligonucleotides as inhibitors of HIV-1 gene expression. Nucleosides Nu-
cleotides Nucleic Acids 26:747-50

Hu J, Matsui M, Gagnon KT, Schwartz JC, Gabillet S, et al. 2009. Allele-specific silencing of mutant
huntingtin and ataxin-3 genes by targeting expanded CAG repeats in mRNAs. Nat. Biotechnol. 27:478-84
Wheeler TM, Sobczak K, Lueck JD, Osborn R], Lin X, et al. 2009. Reversal of RNA dominance by
displacement of protein sequestered on triplet repeat RNA. Science 325:336-39

Morris KV, Chan SW, Jacobsen SE, Looney D]J. 2004. Small interfering RNA-induced transcriptional
gene silencing in human cells. Science 305:1289-92

Janowski BA, Kaihatsu K, Huffman KE, Schwartz JC, Ram R, et al. 2005. Inhibiting transcription of
chromosomal DNA with antigene peptide nucleic acids. Naz. Chem. Biol. 1:210-15

Janowski BA, Younger ST, Hardy DB, Ram R, Huffman KE, Corey DR. 2007. Activating gene expression
in mammalian cells with promoter-targeted duplex RNAs. Nat. Chem. Biol. 3:166-73

HanJ, Kim D, Morris KV. 2007. Promoter-associated RNA is required for RNA-directed transcriptional
gene silencing in human cells. Proc. Natl. Acad. Sci. USA 104:12422-27

www.annualreviews.org ¢ RNA Targeting Therapeutics

287



Annu. Rev. Pharmacol. Toxicol. 2010.50:259-293.

288

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.
117.

118.

119.
120.

121.

122.

123.

124.

Schwartz JC, Younger ST, Nguyen NB, Hardy DB, Monia BP, et al. 2008. Antisense transcripts are
targets for activating small RNAs. Naz. Struct. Mol. Biol. 15:842-48

Seila AC, Calabrese JM, Levine SS, Yeo GW, Rahl PB, et al. 2008. Divergent transcription from active
promoters. Science 322:1849-51

Kretschmer-Kazemi Far R, Sczakiel G. 2003. The activity of siRNA in mammalian cells is related to
structural target accessibility: a comparison with antisense oligonucleotides. Nucleic Acids Res. 31:4417-24
Rudnick SI, Swaminathan J, Sumaroka M, Liebhaber S, Gewirtz AM. 2008. Effects of local mRNA
structure on posttranscriptional gene silencing. Proc. Natl. Acad. Sci. USA 105:13787-92

Allerson CR, Sioufi N, Jarres R, Prakash TP, Naik N; et al. 2005. Fully 2’-modified oligonucleotide
duplexes with improved in vitro potency and stability compared to unmodified small interfering RINA.
7 Med. Chem. 48:901-4

Birmingham A, Anderson E, Sullivan K, Reynolds A, Boese Q, et al. 2007. A protocol for designing
siRNAs with high functionality and specificity. Nat. Protoc. 2:2068-78

Siwkowski AM, Malik L, Esau CC, Maier MA, Wancewicz EV, et al. 2004. Identification and functional
validation of PNAs that inhibit murine CD40 expression by redirection of splicing. Nucleic Acids Res.
32:2695-706

Bennett CF, Chiang MY, Chan H, Shoemaker JEE, Mirabelli CK. 1992. Cationic lipids enhance cellular
uptake and activity of phosphorothioate antisense oligonucleotides. Mol. Pharmacol. 41:1023-33
Soutschek ], Akinc A, Bramlage B, Charisse K, Constien R, et al. 2004. Therapeutic silencing of an
endogenous gene by systemic administration of modified siRINAs. Narure 3121:1-9

Jackson AL, Bartz SR, Schelter JM, Kobayashi SV, Burchard J, et al. 2003. Expression profiling reveals
off-target gene regulation by RNAi. Nat. Biotechnol. 21:635-37

Lin X, Ruan X, Anderson MG, McDowell JA, Kroeger P, et al. 2005. siRINA-mediated off-target gene
silencing triggered by a 7 nt complementation. Nucleic Acids Res. 33:4527-35

Grimm D, Streetz KL, Jopling CL, Storm TA, Pandey K, et al. 2006. Fatality in mice due to oversatu-
ration of cellular microRNA/short hairpin RNA pathways. Nature 441:537-41

John M, Constien R, Akinc A, Goldberg M, Moon YA, et al. 2007. Effective RINAi-mediated gene
silencing without interruption of the endogenous microRNA pathway. Nature 449:745-47

Limbach PA, Crain PF, McCloskey JA. 1994. Summary: the modified nucleosides of RNA. Nucleic Acids
Res. 22:2183-96

Eckstein F. 2000. Phosphorothioate oligodeoxynucleotides: What is their origin and what is unique
about them? Antisense Nucleic Acid Drug Dev. 10:117-21

Stein CA, Subasinghe C, Shinozuka K, Cohen JS. 1988. Physicochemical properties of phosphorothioate
oligodeoxynucleotides. Nucleic Acids Res. 16:3209-21

Stein CA, Cheng Y-C. 1993. Antisense oligonucleotides as therapeutic agents: Is the bullet really magical?
Science 261:1004-12

Stein CA. 1995. Does antisense exist? Nat. Med. 1:1119-21

Krieg AM, Stein CA. 1995. Phosphorothioate oligodeoxynucleotides: antisense or anti-protein? Antisense
Res. Dev. 5:241

Stein CA. 1996. Phosphorothioate antisense oligodeoxynucleotides: questions of specificity. Tiends
Biotechnol. 14:147-49

Roehr B. 1998. Fomivirsen approved for CMV retinitis. 7. Int. Assoc. Physicians AIDS Care 4:14-16
Gryaznov SM, Lloyd DH, Chen JK, Schultz RG, DeDionisio LA, etal. 1995. Oligonucleotide N3'—>P5’
phosphoramidates. Proc. Natl. Acad. Sci. USA 92:5798-802

Gryaznov S, Skorski T, Cucco C, Nieborowska-Skorska M, Chiu CY, et al. 1996. Oligonucleotide
N3’—>P5’ phosphoramidates as antisense agents. Nucleic Acids Res. 24:1508-14

Pongracz K, Gryaznov S. 1999. Oligonucleotide N3'/P5’ thiophosphoramidates: synthesis and proper-
ties. Tetrabedron Lett. 40:7661-64

De Mesmaeker A, Waldner A, Leberton J, Hoffmann P, Fritsch V, et al. 1994. Amides as a new type of
backbone modification in oligonucleotides. Angew. Chem. Int. Ed. Engl. 33:226

Leberton J, Waldner A, Fritsch V, Wolf RM, DeMesmaeker A. 1994. Comparison of two amides as
backbone replacement of the phosphodiester linkage in oligodeoxynucleotides. Tetrabedron Lett. 35:5225—
28

Bennett o Swayze



Annu. Rev. Pharmacol. Toxicol. 2010.50:259-293.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Sanghvi YS, Swayze EE, Peoc’h D, Bhat B, Dimock S. 1997. Concept, discovery and development of
MMI linkage: story of a novel linkage for antisense constructs. Nucleosides Nucleotides 16:907-16

Jones RJ, Lin K-Y, Milligan JF, Wadwani S, Matteucci MD. 1993. Synthesis and binding properties of
pyrimidine oligodeoxynucleoside analogs containing neutral phosphodiester replacements: the formac-
etal and 3’-thioforplacetal internucleoside linkages. 7. Org. Chem. 58:2983-91

Zhang J, Shaw JT, Matteucci MD. 1999. Synthesis and hybridization property of an oligonucleotide
containing a 3-thioformacetal linked pentathymidylate. Bioorg. Med. Chem. Lett. 9:319-22

Alter ], Lou F, Rabinowitz A, Yin H, Rosenfeld J, et al. 2006. Systemic delivery of morpholino oligonu-
cleotide restores dystrophin expression bodywide and improves dystrophic pathology. Nat. Med. 12:175-
77

Summerton J. 1999. Morpholino antisense oligomers: the case for an RNase H-independent structural
type. Biochim. Biophys. Acta 1489:141-58

Abes S, Turner JJ, Ivanova GD, Owen D, Williams D, et al. 2007. Efficient splicing correction by PNA
conjugation to an R6-penetratin delivery peptide. Nucleic Acids Res. 35:4495-502

Wu B, Moulton HM, Iversen PL, Jiang J, Li J, et al. 2008. Effective rescue of dystrophin improves
cardiac function in dystrophin-deficient mice by a modified morpholino oligomer. Proc. Natl. Acad. Sci.
USA 105:14814-19

Egholm M, Buchardt O, Christensen L, Behrens C, Freier SM, et al. 1993. PNA hybridizes to comple-
mentary oligonucleotides obeying the Watson-Crick hydrogen-bonding rules. Nature 365:566-68
Nielsen PE, Egholm M, Berg RH, Buchardt O. 1991. Sequence-selective recognition of DNA by strand
displacement with a thymine-substituted polyamide. Science 254:1497-500

Nulf CJ, Corey D. 2004. Intracellular inhibition of hepatitis C virus (HCV) internal ribosomal entry site
(IRES)-dependent translation by peptide nucleic acids (PNAs) and locked nucleic acids (LNAs). Nucleic
Acids Res. 32:3792-98

Albertshofer K, Siwkowski AM, Wancewicz EV, Esau CC, Watanabe T, et al. 2005. Structure-activity
relationship study on a simple cationic peptide motif for cellular delivery of antisense peptide nucleic
acid. 7. Med. Chem. 48:6741-49

Maier MA, Esau CC, Siwkowski AM, Wancewicz EV, Albertshofer K, et al. 2006. Evaluation of basic
amphipathic peptides for cellular delivery of antisense peptide nucleic acids. 7. Med. Chem. 49:2534-42
Haaima G, Lohse A, Buchardt O, Nielsen PE. 1996. Peptide nucleic acids (PNAs) containing thymine
monomers derived from chiral amino acids: hybridization and solubility properties of D-lysine PNA.
Angew. Chem. Int. Ed. Engl. 35:1939-41

Sanghvi YS, Hoke GD, Freier SM, Zounes MC, Gonzalez C, et al. 1993. Antisense oligodeoxynu-
cleotides: synthesis, biophysical and biological evaluation of oligodeoxynucleotides containing modified
pyrimidines. Nucleic Acids Res. 21:3197-203

Revenkar GR, Rao T'S. 1999. DNA with altered bases. In Comsprebensive Natural Products Chemistry: DNA
and Aspects of Molecular Biology, ed. ET Kool, pp. 313-39. Oxford: Pergamon Press

Herdewijn P. 2000. Heterocyclic modifications of oligonucleotides and antisense technology. Antisense
Nucleic Acid Drug Dev. 10:297-310

Freier SM, Altmann KH. 1997. The ups and downs of nucleic acid duplex stability: structure-stability
studies on chemically-modified DNA:RNA duplexes. Nucleic Acids Res. 25:4429-43

Froehler BC, Wadwani S, Terhorst TJ, Gerrard SR. 1992. Oligodeoxynucleotides containing C-5
propyne analogs of 2’-deoxyuridine and 2’-deoxycytidine. Tetrabedron Lett. 33:5307-10

Wagner RW, Matteucci MD, Lewis JG, Gutierrez AJ, Moulds C, Froehler BC. 1993. Antisense gene
inhibition by oligonucleotides containing C-5 propyne pyrimidines. Science 260:1510-13

Moulds C, Lewis JG, Froehler BC, Grant D, Huang T, et al. 1995. Site and mechanism of antisense
inhibition by C-5 propyne oligonucleotides. Biochemistry 34:5044-53

Shen L, Siwkowski A, Wancewicz EV, Lesnik E, Butler M, et al. 2003. Evaluation of C-5 propynyl
pyrimidine-containing oligonucleotides in vitro and in vivo. Antisense Nucleic Acid Drug Dev. 13:129-42
Altona C, Sundaralingam M. 1972. Conformational analysis of the sugar ring in nucleosides and nu-
cleotides. A new description using the concept of pseudorotation. 7. Am. Chem. Soc. 94:8205-12

Chiu YL, Rana TM. 2003. siRNA function in RNAi: a chemical modification analysis. RNA 9:1034-48

www.annualreviews.org ¢ RNA Targeting Therapeutics

289



Annu. Rev. Pharmacol. Toxicol. 2010.50:259-293.

290

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.
168.

169.

170.

171.

Morrissey DV, Lockridge JA, Shaw L, Blanchard K, Jensen K, et al. 2005. Potent and persistent in vivo
anti-HBV activity of chemically modified siRNAs. Nat. Biotechnol. 23:1002-7

Goel S, Desai K, Macapinlac M, Wadler S, Goldberg G, et al. 2006. A Phase I safety and dose escalation
trial of docetaxel combined with GEM®231, a second generation antisense oligonucleotide targeting
protein kinase a R1a in patients with advanced solid cancers. Invest. New Drugs 24:125-34

Prakash TP, Allerson CR, Dande P, Vickers TA, Sioufi N, et al. 2005. Positional effect of chemical
modifications on short interference RNA activity in mammalian cells. 7. Med. Chem. 48:4247-53
Zimmermann TS, Lee AC, Akinc A, Bramlage B, Bumcrot D, etal. 2006. RNAi-mediated gene silencing
in non-human primates. Nature 441:111-14

Jackson AL, Burchard J, Leake D, Reynolds A, Schelter J, et al. 2006. Position-specific chemical modi-
fication of siRNAs reduces “off-target” transcript silencing. RNA 12:1197-205

Teplova M, Minasov G, Tereshko V, Inamati GB, Cook PD, et al. 1999. Crystal structure and improved
antisense properties of 2’-O-(2-methoxyethyl)-RNA. Nat. Struct. Biol. 6:535-39

Obika S, Nanbu D, Hari Y, Morio K-I, In Y, et al. 1997. Synthesis of 2’-O,4’-C-methyleneuridine and
-cytidine: novel bicyclic nucleosides having a fixed C3’-endo sugar puckering. Tetrabedron Lett. 38:8735—
38

Koshkin AA, Singh SK, Nielsen P, Rajwanshi VK, Kumar R, et al. 1998. LNA (locked nucleic acids):
synthesis of the adenine, cytosine, guanine, 5-methylcytosine, thymine and uracil bicyclonucleoside
monomers, oligomerization, and unprecedented nucleic acid recognition. Tetrabedron 54:3607-30
Wengel J. 1999. Synthesis of 3'-C- and 4'-C-branched oligodeoxynucleotides and the development of
locked nucleic acid (LNA). Acc. Chem. Res. 32:301-10

Petersen M, Bondensgaard K, Wengel ], Jacobsen JP. 2002. Locked nucleic acid (LNA) recognition of
RINA: NMR solution structures of LNA:RNA hybrids. 7. Am. Chem. Soc. 124:5974-82

Nielsen KE, Spielmann HP. 2005. The structure of a mixed LNA/DNA:RNA duplex is driven by
conformational coupling between LNA and deoxyribose residues as determined from 13C relaxation
measurements. 7. Am. Chem. Soc. 127:15273-82

Kurreck J, Wyszko E, Gillen C, Erdmann VA. 2002. Design of antisense oligonucleotides stabilized by
locked nucleic acids. Nucleic Acids Res. 30:1911-18

Swayze EE, Siwkowski AM, Wancewicz EV, Migawa M'T, Wyrzykiewicz TK, et al. 2007. Antisense
oligonucleotides containing locked nucleic acid (LNA) improve potency but cause significant hepato-
toxicity in animals. Nucleic Acids Res. 35:687-700

Seth PP, Siwkowski A, Allerson CR, Vasquez G, Lee S, etal. 2009. Short antisense oligonucleotides with
novel 2’-4’ conformationally restricted nucleoside analogues show improved potency without increased
toxicity in animals. 7. Med. Chem. 52:10-13

Koizumi M. 2006. ENA oligonucleotides as therapeutics. Curr: Opin. Mol. Ther: 8:144-49

Crooke ST, Graham MJ, Zuckerman JE, Brooks D, Conklin BS, et al. 1996. Pharmacokinetic properties
of several novel oligonucleotide analogs in mice. 7. Pharmacol. Exp. Ther. 277:923-37

Henry SP, Zuckerman JE, Rojko J, Hall WC, Harman RJ, etal. 1997. Toxicological properties of several
novel oligonucleotide analogs in mice. Anti-Cancer Drug Des. 12:1-14

Herbert BS, Gellert GC, Hochreiter A, Pongracz K, Wright WE, et al. 2005. Lipid modification of
GRN163, an N3’'—>P5’ thio-phosphoramidate oligonucleotide, enhances the potency of telomerase
inhibition. Oncogene 24:5262-68

Gait MJ. 2003. Peptide-mediated cellular delivery of antisense oligonucleotides and their analogues. Ce//
Mol. Life Sci. 60:844-53

Fenske DB, Cullis PR. 2008. Liposomal nanomedicines. Exp. Opin. Drug Deliv. 5:25-44

Whitehead KA, Langer R, Anderson DG. 2009. Knocking down barriers: advances in siRNA delivery.
Nat. Rev. Drug Discov. 8:129-38

Manoharan M. 2002. Oligonucleotide conjugates as potential antisense drugs with improved uptake,
biodistribution, targeted delivery, and mechanism of action. Antisense Nucleic Acid Drug Dev. 12:103-28
Levin AA, Yu RZ, Geary RS. 2007. Basic principles of the pharmacokinetics of antisense oligonucleotide
drugs. See Ref. 21, pp. 183-216

Geary RS. 2009. Antisense oligonucleotide pharmacokinetics and metabolism. Exp. Opin. Drug Metab.
Toxicol. 5:381-91

Bennett o Swayze



Annu. Rev. Pharmacol. Toxicol. 2010.50:259-293.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.
194.

195.

Srinivasan SK, Tewary HK, Iversen PL. 1995. Characterization of binding sites, extent of binding, and
drug interactions of oligonucleotides with albumin. Antisense Res. Dev. 5:131-39

Watanabe TA, Gear RS, Levin AA. 2006. Plasma protien binding of an antisense oligonucleotide targeting
human ICAM-1 (ISIS 2302). Oligonucleotides 16:169-80

Geary RS, Watanabe TA, Truong L, Freier S, Lesnik EA, et al. 2001. Pharmacokinetic properties of
2'-O-(2-methoxyethyl)-modified oligonucleotide analogs in rats. 7. Pharmacol. Exp. Ther. 296:890-97
McMahon BM, Mays D, Lipsky J, Stewart JA, Fauq A, Richelson E. 2002. Pharmacokinetics and tissue
distribution of a peptide nucleic acid after intravenous administration. Antisense Nuc. Acid Drug Dev.
12:65-73

Iversen PL. 2008. Morpholinos. See Ref. 21, pp. 565-82

Bijsterbosch MK, Manoharan M, Tivel KL, Rump ET, Biessen EAL, et al. 1997. Modification of a
phosphorothioate oligonucleotide with cholesterol induces association of the oligonucleotide to serum
lipoproteins and affects its biological fate. Nucleosides Nucleotides 16:1165-68

Wolfrum C, Shi S, Jayaprakash KN, Jayaraman M, Wang G, et al. 2007. Mechanisms and optimization
of in vivo delivery of lipophilic siRNAs. Nat. Biotechnol. 25:1149-57

Butler M, Stecker K, Bennett CF. 1997. Cellular distribution of phosphorothioate oligodeoxynucleotides
in normal rodent tissues. Lab. Invest. 77:379-88

Geary RS, Wancewicz EV, Matson JE, Pearce M, Siwkowski A, etal. 2009. Effect of dose and plasma con-
centration on liver uptake and pharmacological activity of a 2’-methoxethyl modified chimeric antisense
oligonucleotide targeting PTEN. Biochem. Pharmacol. 78:284-91

Nestle FO, Mitra RS, Bennett CF, Chan H, Nickoloft B]. 1994. Cationic lipid is not required for uptake
and selective inhibitory activity of [ICAM-1 phosphorothioate antisense oligonucleotides in keratinocytes.
7 Invest. Dermatol. 103:569-75

Lorenz P, Mistelli T, Baker BF, Bennett CF, Spector DL. 2000. Nucleocytoplasmic shuttling: a novel
in vivo property of antisense phosphorothioate oligodeoxynucleotides. Nucleic Acids Res. 28:582-92
Leal-Pinto E, Teixeira A, Tran B, Hanss B, Klotman PE. 2005. Presence of the nucleic acid channel
in renal brush border membranes: allosteric modulation by extracellular calcium. Awmz. 7. Physiol. Renal
Physiol. 289:F97-106

Hanss B, Leal-Pinto E, Teixeira A, Tran B, Lee CH, et al. 2008. Localization of the nucleic acid channel
regulatory subunit, cytosolic malate dehydrogenase. 7. Membr: Biol. 226:1-8

Hanss B, Leal-Pinto E, Teixeira A, Christian RE, Shabanowitz J, et al. 2002. Cytosolic malate dehydro-
genase confers selectivity of the nucleic acid-conducting channel. Proc. Natl. Acad. Sci. USA 99:1707-12
Bijsterbosch MK, Rump ET, De Vrueh RL, Dorland R, van Veghel R, et al. 2000. Modulation of plasma
protein binding and in vivo liver cell uptake of phosphorothioate oligodeoxynucleotides by cholesterol
conjugation. Nucleic Acids Res. 28:2717-25

Winston WM, Molodowitch C, Hunter CP. 2002. Systemic RNAi in C. elegans requires the putative
transmembrane protein SID-1. Science 295:2456-59

Henry SP, Kim T-W, Kramer-Strickland K, Zanardi TA, Fey RA, Levin AA. 2008. Toxicological prop-
erties of 2’-O-methoxyethyl chimeric antisense inhibitors in animals and man. See Ref. 21, pp. 327-63
Kwoh JT. 2008. An overview of the clinical safety experience of first- and second-generation antisense
oligonucleotides. See Ref. 21, pp. 365-99

Jackson AL, Burchard J, Schelter J, Chau BN, Cleary M, et al. 2006. Widespread siRNA “off-target”
transcript silencing mediated by seed region sequence complementarity. RNA 12:1179-87

Monia BP, Johnston JF, Geiger T, Muller M, Fabbro D. 1995. Antitumor activity of a phosphorothioate
oligodeoxynucleotide targeted against C-raf kinase. Nat. Med. 2:668-75

Marques JT, Williams BRG. 2005. Activation of the mammalian immune system by siRINAs. Nat. Biotech.
23:1399-405

Krieg AM. 2006. Therapeutic potential of Toll-like receptor 9 activation. Nat. Rev. Drug Dis. 5:471-84
Sheehan JP, Phan TM. 2001. Phosphorothioate oligonucleotides inhibit the intrinsic tenase complex by
an allosteric mechanism. Biochemistry 40:4980-89

Henry SP, Giclas PC, Leeds ], Pangburn M, Auletta C, et al. 1997. Activation of the alternative pathway
of complement by a phosphorothioate oligonucleotide: potential mechanism of action. 7. Pharmacol. Exp.
Ther. 281:810-16

www.annualreviews.org o RNA Targeting Therapeutics

291



Annu. Rev. Pharmacol. Toxicol. 2010.50:259-293.

292

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.
210.

211.

212.

213.

214.

215.

216.

217.

218.

Senn JJ, Burel S, Henry SP. 2005. Non-CpG-containing antisense 2’-methoxyethyl oligonucleotides
activate a proinflammatory response independent of Toll-like receptor 9 or myeloid differentiation factor
88. 7. Pharmacol. Exp. Ther. 314:972-79

Kleinman ME, Yamada K, Takeda A, Chandrasekaran V, Nozaki M, et al. 2008. Sequence- and target-
independent angiogenesis suppression by siRNA via TLR3. Nature 452:591-97

Henry SP, Geary RS, Yu RZ, Levin AA. 2001. Drug properties of second-generation antisense oligonu-
cleotides: How do they measure up to their predecessors? Curr: Opin. Invest. Drugs 2:1444-49

Good L, Nielsen P. 1998. Antisense inhibition of gene expression in bacteria by PNA targeted to mRINA.
Naut. Biotechnol. 16:355-58

Good L, Nielsen PE. 1998. Inhibition of translation and bacterial growth by peptide nucleic acid targeted
to ribosomal RNA. Proc. Natl. Acad. Sci. USA 95:2073-76

Rapaport E, Levina A, Metelev V, Zamecnik PC. 1996. Antimycobacterial activities of antisense
oligodeoxynucleotide phosphorothioates in drug-resistant strains. Proc. Natl. Acad. Sci. USA 93:709—
13

Rasmussen LC, Sperling-Petersen HU, Mortensen KK. 2007. Hitting bacteria at the heart of the central
dogma: sequence-specific inhibition. Microb. Cell Fact. 6:24

Yu RZ, Zhang H, Geary RS, Graham M, Masarjian L, et al. 2001. Pharmacokinetics and pharmaco-
dynamics of an antisense phosphorothioate oligonucleotide targeting Fas mRNA in mice. 7. Pharmacol.
Exp. Ther. 296:388-95

Zellweger T, Miyake H, Cooper S, Chi K, Conklin BS, et al. 2001. Antitumor activity of antisense
oligonucleotides is improved in vitro and in vivo by incorporation of 2'-O-(2-methoxy)ethyl chemistry.
7. Pharmacol. Exp. Ther. 298:934-40

Klasa RJ, Gillum AM, Klem RE, Frankel SR. 2002. Oblimersen Bcl-2 antisense: facilitating apoptosis
in anticancer treatment. Antisense Nucleic Acid Drug Dev. 12:193-213

Crooke RM, Graham M]J, Lemonidis KM, Whipple CP, Koo S, Perera RJ. 2005. An apolipoprotein
B antisense oligonucleotide lowers LDL cholesterol in hyperlipidemic mice without causing hepatic
steatosis. 7. Lipid Res. 46:872-84

O’Brien S, Moore JO, Boyd TE, Larratt LM, Skotnicki A, et al. 2007. Randomized phase III trial of
fludarabine plus cyclophosphamide with or without oblimersen sodium (Bcl-2 antisense) in patients with
relapsed or refractory chronic lymphocytic leukemia. 7. Clin. Oncol. 25:1114-20

Stein EA. 2009. Other therapies for reducing low-density lipoprotein cholesterol: medications in devel-
opment. Endocrinol. Metab. Clin. North Am. 38:99-119

Waldman TA. 2003. Immunotherapy: past, present and future. Nat. Med. 9:269-77

Brekke OH, Sandlie I. 2002. Therapeutic antibodies for human diseases at the dawn of the twenty-first
century. Nat. Rev. Drug Discov. 2:52-62

Lengyel P, Speyer JF, Ochoa S. 1961. Synthetic polynucleotides and the amino acid code. Proc. Natl.
Acad. Sci. USA 47:1936-42

Cazenave C, Stein CA, Loreau N, Thuong NT, Neckers LM, et al. 1989. Comparative inhibition of
rabbit globin mRNA translation by modified antisense oligodeoxynucleotides. Nucleic Acids Res. 17:4255—
73

Hua Y, Vickers TA, Baker BF, Bennett CF, Krainer AR. 2007. Enhancement of SMIN2 exon 7 inclusion
by antisense oligonucleotides targeting the exon. PLOS 5:¢73

Singh NN, Singh RN, Androphy EJ. 2007. Modulating role of RNA structure in alternative splicing of
a critical exon in spinal muscular atrophy genes. Nucleic Acids Res. 35:371-89

Norton JC, Piatyszek MA, Wright WE, Shay JW, Corey DR. 1996. Inhibition of human telomerase
activity by peptide nucleic acids. BioTechnology 14:615-19

Kumar MS, Erkeland SJ, Pester RE, Chen CY, Ebert MS, et al. 2008. Suppression of non-small cell
lung tumor development by the let-7 microRNA family. Proc. Natl. Acad. Sci. USA 105:3903-8

Turner JJ, Arzumanov AA, Gait M]J. 2005. Synthesis, cellular uptake and HIV-1 Tat-dependent trans-
activation inhibition activity of oligonucleotide analogues disulphide-conjugated to cell-penetrating pep-
tides. Nucleic Acids Res. 33:27-42

Inoue H, Hayase Y, Iwai S, Ohtsuke E. 1987. Sequence dependent hydrolysis of RNA using modified
oligonucleotide splints and RNase H. FEBS Lett. 215:327-30

Bennett o Swayze



Annu. Rev. Pharmacol. Toxicol. 2010.50:259-293.

219.

220.

221.
222.

223.

224.

Monia BP, Lesnik EA, Gonzalez C, Lima WF, McGee D, etal. 1993. Evaluation of 2’-modified oligonu-
cleotides containing 2’-deoxy gaps as antisense inhibitors of gene expression. 7. Biol. Chem. 268:14514-22
LiuJ, Valencia-Sanchez MA, Hannon GJ, Parker R. 2005. MicroRNA-dependentlocalization of targeted
mRNAs to mammalian P-bodies. Nat. Cell Biol. 7:719-23

Cech TR. 1988. Ribozymes and their medical implications. 7AMA 260:3030-34

Usman N, Blatt LM. 2000. Nuclease-resistant synthetic ribozymes: developing a new class of therapeu-
tics. 7. Clin. Invest. 106:1197-202

Riguet E, Tripathi S, Chaubey B, Desire J, Pandey VN, Decout JL. 2004. A peptide nucleic acid-neamine
conjugate that targets and cleaves HIV-1 TAR RNA. 7. Med. Chem. 2004:4806-9

Janowski BA, Huffman KE, Schwartz JC, Ram R, Hardy D, et al. 2005. Inhibiting gene expression at
transcription start sites in chromosomal DNA with antigene RNAs. Nat. Chem. Biol. 1:185-86

www.annualreviews.org ¢ RNA Targeting Therapeutics

293



Annu. Rev. Pharmacol. Toxicol. 2010.50:259-293.

Contents

Allosteric Receptors: From Electric Organ to Cognition
Fean-Pierre Changenx ..o 1

Pharmacogenetics of Drug Dependence: Role of Gene Variations in
Susceptibility and Treatment
Fibran Y. Kbhokhar, Charmaine S. Ferguson, Andy Z.X. Zhu, and Rachel F. Tyndale ....39

Close Encounters of the Small Kind: Adverse Effects of Man-Made
Materials Interfacing with the Nano-Cosmos of Biological Systems
Anna A. Shvedova, Valerian E. Kagan, and Bengt Fadeel .................................. 63

GPCR Interacting Proteins (GIPs) in the Nervous System: Roles in
Physiology and Pathologies

Joél Bockaert, fulie Perroy, Carine Bécamel, Philippe Marin, and Laurent Fagni ... ..... 89
The ¢-MYC NHE I11;: Function and Regulation
Veronica Gonzdlez and Laurence H. Hurley ................................ccccoiiiia. . 111

The RNA Polymerase I Transcription Machinery: An Emerging
"Target for the Treatment of Cancer
Denis Drygin, William G. Rice, and Ingrid Grummt .................................... 131

LPA Receptors: Subtypes and Biological Actions
Fi Woong Choi, Deron R. Herr, Kyoko Noguchi, Yun C. Yung,
Chang-Wook Lee, Tetsuji Mutoh, Mu-En Lin, Siew 1. 'Teo,
Kristine E. Park, Alycia N. Mosley, and ferold Chun .................................. 157

The Role of Clock Genes in Pharmacology
Georgios K. Paschos, Fulie E. Baggs, fobn B. Hogenesch, and Garret A. FitzGerald ... 187

"Toxicological Disruption of Signaling Homeostasis: Tyrosine
Phosphatases as Targets
Fames M. Samet and Tomara L. Tal ... 215

Discovery and Development of Therapeutic Aptamers
PR. Bouchard, R M. Hutabarat, and K.M. Thompson ................................... 237

RINA Targeting Therapeutics: Molecular Mechanisms of Antisense
Oligonucleotides as a Therapeutic Platform
C. Frank Bennett and Eric E. Swayze .....................c.ccccciiiiiiiiiiiiiiin, 259

i
Annual Review of

Pharmacology and
Toxicology

Volume 50, 2010



Annu. Rev. Pharmacol. Toxicol. 2010.50:259-293.

vi

Metabotropic Glutamate Receptors: Physiology, Pharmacology,
and Disease
Colleen M. Niswender and P. Jeffrey Conn ......................cccoiiiiiiiiiiiin, 295

Mechanisms of Cell Protection by Heme Oxygenase-1

Raffaella Gozzelino, Viktoria feney, and Miguel P. Soares ............................... 323
Epac: Defining a New Mechanism for cAMP Action

Martijn Gloerich and Fobanmes L. Bos ......................cciiiiii 355
Circadian Timing in Cancer Treatments

Francis Lévi, Alper Okyar, Sandrine Dulong, Pasquale F. Innominato,

and Fean Clairambault ... ..... ... ... .. ... .. . 377

Economic Opportunities and Challenges for Pharmacogenomics

Patricia A. Deverka, Jobn Vernon, and Howard L. McLeod ............................. 423
Tissue Renin-Angiotensin-Aldosterone Systems: Targets for

Pharmacological Therapy

Michael Bader ........ ... .. . . . . . 439
Indexes
Contributing Authors, Volumes 46-50 ... 467
Chapter Titles, Volumes 46-50 ............ccooiiiiiiiii e 470

Errata

An online log of corrections to Annual Review of Pharmacology and Toxicology articles may
be found at http://pharmtox.annualreviews.org/errata.shtml

Contents



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online

	Most Downloaded Pharmacology and Toxicology
Reviews
	Most Cited Pharmacology and Toxicology
Reviews
	Annual Review of Pharmacology and Toxicology
Errata
	View Current Editorial Committee

	All Articles in the Annual Review of Pharmacology and Toxicology Vol. 50 
	Allosteric Receptors: From Electric Organ to Cognition
	Pharmacogenetics of Drug Dependence: Role of Gene Variations in Susceptibility and Treatment
	Close Encounters of the Small Kind: Adverse Effects of Man-Made Materials Interfacing with the Nano-Cosmos of Biological Systems
	GPCR Interacting Proteins (GIPs) in the Nervous System: Roles in Physiology and Pathologies
	The c-MYC NHE III1: Function and Regulation
	The RNA Polymerase I Transcription Machinery: An EmergingTarget for the Treatment of Cancer
	LPA Receptors: Subtypes and Biological Actions
	The Role of Clock Genes in Pharmacology
	Toxicological Disruption of Signaling Homeostasis: Tyrosine 
Phosphatases as Targets
	Discovery and Development of Therapeutic Aptamers
	RNA Targeting Therapeutics: Molecular Mechanisms of AntisenseOligonucleotide
s as a Therapeutic Platform
	Metabotropic Glutamate Receptors: Physiology, Pharmacology,and Disease
	Mechanisms of Cell Protection by Heme Oxygenase-1
	Epac: Defining a New Mechanism for cAMP Action
	Circadian Timing in Cancer Treatments
	Economic Opportunities and Challenges for Pharmacogenomics
	Tissue Renin-Angiotensin-Aldosterone Systems: Targets for 
Pharmacological Therapy




