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ABSTRACT

Effective small interfering RNA (siRNA)–mediated therapeutics require the siRNA to be delivered into the cellular RNA-induced
silencing complex (RISC). Quantitative information of this essential delivery step is currently inferred from the efficacy of gene
silencing and siRNA uptake in the tissue. Here we report an approach to directly quantify siRNA in the RISC in rodents and
monkey. This is achieved by specific immunoprecipitation of the RISC from tissue lysates and quantification of small RNAs in the
immunoprecipitates by stem–loop PCR. The method, expected to be independent of delivery vehicle and target, is label-free,
and the throughput is acceptable for preclinical animal studies. We characterized a lipid-formulated siRNA by integrating these
approaches and obtained a quantitative perspective on siRNA tissue accumulation, RISC loading, and gene silencing. The
described methodologies have utility for the study of silencing mechanism, the development of siRNA therapeutics, and clinical
trial design.
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INTRODUCTION

Within a decade, RNA interference (RNAi) has advanced
from an inspiring discovery to a promising therapeutic ap-
proach. On the discovery front, RNAi is recognized as a
fundamental process whereby a small effector RNA induces
the site-specific cleavage of a mRNA containing a comple-
mentary sequence, leading to the degradation of the mRNA
and subsequent down-regulation of target gene expression
(Carthew and Sontheimer 2009; Ghildiyal and Zamore
2009; Jinek and Doudna 2009). The small effector RNA
originates from a duplex RNA named small interfering
RNA (siRNA), which is 21–23 nucleotides (nt) long and
can be introduced exogenously. In a regulated assembly
event, a siRNA duplex is loaded into RNA-induced silenc-
ing complex (RISC), during which one strand (passenger
strand) is degraded, while the other strand (guide strand)
becomes the effector small RNA remaining in the RISC
(Ghildiyal and Zamore 2009). In mammals, Argonaute
(Ago) 2, which belongs to the Ago subfamily of Ago pro-
teins (Carmell et al. 2002), is the protein within the RISC

that binds to the guide strand and catalyzes the cleavage of
the target mRNA (Liu et al. 2004; Meister et al. 2004).
Other members of the Ago subfamily, including Ago1,
Ago3, and Ago4, also bind to siRNA but have no target
cleavage activity (Wang et al. 2009; Yoda et al. 2010). In
most mammalian cells, however, no endogenous siRNAs
have been identified, and the primary small RNA species
that Ago proteins bind to is microRNA (miRNA). miRNAs
are also derived from double-stranded RNA precursors and
predominantly function as post-transcriptional regulators
of endogenous genes (Bartel 2009; Carthew and Sontheimer
2009). It is proposed that in mammalian cells, exogenous
siRNA utilizes the miRNA machinery and guides cleavage
of mRNA by associating with Ago2 (Farazi et al. 2008).

In therapeutic development, RNAi has achieved preclin-
ical validation in several disease models and has advanced
into clinical trials (Castanotto and Rossi 2009; Whitehead
et al. 2009). This progress, however, is still overshadowed
by many challenges, and the greatest is siRNA delivery
(Sepp-Lorenzino and Ruddy 2008; Tseng et al. 2009). From
a pharmacodynamic perspective, the essential destination
of therapeutic siRNA is the cellular Ago2 in targeted cells.
Successful siRNA delivery requires the administered siRNA
to be internalized by the desired cells, to escape from en-
dosomes if endocytosed, and to be loaded into Ago2. In-
efficiency in any of these steps will result in reduced gene
silencing. In order to overcome the delivery barriers, several
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strategies have been developed, including formulating
siRNA with lipids or synthetic polymers (Whitehead et al.
2009). Because the potency of the delivery vehicles depends
on their composition and formulation process, it is often
necessary to screen multiple vehicles for the most effective
variant.

To date, in vivo delivery of siRNA has been assessed via
the following means (Mescalchin et al. 2007): (1) measuring
reduction of target mRNA/protein; (2) quantification of
siRNA uptake in a tissue; and (3) imaging, which monitors
the localization of labeled siRNA. Reduction in the target
mRNA/protein level provides a critical measure of siRNA
pharmacodynamics (Svensson et al. 2008) but provides a
relatively indirect measure of cellular delivery and may be
complicated by unidentified target sequence polymorphism
and off-target effects not related to RNAi (Kleinman et al.
2008). In addition, because reduction of target expression
can reach a steady state at elevated doses, it is often nec-
essary to perform resource-intensive dose titrations to dif-
ferentiate siRNAs or vehicles. The tissue quantification
method presents data on classical tissue pharmacokinetics.
It, however, fails to examine steps beyond organ uptake
such as cellular internalization and endosome escape, which
are important for siRNA delivery. Because of this, the total
siRNA in tissues does not always correlate with efficacy
(Abrams et al. 2010). Imaging analysis may yield relevant
information on subcellular siRNA delivery, but it is not
always precise in quantification and it cannot distinguish
between intact siRNA and the free labels released from
siRNA by metabolism (Morin et al. 2009).

To improve the evaluation of siRNA delivery in vivo, we
tailored an approach that quantifies the small RNAs residing
in the RISC from the tissues of rodents and monkey.
Application of our approach to preclinical animal studies
yielded quantitative insights into the in vivo efficiency of
siRNA delivery and the mechanism of RNA silencing.

RESULTS

A biochemical method for quantification
of Ago2-associated siRNA strand

Our method encompasses preparation of tissue lysates,
immunoprecipitation of the RISC from the lysates, and
quantification of the Ago-associated small RNAs by real-
time PCR (Supplemental Fig. 1). In order to maintain the
fidelity of the Ago–siRNA interaction, we flash-froze biopsy
samples after harvest, performed the immunoprecipitation
at 4°C, and optimized the lysis buffer. An important
component of our lysis buffer is heparin, which blocks
RISC assembly but does not disrupt the mature RISC
(Tomari et al. 2004). To increase throughput, we utilized a
semi-automated instrument for lysate preparation, carried
out the immunoprecipitation in a 96-well microplate using
magnetic beads, and eliminated the need for RNA purifi-

cation after immunoprecipitation. In order to make the
method label-free, we quantified the immunoprecipitated
small RNAs by the stem–loop RT-RCR assay (Chen et al.
2005; Stratford et al. 2008; Cheng et al. 2009). The reverse
transcription primer in this assay has a stem–loop structure
and extends the length of the generated DNA. The longer
DNA template can be subsequently amplified by conven-
tional quantitative PCR, whereas the shorter template of
the size of the small RNAs cannot. Because chemical
modifications of a siRNA may have effects on the stem–
loop assay (Stratford et al. 2008), we measured each siRNA
strand using a standard curve derived from respective
modified RNA oligonucleotides. To increase assay repro-
ducibility, we collected tissue biopsies of comparable size,
started the immunoprecipitation with lysates containing
equal amounts of total protein, and normalized the siRNA
strand amount with those of coimmunoprecipitated en-
dogenous miRNAs.

To demonstrate the utility of the method, we focused on
characterizing the delivery properties of an exemplar lipid
nanoparticle (LNP), LNP201b (Supplemental Fig. 2), which
resembles the LNP201 previously published (Abrams et al.
2010). Both LNPs contained a chemically modified siRNA
(Supplemental Fig. 7A, mod2) targeting the ubiquitously
expressed Ssb (Sjogren syndrome antigen B) gene (Wolin
and Cedervall 2002). Because RISC formation is required
for all delivered siRNAs to mediate gene silencing, we
anticipate that the principle of our quantification method
can be applied to other siRNA delivery vehicles and targets.

Identification of specific antibodies for rodent
and monkey Ago2

A specific antibody is the prerequisite for immunoprecipi-
tation of Ago proteins from tissue lysates. There are multiple
anti-Ago antibodies that are commercially available, but
their specificity for Ago proteins from experimental animals
has not been clearly defined. To expedite the characteriza-
tion of antibodies, we transiently expressed a panel of Flag-
HA–tagged Ago proteins, including Ago2 of mouse, rat,
human, as well as three other paralogs of mouse and
human, in HEK 293T cells. The overexpressed proteins
were subjected to immunoprecipitation with either an anti-
Flag antibody or individual test antibodies, followed by
Western blotting with an anti-HA antibody. Among the
antibodies we tested, an anti-mAgo2 antibody (clone 2D4)
and an anti-hAgo2 antibody (clone 4G8) (Azuma-Mukai
et al. 2008; Miyoshi et al. 2008) were confirmed to be
specific for rodent and human Ago2, respectively (Fig. 1A).
In addition, an anti-Ago1 antibody (clone 2A7) was vali-
dated to be cross-reactive with mouse and human Ago1
(Fig. 1A).

By using the overexpressed Ago proteins, we identified
independent antibodies for Western blot analysis as well
(Supplemental Fig. 3A): anti-Ago2 antibody (clone C34C6)
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detects Ago2, while anti-Ago1 antibody (clone 4B8) detects
Ago1. Another antibody (clone 2E12-1C9) recognizes all
Ago isoforms.

We continued the characterization of the antibodies by
evaluating their specificity for immunoprecipitation in ani-
mal liver lysates. We found that the anti-mAgo2 antibody
(2D4) specifically immunoprecipitated mouse Ago2, the
identity of which was confirmed by blotting with two other
antibodies, C34C6 and 2E12-1C9 (Fig. 1B, lane 2). The anti-
mAgo2 antibody 2D4 also immunoprecipitated rat Ago2
specifically (Supplemental Fig. 3B, lane 2). In addition, we
evaluated whether anti-hAgo2 (4G8) could specifically
immunoprecipitate monkey Ago2 from monkey liver ly-
sates. This seemed possible because the protein fragment

(human Ago2, 1–148) used to produce anti-hAgo2 anti-
body (4G8) (Azuma-Mukai et al. 2008) has 85% sequence
identity to a corresponding region of rhesus monkey Ago2
(Supplemental Fig. 4). Indeed, the antibody cross-reacted
with rhesus monkey Ago2 but not with rodent Ago2 (Fig.
1B; Supplemental Fig. 3B, lane 3). Furthermore, the anti-
Ago1 antibody (clone 2A7) specifically immunoprecipi-
tated both rodent and monkey Ago1 (Fig. 1B; Supplemen-
tal Fig. 3B, lane 5).

We also found that the anti-Ago1 antibody (2A7) did
not immunoprecipitate rodent or monkey Ago2 and the
anti-Ago2 antibodies did not pull down detectable levels of
Ago1 (Fig. 1B; Supplemental Fig. 3B). These results suggest
that there was insignificant association of Ago1 with Ago2
in the immunoprecipitates obtained with our method.

Addressing potential immunoprecipitation artifacts

Faithful quantification of siRNA delivered into the RISC
requires the control of potential artifacts. One reported
artifact of immunoprecipitation is that RNA and protein
may form complexes after cell lysis (Mili and Steitz 2004).
Specifically for post-lysis Ago2–siRNA association, the
siRNA duplex may be released from delivery vehicles
circulating in the blood or from intracellular compartments
such as endosomes upon tissue lysis, and then be loaded
into Ago2. Additionally, siRNA strands may dissociate
from other RNA-binding proteins such as Ago1 and re-
associate with Ago2. To address these possibilities, we
prepared three sets of tissue samples for analysis: liver
tissue from Ssb siRNA-treated mouse, untreated monkey
liver tissue, and a mix of the two tissues (1:1 by weight).
Lysates were prepared from the three sets and subjected to
immunoprecipitation using either anti-mouse Ago2 anti-
body (2D4) or anti-human/monkey Ago2 antibody (4G8).
If there was significant association of siRNA with Ago2
after tissue lysis, siRNA from the mouse liver tissue would
transfer to monkey Ago2 and be detected in anti-monkey
Ago2 immunoprecipitates. Our experimental results argued
against this possibility: The majority of siRNA remained
associated with mouse Ago2 and <3% of siRNA transferred
to monkey Ago2 (Fig. 2A). As an internal control, the
conserved liver-specific mir-122 was measured in the Ago2
immunoprecipitates as well (Chang et al. 2004). The levels
of mir-122 were comparable among the immunoprecipita-
tion reactions except the two in which mismatched anti-
bodies were used (Fig. 2A).

We took another approach to address potential artifacts
by spiking a siRNA duplex against Apob directly into the
liver lysates of either PBS (phosphate buffered saline)-treated
or Ssb siRNA-treated mice prior to immunoprecipitation.
Negligible amounts of the ApoB siRNA guide strand were
detected in the Ago2 immunoprecipitates under our stan-
dard condition (4°C and the lysis buffer contains EDTA and
heparin) (Fig. 2B). Upon raising the incubation temperature

FIGURE 1. Characterization of Ago-specific antibodies. (A) Speci-
ficity of the antibodies for immunoprecipitation of overexpressed Ago
proteins. Indicated rodent and human Ago proteins with N-terminal
Flag-HA tags were transiently expressed in HEK 293T cells, immu-
noprecipitated with the indicated antibodies, and detected in Western
blot using an anti-HA antibody. (B) Immunoprecipitation effective-
ness of the antibodies using either mouse or rhesus monkey total liver
lysates. Lysates (30 mg) were loaded as input (5%). Antibodies used
for Western blot after immunoprecipitation are indicated to the right
of individual blots. The species specificity of the antibodies is
represented with the abbreviation (m, mouse; h, human/monkey)
before the protein name. Solid arrowhead, hollow arrowhead, and
asterisk denote Ago2, Ago1, and Ago protein members, respectively.
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to 37°C and omitting heparin and EDTA in the lysis buffer,
we observed significant loading of exogenous siRNA into
Ago2, indicating that post-lysis loading of siRNA duplex
could cause artifacts if not properly controlled for (Fig. 2B).

To improve the reliability of our method, we aimed to
reduce the assay variability derived from difference in Ago2
protein expression level, lysate protein concentration de-
termination, binding of antibodies, and the amount of
magnetic beads. Because Ago proteins bind to endogenous
miRNAs, we tested the possibility of normalizing siRNA

level to those of miRNAs. When the amount of input
mouse liver lysates varied from 100–600 mg, we observed
a proportionality of immunoprecipitated siRNA guide
strand and miRNAs (Fig. 2C). More importantly, the ratio
of siRNA guide strand to mir-122 remained constant (Fig.
2C). The ratio between immunoprecipitated miRNAs (mir-
122/mir-16) was not affected by the quantity of lysate input
or the treatment (Fig. 2C), and the ratio correlated with the
relative abundance of the miRNAs in the purified mouse
total liver RNA (Supplemental Table 1).

FIGURE 2. Reliability and robustness of the immunoprecipitation step. (A) siRNA-treated mouse liver harvested at 24 h post-dosing (filled
circle, set 1), untreated monkey liver tissue (hollow triangle, set 3), and a mix of the two tissues (set 2) were lysed, and Ago2 from the lysates was
immunoprecipitated with either anti-mouse Ago2 or anti-human/monkey Ago2 antibody. After subtracting the background numbers of small
RNAs that nonspecifically bind to a control IgG, the copy numbers of Ago2-associated Ssb siRNA and mir-122 from each immunoprecipitates are
graphed as mean 6 SD (two independent experiments, each performed in duplicate). (B) Synthetic ApoB siRNA duplex was spiked into the
indicated liver lysates at a final concentration of 1 mM and incubated at either 4°C or 37°C for 4 h before immunoprecipitation. The ratio of ApoB
siRNA guide strand to mir-122 from two independent experiments with duplicates are shown as the mean 6 SD. (C) The indicated amounts of
liver lysates were prepared from PBS-treated or siRNA-treated animals harvested at 1 d and 7 d after dosing and were then subjected to
immunoprecipitation. Copy numbers (not normalized) of Ago2-associated siRNA guide strand, mir-122, and mir-16, as well as the ratios of mir-
122/mir-16 and siRNA guide/mir-122 are presented as the mean 6 SD (n = 2 per datum).
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In vivo quantification of Ago2-associated siRNA
and target gene silencing

To further validate our method and gain quantitative
insights into siRNA delivery in vivo, we performed a mouse
study measuring both gene silencing and Ago2-associated
siRNA strand levels from tissue samples. Mice were treated
with LNP201b-Ssb siRNA at three escalating doses or with
a control LNP, which incorporated a comparable amount
of the same Ssb siRNA duplex (Supplemental Fig. 7A,
mod2). Liver and spleen punch biopsies were collected at
multiple time points post-dosing for analyses.

We found that in the liver samples, the amount of Ago2-
associated siRNA guide strand coincided well with the ef-
ficacy of target knockdown in a dose- and time-dependent
manner; the more siRNA detected in Ago2, the greater the
reduction of target mRNA level (Fig. 3A,B). The control
LNP delivered a negligible amount of guide strand into
Ago2 and had no significant activity. In addition, the level
of Ago2-associated siRNA guide strand showed a greater
dynamic range than that of mRNA knockdown. Because of
this, it was easier to discriminate the treatment condition
effectiveness (for example, among days 1, 7, and 14 for 3.6
mg/kg dose). The greater dynamic range of this approach
could enable the design of delivery studies requiring fewer
animals.

With the assumption that the siRNA delivery into the
majority of liver cells is not significantly different, we
attempted to estimate the copy numbers of siRNA guide
strand required for a given silencing efficacy in an average
liver cell. For instance, in the above mouse study, z50%
silencing was observed at two time points: day 14 for 1.2
mg/kg dose and day 21 for 3.6 mg/kg dose (Fig. 3A). By
normalizing the copy number of the immunoprecipitated
Ago2-bound siRNA guide strand to that of liver-specific
mir-122 and by determining the total number of the mir-
122 in a liver cell (for calculations, see Supplemental Table
2), we estimated about 370 copies of siRNA guide strand per
mouse liver cell were required for 50% target Ssb mRNA
knockdown. Note that among the estimated 370 siRNA
copies, only a portion is associated with Ago2 and cleaves
target mRNA, because all Ago subfamily members bind to
siRNAs (Meister et al. 2004) and Ago2 can mediate cleavage-
independent gene silencing as well (Wu et al. 2008).

By using absolute quantitative RT-PCR, we estimated
that there were about 100 copies of Ssb target mRNA in
a mouse liver cell. At the time points when 50% target
mRNA inhibition was achieved, there were about 50 copies
of Ssb mRNA remaining per cell. It is appealing to think
that the number of target mRNA being cleaved, speculatively
in the range of 50–100, reflects the number of cleavage-
capable RISC.

At the 3.6 mg/kg dose, the most effective silencing oc-
curred on day 1 post-dosing. There were about 18,000 cop-
ies of siRNA guide strand per cell and a 87% reduction

in Ssb mRNA level. The knockdown of Ssb was sustained at
>80% for z14 d, despite the steady reduction of the
quantity of Ssb siRNA in Ago2 (Fig. 3A,B). After 14 d,
the quantity of Ago2-bound siRNA continued to decrease,
and the reduction of silencing efficacy was more appreciable.
These findings imply that (1) there is a continuous degrada-
tion of Ago2-associated siRNA guide strand, and (2) deliv-
ering more copies of siRNA than the minimum required for
achieving given efficacy may buffer the loss of siRNA and
prolong the duration.

FIGURE 3. Target (Ssb) gene silencing and quantification of Ago2-
associated siRNA strands in mouse liver samples. (A) Dose-response
and duration of knockdown in liver after a single intravenous
administration of PBS or indicated LNP-siRNA. Expression levels of
Ssb relative to housekeeping Ppib were determined by quantitative
RT-PCR and expressed as percentage values in relation to PBS-treated
animals. (B,C) Levels of Ago2-associated siRNA guide strand (B) or
passenger strand (C) after normalizing their copy numbers to those of
coimmunoprecipitated mir-122. The non-normalized copy numbers
of the small RNAs are plotted in Supplemental Figure 5. Each bar,
group mean 6 SD (n = 4 per group).
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Another important question for siRNA therapeutics is
whether administered siRNA competes with endogenous
miRNAs for binding to Ago proteins. To address this, we
quantified four miRNAs in the mouse liver Ago2 immu-
noprecipitates: highly abundant mir-122, intermediately
abundant mir-16, and low abundance mir-26b and let-7a.
For all the miRNAs examined, no significant difference was
observed among the PBS-treated and siRNA-treated ani-
mals (Supplemental Fig. 5). This finding implies that the
siRNA, at least at the doses we used, does not perturb the
binding of miRNAs to Ago proteins. It also confirms that
the coimmunoprecipitated miRNAs can be utilized for
quantification normalization.

In addition to the guide strand and miRNAs, we also
quantified the passenger strand of the Ssb siRNA in the
Ago2 immunoprecipitates. The quantity of the passenger
strand was more than 30-fold less than that of the guide
strand on day 1 post-dosing and declined more rapidly
afterward (Fig. 3C). We thus conclude that for the siRNA
we used, the loading of the passenger strand into Ago2 is
unfavorable (see below). The selectivity against the passen-
ger strand may help to improve siRNA specificity by
reducing the off-target effects induced by the Ago-associated
passenger strand (Chen et al. 2008).

It has been reported that the LNP can also deliver siRNA
to mouse spleen, but compared with that observed in the
liver, the silencing effect was weak (Morrissey et al. 2005;
Abrams et al. 2010). We extended the analysis of Ago2-
bound siRNA strands to the mouse spleen samples harvested
1 d post-dosing. We found that (1) the knockdown of the
Ssb target in spleen was indeed marginal; (2) the active LNP
did deliver siRNA into Ago2 in a dose-dependent manner,
whereas the less-active control LNP failed to do so; and (3)
the prevailing bias for guide strand loading was maintained
in the spleen (Supplemental Fig. 6). We surmise that the
insignificant knockdown of Ssb mRNA in the spleen is due
to the failure to deliver the threshold level of siRNA needed
for silencing in the spleen cells expressing Ssb.

Chemical modifications of siRNA confer
strand selection

The siRNA used in the above mouse study is chemically
modified (Supplemental Fig. 7A, mod2), and the guide
strand was almost exclusively incorporated into Ago2. To
understand the basis for this exclusivity, we probed the
effect of chemical modifications on siRNA loading in cul-
tured HEK 293T cells using the same Ago2 immunopre-
cipitation and small RNA quantification approach.

Whereas the unmodified siRNA showed an approxi-
mately threefold preference for the guide strand, likely due
to the thermodynamic asymmetry of the sequence (Schwarz
et al. 2003), chemical modifications on the siRNA conferred
enhanced guide strand selection: z17-fold for mod1 and
z33-fold for mod2 (Supplemental Fig. 7A,C). All three

siRNA duplexes were effective at reducing Ssb mRNA level
(Supplemental Fig. 7B). The difference between mod1 and
mod2 is the extent of backbone modification, which does
not appear to be the primary determinant for selectivity. In
both modifications the ends of the passenger strand were
blocked with inverted abasic caps (B). We surmise that the
59-B modification controls strand selection by blocking
59 phosphorylation, which is important for RISC loading
(Nykanen et al. 2001; Czauderna et al. 2003; Chen et al.
2008).

A quantitative view of mouse liver siRNA delivery
at early time points

In our mouse study discussed above, the silencing effect
and the level of siRNA guide strand in Ago2 peaked as early
as 1 d after dosing. To evaluate the siRNA delivery at earlier
time points, we performed another mouse experiment
and examined the kinetics of mRNA knockdown, siRNA
delivery in the liver, and siRNA association with Ago2
(Fig. 4).

We observed that the silencing of Ssb mRNA was already
evident at 30 min and reached a steady state z6 h post-
dosing (Fig. 4A). The loading of siRNA into Ago2 was also
apparent at 30 min and increased until 4 h post-dosing
(Fig. 4B). The majority of the siRNA associated with Ago2
was the guide strand (Fig. 4B). In contrast, siRNA detected
in total liver homogenates at early time points was in much
higher abundance. The majority of the total liver siRNA
was likely in duplex form, and the levels of siRNA strands
decreased sharply over time (Fig. 4C). At 24 h post-dosing,
the levels of the guide strand in Ago2 and in the liver
appeared to converge. We estimated that the amount of the
siRNA guide strand in Ago2 at 24 h was only z4% of that
in liver at 0.5 h and conceivably even lower if compared to
the amount of siRNA dosed. This implies that there is
ample room for improving siRNA delivery.

Finally, we did a Western blot analysis of Ago2 in liver
lysates and found that LNP-siRNA treatment had no obvi-
ous effect on Ago2 protein abundance (Supplemental Fig. 8).

Extending the Ago2–siRNA complex quantification
to rat and nonhuman primate

The rat and rhesus monkey are other important preclinical
species, and we extended the quantification of Ago2–siRNA
complex to their liver tissues. Similar to what we observed
for the mouse, the quantity of Ago2-associated Ssb siRNA
guide strand in the livers of rat and monkey correlated well
with the extent of target silencing (Fig. 5). Moreover, a
similar correlation was observed when we tested a siRNA
against a different target, Apob (data not shown). These
studies indicate that the in vivo quantification of RISC
delivery can be applied to animals other than the mouse.

Pei et al.

2558 RNA, Vol. 16, No. 12



DISCUSSION

We conducted a quantitative siRNA in vivo delivery
analysis that bridges dosing and efficacy. The quantitative
information obtained from this type of analysis will facil-
itate the development of siRNA therapeutics and establish
pharmacokinetics/pharmacodynamics relationships. More-
over, the combined approaches of lipid-mediated delivery
and quantitative analysis present an appealing platform for
investigation of silencing mechanisms in vivo.

Quantification of the RISC assembled in vitro has been
demonstrated by the Zamore laboratory using bead-immo-
bilized 29-O-methyl-modified oligonucleotides that were
antisense to the siRNA strand within the RISC (Schwarz
et al. 2003; Hutvágner et al. 2004). Because the siRNA
strand was 59-32P-radiolabeled, the amount of radioactivity
pulled down by the beads was a direct measurement of
the amount of siRNA incorporated into the RISC in vitro.

Utilizing this method on an elevated
scale in animals, however, would be dif-
ficult due to the requirement for radio-
labeled siRNA.

Our quantitative analysis of the he-
patic delivery of siRNA in mouse rein-
forced several concepts in the field. The
first is the requirement for a threshold
quantity of siRNA for efficacy. Our find-
ings support this notion by estimating
that about 370 copies of siRNA per
mouse liver cell are required for a 50%
Ssb mRNA inhibition. Interestingly, this
estimated value is similar to the one
reported previously and derived from
experiments in which siRNA against a
different target was delivered into cul-
tured cells via either lipofectamine or mi-
croinjection and quantified using a non–
PCR-based method (Veldhoen et al.
2006; Mescalchin et al. 2007). It remains
to be investigated whether this threshold
value is influenced by siRNA modifica-
tion, target mRNA, and abundance of
Ago protein members. In theory, this
value is readily achievable by liposomal
delivery vehicles because, by approxima-
tion, each LNP may contain up to 4000
siRNAs (Peer et al. 2008).

The second concept is the stability of
the RISC. Our results imply that siRNA
in Ago2 undergoes continuous degra-
dation. Our data also suggest that the
duration of silencing is a balanced out-
come of initial loading of the RISC and
siRNA degradation for the nondividing
hepatocyte. Recently, it has been dem-

onstrated the miRNA homeostasis in Caenorhabditis elegans
is controlled by a 59/39 exoribonulease XRN-2 and tar-
get binding modulates miRNA stability (Chatterjee and
Grosshans 2009). It would be important to investigate
whether this scenario pertains in animals for siRNA stability.

The last concept is the saturation of silencing. Within the
dose regimen we tested, there is no indication that maximal
RISC loading was achieved, but a plateau for efficacy was
observed. It is likely that RISC machinery can be saturated
at higher doses, as inferred from in vitro transfection ex-
periments (McManus et al. 2002). One interesting question
is the source of loadable Ago2 protein. It has been reported
that cell–cell contact globally activates miRNA biogenesis
via enhanced processing and more efficient formation of
the RISC, but not through increasing abundance of Ago
proteins (Hwang et al. 2009). Because there was no evident
induction of Ago2 expression upon siRNA treatment in
our study either, there could be a cellular reservoir of

FIGURE 4. Kinetics of silencing, siRNA tissue uptake, and Ago2 loading in mouse liver. Mice
were treated with a single intravenous dose (3.6 mg/kg) of LNP201b-Ssb siRNA and harvested
at the indicated time points. (A) Silencing of the Ssb target mRNA. Expression levels of Ssb
relative to housekeeping Ppib were determined by quantitative RT-PCR and expressed as
percentage values in relation to PBS-treated animals. (B) Normalized quantities of Ago2-
assocaited siRNA guide and passenger strands. (C) Normalized amounts of siRNA guide and
passenger strands in liver homogenates.
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unoccupied Ago2. This pool of Ago2 could be active but not
utilized by the endogenous miRNA pathway, possibly be-
cause the concentration of the miRNA precursors is below or
near the Kd of the loading machinery. With the influx of
administered siRNA (Fig. 4C), however, this fraction of Ago2
can be loaded with siRNA due to elevated siRNA concen-
tration. Alternatively, the unoccupied Ago2 may be in an
inactive form and/or in a different compartment and enter
into the RISC after exogenous siRNA reaches the cytoplasm.

A potential consequence for RISC machinery saturation
is the competition between siRNA and endogenous miRNAs
for Ago2. It has been reported that transfected siRNAs could
compete with endogenous miRNA for silencing complex
and disturb gene regulation by miRNAs (Castanotto et al.
2007; Khan et al. 2009). However, we did not witness any
significant changes in the levels of coimmunoprecipitated
miRNAs after siRNA treatment. Our finding is consistent
with another in vivo report that siRNA treatment caused no
changes in total hepatic levels of miRNAs nor any increase in
expression of mir-122 targets (John et al. 2007). The dis-
crepancies may be attributed to differences in siRNA con-
centration between in vivo and in vitro transfections. Our
method for quantification of RISC may enable further in-
vestigation on this issue.

In our mouse study, nonproportional
amounts of the RISC were required for
increased levels of silencing: about 370
copies for 50% inhibition and about
2200 copies for 80% inhibition on day
14. One possibility to account for this
observation is target accessibility. If the
RISC needs to transiently interact with
mRNA and ‘‘scan’’ for the complemen-
tary site (Ameres et al. 2007), more
copies of the RISC may be required to
find the few remaining target mRNAs.

Target accessibility may also account
for the nominal silencing activity ob-
served in the spleen. The spleen is more
heterogeneous with respect to cell types
than the liver, and the cells that are
more amenable to siRNA delivery may
be different from those expressing target
mRNA. To examine this possibility, the
quantification of RISC loading could be
extended to specific cell types isolated
from disaggregated tissues.

It should be acknowledged that stem–
loop RT-PCR may not efficiently detect
certain truncated yet active siRNA spe-
cies, insofar as it relies on the intact
39 end of the small RNA (Wu et al. 2007;
Stratford et al. 2008). Consequently, alter-
native detection methods should be ex-
ploited to confirm the results obtained

through stem–loop RT-PCR. In addition, it would be in-
triguing to examine the small RNA loading in all Ago paralogs
and probe whether it is feasible to design siRNAs that pref-
erentially enter into Ago2. The studies described here serve as
a starting point for further quantitative analyses in support
of fulfilling the promises of novel siRNA therapeutics.

MATERIALS AND METHODS

Animals

Female Crl:CD-1/ICR mice were obtained from Charles River
Laboratories and were between 6 and 10 wk old at time of study
(25–30 g). Female Crl:CD (SD) rats were also obtained from Charles
River Laboratories, and they were 5–6 wk old at time of study (125–
150 g). Rhesus monkeys were obtained from New Iberia Research
Center and were between 3 and 4 yr old at time of study (4–5 kg).
All studies were performed in Merck Research Laboratories’
AAALAC-accredited West Point (PA) animal facility using protocols
approved by the Institutional Animal Care and Use Committee.

Monoclonal antibodies

Antibodies for Ago2 (clone 2D4 and 4G8) and for Ago1 (clone
2A7) were purchased from Wako Chemicals USA, Inc. Anti-Ago

FIGURE 5. Quantification of RISC in rat and rhesus monkey. Rats (A) or two rhesus monkeys
(B) were treated with a single intravenous dosing of 3.6 mg/kg LNP201b-Ssb siRNA and
analyzed at indicated time points. Ssb mRNA expression (left y-axis) relative to housekeeping
Ppib was normalized to that of PBS-treated animals (defined as 100%). Levels of siRNA strands
(right y-axis) were normalized to those of respective coimmunoprecipitated mir-122. For rats
each bar represents the group mean SD (n = 3 per group). For monkeys the data are shown as
for the individual animal.
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antibody (clone 2E12-1C9) and anti-Flag antibody were from
Sigma. Anti-Ago2 rabbit antibody (clone C34C6) was from Cell
Signaling Technology. Monoclonal antibody against Ago1 (4B8)
was purchased from Ascenion GmbH (Beitzinger et al. 2007).
Anti-HA antibody was from Covance.

Plasmids

Full-length cDNAs encoding mouse Ago1-4 (accession nos.
NP_700452, NP_694818, NP_700451, and NP_694817), rat
Ago2 (accession no. NP_067608), and human Ago1-4 (accession
nos. NP_036331, NP_036286, NP_079128, and NP_060099) were
transferred into a mammalian expression vector derived from
pIRESpuro3 (Clontech) from respective Entry vectors by Gateway
cloning.

siRNA and liposomes

Chemically modified siRNA against Ssb was synthesized by Merck/
Sirna Therapeutics. The sequence and chemical modifications are
illustrated in Supplemental Figure 7A. siRNA-LNPs were assem-
bled as previously described (Abrams et al. 2010), except that the
molar ratio of cLinDMA:cholesterol:polyethylene glycerol was
57:38:5 for LNP201b. For the control LNP, the cationic lipid
cLinDMA was replaced by (3b)-3-[4-({(2S)-1-(morpholin-4-yl)-
3-[(9Z,12Z)-octadeca-9,12-dien-1-yloxy]propan-2-yl}oxy)butoxy]-
cholest-5-ene, and the molar ratio of cationic lipid:cholesterol:poly-
ethylene glycerol was 50.3:44.3:5.4.

Quantification of tissue siRNA and mRNA

The Ssb mRNA levels were measured by relative quantitative
RT-PCR as previously described (Abrams et al. 2010). To estimate
the copy number of Ssb mRNA per cell, the protocol was modified
to be absolutely quantitative by using an in vitro transcribed sense
RNA fragment as the standard. Briefly, a 250-bp synthetic mini-
gene containing the Ssb qPCR amplicon surrounded by 59 and
39 flanking sequences of Ssb mRNA was cloned into the plasmid
pIDTBlue (Integrated DNA Technologies). The insert and the up-
stream T7 RNA Polymerase promoter were amplified by conven-
tional PCR and subjected to in vitro transcription (IVT) using the
MAXIscript kit (Ambion). A standard curve was generated by sub-
jecting the IVT product to serial dilutions in a matched concen-
tration of irrelevant rat total RNA. A linear equation derived from
parallel qPCR analysis of the standard curve was used to transform
sample Ct values into absolute copy numbers per nanogram of
RNA. The copy numbers of Ssb mRNA per cell was then cal-
culated by assuming that each cell contains 20 pg of RNA. The
siRNA concentration in tissues was determined using a modified
stem–loop RT-PCR procedure also as described (Abrams et al.
2010), except that mir-122 replaced RNU6B as a normalization
control.

Tissue lysate preparation

Six-millimeter tissue punch biopsies were excised from the liver or
spleen of individual animal and flash-frozen at time of harvest.
The frozen tissues were pulverized in Cryobags (Covaris) using
a Cryoprep system (Covaris) at impact level of 4. Pulverized
tissues were transferred to 17-mm glass tubes on dry ice, mixed

with 1 mL ice-cold lysis buffer (50 mM Tris-HCl at pH 7.5, 200
mM NaCl, 0.5% Triton X-100, 2 mM EDTA, 1 mg/mL heparin,
and protease inhibitor cocktail; Roche), and homogenized with
a Covaris E-210 instrument at the setting of 10% duty cycle, in-
tensity 8, and 200 cycles/burst for 30 sec. After processing, lysates
were centrifuged at 21,000g for 45 min at 4°C. The supernatants
were aliquoted, and total protein concentrations were determined
by the Biorad Bradford dye reagent with bovine serum albumin as
the standard. In the spike-in experiment, a siRNA against ApoB
was added to the lysate at a final concentration of 1 mM, and the
mixtures were incubated at either 4°C or 37°C for 4 h before
immunoprecipitation.

Immunoprecipitation

For immunoprecipitation in 96-well microplate format, 200 ng of
antibody was absorbed to 50 mL of magnetic Protein G Dynabeads
(Invitrogen) during a 2-h incubation at 4°C in 100 mL lysis buffer
on a micromixer. The beads were washed twice with 100 mL lysis
buffer to remove unbound antibody. Six microliters of lysates
(360 mg total protein) was then incubated with the antibody-
bound beads overnight at 4°C with mixing. The beads were
washed five times with lysis buffer, followed by one washing with
a buffer containing 50 mM Tris-HCl (pH 7.5), 200 mM NaCl, and
0.2% Triton X-100. The small RNAs coimmunoprecipitated with
the beads were extracted by incubation with Cells-to-Ct reagents
(Ambion) following the manufacturer’s protocol. In Figure 1B
immunoprecipitation was performed in microcentrifuge tube
format with the following changes: 5 mg of antibody was absorbed
to 50 mL of Protein A/G beads (Santa Cruz), 400 mL lysates at
2 mg/mL were used, and the beads were heated at 70°C for 10 min
in 2xNuPAGE sample buffer before an aliquot of the supernatant
was taken for gel electrophoresis.

Quantification of small RNAs in immunoprecipitates

Custom Taqman small RNA assay reagents for Ssb siRNA guide
strand and passenger strand were obtained through the early
access program from Applied Biosystems (Cheng et al. 2009).
Taqman miRNA assays were also purchased from Applied Bio-
systems. Five microliters of the Cells-to-Ct eluents was assayed
following the vendor’s protocol with respective small RNA as the
standard. Small RNA copy numbers were calculated using a linear
equation derived from the respective standard curve. The copy
number of mir-122 per liver cell was estimated by quantifying
mir-122 from 10 ng of purified total liver RNA with the
assumption that each liver cell contains 20 pg of RNA.

Cell culture and transfections

HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin at 37°C
in a 5% CO2-containing atmosphere. For transfection, cells were
plated on 10-cm Corning CellBIND dishes. Plasmids overexpress-
ing Ago proteins were transfected at 10 mg each using FuGENE
6 (Roche) according to the manufacturer’s protocol. Ssb siRNA
duplexes were reversely transfected at 0.2 nM using Lipofectamine
RNAiMAX (Invitrogen) following the manufacturer’s instruction.

Quantification of in vivo siRNA delivery
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Western blot analysis

Aliquots of the tissue lysates (30 mg each) or immunoprecipitates
were heated for 5 min at 100°C and resolved by electrophoresis on
4%–12% NuPAGE gels (Invitrogen). The polypeptides were trans-
ferred to a nitrocellulose membrane (Invitrogen) with a wet trans-
fer apparatus (Bio-rad). The membrane was probed with primary
antibodies, and the immune complexes were visualized with
appropriate IRDye 800CW-conjugated secondary antibodies
(LI-COR Biosciences) using an Odyssey Infrared Imaging
System (LI-COR Biosciences).

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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