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CHEMICAL MODIFICATION OF SMALL HAIRPIN RNAS FOR
INHIBITION OF GENE EXPRESSION

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

This invention was made in part during work supported by NIH grant R44AI056611 (BHJ)

and 1R43AI074256 (BHJ) from the National Institutes of Health. The government has certain rights

in the invention.

FIELD OF THE INVENTION

The invention relates to chemical modification of RNAi agents (e.g., shRNAs) that find use

in inhibiting gene expression, e.g., inhibition of viral gene expression.

BACKGROUND OF THE INVENTION

RNA interference (RNAi) is an evolutionarily conserved mechanism whereby microRNAs

and other double-stranded RNA molecules effect sequence-specific gene regulation. RNAi has been

heavily used as a tool to manipulate gene expression in vitro as well as in vivo. Its potential as a

therapeutic approach is also widely studied (Elbashir et al. 2001; Xia et al. 2002; Dorsett and Tuschl

2004; Xia et al. 2004; Harper et al. 2005; Amarzguioui et al. 2006; Behlke 2006; Bernards et al.

2006; Chang et al. 2006; Fewell and Schmitt 2006; Vlassov et al. 2006). Multiple RNA structures

can be used to perform RNAi, including siRNAs, Dicer-substrate RNAs, long dsRNAs, small hairpin

RNAs (shRNAs) either in synthetic or expressed form. Among synthetic RNAi triggers, we and

others have found a special class of shRNA, short shRNAs (sshRNA) that have identical, or in some

cases, slightly better efficacy than siRNAs that target the same sequences (Li et al. 2007; Vlassov et

al. 2007; and U.S. Provisional Patent Application Ser. No. 61/105,606, filed October 15, 2008, all of

which are incorporated herein by reference in their entirety). As described therein, sshRNAs have a

stem length of 19 bp or less (where the stem is formed from sense and antisense sequences for the

target RNA of interest), a connection of 0 to 9 nt between the antisense and the sense sequence, and

optionally a 1 to 2-base 3'-overhang. The connection (also called a loop) is sometimes preferred at

the 3' end of the antisense sequence (L sshRNAs) as opposed to being at the 3' end of the sense

sequence (R sshRNAs) for better RNAi activity (McManus et al. 2002; Harborth et al. 2003).

To promote in vivo applications of synthetic sshRNAs, several factors should be considered,

including 1) the nuclease stability of RNA duplexes in biological fluids such as serum; T) the

delivery and cellular uptake of the RNA duplex with sufficient cell specificity and efficiency; 3)

minimal undesired innate immune responses; 4) minimal off-target effects. For instance, various

results have demonstrated the ability of synthetic siRNAs and shRNAs to activate mammalian

immune responses (Kariko et al. 2004; Kim et al. 2004; Hornung et al. 2005; Judge et al. 2005; Sioud

2005; Marques et al. 2006; Schlee et al. 2006; Judge and MacLachlan 2008; Robbins et al. 2008,

incorporated herein by reference in their entirety). Toll-like receptors (TLR3, TLR7, and TLR8),



protein kinase R (PKR), the cytosolic RNA helicase retinoic acid-inducible gene (RIG-I) and

melanoma differentiation-associated gene 5 (MDA-5) are involved in the synthetic RNAi molecule-

mediated recognition and activation of the innate immune response (Judge and MacLachlan 2008)

(incorporated herein by reference in its entirety). Several features of RNA, including length,

sequence, and structure could account for the recognition by these receptors (Hornung et al. 2005;

Judge et al. 2005; Forsbach et al. 2008) , (incorporated herein by reference in their entirety).

Although some level of inflammatory cytokine expression may be beneficial to antiviral or even anti

tumor therapeutics (Poeck et al. 2008) (incorporated herein by reference in its entirety), the toxicities

associated with excessive cytokine release and associated inflammatory syndromes are an

undesirable side-effect.

Small synthetic RNAs (such as siRNA and shRNA) that exploit the naturally existing RNA

interference mechanism normally used by endogenous microRNAs are potent agents for controlling

gene expression in human cells. To translate this potency into therapeutics, it is necessary to optimize

the efficacy of the RNA-based drugs. Besides selecting effective RNA sequences, the optimization

includes chemical modifications to improve their in vivo nuclease stability, cellular delivery,

biodistribution, pharmacokinetics, potency, and specificity while reducing off-target effects and

immune response. Various chemical modifications, most of which were originally developed for

ribozymes and RNA aptamers, have been proposed in issued and pending patent applications for

siRNAs (e.g. in US7595387; WO2004090105; US20060247428; US20070167384; US20070 167393;

US20090209626) as well as for synthetic (vs. unmodified vector-expressed) shRNAs (WO03070750;

WO2004015075; US20040209831; US20060223777; US20070004665; US7595387). The modified

siRNA and shRNA molecules include various modifications of sugar, internucleotide phospodiester

bonds, purine and pyrimidine residues, as well as non-nucleotide links, bridges, loops and conjugates

(Manoharan 2004; Corey 2007; Behlke, 2008; Watts et al. 2008; Shukla et al. 2010).

The future success of RNA-based drugs relies on the identification of appropriate chemical

modifications placed at appropriate positions in these RNAs. Because of a lack of a clear mechanistic

understanding of the effect of different modifications on messenger RNA (mRNA) silencing

mediated by the RNA-induced silencing complex (RISC) (Skulka et al. 2010), there are not general

rules for optimization of RNA -drugs. The effect of particular modifications strongly depends on the

sequence and size of RNA drugs. For example, double-stranded RNA molecules acting through

different pathways (e.g. acting either as Dicer or non-Dicer substrates) require different modification

strategies (see, e.g., Pavco et al. WO20091 02427 A2). Similarly, short shRNAs (sshRNAs) cannot be

processed by Dicer in contrast to ordinary shRNAs, and, therefore, must be processed by a Dicer-

independent mechanism (Cifuentes et al. 2010). The difference between the mechanisms of

nuclease-assisted processing of ordinary shRNAs and the sshRNAs requires different modification

patterns, which do not interfere with the latter mechanism. Because of this difference in mechanism,

the specific patterns for modifications of sshRNAs are not predictable based on the prior art.



SUMMARY OF THE INVENTION

The present invention is directed to methods and compositions pertaining to chemical

modification of shRNA for use in gene silencing, e.g., for therepeutic applications. Accordingly, the

present invention provides compositions, methods, and kits for increasing the efficiency, specificity,

and stability of RNA interference using modified shRNAs.

Aspects of the invention include small hairpin RNAs (shRNAs) comprising a chemical

modification that results in reduced immunostimulatory activity, increased serum stability, or both, as

compared to a corresponding RNA molecule not having the chemical modification.

In certain embodiments, shRNAs of the invention include an antisense sequence of about 16

to about 19 nucleotides; a sense sequence having from about 11 to about 19 nucleotides; and a loop

region connecting the antisense and sense sequences. The sense sequence is substantially

complementary to the antisense sequence, forming a stem structure in the shRNA when anealed

intramolecularly. The shRNA includes at least one of the following chemical modifications: 2'-H, T -

O-methyl, or 2'-OH modification of one or more nucleotides; one or mroe phosphorothioate

modifications of the backbone; and/or a non-nucleotide moiety in the loop region. As noted, the

chemical modification(s) confer reduced immunostimulatory activity, increased serum stability, or

both, as compared to a corresponding shRNA not having the chemical modification.

In certain embodiments, the pyrimidine nucleotides in the sense region or the loop region

comprise 2' -O-methylpyrimidine nucleotides and/or 2'-deoxy-pyrimidine nucleotides.

In certain embodiments, some or all of the purine nucleotides in the sense region or the loop

region can comprise 2'-O-methylpurine nucleotides and/or 2'-deoxy-purine nucleotides.

In certain embodiments, the chemical modification is present in positions 15-19 of the

antisense sequence.

In certan embodiments, the chemical modification is present in nucleotides proximal to the 3'

and/or 5' ends of the shRNA.

An shRNA according to aspects of the invention may include: 2'-O-Methy groups at every

other nucleotide in the sense sequence (the passenger strand) except nucleotides 9, 10 and 11; and T -

deoxy or 2'-0-Me at every nucleotide of the loop region. The shRNA may further comprises a 2'-O-

Methyl group at one or more of nucleotides 15, 17, and 19 of the antisense sequence (the guide

strand). In certain embodiments, the shRNA further comprises an overhang region ranging from 1 to

10 nucleotides on the first region or the second region.

Embodiments of the invention also inlcude L shRNAs with a blunt end and a loop region

having either a dTdT loop, a rUrU loop, or a non-nucleotide loop having a length equivalent to 2

nucleotides.

Embodiments of the invention also inlcude R shRNA with an overhang region at the 3' end

of 2 nucleotides in length that has a chemical modification selected from a 2'-deoxynucleotide, a 2'-

O-methylated nucleotide or a phosphorothioate linkage. The loop region of such R shRNAs may be



selected from a 2 nucleotide dTdT loop, a 2 nucleotide rUrU loop, or a non-nucleotide loop having a

length equivalent to 2 nucleotides.

Modified shRNAs may incolude sense and antisense sequences that are 18 or 19 nucleotides

in length and are 100% complementary.

In certain embodiments, the shRNA is a short shRNA (sshRNA) ranging in length from 28 to

44 nucleotides.

In certain embodiments, the chemically modified shRNA retains at least 50% RNAi activity

in a gene expression inhibition assay as compared to the corresponding RNA molecule not having the

chemical modification.

In certain embodiments, wherein the shRNA has reduced immunostimulatory activity,

wherein the reduced immunostimulatory activity is selected from the group consisting of: reduced

induction of type I interferon (IFN), reduced induction of interferon (IFN) beta, reduced induction of

interleukin-6 (IL-6), reduced induction of tumor necrosis factor alpha (TNF-alpha), reduced

induction of Toll like receptors (TLRs), reduced induction of proinflammatory cytokines, reduced

induction of innate immune responsive genes, reduced induction of protein kinase R (PKR), reduced

induction of retinoic acid-inducible gene (RIG-I), and any combination thereof. In certain

embodiments, the TLR is selected from TLR3, TLR7, and TLR8.

shRNAs as described herein may include from 2% to 65% of chemically modified

nucleotides. The shRNA may include from 1 to 10 phosphorothioate internucleotide linkages at the

5' end, 3' end, and/or loop region.

In certain embodiments, an shRNA may incloude a conjugate moiety attached to the 5' end,

3' end, or loop region, wherein the conjugate moiety is optionally attached via a linker. The

conjugate moiety may be selected from the group consisting of: a steroid, cholesterol, cholestanol,

stigmasterol, cholanic acid, ergosterol, a vitamin, a peptide, a protein, galactose and derivatives

thereof, and combinations thereof. For example, the conjugate moiety may be cholesterol attched via

a C5 linker molecule. In certain embodiments, the conjugate moiety is vitamin E.

The shRNA may further include a detectable label attached to the loop region or terminus. In

certain embodiments, the detectable label is a dye molecule, e.g., a fluorescent dye. In certain

embodiments, the shRNA comprises a conjugate moiety and a detectable label.

The shRNA may be desigened to be specific for a viral gene sequence, e.g., a hepatitis C

viral gene sequence, or the internal ribosome entry site (IRES) sequence of hepatitis C virus.

In certain embodiments, the shRNA is selected from any one of SEQ ID NOs: 11, 37, 7, 1,

43, 29, 15, 30, 5, 32, 3, 45, 16, 36, 10, 35, 44, 4, 20, 2, 39, 17, 6, 12, 19, 24, 18, 9, 25, 23, 26, 13, 27,

38, 22, 41, 51, 46, 14, 33.

In certain embodiments, the modified RNA molecule has increased serum stability, e.g.,

having more than 50% of RNA molecules remain intact for 6 hours upon incubation with 10%

human serum at 37°C.



Aspects of the present invention include compositions comprising: a chemically modified

shRNA having reduced immunostimulatory activity, increased serum stability, or both, as compared

to a corresponding RNA molecule not having the chemical modification (as described above); and a

pharmaceutically acceptable carrier or excipient.

Aspects of the present invention include methods of inhibiting the expression of a target gene

in a cell comprising contacting the cell with an shRNA specific for the gene, wherein the shRNA

comprises a chemical modification, wherein the chemically modified shRNA has reduced

immunostimulatory activity, increased serum stability, or both, as compared to a corresponding RNA

molecule not having the chemical modification.

In certain embodiments, the cell can be in a mammal (in vivo), e.g., a human or a non-human

primate. In certain embodiments, the contacting is in vitro.

Aspects of the present invention include methods for treating a subject for an infectious

disease, an inflammatory disease, or a cancer, the method comprising administering to the subject a

modified sshRNA according to the invention or a pharmaceutical composition according to the

invention to a patient in need thereof.

In certain embodiments, the method is drawn to inhibiting expression or activity of a

hepatitis C virus, the method comprising contacting a cell that expresses a hepatitis C virus with an

RNA molecule described herein, wherein the first RNA sequence is at least partially complementary

to a hepatitis C viral sequence.

In certain embodiments, the chemically modified shRNA retains at least 50% RNAi activity

as compared to the corresponding RNA molecule not having the chemical modification.

In certain embodiments, the method is for treating an infectious disease, an inflammatory

disease, or a cancer in a subject.

Aspects of the present invention include methods of producing an shRNA having reduced

immunostimulatory activity, increased serum stability, or both, the method comprising: fabricating

the shRNA such that a nucleotide is chemically modified, wherein the fabricated shRNA has reduced

immunostimulatory activity, increased serum stability, or both, as compared to a corresponding RNA

molecule not having the chemical modification.

Aspects of the present invention include methods of modifying an shRNA molecule having

immunostimulatory properties, the method comprising: modifying the shRNA by substituting at least

two nucleotides in the sense sequence with modified nucleotides, thereby generating a modified

shRNA that is less immunostimulatory than the unmodified shRNA sequence, wherein the modified

shRNA is capable of reducing or silencing the expression of its cognate target sequence.

In certain embodiments, the chemically modified shRNA retains at least 50% RNAi activity

in a gene expression inhibition assay as compared to the corresponding RNA molecule not having the

chemical modification.



Aspects of the present invention include methods of identifying and modifying an shRNA

having immunostimulatory properties, the method comprising: (1) contacting an unmodified shRNA

sequence with a mammalian responder cell under conditions suitable for the responder cell to

produce a detectable immune response; (2) identifying the unmodified shRNA sequence as an

immunostimulatory shRNA by the presence of a detectable immune response in the responder cell;

and (3) modifying the immunostimulatory shRNA by substituting at least two nucleotides with

modified nucleotides, thereby generating a modified shRNA sequence that is less immunostimulatory

than the unmodified RNA sequence.

Aspects of the present invention include kits for inhibiting expression of a target gene in a

cell, the kit comprising an shRNA specific for the target gene, wherein the shRNA includes a

chemical modification that results in reduced immunostimulatory activity, increased serum stability,

or both, as compared to a corresponding RNA molecule not having the chemical modification.

In certain embodiments, the kit comprises a reduced serum tissue culture medium.

Other aspects of the present invention will be apparent from the description below and the

appended claims .

The following figures are presented for the purpose of illustration only, and are not intended

to be limiting.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 compares the dose response of L sshRNAs having deoxynucleotides in the opening

ends of the antisense, sense, or both strands (see Example 1). Results demonstrated that DNA

substitution in the antisense sequence reduced the target knockdown activity of sshRNAs whereas

DNA in the sense sequence did not affect the activity.

Figure 2 (panels A to E) depicts the dose response of L sshRNAs with 2'-O-methyl

modification at various positions (see Example 2). The target sequence of these L sshRNAs was the

same as that of si19-3 described in Fig. 1. The experiments were done as described in Figure 1.

Figures 2A-2C compare the potency of L sshRNA with and without 2'-0Me modification at the

sense, antisense, both strands, or/and loop. The results suggest that the efficacy of L sshRNA was

significantly reduced when more than one 2'-O-methyl ribosyl was substituted in the antisense

sequence whereas 2'-0Me modification in the sense sequence (as many as 9 2'-O-methyl ribosyl

substitutions at alternating positions) or the dinucleotide UU loop did not affect the activity. Figure

2D depicts the potency of the modified derivatives of a special L sshRNA that contain a direct

connection of a 19-nt antisense sequence and a 17-nt sense sequence. Again, two 2'-0Me ribosyl

substitutions in the 3' end of the antisense sequence (forming the connection loop with the sense

sequence) slightly affect the efficacy of the hairpin whereas the 2'-0Me modification in the sense

sequence only did not exhibit negative effect on RNAi activity. Figure 2E depicts the activity of

sshRNAs with 2'-0-Me modification at positions 15 and 17 of the guide strand. The dose response



of sshRNAs with guide strand 2'-0-Me modification at position 17 (SG242), and at both positions 15

and 17 (SG243) were compared with an sshRNA lacking guide strand modifications (SG224). All

sshRNAs contained the same passenger strand and loop modifications. SG221(c) was included as a

non-specific control. Modification at positions 15 and 17 reduced silencing slightly but these

molecules were still potent inhibitors of luciferase expression.

Figure 3 compare the dose response of L and R sshRNAs with 2'-O-methyl modification at

various positions (see Example 2). Figures 3A-3B test the similar modification pattern as Figure 2

with L sshRNAs targeting two different sequences. Again, 2'-0Me modification in the antisense

sequence reduced the efficacy of L sshRNAs. Figure 3C compare the dose response of L sshRNA

with 2, 4, and 6 2'-O-methyl ribosyl substitutions at various positions in the sense sequence. No

activity loss was found. Figure 3D depicts the dose response of R sshRNAs with 2'-O-methyl

modification at various positions. The results suggest that a single 2'-O-methyl ribosyl substitution in

the antisense sequence does not affect the activity of R sshRNA. No decrease of R sshRNA was

found when alternating nucleotides in the sense sequence were 2'-0Me modified.

Figure 4 compares the dose response of L sshRNA with phosphorothioate bonds in the

opening ends of the duplex (see Example 4). The results indicate that L sshRNAs with or without T -

OMe modification can tolerate the phosphorothioate bonds in the opening ends of the hairpin duplex

without activity loss.

Figure 5 depicts the potency of sshRNAs with and without end conjugations (see Example

5). Figure 5A, L sshRNAs; Figure 5B, R sshRNAs. The results indicate that 5'-end but not 3'-end

conjugation significantly decrease the potency of L sshRNAs. However, R sshRNAs' activity is

significantly decreased when the conjugation is placed at the 3'-end. Figure 5C shows the structures

of the 5' S-S and 3' S-S conjugates employed in Figure 5A. Figure 5D shows the structures of the 5'

C3 and 3' C3 conjugates employed in Figure 5B.

Figure 6 compares the potency of sshRNAs with and without modifications in the hairpin

loop (see Example 6). Figure 6A-B shows the dose response of L (A) and R (B) sshRNAs with and

without phosphorothioate bonds and deoxynucleotides in the entire loop. Figure 6C shows the dose

response of L and R sshRNAs with nonnucleotidic linkers in the loop. Since nonnucleotidic linkers

or phosphorothioate bonds between deoxynucleotides block the cleavage by RNase such as Dicer,

the low efficacy found in R sshRNA SG234 but not in SG228 indicates that cleavage at certain

position in the loop is required for the efficient loading of R sshRNA to Ago2-containing RISC.

However, no activity loss was found in L sshRNAs when the loop was highly resistant to cleavage.

Figure 7 depicts the serum stability of sshRNAs with and without 2'-0Me modification (see

Example 7). Panel A shows that in the absence of chemical modification, the UU loop confers more

stability than the 5-nucleotide loop, indicating that a hairpin with a more compact secondary structure

is more nuclease resistant. The sshRNA gains additional nuclease resistance when 2'-0Me

modification is added to the loop or sense sequence. 2'-O-methyl ribosyl substitution in both the loop



and the sense sequence gives the sshRNA the most serum stability. Panel B shows the stability of

sshRNAs with 2'-0-Me modifications at positions 15 and/or 17 of the guide strand in addition to

passenger strand and loop methylation. The results indicate that these additional modifications

confer additional stability to serum nucleases compared to SG224, which only has modification in

the loop and passenger strand.

Figure 8 compares the expression of interferon responsive gene OAS induced by sshRNAs

with and without 2'-0Me modification in human PBMCs (see Example 8). The results show that the

tested sshRNA (no modification) with blunted end (SG105) but not with sticky end (SG142) induces

type I IFN response. The 2'-0Me modification in the sense sequence suppress the IFN response

triggered by the blunt-end hairpin.

Figure 9 depicts the potency of L and R sshRNAs with modifications or mismatch on the

sense sequence (see Example 11). L sshRNAs are shown in Figure 9A and 9B; R sshRNAs are

shown in Figure 9C. The results indicate that the processing of L and R sshRNAs may be different.

The slicing of the sense sequence by Ago2 may enhance the RNAi activity of L but not R sshRNAs.

Figure 10 shows that a 2'-O-Me-modified sshRNA is not a Dicer substrate in vitro (see

Example 12). sshRNAs SG105 and SG224 were subjected to recombinant Dicer treatment as

indicated with (*) or without heating and snap cooling prior to Dicer treatment. 8 pmol of each

synthetic sshRNA was incubated in a 10 µL reaction in the presence of IU of recombinant Dicer

enzyme (Stratagene) and buffer containing 150 mM NaCl, 20 mM Tris-HCl (pH 8), and 2.5 mM

MgCl2 for 18 hours at 37°C (lanes labeled +). Control reactions that contained each sshRNA but

lacked Dicer were incubated in parallel (lanes indicated by -). Outer lanes contained 10-bp DNA

ladders. Samples were analyzed by 10% non-denaturing PAGE with SYBR Gold staining. Dicer

cleaves the unmodified dimers and trimers but not their 2'-O-Me-modified versions. Neither

unmodified nor 2'-O-Me-modified monomer hairpins are dicer substrates in vitro.

Figure 11 depicts the positions of cleavage of mRNA targets by modified sshRNAs (see

Example 13). 293FT cells were transfected with siRNA or sshRNA together with pSG154m target

expression plasmid (see Example 1 for description). Total RNA was extracted 12 hours post

transfection and mRNA was purified by the Oligotex mRNA kit (Qiagen, Germantown, MD). The

mRNA was then subjected to a modified 5'-RACE (rapid amplification of cDNA ends) analysis using

the GeneRacer Kit (Invitrogen) following the manufacturer's instructions (Soutschek et al. 2004).

Briefly, GeneRacer RNA adaptor (Invitrogen) was ligated to mRNAs at their 5' ends. Ligated RNAs

were reverse transcribed using the primer 5'-CGCGCCCAACACCGGCATAAAGAATT-S' and

amplified by PCR using primers 5'-GCTTCTGCCAACCGAACGGACATTT-S' and (adaptor

specific) 5'-CGACTGGAGCACGAGGACACTGA-S'. PCR was started with 5 cycles of 95°C for

45 seconds (sec) and 72°C for 30 sec, followed by 5 cycles of 95°C for 45 sec and 69°C for 30 sec,

then by 25 cycles of 95°C for 45 sec, 65°C for 30 sec, and 72°C for 30 sec. The PCR products were

analyzed on a 2% agarose gel and the band with the predicted length of the cleavage product was



then excised, purified, cloned and sequenced. A diagrammatic representation of the portion of

interest of the target mRNA is shown indicating the shRNA target site (nt 2965-nt 2989) and the

priming position of the Reverse primer used for 5'-RACE. The various cleavage sites (and the

number of clones obtained for each) for all the sshRNAs used in this study are indicated.

Figure 12 depicts an immunoprecipitation analysis of RNA species that become stably

associated with human Ago2 after transfection of labeled sshRNAs (see Example 14). sshRNAs

were radio-labeled either at the 5' end or 3'-end as indicated and transfected into 293FT cells. Six

hours later, the cells were lysed and were incubated with mouse anti-human Ago2 antibody (Wako)

for 16 hours at 4°C. The RNAs purified from the antibody-bound complexes were then analyzed by

12% denaturing PAGE. Each gel shows the end-labeled shRNA alone and the shRNA pulled down

by the Ago2 antibody (labeled shRNA-Ago2). Panel A depicts a comparison of Ago2-associated

RNAs from SG224, a left hand (L) sshRNA that is not a dicer substrate, and shl, an lshRNA, which

is a dicer substrate. For SG224, a 30 nt RNA fragment that is consistent with the product expected

from cleavage of the passenger strand by Ago2 is observed (lane 2, SG224-Ago2) whereas there is

no cleavage in the loop. In contrast, shl, which has a 25-bp stem, has a single product with a size less

than 25 nt in the fraction immunoprecipitated with the Ago2 antibody (lane 4, shl-Ago2), consistent

with Dicer processing and loss of the loop. Panel B depicts the effect of blocking cleavage at the

slicer site on association with Ago2. The 5'-end-labeled sshRNA SGl 19, a 38-mer, produced both a

full-length band (38 nt) and a 10-nt shorter band (28 nt) associated with Ago2. In addition, when the

passenger strand had either mismatches (SG145) or chemical modifications (SG222) at the slicer

cleavage site (see Table 14), only full-length sshRNA was associated with the Ago complex. As a

negative control, an unrelated 38 nt aptamer RNA that binds malachite green showed no association

with Ago2, as expected. Panel C depicts the association of R-type sshRNAs with Ago2. In contrast to

L-type SG224, the 3'-end-labeled R-type shRNAs SG68 and SG148 (an R sshRNA having

mismatches around the passenger strand cleavage site) were not pulled down by Ago2

immunoprecipitation (compare 5'SG224-Ago2 with 3'SG68-Ago2, and 3'SG148-Ago2). Labeling

SG224 at the 3' end also allows testing of whether any slicing of the antisense sequence (which

would be the guide strand if it were recognized as an R-type shRNA) occurs. Panel D depicts an

analysis of the unbound fraction in Ago2 pull-down experiments. The supernatants of the lysates that

were not bound to antibody were also collected, phenol-CHCl 3 extracted and analyzed by 12%

denaturing PAGE. In each pair of lanes, the left-hand lane is the labeled RNA starting material and

the right-hand lane (UB) is the RNA isolated from the unbound fraction. The product of guide strand

cleavage at the slicer site is seen for both L and R-type shRNAs (3'SG224-UB, SG68-UB).

However, SG148, with internal mismatches at the slicer site, is not cleaved (SG148-UB right panel).

In the supernatants of both SG68 and SG148, which have a 5 nt loop, a 22-23 nt product that is

consistent with cleavage in the loop is observed, indicating another pathway for hairpin opening



(SG68-UB and SG148-UB). However, no loop cleavage is seen for SG224 with its compact UU

loop.

Figure 13 depicts an immunoprecipitation analysis of RNA species that become stably

associated with human Agol after transfection of labeled L and R sshRNAs (see Example 14).

sshRNAs were 32P-labeled at the 5' or 3'-end as indicated and transfected into 293FT cells. Six hours

later, the cells were lysed and then incubated with mouse anti-human Agol antibody(Wako). The

RNAs purified from the antibody-bound complexes were then analyzed by 12% denaturing PAGE

(panels A and C). The supernatants of the lysates that were not bound to antibody were also

collected, phenol-CHCl 3 extracted and analyzed by 12% denaturing PAGE (B and D). Both full

length and passenger strand-cleaved SG224 were pulled down with antibodies against Agol (5'-

SG224-Agol, panel A), consistent with Agol-mediated cleavage of the passenger strand. In the

unbound supernatant fraction (13B), an RNA consistent with cleavage 10 nt from the 5'-end of

SG224 in the guide strand is observed when SG224 is 3'end-labeled although it is not observed in the

pull down fraction (compare 3'SG224-AgolUB (13B)) with 3'SG224-Agol (13A). For right hand

loop shRNAs, only full-length sshRNA was found associated with Agol (13C, SG68-Agol, SG148-

Agol, and SG150-Agol). In the supernatant "unbound" fraction, cleavage of the passenger strand at

the purported slicer site was observed for SG68 and SG150 (SG68-Agol-UB and SG150-Agol-UB,

13D). SG148, a molecule with 4 mismatches around the slicer site, is not cleaved in the passenger

strand (SG148-Agol-UB). Bands consistent with cleavage in the 5-nt loops of SG68 and SG148

(~23nt) were observed (13D, SG68-Agol-UB and SG148-Agol-UB) in the supernatant whereas no

cleavage is observed for SG150, which has a dinucleotide UU loop (SG150-Agol-UB).

Figure 14 shows that transfected, synthetic "pre-sliced" sshRNAs do not inhibit target

expression and are not immunoprecipitated by Ago2-antibodies (see Example 15). Panel A shows

the activity of the RNAs that would be produced upon Ago2 or Agol cleavage of either the

passenger strand (SG244) or the guide strand (SG245), as measured by luciferase knock-down. The

experiment was performed as described in Figure 1. The results show that neither SG244 nor SG245

inhibits target expression. Panel B shows the results of transfections and subsequent Ago2 pull-down

assays for 5'-end labeled SG224 and SG244, performed as described in the legend to Figure 12.

SG244, a 30-nucleotide RNA that corresponds to the expected product of passenger strand cleavage

at the slicer site of SG224, is not pulled down in association with Ago2 (Fig. 14B, left panel, SG244-

Ago2). The 30 nt RNA is present in the supernatant after incubation with hAgo2 antibodies (Fig.

14B, right panel, SG244). Thus, synthetic "pre-sliced" RNA is not loaded into RISC, which is

consistent with its inactivity in knockdown of target expression.

Figure 15 depicts the in vivo efficacy of modified shRNAs (see Example 16). An expression

plasmid with the HCV-f-Luc fusion gene driven by a liver-specific promoter was introduced into

mice by hydrodynamic injection, which efficiently targets expression to the liver. Seven days later,

the formulated shRNA SG224 was administered by a low-pressure injection into the tail vein (Day



0). On subsequent days, mice were imaged for luciferase expression by in vivo bioluminescence.

The left-hand four groups (5 mice each) received increasing amounts of active HCV-shRNA (left to

right: 0.1, 0.5, 2.5, and 5.0 mg/kg. The next two groups received a similarly modified scrambled

control shRNA (0.1 and 5 mg/kg). The last two groups received a saline injection or no treatment,

respectively. Bars within each group correspond to ( 1 to r) day 0 (just prior to injection of shRNAs),

day 1, day 2, day 3, day 4, day 8, day 14, and day 21. Error bars represent standard error of the

mean.

DETAILED DESCRIPTION OF THE INVENTION

Before the present invention is described in greater detail, it is to be understood that this

invention is not limited to particular embodiments described, as such may, of course, vary. It is also

to be understood that the terminology used herein is for the purpose of describing particular

embodiments only, and is not intended to be limiting, since the scope of the present invention will be

limited only by the appended claims.

Certain ranges are presented herein with numerical values being preceded by the term

"about." The term "about" is used herein to provide literal support for the exact number that it

precedes, as well as a number that is near to or approximately the number that the term precedes. In

determining whether a number is near to or approximately a specifically recited number, the near or

approximating unrecited number may be a number which, in the context in which it is presented,

provides the substantial equivalent of the specifically recited number.

It is noted that, as used herein and in the appended claims, the singular forms "a", "an", and

"the" include plural referents unless the context clearly dictates otherwise. It is further noted that the

claims may be drafted to exclude any optional element. As such, this statement is intended to serve

as antecedent basis for use of such exclusive terminology as "solely," "only" and the like in

connection with the recitation of claim elements, or use of a "negative" limitation.

As will be apparent to those of skill in the art upon reading this disclosure, each of the

individual embodiments described and illustrated herein has discrete components and features which

may be readily separated from or combined with the features of any of the other several

embodiments without departing from the scope or spirit of the present invention. Any recited method

can be carried out in the order of events recited or in any other order which is logically possible.

Unless otherwise defined, all technical and scientific terms used herein have the same

meaning as commonly understood by one of ordinary skill in the art to which this invention belongs.

In case of conflict, the present specification, including definitions, will control. Although methods

and materials similar or equivalent to those described herein can be used in the practice or testing of

the present invention, suitable methods and materials are described below. All publications, patent

applications, patents, and other references mentioned herein, including GenBank database sequences,

are incorporated by reference in their entirety. The citation of any publication is for its disclosure



prior to the filing date and should not be construed as an admission that the present invention is not

entitled to antedate such publication by virtue of prior invention. Further, the dates of publication

provided may be different from the actual publication dates which may need to be independently

confirmed. In addition, the materials, methods, and examples are illustrative only and not intended to

be limiting.

Embodiments of the present disclosure are directed to compositions and methods for

performing RNA-induced gene silencing (also called RNAi). As detailed herein, specific

modifications to an sshRNA (an RNAi agent) leads to improved function in reducing gene

expression in a target cell (e.g., in vitro or in vivo, e.g., in a subject). In certain embodiments, the

modified sshRNA agent has improved stability, e.g., in serum, and/or reduced immunostimulatory

activity. Accordingly, the present disclosure provides compositions, methods, and kits for increasing

the functionality and specificity of sshRNAs. Aspects of the present invention include compositions

and methods for improving the functionality and specificity of sshRNAs for inhibiting viral gene

expression and/or treating a viral infection in a mammal, such as a human. In some embodiments,

the sshRNA constructs described herein inhibit gene expression of a virus by inducing cleavage of

viral polynucleotide sequences within or near the target sequence that is recognized by the antisense

sequence of the sshRNA.

The phrase "small hairpin RNA" and the term "shRNA", as used herein, refer to a

unimolecular RNA-containing polynucleotide that is capable of performing RNAi and that includes a

sense sequence, a loop, and an antisense sequence. The sense and antisense sequences are sometimes

referred to herein as the first region and second region. As described herein, the sense and antisense

sequences can be in different orientations with respect to one another in an shRNA of the invention

(an L or R shRNA). Thus, if the first region of an shRNA is the sense sequence then the second

region is the antisense region, and vice versa. Preferably, the sense and antisense sequences are

substantially complementary to each other (about 80% complementary). The antisense sequence can

be about 16 to about 22 nucleotides in length, e.g., about 16 to 19 nucleotides, and more preferably

18 to 19 nucleotides in length. The sense sequence can be about 11 to about 22 nucleotides in length,

and more preferably 17 to 19 nucleotides in length. An shRNA (and other RNAi agents) are

"specific" for a target gene when the antisense sequence (of about 16 to 22 nucleotides iis

substantially complementary to the target gene (or target RNA, e.g., target mRNA). By substantially

complementzary is meant that the antisense sequence is at least 80% complementary to the target

gene (or gene product). Thus, in some embodiments, the antisense sequence that is complementary

to the target gene can contain mismatches to the target. The sequence can be varied to target one or

more genetic variants or phenotypes of a target, e.g., a viral target, by altering the targeting sequence

to be complementary to the sequence of the genetic variant or phenotype. In some embodiments, a

sequence can target multiple viral strains, e.g., of HCV, although the sequence can differ from the

target of a strain by at least one nucleotide (e.g., one, two, or three nucleotides) of a targeting



sequence. An shRNA may have a loop as long as, for example, 0 to about 24 nucleotides in length,

preferably 0 to about 10 nucleotides in length, 0 to 6 nucleotides in length, e.g., 2 nucleotides in

length. The sequence of the loop can include nucleotide residues unrelated to the target. In one

particularly preferred embodiment, the loop is 5'-UU-3'. In some embodiments it may include non-

nucleotide moieties. In yet other embodiments, the loop does not include any non-nucleotides

moieties. Optionally, the shRNA can have an overhang region of 2 bases on 3' end of the molecule.

The shRNA can also comprise RNAs with stem-loop structures that contain mismatches and/or

bulges. The sense sequence that is homologous to the target can differ at about 0 to about 5 sites by

having mismatches, insertions, or deletions of from about 1 to about 5 nucleotides, as is the case, for

example, with naturally occurring microRNAs. RNAs that comprise any of the above structures can

include structures where the loops comprise nucleotides, non-nucleotides, or combinations of

nucleotides and non-nucleotides.

In some embodiments, an shRNA described herein is a "short shRNA", or "sshRNA", which

term comprises shRNAs having stem lengths of 19 or fewer nucleotides, loops of any size, and

optionally a 3' extension.

Additionally, the term "L shRNA" refers to an shRNA comprising a sense sequence that is

connected through a loop to the 3' end of the antisense.

Additionally, the term "R shRNA" refers to an shRNA molecule comprising an antisense

sequence that is connected through a loop to the 3' end of the sense sequence.

In some embodiments, an shRNA described herein optionally includes at least one conjugate

moiety.

The shRNAs described herein can be useful in implementing gene silencing. Also, they may

be preferred over duplexes having lengths that are similar or equivalent to the length of the stem of

the hairpin in some instances, due to the fact that the shRNAs described herein can be more efficient

in RNA interference and less likely to induce cellular stress and/or toxicity.

Additionally, the phrase "small hairpin RNA" and the term "shRNA" include nucleic acids

that also contain moieties other than ribonucleotide moieties, including, but not limited to, modified

nucleotides, modified internucleotide linkages, non-nucleotides, deoxynucleotides and analogs of the

nucleotides mentioned thereof.

The term "siRNA", as used herein, refers to an RNA molecule comprising a double stranded

region and a 3' overhang of nonhomologous residues at each end. The double stranded region is

typically about 18 to about 30 nucleotides in length, and the overhang may be of any length of

nonhomologous residues, but a 2 nucleotide overhang is preferred.

The phrase "antisense sequence", as used herein, refers to a polynucleotide or region of a

polynucleotide that is substantially complementary (e.g., 80% or more) or 100% complementary to a

target nucleic acid of interest. An antisense sequence can be composed of a polynucleotide region

that is RNA, DNA or chimeric RNA/DNA. Any nucleotide within an antisense sequence can be



modified by including substituents coupled thereto, such as in a 2' modification. The antisense

sequence can also be modified with a diverse group of small molecules and/or conjugates. For

example, an antisense sequence may be complementary, in whole or in part, to a molecule of

messenger RNA, an RNA sequence that is not mRNA (e.g., tRNA, rRNA, hnRNA, negative and

positive stranded viral RNA and its complementary RNA) or a sequence of DNA that is either coding

or non-coding.

The phrase "sense sequence", as used herein, refers to a polynucleotide or region that has the

same nucleotide sequence, in whole or in part, as a target nucleic acid such as a messenger RNA or a

sequence of DNA. When a sequence is provided, by convention, unless otherwise indicated, it is the

sense sequence (or region), and the presence of the complementary antisense sequence (or region) is

implicit.

The term "complementary", as used herein, refers to the ability of polynucleotides to form

base pairs with one another. Base pairs are typically formed by hydrogen bonds between nucleotide

units in antiparallel polynucleotide strands or regions. Complementary polynucleotide strands or

regions can base pair in the Watson-Crick manner (e.g., A to T, A to U, C to G), or in any other

manner that allows for the formation of stable duplexes.

"Perfect complementarity" or "100% complementarity", as used herein, refers to the

situation in which each nucleotide unit of one polynucleotide strand or region can hydrogen bond

with each nucleotide unit of a second polynucleotide strand or region. Less than perfect

complementarity refers to the situation in which some, but not all, nucleotide units of two strands or

two regions can hydrogen bond with each other. For example, for two 19-mers, if 17 base pairs on

each strand or each region can hydrogen bond with each other, the polynucleotide strands exhibit

89.5% complementarity. Substantial complementarity refers to polynucleotide strands or regions

exhibiting about 80% or greater complementarity.

The term "deoxynucleotide", as used herein, refers to a nucleotide or polynucleotide lacking

an OH group at the 2' or 3' position of a sugar moiety with appropriate bonding and/or 2', 3'

terminal dideoxy, instead having a hydrogen bonded to the 2' and/or 3' carbon.

The terms "deoxyribonucleotide" and "DNA", as used herein, refer to a nucleotide or

polynucleotide comprising at least one ribosyl moiety that has an H at its 2' position of a ribosyl

moiety instead of an OH.

The term "mismatch", as used herein, includes situations in which Watson-Crick base

pairing does not take place between a nucleotide of a antisense sequence and a nucleotide of a sense

sequence, where the nucleotides are flanked by a duplex comprising base pairs in the 5' direction of

the mismatch beginning directly after (in the 5' direction) the mismatched position and in the 3'

direction of the mismatch beginning directly after (in the 3' direction) the mismatched position.

Examples of mismatches include, without limitation, an A across from a G, a C across from an A, a

U across from a C, an A across from an A, a G across from a G, a C across from a C, and so on.



Mismatches also include an abasic residue across from a nucleotide or modified nucleotide, an

acyclic residue across from a nucleotide or modified nucleotide, a gap, or an unpaired loop. In its

broadest sense, a mismatch includes any alteration at a given position that decreases the

thermodynamic stability at or in the vicinity of the position where the alteration appears, such that the

thermodynamic stability of the duplex at the particular position is less than the thermodynamic

stability of a Watson-Crick base pair at that position. Preferred mismatches include a G across from

an A, and an A across from a C. A particularly preferred mismatch comprises an A across from an A,

G across from a G, C across from a C, and U across from a U.

The phrase "RISC" and "RNA induced silencing complex" are used interchangeably herein,

and represent a complex of proteins that mediate RNAi (see, e.g., Hutvagner, G. FEBS Letters, 2005

579(26):5850-7) (incorporated herein by reference in its entirety).

The phrase "RNA interference" and the term "RNAi" are used interchangeably herein, and

refer to the process by which a single, double, or T-shaped molecule (e.g., an siRNA, an shRNA, an

miRNA, a piRNA) exerts an effect on a biological process by interacting with one or more

components of the RNAi pathway including, but not limited to, Drosha, Dicer, Argonaute family

proteins, etc. The process includes, but is not limited to, gene silencing by degrading mRNA;

attenuating translation, interactions with tRNA, rRNA, hnRNA, cDNA and genomic DNA; and

inhibiting as well as methylating DNA with ancillary proteins. In addition, molecules that modulate

RNAi (e.g., siRNA, piRNA, or miRNA inhibitors) are included in the list of molecules that enhance

the RNAi pathway (see, e.g., Tomari, Y. et al. Genes Dev. 2005, 19(5):517-29) (incorporated herein

by reference in their entirety).

The phrase "silencing", as used herein, means an RNAi-mediated reduction in gene

expression that can be measured by any number of methods including reporter methods such as for

example luciferase reporter assay, PCR-based methods, Northern blot analysis, Branched DNA,

western blot analysis, and other art recognized techniques.

The term "alkyl", as used herein, refers to a hydrocarbyl moiety that can be saturated or

unsaturated, and substituted or unsubstituted. It may comprise moieties that are linear, branched,

cyclic and/or heterocyclic, and contain functional groups such as ethers, ketones, aldehydes,

carboxylates, etc. Unless otherwise specified, alkyl groups are not cyclic, heterocyclic, or comprise

functional groups.

Exemplary alkyl groups include, but are not limited to, substituted and unsubstituted groups

of methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, nonyl, decyl, undecyl, dodecyl, tridecyl,

tetradecyl, pentadecyl, hexadecyl, heptadecyl, octadecyl, nonadecyl, eicoyl and alkyl groups of

higher number of carbons, as well as 2-methylpropyl, 2-methyl-4-ethylbutyl, 2,4-diethylpropyl, 3-

propylbutyl, 2,8-dibutyldecyl, 6,6-dimethyloctyl, 6-propyl-6-butyloctyl, 2-methylbutyl, 2-

methylpentyl, 3-methylpentyl, and 2-ethylhexyl. The term alkyl also encompasses alkenyl groups,



such as vinyl, allyl, aralkyl and alkynyl groups. Unless otherwise specified, alkyl groups are not

substituted.

Substitutions within an alkyl group, when specified as present, can include any atom or

group that can be tolerated in the alkyl moiety, including but not limited to halogens, sulfurs, thiols,

thioethers, thioesters, amines (primary, secondary, or tertiary), amides, ethers, esters, alcohols and

oxygen. The alkyl groups can by way of example also comprise modifications such as azo groups,

keto groups, aldehyde groups, carboxyl groups, nitro, nitroso or nitrile groups, heterocycles such as

imidazole, hydrazine or hydroxylamino groups, isocyanate or cyanate groups, and sulfur containing

groups such as sulfoxide, sulfone, sulfide, and disulfide. Unless otherwise specified, alkyl groups do

not comprise halogens, sulfurs, thiols, thioethers, thioesters, amines, amides, ethers, esters, alcohols,

oxygen, or the modifications listed above.

Further, alkyl groups may also contain hetero substitutions, which are substitutions of carbon

atoms, by for example, nitrogen, oxygen or sulfur. Heterocyclic substitutions refer to alkyl rings

having one or more heteroatoms. Examples of heterocyclic moieties include but are not limited to

morpholino, imidazole, and pyrrolidine Unless otherwise specified, alkyl groups do not contain

hetero substitutions or alkyl rings with one or more heteroatoms (i.e., heterocyclic substitutions).

The preferred alkyl group for a 2' modification is a methyl group with an O-linkage to the 2'

carbon of a ribosyl moiety, i.e., a 2' O-alkyl that comprises a 2'-O-methyl group.

The phrase "2' -O-alkyl modified nucleotide", as used herein, refers to a nucleotide unit

having a sugar moiety, for example a deoxyribosyl moiety that is modified at the 2' position such

that an oxygen atom is attached both to the carbon atom located at the 2' position of the sugar and to

an alkyl group. In various embodiments, the alkyl moiety consists essentially of carbons and

hydrogens. A particularly preferred embodiment is one wherein the alkyl moiety is methyl.

As used herein, the term "2' carbon modification" refers to a nucleotide unit having a sugar

moiety, for example a moiety that is modified at the 2' position of the sugar subunit. A "2' -O-alkyl

modified nucleotide" is modified at this position such that an oxygen atom is attached both to the

carbon atom located at the 2' position of the sugar and to an alkyl group, e.g., 2'-O-methyl, 2'-O-

ethyl, 2'-O-propyl, 2'-O-isopropyl, 2'-O-butyl, 2'-O-isobutyl, 2'-O-ethyl-O-methyl(-

OCH2CH2OCH3), and 2'-O-ethyl-OH (-OCH2CH2OH). A "2' carbon sense sequence modification",

as used herein, refers to a modification at the 2' carbon position of a nucleotide on the sense

sequence. A "2' carbon antisense sequence modification", as used herein, refers to a modification at

the 2' carbon position of a nucleotide on the antisense sequence.

The term "nucleotide", as used herein, refers to a ribonucleotide or a deoxyribonucleotide or

modified from thereof, as well as an analog thereof. Nucleotides include species that comprise

purines, e.g., adenine, hypoxanthine, guanine, and their derivatives and analogs, as well as

pyrimidines, e.g., cytosine, uracil, thymine, and their derivatives and analogs. Preferably, a

"nucleotide" comprises a cytosine, uracil, thymine, adenine, or guanine moiety.



Nucleotide analogs include nucleotides having modifications in the chemical structure of the

base, sugar and/or phosphate, including, but not limited to, 5-position pyrimidine modifications, 8-

position purine modifications, modifications at cytosine exocyclic amines, and substitution of 5-

bromo-uracil; and 2' -position sugar modifications, including but not limited to, sugar-modified

ribonucleotides in which the 2'-OH is replaced by a group such as an H, OR, R, halo, SH, SR, NH2,

NHR, NR2, or CN, wherein R is an alkyl moiety as defined herein. Nucleotide analogs also include

nucleotides with bases such as inosine, queuosine, xanthine, sugars such as 2' -methyl ribose, non-

natural phophodiester linkages such as methylphosphonates, phophorothioates and peptides.

Modified bases refer to nucleotide bases such as, for example, adenine, guanine, cytosine,

thymine, and uracil, xanthine, inosine, and queuosine that have been modified by the replacement or

addition of one or more atoms or groups. Some examples of types of modifications include

nucleotides that are modified with respect to the base moieties, include but are not limited to,

alkylated, halogenated, thiolated, aminated, amidated, or acetylated bases, in various combinations.

More specific modified bases include, for example, 5-propynyluridine, 5-propynylcytidine, 6-

methyladenine, 6-methylguanine, N,N,-dimethyladenine, 2-propyladenine, 2-propylguanine, T -

aminoadenine, 1-methylinosine, 3-methyluridine, 5-methylcytidine, 5-methyluridine and other

nucleotides having a modification at the 5 position, 5-(2-amino)propyluridine, 5-halocytidine, 5-

halouridine, 4-acetylcytidine, 1-methyladenosine, 2-methyladenosien, 3-methylcytidine, 6-

methyluridine, 2-methylguanosine, 7-methylguanosine, 2,2-dimethylguanosine, 5-

methylaminoethyluridine, 5-methyloxyuridine, deazanucleotides such as 7-deaza-adenosine, 6-

azouridine, 6-azocytidine, 6-azothymidine, 5-methyl-2-thiouridine, other thio bases such as 2-

thiouridine and 4-thiouridine and 2-thiocytidine, dihydrouridine, pseudouridine, queuosine,

archaeosine, naphthyl and substituted naphthyl groups, any O- and N-alkylated purines and

pyrimidines such as N6-methyladenosine, 5-methylcarbonylmethyluridine, uridine 5-oxyacetic acid,

pyridine-4-one, pyridine -2-one, phenyl and modified phenyl groups such as aminophenol or 2,4,6-

trimethoxy benzene, modified cytosines that act as G-clamp nucleotides, 8-substituted adenines and

guanines, 5-substituted uracils and thymines, azapyrimidines, carboxyhydroxyalkyl nucleotides,

carboxyalkylaminoalkyl nucleotides, and alkylcarbonylalkylated nucleotides. Modified nucleotides

also include those nucleotides that are modified with respect to the sugar moiety, as well as

nucleotides having sugars or analogs thereof that are not ribosyl. For example, the sugar moieties

may be, or be based on, mannoses, arabinoses, glucopyranoses, galactopyranoses, 4-thioribose, and

other sugars, heterocycles, or carbocycles. The term nucleotide analog also includes what are known

in the art as universal bases. By way of example, universal bases include but are not limited to 3-

nitropyrrole, 5-nitroindole, or nebularine.

Further, the term nucleotide analog also includes those species that have a detectable label,

such as, for example, a radioactive or fluorescent moiety, or mass label attached to the nucleotide.



The term "overhang", as used herein, refers to terminal non-base pairing nucleotide(s)

resulting from one strand or region extending beyond the terminus of the complementary strand to

which the first strand or region forms a duplex. One or more polynucleotides that are capable of

forming a duplex through hydrogen bonding can have overhangs. The single-stranded region

extending beyond the 3' end of the duplex is referred to as an overhang.

The term "ribonucleotide" and the phrase "ribonucleic acid" (RNA), as used herein, refer to a

modified or unmodified nucleotide or polynucleotide comprising at least one ribonucleotide unit. A

ribonucleotide unit comprises an oxygen attached to the 2' position of a ribosyl moiety having a

nitrogenous base attached in N-glycosidic linkage at the 1' position of a ribosyl moiety, and a moiety

that either allows for linkage to another nucleotide or precludes linkage.

The phrase "heating and snap cooling", as used herein, refers to a two-step procedure that

involves heat-denaturing nucleic acids in a sample followed by rapid cooling. For example, tubes that

contain shRNA solutions are denatured in a 950C heat block for 4 to 5 minutes followed by

immediately placing the tubes into an ice-water bath for 30 minutes. Such "heating and snap cooling"

favors the formation of shRNA monomers over multimers.

The phrase "pharmaceutically acceptable carrier", as used herein, means a pharmaceutically

acceptable salt, solvent, suspending agent or vehicle for delivering a composition of the present

disclosure to the animal or human. The carrier may be liquid, semisolid or solid, and is often

synonymously used with diluent, excipient or salt. The phrase "pharmaceutically acceptable" means

that an ingredient, excipient, carrier, diluent or component disclosed is one that is suitable for use

with humans and/or animals without undue adverse side effects (such as toxicity, irritation, and

allergic response) commensurate with a reasonable benefit/risk ratio. See Remington's

Pharmaceutical Sciences 16th edition, Osol, A. Ed (1980) (incorporated herein by reference in its

entirety).

The term "about" is used herein to mean a value ± 20% of a given numerical value. Thus,

"about 60%" means a value of between 60 ± (20% of 60) (i.e., between 48 and 70).

As used herein, "comprising" is synonymous with "including," "containing," or

"characterized by," and is inclusive or open-ended and does not exclude additional, unrecited

elements or method steps. As used herein, "consisting of excludes any element, step, or ingredient

not specified in the claim element. As used herein, "consisting essentially of does not exclude

materials or steps that do not materially affect the basic and novel characteristics of the claim. In

each instance herein any of the terms "comprising", "consisting essentially of and "consisting of

may be replaced with either of the other two terms. The disclosure illustratively described herein

suitably may be practiced in the absence of any element of elements, limitation or limitations that is

not specifically disclosed herein.

In some embodiments, methods of testing shRNAs targeting HCV IRES sequences are

included to identify those sequences having sufficient activity (e.g., the highest activity among a



selected group of such sequences) to be a candidate for use as a treatment. Testing may also include

screening for shRNAs having undesirable off-target effects, IFN induction or general cytotoxic

effects. Off-target effects include, without limitation, knockdown of nontargeted genes, inhibition of

expression of non-targeted genes, and competition with natural microRNA pathways. Methods of

identifying cytotoxic effects are known in the art.

In one embodiment, an shRNA described herein comprises a sequence complementary to a

sequence of the internal ribosome entry site (IRES) element of hepatitis C virus (HCV).

A dual reporter luciferase plasmid was used in which firefly luciferase (fLuc) expression was

dependent on the HCV IRES. Expression of the upstream renilla luciferase is not HCV IRES-

dependent and is translated in a Cap-dependent process. Direct transfection of HCV IRES shRNAs

efficiently blocked HCV IRES-mediated flue expression in human 293FT and Huh7 cells. Control

shRNAs containing a double mutation had little or no effect on fLuc expression, and shRNAs

containing only a single mutation showed partial inhibition. These shRNAs were also evaluated in a

mouse model where DNA constructs were delivered to cells in the liver by hydrodynamic

transfection via the tail vein. The dual luciferase expression plasmid, the shRNAs, and secreted

alkaline phosphatase plasmid were used to transfect cells in the liver, and the animals were imaged at

time points over 12 to 96 hours. In vivo imaging revealed that HCV IRES shRNA directly, or

alternatively expressed from a polIII-plasmid vector, inhibited HCV IRES-dependent reporter gene

expression; mutant or irrelevant shRNAs had little or no effect. These results indicate that shRNAs,

delivered as RNA or expressed from viral or nonviral vectors, are useful as effective antivirals for the

control of HCV and related viruses.

A loop structure can also include deoxyribonucleotides, non-nucleotide monomers and

reversible linkages such as S-S bonds, which can be formed by oxidation of -SH groups introduced

into nucleotide residues, e.g., as described in (Earnshwaw et al., J . MoI. Biol., 1997, 274:197-212;

Sigurdsson et al. Thiol-containing RNA for the study of Structure and Function of Ribozymes.

Methods: A Companion to Methods in Enzymology, 1999, 18:71-77) (incorporated herein by

reference in their entirety).

Exemplary Modified shRNAs

In certain aspects, the present invention includes a polynucleotide comprising a unimolecular

RNA, such as an shRNA. The shRNA can be a unimolecular RNA that includes a sense sequence, a

loop region, and an antisense sequence (sometimes referred to as first and second regions, as noted

above) which together form a hairpin loop structure. Preferably, the antisense and sense sequences

are substantially complementary to one other (about 80% complementary or more), where in certain

embodiments the antisense and sense sequences are 100% complementary to each other. In certain

embodiments, the antisense and sense sequences are too short to be processed by Dicer, and hence

act through an alternative pathway to that of longer double-stranded RNAs (e.g., shRNAs having

antisense and sense sequences of about 16 to about 22 nucleotides in length, e.g., between 18 and 19



nucleotides in length (e.g., an sshRNA). Additionally, the antisense and sense sequences within a

unimolecular RNA of the invention can be the same length, or differ in length by less than about 9

bases. The loop can be any length, with the preferred length being from 0 to 4 nucleotides in length

or an equivalent length of non-nucleotidic linker, and more preferably 2 nucleotides or an equivalent

length of non-nucleotidic linker (e.g., a non-nucleotide loop having a length equivalent to 2

nucleotides). In one embodiment, the loop is: 5'-UU-3' (rUrU) or 5'-tt-3', where "t" represents

deoxythymidine (dTdT). Within any shRNA hairpin, a plurality of the nucleotides are

ribonucleotides. In the case of a loop of zero nucleotides, the antisense sequence is linked directly to

the sense sequence, with part of one or both strands forming the loop. In a preferred embodiment of

a zero-nt loop shRNA, the antisense sequence is about 18 or 19 nt and the sense sequence is shorter

than the antisense sequence, so that one end of the antisense sequence forms the loop.

A hairpin can be organized in either a left-handed (L) hairpin (i.e., 5'-antisense-loop-sense-3')

or a right-handed (R) hairpin (i.e., 5'-sense-loop-antisense-3'). Furthermore, an shRNA may also

contain overhangs at either the 5' or 3' end of either the sense sequence or the antisense sequence,

depending upon the organization of the hairpin. Preferably, if there are any overhangs, they are on

the 3' end of the hairpin and comprise between 1 to 6 bases. The presence of an overhang is preferred

for R-type hairpins, in which case a 2-nt overhang is preferred, and a UU or tt overhang is most

preferred.

Modifications can be added to enhance shRNA stability, functionality, and/or specificity and

to minimize immunostimulatory properties. For example, the overhangs can be unmodified, or can

contain one or more specificity or stabilizing modifications, such as a halogen or O-alkyl

modification of the 2' position, or internucleotide modifications such as phosphorothioate

modification. The overhangs can be ribonucleic acid, deoxyribonucleic acid, or a combination of

ribonucleic acid and deoxyribonucleic acid.

In another non-limiting example of modifications that can be applied to left handed hairpins,

2'-O-methyl modifications (or other 2' modifications, including but not limited to other 2'-O-alkyl

modifications) can be added to nucleotides at position 15, 17, or 19 from the 5' antisense terminus of

the hairpin, or any two of those positions, or all three, as well as to the loop nucleotides and to every

other nucleotide of the sense sequence except for nucleotides 9, 10 and 11 from the 5'-most

nucleotide of the sense sequence (also called the 9th , 10 th , and 11th nucleotides), which should have no

modifications that block "slicing" activity. Any single modification or group of modifications

described in the preceding sentence can be used alone or in combination with any other modification

or group of modifications cited.

It was observed in previous studies (Ui-Tei et al., NAR 2008) that the specificity of siRNAs

can be increased by modifying the seed region of one or both strands. In another non-limiting

example of modifications that can be applied to hairpins, nt 1-6 of the antisense sequence and nt 14-



19 of the sense sequence can be 2'-O-methylated to reduce off-target effects. In a preferred

embodiment, only nt 1-6 are modified from 2'-OH to 2'-H or 2'-O-alky.

As the sense sequence of an shRNA can potentially enter RISC and compete with the

antisense (targeting) strand, modifications that prevent sense sequence phosphorylation are valuable

in minimizing off-target signatures. Thus, desirable chemical modifications that prevent

phosphorylation of the 5' carbon of the 5'-most nucleotide of right-handed shRNA of the invention

can include, but are not limited to, modifications that: (1) add a blocking group (e.g., a 5'-O-alkyl) to

the 5' carbon; or (2) remove the 5'-hydroxyl group (e.g., 5'-deoxy nucleotides) (see, e.g., WO

2005/078094).

In addition to modifications that enhance specificity, modifications that enhance stability can

also be added. In one embodiment, modifications comprising 2'-O-alkyl groups (or other 2'

modifications) can be added to one or more, and preferably all, pyrimidines (e.g., C and/or U

nucleotides) of the sense sequence. Modifications such as 2' F or 2'-O-alkyl of some or all of the Cs

and Us of the sense sequence/region, respectively, or the loop structure, can enhance the stability of

the shRNA molecules without appreciably altering target specific silencing. It should be noted that

while these modifications enhance stability, it may be desirable to avoid the addition of these

modification patterns to key positions in the hairpin in order to avoid disruption of RNAi (e.g., that

interfere with "slicing" activity).

Additional stabilization modifications to the phosphate backbone may be included in the

shRNAs in some embodiments of the present invention. For example, at least one phosphorothioate,

phosphordithioate, and/or methylphosphonate may be substituted for the phosphate group at some or

all 3' positions of nucleotides in the shRNA backbone, or any particular subset of nucleotides (e.g.,

any or all pyrimidines in the sense sequence of the oligonucleotide backbone), as well as in any

overhangs, and/or loop structures present. These modifications may be used independently or in

combination with the other modifications disclosed herein.

Description of modified shRNAs of interest can be found in the following references, both of

which are incorporated herein by reference in their entirety: Q. Ge, H. lives, A. Dallas, P. Kumar, J .

Shorenstein, S. A. Kazakov, and B. H. Johnston (2010) Minimal-length short hairpin RNAs: The

Relationship of Structure and RNAi Activity. RNA 16(1): 106-17 (Epub Dec. 1, 2009); and Q. Ge, A.

Dallas, H. lives, J . Shorenstein, M. A. Behlke, and B. H. Johnston (2010) Effects of Chemical

Modification on the Potency, Serum Stability, and Immunostimulatory Properties of Short shRNAs.

RNA 16(l):118-30 (Epub Nov 30, 2009).

Modified shRNAs according to aspects of the present invention may include additional

chemical modifications for any of a variety of purposes, including including 3' cap structures (e.g., an

inverted deoxythymidine), detectable labels conjugated to one or more positions in the shRNA (e.g.,

fluorescent labels, mass labels, radioactive labels, etc.), or other conmjugates that can enhance

delivery, detection, function, specificity, or stability (e.g., amino acids, peptides, proteins, sugars,



carbohydrates, lipids, polymers, nucleotides, polynucleotides, etc.). Combinations of additional

chemical modifications may be employed as desired by the user.

Kits

The subject invention also includes kits for inhibiting expression of a target gene in a cell,

the kit including a chemiclaly modified shRNA as described herein. A "kit" refers to any system for

delivering materials or reagents for carrying out a method of the invention. In the context of reaction

assays, such delivery systems include systems that allow for the storage, transport, or delivery of

reaction reagents (e.g., chemically modified shRNA, culture medium, etc. in the appropriate

containers) and/or supporting materials (e.g., buffers, written instructions for performing the assay,

etc.) from one location to another. For example, kits include one or more enclosures (e.g., boxes)

containing the relevant reaction reagents and/or supporting materials. Such contents may be

delivered to the intended recipient together or separately. For example, a first container may contain

a chemically modified shRNA for use in an assay, while a second container contains culture media

RNA delivery agents (e.g., transfection reagents).

As noted above, the subject kits can further include instructions for using the components of

the kit to practice the subject methods. The instructions for practicing the subject methods are

generally recorded on a suitable recording medium. For example, the instructions may be printed on

a substrate, such as paper or plastic, etc. As such, the instructions may be present in the kits as a

package insert, in the labeling of the container of the kit or components thereof (i.e., associated with

the packaging or subpackaging) etc. In other embodiments, the instructions are present as an

electronic storage data file present on a suitable computer readable storage medium, e.g. CD-ROM,

diskette, etc. In yet other embodiments, the actual instructions are not present in the kit, but means

for obtaining the instructions from a remote source, e.g. via the internet, are provided. An example of

this embodiment is a kit that includes a web address where the instructions can be viewed and/or

from which the instructions can be downloaded. As with the instructions, this means for obtaining the

instructions is recorded on a suitable substrate.

In addition to the subject database, programming and instructions, the kits may also include

one or more control reagents, e.g., non-chemically modified shRNA.

Whenever a range is given in the specification, for example, a temperature range, a time

range, a percent sequence identity, a sequence complementarity range, a length range, or a

composition or concentration range, all intermediate ranges and subranges, as well as all individual

values included in the ranges given are intended to be included in the disclosure.

The invention is further illustrated by the following examples. The examples are provided

for illustrative purposes only. They are not to be construed as limiting the scope or content of the

invention in any way.



EXAMPLES

Example 1: Deoxynucleotide Substitution of the Antisense sequence Affects the Activity of L

sshRNAs

We investigated whether deoxynucleotide substitution could be applied to L sshRNAs without

affecting their activity.

sshRNAs with and without chemical modifications were synthesized by IDT (Coralville, IA),

resuspended in RNase- and pyrogen-free buffer (Dharmacon, 20 mM KCl, 6 mM HEPES-KOH

(pH7.5), 0.2 mM MgCl2) . sil9-3 (antisense sequence 5'-UGAGGUUUAGGAUUCGUGCUU-S',

sense sequence 5'-GCACGAAUCCUAAACCUCAUU-S') that targets the same sequence (346-364)

of HCV IRES as SG105 (see Table 1) was synthesized by Dharmacon (Boulder, CO), resuspended in

the same buffer and annealed according to the manufacturer's instruction. Human 293FT

(Invitrogen) cells were maintained in DMEM with 10% heat-inactivated fetal bovine serum

(Hyclone), supplemented with 2 mM L-glutamine and 1 mM sodium pyruvate. The day prior to

transfection, cells were seeded at 23,000 cells per well in a 96-well plate, resulting in about 80% cell

confluency at the time of transfection. Cells were transfected with Lipofectamine™ 2000

(Invitrogen, Carlsbad, CA) following the manufacturer's instructions. Specifically, synthetic shRNA

samples with various concentrations (e.g., 10, 3, 1, 0.3, 0.1, 0.03, 0.01 and 0.003 nM), 13 ng DNA

plasmid pSG154m (a firefly luciferase (fLuc) reporter plasmid whose expression was driven by the

HCV internal ribosome entry site (IRES)), 20 ng pSEAP2-control plasmid (BD Biosciences

Clontech, as transfection controls) were mixed with 0.25 µl Lipofectamine 2000 in OptiMem

(Invitrogen) and introduced into 293FT cells in triplicate. Forty-eight hours later, the supernatant

was removed, heated at 650C for 15-30 minutes, and 5-10 µl of the supernatant was added to 150 µl

p-nitrophenyl phosphate liquid substrate system (pNPP, Sigma). After 30-60 minute incubation at

room temperature, samples were read (405 nm) on a Molecular Devices Thermomax microplate

reader and quantified using SOFTmax software (Molecular Devices). The remaining cells were

lysed and luciferase activity was measured using MicroLumat LB 96P luminometer (Berthold).

Unless otherwise indicated, all the siRNA and shRNA samples were tested in triplicate and two

or more independent experiments were performed. The IC50S of the dose response curves were

calculated using GraFit data analysis software.

Comparing to controls without sshRNA or with control sshRNA, the expression levels of fLuc

with the IRES-specific shRNAs reflects the target gene knock-down efficacy of the tested hairpins.

No difference of fLuc expression was found between the control without sshRNA or the one with

control sshRNA (data not shown). As shown in Fig. 1, L sshRNAs with substitution of DNA (6

nucleotides) at 5' end of the antisense sequence (SG206 and SG208) had lower efficacy than the one

with substitutions only at the 3' end of the sense sequence (SG207).

The sequence of these shRNAs are shown in Table 1. Nucleotides forming the shRNA loops and

3' overhangs are shown in bold. Deoxyribonucleotides are indicated by lower-case letters.



Table 1. shRNA sequences targeting the HCV IRES used in Example 1

Example 2 : 2'-O-Methyl Modification of the Antisense sequence Affects the Activity of L

sshRNAs

2'-O-methyl (2'-0Me) modified RNA is a naturally occurring modification found in mammalian

ribosomal RNAs and transfer RNAs. We investigated whether 2'-0Me modification could be applied

to L sshRNAs without affecting their activity using the 293FT cell transfection assay described

above in Example 1. Similar to the results with DNA substitution, the L sshRNA (SG216) whose

antisense sequence were modified at every second nucleotide beginning with the most 5' terminal

nucleotide lost its RNAi activity dramatically (Fig. 2A). Similar results were obtained with sshRNA

whose antisense and sense sequence were both modified, either at alternating nucleotides or uridines

alone (SG203 and SG205). However, when alternating 2'-0Me nucleotides were placed only in the

sense sequence, the activity of the modified sshRNA (SG204) was not affected and even appeared to

be slightly higher than the unmodified sshRNA (SG105) and the control siRNA that target the same

sequence (sil9-3). The dinucleotide UU that connects the 3' end of the antisense and the 5' end of the

sense sequences could be also modified without affecting the sshRNA activity (SG202). No efficacy

loss was found when the sense sequence and the dinucleotide connection were both 2'-0Me

modified (SG224, Fig. 2B). Since the base pair immediately adjacent to the UU dinucleotide that

connects the antisense and sense sequences may not be base paired due to the potential strain from a

2-nt loop, we also examined whether 2'-0Me modification of the tetraloop CUUG (mCUmUG, m

representing 2'-0Me) could be combined with a modified sense sequence (SG217). As seen in Fig.

2C, the IC50 of SG217 (IC50 = 6.5 pM) was about 2-fold greater than the unmodified SG105 (3.5

pM). Interestingly, unlike siRNAs, which were found to tolerate the modification at the second

nucleotide from the 5' end of the antisense sequence, that modification slightly reduced the potency

of the sshRNA (SG225, Fig. 2B). Again, slight activity loss was seen with the shRNA (SG226) that

had both 2'-0Me modifications used in SG225 (second nucleotide on the antisense sequence)

together with those in SG224 (alternating same strand nucleotides and UU loop, Fig. 2B). Similarly,

in a special sshRNA that contained a direct connection between a 19-nt antisense sequence and a 17-

nt sense sequence without a connecting loop sequence, modification in the sense sequence only did



not affect efficacy whereas the additional modification in the 3' end of the antisense sequence (which

formed the loop of the hairpin) slightly reduced the activity (Fig 2D). 2'-0Me modification of the

guide at positions 17 (SG242) and at both positions 15 and 17 (SG243) resulted in only a slight loss

of activity (Figure 2E).

To test whether the modification-activity relationships found for SG105 and its derivatives are

true for shRNAs with different sequences, two more L shRNAs (SGl 18 and SG108) were chemically

synthesized with and without 2' -OMe modification and compared for their dose response activity. As

shown in Fig. 3A, shRNAs with modification of the sense sequence (alternating nucleotides) and the

tetraloop have slightly lower activity than their parents without modification (SG218 compared to

SGl 18, SG219 compared to SG108). However, SG237 with modification of the sense sequence and

the dinucleotide UU loop showed similar potency compared to its unmodified parent, SGl 18 (Fig.

3B). In addition, the potencies of SGl 18 derivatives that have 2, 4, and 6 2'-0Me modifications in

the sense sequences were compared and no activity loss was found (Fig. 3C).

Collectively, L sshRNAs appear to maintain high potency when the sense sequence is modified

with 2'-0Me on alternating nucleotide or selected uridines but lose activity when the antisense

sequence is modified in a similar pattern. Interestingly, as little as one nucleotide modification at

positions 2, 17, and 19 of the antisense sequence reduced the RNAi activity of L sshRNA

significantly (SG225, SG226 in Fig. 2B, SG217 in Fig. 2C, and data not shown). The fact that the

activity of an L sshRNA is sensitive to 2'-0Me modification of the antisense sequence is unique.

Various reports have applied 2'-0Me modification on the antisense sequence of siRNAs without

affecting their efficacy.

The sequences of these shRNAs are shown in Table 2. Nucleotides forming the shRNA loops

and 3' overhangs are shown in bold. Nucleotides with 2'-O-Methyl modification are underlined.

Deoxyribonucleotides are indicated by lower-case letters.

Table 2. shRNA se uences used in Exam le 2





Note: The shRNAs were tested in several experiments. Where there were different IC50 values in

different experiments, the range of the IC50 values is shown.

() : Estimated IC50.

Example 3 : Activity of R sshRNAs is not Affected by 2'-O-Methyl Modification of the

Antisense sequence

In contrast to L sshRNA, when the loop was placed at the 3' end of the sense sequence (R

sshRNA), the sshRNA with the same modification pattern (second nucleotide on the antisense

sequence and alternating nucleotide on the sense sequence, SG233) proved to be as effective as the

unmodified (Fig. 3D).

The sequences of these shRNAs are shown in Table 3. Nucleotides forming the shRNA loops

and 3' overhangs are shown in bold. Nucleotides with 2'-O-Methyl modification are underlined.

Tabl e 3. shRNA sequences used in Example 3

() : Estimated IC50

Example 4 : Phosphorothioate Bonds at the Open End of the Duplex Do Not Affect the Activity

of sshRNAs

Exonucleases comprise the primary class of nucleases present in mammalian serum. We tested

whether the addition of phosphorothioate bonds in the 5'-end of the antisense sequence and 3'-end of

the sense sequence will affect the efficacy of L sshRNAs (SG211, Fig. 4). Compared to the

unmodified molecule SG105, no RNAi activity loss was found with SG211. The addition of

alternating 2'-0Me substitution in the sense sequence also did not affect the potency of the PS

modified sshRNA (SG212).



The sequences of these shRNAs are shown in Table 4. Nucleotides forming the shRNA loops

and 3' overhangs are shown in bold. Nucleotides with 2'-O-Methyl modification are underlined.

Deoxyribonucleotides are indicated by lower-case letters. Phosphorothioate bonds are indicated by *.

Table 4. shRNA se uences used in Exam le 4

Example 5 : Effect of End Conjugations on the Activity of sshRNAs

End conjugation, such as with cholesterol or alpha-tocopherol, has been shown to facilitate in

vivo delivery of siRNAs to the liver (Soutschek et al. 2004; Nishina et al. 2008). Other delivery

materials including nanoparticles, antibodies, etc. could be also conjugated to the end of siRNAs. To

evaluate whether such a strategy affects the activity of sshRNAs, a thiol group (shown in Fig. 5) was

conjugated to either the 5' or 3' end of the hairpin and gene inhibition activity was measured. As

shown in Fig. 5A, 5' end conjugation (at the 5'-end of antisense sequence) completely abolished the L

sshRNA activity whereas 3' end conjugation (at the 3'-end of the sense sequence) retained full

efficacy. Since the antisense sequence is at the 5' end of the L sshRNA and the 5' phosphate is

essential for binding to Dicer and/or Ago2 in RISC, the loss of RNAi activity by replacing the 5'

phosphate may not seem surprising. A similar phenomenon was observed with siRNAs when

conjugation occurred at the 5' end of the antisense sequence. R sshRNAs were also tested for the

influence of end conjugation on their activities. Unlike with L sshRNAs, 5'-end conjugation (at the

5'-end of the sense sequence) of R sshRNAs did not significantly affect efficacy, whereas 3'-end

conjugation (at 3'-end of the antisense sequence) reduced the potency of these R sshRNAs (Fig. 5B).

The sequences of these shRNAs are shown in Table 5. Nucleotides bearing the shRNA loops

and 3' overhangs are shown in bold. Deoxyribonucleotides are indicated by lower-case letters.

Phosphorothioate bonds are indicated by *.

Table 5. shRNA se uences used in Exam le 5



() : Estimated IC50

Example 6 : The Effect of Modified Loop on the Activity of sshRNAs

Modifications in the loop were examined for both R and L sshRNAs. As shown in Figure 6A, the

loop of the L sshRNAs could be substituted with deoxynucleotides (SG209) without an activity loss.

This is also true when phosphorothioate linkages were added into a loop that contains DNA (SG210,

Fig. 6A). However, reduced efficacy was seen when phosphorothioate (PS) linkages and DNA were

placed in the loop of R sshRNA, but not when PS bonds and RNA were in the loop (SG234 in Fig.

6B and SG223 in Fig. 6C).

L and R sshRNAs with modified loops that contain uncleavable linkers such as non-nucleotidic

linkers (SG229 and SG228) were also tested for their target knockdown activities. As shown in Fig.

6C, none of these loop modifications significantly affected the potency of L or R sshRNAs. Since

nonnucleotidic linkers, deoxynucleotides, and phosphorothioate bonds block the cleavage by RNases

such as Dicer, the results suggest that cleavage at certain position in the loop is required for the

activity of R sshRNA but not for L sshRNA.

The sequences of these shRNAs are shown in Table 6. Nucleotides forming the shRNA loops

and 3' overhangs are shown in bold. Deoxyribonucleotides are indicated by lower-case letters.

Phosphorothioate bonds are indicated by *.

Table 6. shRNA se uences used in Exam le 6



() : Estimated IC50

Example 7 : 2'-OMe Modification Can Improve the Serum Stability of sshRNAs

Although dsRNAs are more stable than single-stranded RNAs (ssRNAs), sshRNAs without

chemical modification are still very sensitive to nucleases. sshRNAs (3.35 µg) were incubated with

10% human serum (Sigma, St Louis, MO) in PBS at 37°C. An aliquot of was taken out at each time

point and was immediately mixed with 2x gel loading buffer (Ambion, Austin, TX) and stored at -

800C. Subsequent gel electrophoresis of the samples was performed under denaturing condition: 12%

polyacrylamide, 20% formamide, and 8M urea. The gel was stained with SYBR Gold (Invitrogen).

As shown in Fig. 7A, the majority of the naked sshRNA with a 5-nt loop (SG68) was degraded

within 5 minutes upon incubation in 10% human serum at 370C. Faint bands with sizes around 20 to

30 nucleotides were detected in denaturing polyacrylamide gels, suggesting that the loop of the

hairpin may be the most vulnerable region for serum nucleases. Interestingly, an sshRNA with 2-nt

UU loop and no 3' overhang (SG105) was stable up to 2 hours of incubation in human serum. This

suggests that shRNAs with small loops may be generally more resistant to nucleases. With 2'-0-Me

modification at alternating nucleotides in the sense sequence and each nucleotide in the loop, the

molecule remained largely intact for up to 6 to 12 hours (Fig. 7A). When 2'-0-Me modification was

extended both into position 17 of the guide strand (SG242) and positions 15 and 17 of the guide

strand (SG243), a modest increase in serum stability was observed (Fig. 7B).

For in vivo application, although various formulation approaches insulate the RNA from

nucleases to various degrees, it is anticipated that no matter which delivery platform is most

efficacious, there is a good chance that some level of stabilization will be necessary.

Example 8 : 2'-0Me Modification Can Reduced Innate Immune Responses

Numerous studies have demonstrated the capability of unmodified shRNAs and siRNAs to

induce the undesired expression of proinflammatory cytokines such as type I interferon (IFN), IL-6,

TNF-OC, etc. Several factors, including length, sequence, and structure of nucleic acids could be

responsible for this effect. To evaluate cytokine induction by sshRNAs in the presence and absence

of chemical modifications, freshly purified human peripheral blood mononuclear cells (PBMCs) and

human fetal lung fibroblast (MRC-5) cells were transfected with these RNAs and the levels of

mRNAs encoding OAS-I, an interferon-induced enzyme, as well as the cytokines IFN- β, IL-6, and

TNF-OC were measured. PBMCs are a mixed immune cell population that is more representative of

the natural spectrum of immune receptors in vivo (Judge et al. 2006). Unlike many of other cultured

cell lines that have various degrees of genetic abnormalities including defects in the IFN response

pathway, MRC-5 cells were found to remain sensitive to immunostimulatory oligos (Marques et al.

2006). Human PBMCs were prepared from buffy coats (Stanford Blood Center) by density gradient

centrifugation, washed, and then seeded in 24-well plates at 5 x 105 cells per well in RPMI 1640



containing 10% heat-inactivated fetal calf serum. Transfections were performed using DOTAP

(Roche, Basel, Schweiz) following the manufacturer's instructions. Similarly, MRC-5 cells (human

fetal lung fibroblast) were seeded in 24-well plates at 6x104 cells per well with DMEM containing

10% heat-inactivated fetal calf serum. Transfections were done using Lipofectamine 2000™

following the manufacturer's instructions. shRNAs (20 nM or 100 nM) were transfected in each well

in triplicate. Six or twenty-four hours later, the cells were lysed in Trizol (Invitrogen) and total RNA

was extracted according to the manufacturer's instructions. Quantitative RT-PCR was performed

using High-Capacity cDNA Reverse Transcription Kits, TaqMan Universal PCR Master Mix, SYBR

power Master Mix, Taqman probes OASl (Hs00242943_ml), IFN-β (Hs01077958_sl), IL-6

(Hs99999032_ml) and GAPDH (Hs99999905_ml) and a Fast 7500 real time PCR instrument

(Applied Biosystems, Foster City, CA) following the manufacturer's instructions. Primers used were:

TLR3 forward: 5'-TCCCAAGCCTTCAACGACTG-S';

TLR3 reverse: 5'-TGGTGAAGGAGAGCTATCCACA-S';

TLR7 forward: 5'-TTACCTGGATGGAAACCAGCTAC-S';

TLR7 reverse: 5'-TCAAGGCTGAGAAGCTGTAAGCTA-S';

TLR8 forward: 5'-GAGAGCCGAGACAAAAACGTTC-S';

TLR8 reverse: 5'-TGTCGATGATGGCCAATCC-S';

RIG-I forward: 5'-CAGTATATTCAGGCTGAG-S';

RIG-I reverse: 5'-GGCCAGTTTTCCTTGTC-S';

PKR forward: 5'-TCTGACTACCTGTCCTCTGGTTCTT-S';

PKR reverse: 5'-GCGAGTGTGCTGGTCACTAAAG-S'

(Hayashi et al. 2003; Terhorst et al. 2007).

Since the shRNAs used in this study have maximum target gene knockdown (based on an HCV

IRES-fLuc reporter model) at concentrations of 0.3 nM to 10 nM, we used 20 nM shRNAs in the

first PBMC transfection experiment to examine their capabilities to upregulate OAS and IFN

expression. To make sure that we could detect even very modest immunostimulatory properties, a

high concentration of 100 nM shRNA was later used in all MRC-5 cell transfections.

Poly I:C (Pharmacia, Stockholm, Sweden) and a T7 transcribed shRNA induced OAS-I, IFN-β,

IL-6, and TNF-α in PBMCs and MRC-5 cells (Fig. 8, Table 7 and 8). The results obtained from both

cell types were in agreement. Synthetic L sshRNAs against three target sequences were investigated

(SG142, SG108, and SGl 18). SG142 did not trigger inflammatory cytokine response unless the 3'

overhang was removed (comparing SG142 with overhang and SG105/SG117/SG119 without

overhang, Fig. 8 and Table 7a-b), indicating RIG-I-mediated IFN induction by the blunt-ended

hairpins. Indeed, the mRNA level of RIG-I, but not TLRs or PKR, was significantly upregulated in

293FT cells when SGl 19 was transfected (Table 7b). 2'-0Me modification of the alternating

nucleotide in the sense sequence or uridines in both strands (SG205) significantly reduced or

abolished the upregulation of cytokines and RIG-I.



It was reported that the selection of the time used to detect the inflammatory cytokine effect is

important because the cytokine response to siRNA is transient, peaking between 2-8 h and fully

resolving within 24 h after administration (Robbins et al. 2008). Since the detection time we chose

was 24 hours after transfection, to rule out the possibility that SG142 (negative in cytokine induction

at 24 h) induces innate immune response at earlier time point, we compared the expression of IFN- β

and TNF-OC in MRC-5 cells at 6 and 24 hours after shRNA transfection. As shown in Table 8,

cytokines are negative at both time points when SG142 is examined. When SGl 18 is transfected, the

expression of these cytokines is much higher at 24 h than at 6 h . The positive control, PoIyLC

upregulated TNF-OC in similar kinetics, peaking at 24 h . However, IFN- β expression level did not

increase after 6 h .

Two other L sshRNAs, SGl 18 and SG108, stimulated both PBMC and MRC-5 to express OAS,

IFN- β, TNF-OC and IL-6 even when the 3' overhang was present. This implies that the sequence itself

may contain stimulatory motif to TLR or other proteins that are involved in innate immune response

to RNA oligos. The published immunostimulatory sequences such as "UGUGU" and

"GUCCUUCAA" are not present in these L sshRNAs (Heil et al. 2004; Hornung et al. 2005; Judge et

al. 2005). Apparently, avoiding these identified stimulatory motifs does not prevent the activation of

the innate immune system. RNAs with alternating 2'-0Me modification in the sense sequence and

loop (SG218 and SG219) again diminished the cytokine induction property (Table 7 and Table 8).

In addition to the proinflammatory cytokines such as IFN- β, IL-6, and TNF-OC, we also examined

the expressions of innate immune response mediators such as TLRs, RIG-I, and PKR. As shown in

Table 7b, PoIyLC strongly induced the upregulation of all the mediators tested, especially the

expression of TLRs and RIG-I. T7 transcribed shRNA specifically upregulates RIG-I transcription.

Interestingly, this RNA molecule also stimulates the expression of TLR3. Synthetic sshRNAs such as

SG142, SG108, and SGl 18 increase the transcription levels of TLR3, RIG-I at various degrees

(Table 7a). These inflammatory responses were suppressed by having alternating 2'-0Me

modification in the sense sequence of shRNAs.

As shown in Table 9, substitution of as few as 2 of 42 native ribonucleotides in SGl 18 was

enough to inhibit immune responses. RIG-I upregulation and subsequent cytokine induction could

also be suppressed by 2'-0Me modifications (SGl 19 with and without 2'-0Me modification in Table

7b).

In addition, certain modifications were found to make shRNAs more immunostimulatory and T -

OMe modification could suppress the inflammatory response to these molecules. SG105 without

modification induced similar low level of innate immune response as SGl 19 (two shRNAs share the

same targeting sequence). When the hairpin was conjugated with a group at the 3' end, or the

hairpin's dinucleotide loop UU was replaced with nonnucleotidic C3C3, or phosphorothioate bonds

were added to the backbone of the hairpin, a much stronger cytokine expression and unregulation of

TLRs, RIGI were seen (Table 10). Thus, type I IFN and proinflammatory cytokine expression profile



must be examined when these types of modification will be added to shRNAs. However, this strong

innate immune response was down-regulated to almost negative when the hairpin containing 2'-O-

methylated nucleotides was employed. It is expected that this result translates to siRNAs and long

shRNAs. The sequences are shown in Table 11. Nucleotides forming the shRNA loops and 3'

overhangs are shown in bold. Nucleotides with 2'-OM modification are underlined.

Deoxyribonucleotides are indicated by lower-case letters. Phosphorothioate bonds are indicated by *.

Collectively, 2'-0Me modification efficiently remove the immunostimulating properties of

sshRNAs.

Table 7a. Comparison of immunostimulatory properties of shRNAs with and without 2'-0Me
modification

Table 7b. Comparison of immunostimulatory properties of shRNAs with and without 2'-0Me
modification (continued)

100 nM sshRNAs with and without 2'-0Me modifications were transfected into human MRC-5 cells

in triplicate. RNA was extracted from cells 24 hours post-transfection and quantitative RT-PCRs

were performed. Cells without treatment was used as negative controls. The cells that received only

the transfection reagent, lipofectamine 2000, showed no change in the levels of the tested genes.

PoIyLC and T7-transcribed sh68 (having the same sequence as synthetic SG68) were used as positive

controls and were transfected into cells in equivalent amounts by weight. The mean values and

standard errors of the relative RNA levels (fold differences) of genes of interest were calculated and

normalized to levels of GAPDH. The shRNAs with 2'-0Me all have the following pattern of

modification except for SGl 19:

5'-NNNNNNNNNNNNNNNNNNNUUNNNNNNNNNNNNNNNNNNN-S'



(Underlined letters represent 2'-OMe modified nucleotides). The modified version of SGl 19 is

SG235, shown in Table 2.

Table 8. Cytokine expression at 6 and 24 hours after shRNA transfection in MRC-5 cells

100 nM sshRNAs and equivalent amounts by moles of phosphate of positive control (polyI:C) were

transfected into human MRC-5 cells in triplicate. RNA was extracted from cells 6 and 24 hours post-

transfection and quantitative RT-PCRs were performed. The mean values and standard errors of the

relative RNA levels (fold differences) of genes of interest were calculated and normalized to levels of

GAPDH.

Table 9. Immunostimulatory properties of shRNAs with various numbers of 2'-0Me
modifications (measured 24 hours after transfection)

100 nM sshRNAs with and without 2'-0Me modification were transfected into human MRC-5 cells

in triplicate. RNA was extracted from cells 24 hours post-transfection and quantitative RT-PCRs

were performed. The mean values and standard errors of the relative RNA levels (fold differences) of

genes of interest were calculated and normalized to levels of GAPDH.

Table 10. 2'-O-Me modification can greatly reduce the innate immune response triggered by
certain other modifications of sshRNAs

100 nM sshRNAs with and without 2'-0Me modifications were transfected into human MRC-5 cells

in triplicate. RNA was extracted from cells 24 hours post-transfection and quantitative RT-PCRs

were performed. Cells without treatment were used as negative controls. The cells that received only

the transfection reagent, Lipofectamine 2000, showed no change in the levels of the tested genes.

Poly(I:C) and T7-transcribed sh68 (having the same sequence as synthetic SG68) were used as

positive controls and were transfected into cells in equivalent amounts by weight. The mean values



and standard errors of the relative RNA levels (fold differences) of genes of interest were calculated

and normalized to levels of GAPDH.

Table 11. Additional shRNA sequences used in Example 8

*Estimated from dose response curve

Example 9 : Target Knock-Down Seen in 293FT Cells is not due to IFN Stimulation

The induction of type I IFN can down-regulate the expression of multiple genes in a nonspecific

manner. To test whether this affects the target gene knockdown experiments that were performed in

293FT cells, shRNAs were transfected into 293FT cells, and 24 hours later, total RNAs were

extracted to measure cytokine mRNA levels. As shown in Table 12, IFN-β was not induced in the

cells that received SGl 18 and SGl 17 (SEQ ID NO: 42, 5'-UGA GGU UUA GGA UUC GUG CUU

GCA CGA AUC CUA AAC CUC A-3 , target position 346-364) whereas positive in the cells that

were transfected with polyI:C. In addition, only RIG-I was upregulated in 293FT cells after polyI:C

was transfected (the relative fold difference between polyI:C treated and untreated is 322.98±7.52).

The expressions level of TLRs and PKR were negligible in 293FT cells (TLR3: 6.50±1.74; TLR7:

3.7512.15; TLR8: 7.3915.18; PKR: 7.5011.48) but high in MRC-5 cells (Table 7b) in polyLC

transfected groups. This indicates that 293FT cells were deficient in TLR3, TLR7, TLR8, and PKR

expression or in some gene(s) that lead to the transcription of TLR3, TLR7, TLR8, and PKR. In the

previous experiment, SGl 18 induced the upregulation of IFN-β, TNF-α, TLR3, RIG-I, and PKR

expression in MRC-5 cells. It is reasonable to think that the lack of IFN-β expression in 293FT cells

when transfected with SGl 18 is due to the lack of responding machineries of TLR3 and PKR.

Similarly, SGl 17 induced the upregulation of IFN-β expression in MRC-5 cells but not in 293FT

cells.

Table 12. Induction of cytokines by shRNAs in 293FT cells

100 nM unmodified sshRNAs and equivalent amount of positive control (polyLC) were transfected

into 293FT cells in triplicate. RNA was extracted from cells 24 hours post-transfection and

quantitative RT-PCRs were performed. The mean values and standard errors of the relative RNA

levels (fold differences) of cytokine genes were calculated and normalized to levels of GAPDH.



Example 10: Importance of Eliminating Dimers of shRNAs for Avoiding Immune Stimulation

Chemically synthesized shRNAs could be presented as mainly monomer (after the treatment of

heating the shRNA at 950C for 4 minutes and snap cooling it in ice-water bath) or a mixture of

monomer, dimer, and trimer in solution. The previous cytokine expression studies were all performed

with shRNAs in a mixed conformation (without heating and snap cooling) although the target gene

knockdown experiments were performed using shRNAs after heating and snap cooling. We thus

tested whether the immunostimulatory property comes from dimer or monomer. The sshRNAs that

induced IFN-β expression when in mixed isomers were selected, heated and snap cooled to become

mainly monomers, and introduced into MRC-5 cells. Surprisingly, sshRNAs in monomer form

induced much less cytokines compared to the ones without heating and snap cooling (Table 13). This

indicates that the length of the duplex may play a role in the recognition by inflammatory mediators.

However, the length may not be the sole player here since SG142, in the mixture of dimer and

monomer, is still negative in cytokine induction (Table 7a).

Table 13. Inflammatory cytokine induction by sshRNAs with and without heating and snap
coolin

100 nM unmodified sshRNAs with and without 950C heating (4 min) and snap cooling, and

equivalent amount of positive control (polyI:C) were transfected into MRC5 cells in triplicate. RNA

was extracted from cells 24 hours post-transfection and quantitative RT-PCRs were performed. The

mean values and standard errors of the relative RNA levels (fold differences) of cytokine genes were

calculated and normalized to levels of GAPDH.

Example 11: Mechanism of action study with modified sshRNAs

Unlike commonly used shRNAs that have a stem length of 21-nt or longer and require Dicer

processing before being loaded into RISC, sshRNAs with a stem length of 19-nt or less are not Dicer

substrate in vitro. To understand how sshRNAs are processed in the cells before initiating RNAi

function, a group of modified sshRNAs was examined. As shown in Table 14, Fig. 9,

phosphorothioate bonds were added at various positions on the sense sequence in an attempt to study

whether the sense sequence will be cleaved by the slicing function of Ago2 and if it is, at what



position the cleavage will occur. The experiments were performed as described in Fig. 1. A slight

decrease in IC50 was seen when the ps bonds were added in the middle of the sense sequence of an L

sshRNA (Fig. 9A). To elucidate further the position of the cleavage, combined modifications of T -

OMe modification and PS bonds were added to the 11th nucleotide from the 3' end and a more severe

decrease of target knockdown efficacy was observed (SG222, Fig. 9B). Furthermore, an sshRNA

with deoxynucleotides in the entire sense sequence or an sshRNA with 4-nt mismatches in the middle

of the sense sequence had no RNAi activity. These results indicate that a cleavage between the 10 th

and the 11th nucleotides from the 3' end of the sense sequence may be required for efficient target

knockdown. A modification such as the combination of 2'-0Me and PS bonds, or deoxynucleotide

will block this cleavage and reduce the silencing. For R sshRNA, no activity loss was seen when

similar 2'-0Me modification and ps bonds were placed on the sense sequence (SG230, Fig. 9C).

However, 4-nt mismatch in the middle of the sense sequence significantly reduced but not

completely removed the activity of R sshRNA (SG148, Fig. 9C). These results suggest that the

processing of R sshRNA is probably different from that of L sshRNA.

The sequences of these shRNAs are shown in Table 14. Nucleotides forming the shRNA loops

and 3' overhangs are shown in bold. Deoxyribonucleotides are indicated by lower-case letters.

Phosphorothioate bonds are indicated by *. Mismatches made at the sense sequence is shown in

Italic.

*IC50 values are based on dose response curves generated in 293FT cells; those in parentheses are
estimated, others are calculated as in Example 1.



Example 12: 2'-O-Me-modified sshRNAs are not Dicer substrates in vitro

sshRNAs can adapt both monomeric hairpin and higher order multimer conformations

(mainly dimers) in solution (Figure 10, lanes labeled (-)). When the sshRNAs are heated to 950C for

4 minutes and quickly cooled in an ice bath (snap cooling), the multimeric sshRNAs are

quantitatively converted to monomer hairpins (Figure 10, lanes 105*(-) and 224*(-)). To examine

whether 2'-O-Me-modified sshRNA in either monomer or dimer form can be substrates for Dicer, we

incubated SG224, which has alternating 2'-0-Me modifications in the passenger strand and both

uridine residues in the loop, with recombinant Dicer in vitro. In parallel, we performed in vitro Dicer

cleavage reactions with SG105, a molecule with the same sequence as SG224 but lacking any 2'-O-

Me modifications. The dimer conformation of both SG105 and SG224 consists of two 19bp

duplexes surrounding two central U-U mismatches. Both SG105 and SG224 monomer hairpins are

not cleaved by dicer in vitro (Figure 10, lanes 105*(+) and 224*(+)), which supports a dicer-

independent mechanism for activity of sshRNAs. Although Dicer does not appear to be involved in

processing monomer sshRNAs, the dimer conformation of SG105 can be cleaved by recombinant

Dicer in vitro (Fig. 10, 105(+)). However, dimers of SG224 were found not to be Dicer substrates in

vitro (Fig. 10, 224(+)). The presence of 2'-0-Me groups appears to block cleavage of the SG224

dimer. Considering that the dose response curves of SG105 and SG224 before and after the heat and

snap-cool treatment were almost identical, these results further indicate that Dicer processing is not

needed for the activity of sshRNAs.

Example 13. Specific target cleavage by sshRNAs

To verify whether the observed gene suppression by sshRNAs is due to RNAi-directed

cleavage, a modified 5'-RACE (rapid amplification of cDNA ends) procedure (Soutschek et al. 2004)

was performed to identify the specific cleavage site of the target mRNA (see legend to Figure 11 for

details). This site is expected to be ten nucleotides downstream of the 5' end of the guide strand

(Rana 2007). As shown in Figure 11, cleavage occurs at this position in the majority of clones for all

left hand loop sshRNAs including SG224, SG105, SGl 19, SG120, and SG68. These results strongly

support the involvement of the RNAi machinery in sshRNA-mediated gene knockdown. For right

hand loop sshRNAs (SGl 50, SG151, shown in Table 15 below) including one that has a

phosphorothioate -modified loop (SG234), the target is also cleaved although the cleavage occurs at

multiple sites within and surrounding the target sequence.

Table 15: Listing of shRNA Sequences Targeting HCV IRES used in Example 13

Nucleotides forming the shRNA loops and 3' overhangs are shown in bold.



Example 14: Stable binding of shRNAs to human Ago2 and Agol

Since we established that L sshRNAs are not cleaved by Dicer in vitro and chemical

modification of the hairpin loop does not reduce their potencies, we hypothesize that the entire L

sshRNA may be loaded to Ago2-containing RISC. In this proposed mechanism, Ago2 slices the

sense sequence between 10 and 11 nt from the 5' phosphate of the antisense sequence, facilitating the

dissociation and/or degradation of the 3' half of the sense sequence. As an alternative, the duplex may

be opened by an ATP-dependent helicase (Robb & Rana, 2007). Thus, two RNA products may be

expected in the Ago2 complex: a full-length hairpin and a hairpin that contains the antisense

sequence, loop, and half of the sense strand. Indeed, in Ago2 pull-down experiments, two bands were

seen in the sample that received the 40-nt L sshRNA SG224, corresponding to the full length

sshRNA and an sshRNA lacking half (10-nt) of the sense strand (Figure 12A). The positive control

shRNA shl, which has a 25-bp stem, gave a single product of a size less than 25 nt in the fraction

immunoprecipitated with the Ago2 antibody (Figure 12A), consistent with Dicer processing and loss

of the loop.

Further confirmation that the passenger strand can be cleaved in an L-type sshRNA-Ago2

complex was shown in a subsequent experiment (Figure 12B), where a labeled 38-nt sshRNA,

SGl 19, resulted in both a full-length product (38 nt) and a 10-nt shorter product (28 nt) associated

with Ago2. For both SG224 and SGl 19, the major band associated with Ago2 was the 10-nt shorter

band, indicating that virtually all of the hairpins are converted into the sliced product once bound to

Ago2. In addition, when the passenger strand has either mismatches (SG145) or chemical

modifications (SG222) at the slicer cleavage site, only full-length sshRNA is associated with the Ago

complex (Figure 12B). As a negative control, an unrelated 38 nt aptamer RNA that binds malachite

green showed no association with Ago2, as expected (Figure 12B).

To examine whether right hand loop (R) sshRNAs were also loaded into Ago2 and processed

at the slicer site of the passenger strand, Ago2 pull-down experiments were performed with 3'-end-

labeled sshRNAs. Interestingly, neither full length nor processed R sshRNAs were observed in

immunoprecipitated Ago2 complexes (Figure 12C, SG68 and SG148). In addition, a 3'-end labeled

L sshRNA was not pulled down by Ago2. This is presumably because the L sshRNA is largely

sliced (as seen in Fig. 12A and 12B), and the resulting 10-nt 3'-labeled fragment dissociates from

Ago2 and is degraded. However, when the supernatant fractions not in complex with Ago2

antibodies ("unbound fraction") were examined by denaturing PAGE (Figure 12D), an RNA band of

length predicted for cleavage at the slicer site of the passenger strand of right hand loop SG68 was

detected (Figure 12D, 3'-SG68-UB). Consistent with the L sshRNAs, when the slicer site of the

passenger strand of an R sshRNA has mismatches to the guide strand (SG148), the passenger strand

is not cleaved at the slicer site. In the "unbound" fraction of both SG68 and SG148, there is a band

of about 23 nt that is consistent with cleavage in the loop, suggesting that an alternate processing

pathway is available to these molecules. These sshRNAs have an unmodified 5 nt loop (CAAUA)



that contains two pyrimidine-A sequences that could be susceptible to cleavage by a ribonuclease.

For molecules with this loop sequence, the hairpin can be converted to an siRNA by endonucleolytic

cleavage of the loop. The resulting duplex might then be unwound by a helicase. Indeed, the activity

of an R sshRNA with four mismatches around the slicing site (SG148) was only partially reduced

(Figure 9C), suggesting that the mechanism of duplex separation for this R sshRNA is different from

that for an sshRNA with the dinucleotide UU loop (SG224) since cleavage of 2-nt loops is not

observed, even in the absence of chemical modification in the loop. A nominally L-type shRNA

such as SG224 can act as an R-type if the 3' half of the hairpin is recognized as the guide strand, and

this was indeed observed upon 3'-end labeling: a ~30-nt fragment was observed, but only in the

unbound fraction (3'SG224-UB, Figure 12D); as with other R-type shRNAs this processing product

does not stably associate with Ago2.

Figure 13 shows the results of pull down experiments that were performed with anti-Agol

antibodies. For L sshRNA SG224, both full length and a 30 nt RNA consistent with cleavage 10 nt

from 3'-end of the passenger strand were detected by denaturing PAGE analysis (Figure 13A)

although the extent of passenger strand cleavage was not as complete as with Ago2 (Figure 12).

These data are consistent with the results of Novina and colleagues, who showed that both Agol and

Ago2 were capable of passenger strand cleavage of model miRNA duplexes in a cell-free system

(Wang et al 2009). This is strong support that both Agol and Ago2 are capable of processing L

sshRNAs in a dicer-cleavage independent mechanism. As in the Ago2 pull-down experiment, guide

strand cleavage of SG224 was observed in the "unbound" fraction for 3'-end-labeled sshRNA (Figure

13B), but this fragment is not stably associated with Agol (Figure 13A) or Ago2 (Figure 12C). For

R sshRNAs SG68, SG148, and SG150, a weak band corresponding to full-length sshRNA is

associated with Agol (Figure 13C). In denaturing PAGE analysis of the "unbound" fraction (Figure

13D), both passenger strand cleavage at the slicer site is observed for R sshRNAs SG68 and SGl 50,

but not for SG148, which has mismatches at those positions. Cleavage of the 5-nt unmodified loop is

observed for SG68 and SG148 in the "unbound" fraction (Figure 13D) whereas the unmodified

dinucleotide UU loop of SGl 50 is not cleaved (Figure 13D). Since SG68 and SGl 50 have similar

potency in target knockdown, we conclude that, for R as well as L sshRNAs, cleavage of the hairpin

loop is not a requirement for silencing activity.

Example 15. Transfected, synthetic "pre-sliced" sshRNAs do not inhibit target expression and

are not immunoprecipitated by hAgo2-antibodies

In a dose-response experiment performed as described in Example 1, we tested the activity of

synthetic sshRNAs that were designed to be the same sequence of the product of cleavage of SG224

at either the passenger strand slicer site (SG244) or the guide strand cleavage site (SG245). These

"pre-sliced" sshRNAs were transfected into 293FT cells in parallel with SG224, the parent molecule,

and negative control SG221(c), a non-specific scrambled sshRNA. The results, shown in Figure

14A, show that "pre-sliced" sshRNAs do not silence target RNA expression. In an Ago2 pull-down



assay that was performed as described in Example 14, 5'-end-labeled "pre-sliced" sshRNA SG244

was not stably bound to Ago2 (Figure 14B). These results suggest that, although Ago2 can slice

SG224 and remain bound to the large product of that cleavage reaction, a longer duplex is necessary

for efficient RISC-loading, and without RISC-loading no silencing is seen.

Example 16. Efficacy of modified sshRNA in vivo

To establish the efficacy of shRNAs modified according to the present invention, we

formulated SG224 with a third-party nanoparticle formulation and administered the composition into

mice via a low-pressure tail vein injection. The mice were stably expressing a fusion mRNA

containing the HCV IRES linked to the firefly lucificerase coding region, having been administered 7

days previously a plasmid vector expressing that construct driven by the liver-specific promoter

ApoE (2x)hAAT. The expression of luciferase was monitored by in vivo imaging with a

Xenogen/Caliper IVIS-50 camera on successive days and weeks as showed in Fig. 15. Target

knockdown was dose-dependent, reaching greater than 90% inhibition one day after administration

of the formulated HCV-directed shRNA at 2.5 mg/kg. The lowest dose, 0.1 mg/kg, gave over 50%

knockdown on day 2, although inhibition dropped on subsequent days. Negative controls, including

an sshRNA with a scrambled version of the SG224 sequence (SG221(c)) as well as saline and no

treatment showed no target knockdown. SG224's 2'-0-Me modifications (Fig. 11) improve serum

stability and abrogate immune stimulatory effects. This RNA was largely intact after a 6-h

incubation at 37°C in 10% human serum (Fig. 7), and this level of nuclease resistance was sufficient

to provide a sustained knockdown in vivo: greater than 75% inhibition remained at day 8 and 50%

remained 3 weeks following administration of a dose of 2.5 mg/kg (Fig. 15).

Example 17: Effect of cholesterol modification on shRNA activity

We tested whether cholesterol modification affects the activity of right hand loop shRNAs

(Table 16). Transfections of shRNAs that have 5'-end, 3'-end, or loop -conjugated cholesterol

moieties (synthesized by IDT) in 293 FT cells and luciferase assays were performed as described in

Example 1. These shRNAs are 45mers with a 19bp stem, a 5nt loop, and a 3'UU overhang of the

same sequence as SG68. Silencing activity of the cholesterol-modified shRNAs was compared with

the silencing activity of the unmodified shRNA of the same sequence (SG68, prepared by in vitro

transcription by T7 RNA polymerase as described in Vlassov et al 2007). Molecules with cholesterol

modification in the loop or modification at either the 5' or 3' ends retained their ability to inhibit

luciferase expression albeit at lower efficacy relative to SG68 (see Table 16). 5'-end conjugation had

the biggest reduction in activity (46.98% silencing vs. 87.73% for unmodified at 1 nM).

Table 16: Effect of cholesterol modification on shRNA activity



OTHER EMBODIMENTS

Although the foregoing invention has been described in some detail by way of illustration

and example for purposes of clarity of understanding, it is readily apparent to those of ordinary skill

in the art in light of the teachings of this invention that certain changes and modifications may be

made thereto without departing from the spirit or scope of the appended claims.

Accordingly, the preceding merely illustrates the principles of the invention. It will be

appreciated that those skilled in the art will be able to devise various arrangements which, although

not explicitly described or shown herein, embody the principles of the invention and are included

within its spirit and scope. Furthermore, all examples and conditional language recited herein are

principally intended to aid the reader in understanding the principles of the invention and the

concepts contributed by the inventors to furthering the art, and are to be construed as being without

limitation to such specifically recited examples and conditions. Moreover, all statements herein

reciting principles, aspects, and embodiments of the invention as well as specific examples thereof,

are intended to encompass both structural and functional equivalents thereof. Additionally, it is

intended that such equivalents include both currently known equivalents and equivalents developed

in the future, i.e., any elements developed that perform the same function, regardless of structure.

The scope of the present invention, therefore, is not intended to be limited to the exemplary

embodiments shown and described herein. Rather, the scope and spirit of present invention is

embodied by the appended claims.
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Claims:

1. A small hairpin RNA (shRNA) comprising:

an antisense sequence of about 16 to about 19 nucleotides;

a sense sequence having from about 11 to about 19 nucleotides, wherein the sense sequence

is substantially complementary to the antisense sequence; and

a loop region connecting the antisense and sense sequences;

wherein the shRNA comprises at least one of the following chemical modifications:

2'-H, 2'-O-methyl, or 2'-OH modification of one or more nucleotides;

one or mroe phosphorothioate modifications of the backbone; and

a non-nucleotide moiety in the loop region;

wherein the at least one chemical modification confers reduced immunostimulatory activity,

increased serum stability, or both, as compared to a corresponding shRNA not having the chemical

modification.

2. The shRNA of Claim 1, wherein the shRNA comprises:

2'-O-Methy groups at every other nucleotide in the sense sequence (the passenger strand)

except nucleotides 9, 10 and 11; and

2'-deoxy or 2'-0-Me at every nucleotide of the loop region.

3. The shRNA of Claim 2, wheiren the shRNA further comprises a 2'-O-Methyl group

at one or more of nucleotides 15, 17, and 19 of the antisense sequence (the guide strand).

4. The shRNA of any preceding claim, wherein the shRNA further comprises an

overhang region ranging from 1 to 10 nucleotides on the first region or the second region.

5. The shRNA of Claim 1, wherein the shRNA is an L shRNA comprising a blunt end,

wherein the loop region is selected from: a dTdT loop, a rUrU loop, and a non-nucleotide loop

having a length equivalent to 2 nucleotides.

6. The shRNA of Claim 1, wherein the shRNA is an R shRNA comprising an overhang

region at the 3' end of 2 nucleotides in length, wherein the overhang comprises a chemical

modification selected from a 2'-deoxynucleotide, a 2'-O-methylated nucleotide or a

phosphorothioate linkage, and wherein the loop region is selected from: a dTdT loop, a rUrU loop,

and a non-nucleotide loop having a length equivalent to 2 nucleotides.

7. The shRNA of any preceding claim, wherein the sense and antisense sequences are

18 or 19 nucleotides in length and are 100% complementary.



8. The shRNA of any preceding claim, wherein the shRNA is a short shRNA (sshRNA)

ranging in length from 28 to 44 nucleotides.

9. The shRNA of any preceding claim, wherein the chemically modified shRNA retains

at least 50% RNAi activity in a gene expression inhibition assay as compared to the corresponding

RNA molecule not having the chemical modification.

10. The shRNA of any preceding claim, wherein the shRNA has reduced

immunostimulatory activity, wherein the reduced immunostimulatory activity is selected from the

group consisting of: reduced induction of type I interferon (IFN), reduced induction of interferon

(IFN) beta, reduced induction of interleukin-6 (IL-6), reduced induction of tumor necrosis factor

alpha (TNF-alpha), reduced induction of Toll like receptors (TLRs), reduced induction of

proinflammatory cytokines, reduced induction of innate immune responsive genes, reduced induction

of protein kinase R (PKR), reduced induction of retinoic acid-inducible gene (RIG-I), and any

combination thereof.

11. The shRNA of any preceding claim, wherein from 2% to 65% of the nucleotides in

the shRNA are chemically modified.

12. The shRNA of any preceding claim, wherein the shRNA comprises from 1 to 10

phosphorothioate internucleotide linkages at the 5' end, 3' end, and/or loop region.

13. The shRNA of any preceding claim, wherein the shRNA comprises a conjugate

moiety attached to the 5' end, 3' end, or loop region, wherein the conjugate moiety is optionally

attached via a linker.

14. The shRNA of Claim 13, wherein the conjugate moiety is selected from the group

consisting of: a steroid, cholesterol, cholestanol, stigmasterol, cholanic acid, ergosterol, a vitamin, a

peptide, a protein, galactose and derivatives thereof, and combinations thereof.

15. The shRNA of Claim 14, wherein the conjugate moiety is cholesterol, and the linker

is a C5 linker molecule.

16. The shRNA of any preceding claim, wherein the shRNA comprises a detectable

label attached to the loop region or terminus.



17. The shRNA of any preceding claim, wherein the shRNA is specific for a viral gene

sequence, a hepatitis C viral gene sequence, or the internal ribosome entry site (IRES) sequence of

hepatitis C virus.

18. The shRNA of Claim 1, wherein the shRNA is selected from any one of SEQ ID

NOs: 11, 37, 7, 1, 43, 29, 15, 30, 5, 32, 3, 45, 16, 36, 10, 35, 44, 4, 20, 2, 39, 17, 6, 12, 19, 24, 18, 9,

25, 23, 26, 13, 27, 38, 22, 41, 51, 46, 14, 33.

19. A composition comprising an shRNA of any preceding claim and a pharmaceutically

acceptable carrier or excipient.

20. A method of inhibiting the expression of a target gene in a cell comprising

contacting the cell with an shRNA according to any of Claims 1 to 18, wherein the shRNA is specific

for the target gene.

21. The method of Claim 20, wherein the method is for treating an infectious disease, an

inflammatory disease, or a cancer in a subject.

22. A kit for inhibiting expression of a target gene in a cell, the kit comprising an

shRNA according to any of Claims 1 to 18, wherein the shRNA is specific for the target gene.
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