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Therapeutics based on RNA interference (RNAi) have
emerged as a potential new class of drugs for treating
human disease by silencing the target messenger RNA
(mRNA), thereby reducing levels of the corresponding
pathogenic protein. The major challenge for RNAi therapeutics is the development of safe delivery vehicles for
small interfering RNAs (siRNAs). We previously showed
that cholesterol-conjugated siRNAs (chol-siRNA) associate with plasma lipoprotein particles and distribute primarily to the liver after systemic administration to mice.
We further demonstrated enhancement of silencing by
administration of chol-siRNA pre-associated with isolated
high-density lipoprotein (HDL) or low-density lipoprotein
(LDL). In this study, we investigated mimetic lipoprotein particle prepared from recombinant apolipoprotein
A1 (apoA) and apolipoprotein E3 (apoE) as a delivery
vehicle for chol-siRNAs. We show that apoE-containing
particle (E-lip) is highly effective in functional delivery
of chol-siRNA to mouse liver. E-lip delivery was found
to be considerably more potent than apoA-containing
particle (A-lip). Furthermore, E-lip–mediated delivery
was not significantly affected by high endogenous levels of plasma LDL. These results demonstrate that E-lip
has substantial potential as delivery vehicles for lipophilic
conjugates of siRNAs.
Received 12 June 2011; accepted 1 February 2012; advance online
publication 5 June 2012. doi:10.1038/mt.2012.33

Introduction

RNA interference (RNAi) is a naturally occurring cellular mechanism of regulating gene expression that is present across a wide
range of species including humans. RNAi can selectively and
potently silence target messenger RNA (mRNA), leading to
reduced expression of the corresponding protein. Synthetic small
interfering RNAs (siRNAs) that harness this endogenous pathway
have emerged recently as a highly promising new class of drugs

to treat human diseases. However, an siRNA, a double-stranded
macromolecule with each strand comprising 19–25 nucleotides,
is highly anionic and does not readily diffuse across membrane
barriers. Effective cellular delivery of siRNAs remains the primary
challenge for this new class of therapeutics.
Previously, we demonstrated that the conjugation of cholesterol to the 3′-end of the sense strand of an siRNA significantly
improves the in vivo pharmacological properties of siRNAs.1
Subsequently, we showed that cholesterol-conjugated siRNA targeting apoB (chol-siApoB) was primarily delivered to the liver
through association with endogenous lipoprotein particles when
administered to mice systemically. Moreover, administration of
pre-assembled complexes of high-density lipoprotein (HDL) with
chol-siApoB enhanced liver apoB mRNA silencing compared to
injection of chol-siApoB alone.2
HDLs are heterogeneous populations of lipoprotein particles
comprised of small, nascent discoidal HDLs and larger, cholesterol ester-rich spherical HDLs. HDLs recruit excess extrahepatic cholesterol and deliver the cholesterol to the liver for
biliary secretion.3,4 Scavenger receptor class B type 1 (SR-B1)
mediates the transfer of HDL-cholesterol esters and lipids to
cells by selective HDL lipid uptake, a non-endocytotic mechanism.5 The major lipoprotein component of HDL is apoA1, but
HDL carries a population of proteins such as enzymes and other
apolipoproteins including apoE.6 ApoE is present in other lipoproteins where it provides high affinity binding to low-density
lipoprotein receptor (LDLR) and LDL receptor-related protein
1 (LRP1) and promotes internalization of respective lipoprotein
particles.7–9
Reconstituted HDL-like particles (rHDL) can be readily
prepared from apoA1, apoE or their variants and phosphatidylcholine.10–13 They were initially developed to study lipoprotein
metabolism.12 Since then, rHDLs have been explored as potential antiatherosclerosis therapeutics14–16 and small molecule drug
delivery vehicles,17,18 and have been used for studying membrane
proteins.19,20 Biochemical and biophysical studies of rHDL molecules suggest a nascent HDL-like discoidal structure, in which
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A-lip was prepared from recombinant apoA1 and palmitoyl
oleoyl phosphatidyl choline (POPC), and E-lip was prepared from
recombinant apoE and dimyristoylphosphatidylcholine (DMPC),
respectively. We chose POPC and DMPC as they gave particles of
relatively homogeneous size. Physical characteristics, composition,
and negative stain electron microscopy images of A-lip and E-lip
are similar to previously reported10 and shown in Supplementary
Table S1 and Figure S1. Incubation of chol-siRNA with A-lip
or E-lip at molar ratios of 1:1 to 4:1 (siRNA:liposome) resulted
in incorporation of 90–95% of input siRNA (Supplementary
Figure S2). Association of chol-siRNA with liposomes was
found to be independent of the siRNA sequence as more than 15
chol-siRNAs of different sequences were incorporated into both
liposomes with similar results.

In vivo delivery of chol-siRNA by A-lip
We first compared A-lip with native HDL purified from mouse
plasma for delivery of chol-siApoB and silencing of hepatic apoB
mRNA. For this study, we used chol-siApoB-1 with both oligonucleotide strands partially modified with a phosphorothioate backbone and containing 2′-O-methyl modifications.1,2 Complexes
of A-lip or native HDL with chol-siApoB-1 with a 1:1 (mol:mol)
binding stoichiometry were prepared and intravenously administered to C57BL6 mice at a dose of 50 mg/kg. Silencing of apoB
mRNA was determined by quantitative PCR and branched
DNA assay; both methods gave nearly identical results. Hepatic
apoB mRNA was suppressed by a maximum of 40–60% with
either A-lip-siApoB-1 or native HDL-chol-siApoB-1 complexes
(Figure 1a), demonstrating that A-lip can deliver chol-siRNA in
a fashion similar to native HDL. Consistently, binding of A-lipchol-siRNA to rat primary hepatocytes was inhibited by purified
rat HDL (Figure 1b).
With A-lip, we observed relatively high experiment-toexperiment variability in apoB mRNA silencing. The reason
for this variation is yet to be determined. We also administered
another chol-siRNA of a different sequence, chol-siApoB-2,
whose parent siRNA without the cholesterol moiety was shown to
be highly efficacious in non-human primate studies when formulated in lipid nanoparticles.24 With A-lip-chol-siApoB-2 or native
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apolipoproteins forming amphipathic helices surround and stabilize a lipid bilayer of 8–20 nm in diameter.21–23
In this study, we investigated those reconstituted particles for
the delivery of chol-siApoB. We prepared them using recombinant
human apoA and ApoE and named these particles as A-liposomes
(A-lip) and E-liposomes (E-lip), respectively. Chol-siRNAs were
complexed with A-lip and E-lip and administered into mice
systemically. Uptake of chol-siRNA occurred similarly to native
HDL when A-lip was used, whereas uptake of E-lip-siApoB was
likely through the LDLR and its receptor family. We show that
silencing of apoB mRNA was significantly improved when the
E-lip-chol-siApoB complex was administered to mice compared
to A-lip-chol-siApoB and that E-lip–mediated delivery may be
applicable broadly to silencing gene targets in hepatocytes.
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Figure 1 ApoB mRNA silencing by A-lip-chol-siApoB complexes. (a)
In vivo apoB mRNA silencing activity of A-lip-chol-siApoB-1 and A-lip-cholsiApoB-2. For comparison, apoB mRNA silencing with chol-siRNA alone
and chol-siApoB complexed with purified mouse HDL (mHDL) are shown.
Results were shown relative to PBS control animals. N = 4 per group.
Each value represents the group mean ± SD. *P < 0.05. (b) Binding of
A-lip-chol-siApoB-1 and A-lip-chol-siApoB-2 to rat hepatocytes in the presence of a competitor (rat HDL, nonspecific IgG, or control PBS) using 32Plabeled chol-siRNAs at 4 °C. The assay was done in triplicate. Each value
represents the group mean ± SD. (c) ApoB mRNA silencing by A-lip-cholsiApoB complexes in vitro. Mouse primary hepatocytes were incubated
with 0.63 μmol/l of A-lip-chol-siApoB-1 or A-lip-chol-siApoB-2 for 6 hours
at 37 °C and ApoB mRNA was quantified by qPCR. The assay was done
in triplicate. Each value represents the group mean ± SD. apoB, apolipoprotein B; chol-siRNA, cholesterol-conjugated small interfering RNA; cpm,
counts per minute; HDL, high-density lipoprotein; mRNA, messenger
RNA; PBS, phosphate-buffered saline; qPCR, quantitative PCR.
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E-lip–mediated chol-siRNA delivery is more effective
than A-lip–mediated delivery
To improve the efficacy of liposome-mediated chol-siRNA delivery, we postulated that incorporation of apoE into liposomes
would increase cellular uptake of chol-siRNA because apoE binds
LDLR and other LDLR family members with high affinity,8,9
thereby potentially increasing the number of cellular entry pathways for chol-siRNA. Moreover, altering the chol-siRNA cellular
entry pathway may result in an intracellular distribution that is
more favorable for RNAi.
Administration of E-lip-chol-siApoB-1 complexes (1:1 binding stoichiometry) to C57BL6 mice at a dose of 30 mg/kg resulted
in greater than 80% reduction of hepatic apoB mRNA (Figure 2a).
Both serum apoB100 and apoB48 were lowered by 80 and 50%,
respectively (Figure 2b). Furthermore, serum LDL cholesterol levels
were reduced by 60% (Figure 2c). In contrast, HDL-cholesterol levels
were not affected (Figure 2d). Injection of apoE alone, E-lip alone, or
E-lip-chol-siRNA targeting another hepatocyte gene did not affect
apoB mRNA levels (Figure 2a), indicating that the observed apoB
mRNA silencing is a specific effect of the apoB siRNA.
To further examine the ability of E-lip to facilitate cholsiRNA delivery, we also used chol-siApoB-2. In contrast to A-lip–
mediated delivery, silencing of apoB mRNA was as effective with
E-lip-chol-siApoB-2 as with E-lip-chol-siApoB-1 (Figure 2a) and
the resultant reduction of serum LDL cholesterol was nearly identical to those with E-lip-chol-siApoB-1 (Figure 2c). We also examined hepatic apoB silencing in LDL receptor knockout (LDLR−/−)
mice. Silencing apoB mRNA was less effective (55%) and reduction of apoB100 protein was similarly less effective (40%) whereas
reduction of apoB48 protein was similar to that of normal C57BL6
(Supplementary Figure S3). The result suggests that the particles
are indeed taken up through partly LDLR and others such as LRP1
as we had postulated.
To confirm that silencing of apoB mRNA in E-lip chol-siRNA
treated animals was indeed mediated by an RNAi mechanism, we
performed 5′-rapid amplification of cDNA ends (RACE) analysis followed by detection of the predicted cleavage site by direct
sequencing of 5′-RACE products.1,2,24 As shown in Figure 3,
5′-RACE product of the correct size and sequence was present in
liver samples from animals treated with E-lip-chol-siApoB-2, but
not in liver samples from animals treated with phosphate-buffered
saline (PBS) or the control E-lip-chol-siRNA targeting another
hepatocyte gene.
We extended our study to two other liver targets—protein
convertase subtilisin/kexin type 9 (PCSK9) and Factor VII (FVII)
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 DL-chol-siApoB-2 complex, no apoB mRNA silencing was
H
observed (Figure 1a). Cholesterol conjugation reduced the potency
of this compound, with IC50s for apoB mRNA suppression of
500 pmol/l with chol-ApoB-2 and 50 pmol/l with chol-siApoB-1 in
an in vitro cell assay with a transfection reagent. The difference in
potency also reflected when mouse hepatocytes were treated with
A-lip-siApoB-1 and A-lip-siApoB-2 at 0.63 μmol/l for 6 hours.
Nearly 35% of apoB mRNA was silenced with A-lip-siApoB-1, but
no silencing was observed with A-lip-siApoB-2 (Figure 1c). It is
likely that the lack of in vivo efficacy with A-lip-chol-siRNA-2 was
due to less potent siApoB-2 than siApoB-1.

Figure 2 ApoB mRNA silencing, apoB protein reduction and LDL cholesterol lowering by E-lip-chol-siApoB complexes. (a) ApoB mRNA silencing by E-lip-siApoB-1 and E-lip-siApoB-2 at 48 hours after administration.
Each value represents the group mean ± SD. N = 4 per group. *P < 0.05.
(b) ApoB100 and apoB48 serum protein reduction by E-lip-chol-siApoB-1.
Western blot analysis of serum from individual animal treated with PBS,
chol-siApoB-1, or E-lip-chol-siApoB-1. (c,d) LDL-cholesterol and HDLcholesterol levels at 48 hours after administration. apoB, apolipoprotein B;
HDLc, high-density lipoprotein cholesterol; LDLc, low-density lipoprotein
cholesterol; mRNA, messenger RNA; PBS, phosphate-buffered saline.
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Figure 3 Confirmation of RNAi-mediated cleavage of apoB mRNA. Capillary electrophoresis analysis of 5′-RACE PCR amplification shows the
predicted specific cleavage product (arrow) in E-lip-chol-siApoB-2 (b-d) but not E-lip-chol-si-control (a) treated animals. mRNA from each individual
animal was analyzed for the E-lip-siApoB-2 treated group and pooled mRNA was analyzed for the control group. apoB, apolipoprotein B; mRNA,
messenger RNA; RNAi, RNA interference; 5′-RACE, 5′-rapid amplification of cDNA ends.

E-lip-chol-siApoB: tissue distribution, dose response,
and duration of effect
Pharmacokinetic analysis revealed plasma and liver elimination
half-lives (T1/2) of 2.2 and 3.0 hours, respectively, after intravenous
administration of chol-siApoB-2. Eight hours after administration of A-lip- or E-lip-chol-siApoB-2 complex, tissue distribution
of the siRNA was found primarily in the liver (Figure 4) as determined using 32P-chol-siApoB.2 Uptake by the liver was significantly (70%) more with E-lip than A-lip. The results likely explain
why chol-siApoB-2 is efficacious with E-lip but not with A-lip. Our
previous study showed that native LDL particle-mediated uptake
of chol-siRNA mainly distributed the siRNA to the liver, whereas
native HDL particles mediated distribution of chol-siRNA to the
adrenal and overly more than the liver per mg tissue.2 These data
demonstrate that the tissue distribution of chol-siRNA delivered
by both A-lip and E-lip particles resembles that of native LDL.
The dose dependence of silencing was steep, with small
changes in dose resulting in large effects in silencing. E-lip-cholsiApoB-2 complex at a dose of 20 mg/kg resulted in apoB mRNA
reduction by 20%, whereas the maximum 80–85% apoB mRNA
reduction occurred at a modest increase in dose to 30 mg/kg (data
not shown). These doses appeared well-tolerated as evidenced by
clinical parameters and serum chemistry up to 11 days postinjection (Supplementary Figure S5). Silencing of apoB mRNA persisted until day 10 after a single dose of E-lip-chol-siApoB-2 at
30 mg/kg, by which time apoB mRNA recovered to baseline levels
(Figure 5).
Molecular Therapy vol. 20 no. 8 aug. 2012
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not appreciably reduce their respective target mRNA. However,
in complex with E-lip, ~75% of PCSK9 mRNA and 50% of FVII
mRNA were silenced by chol-PCSK9 and chol-siFVII, respectively, after a single dose of 30 mg/kg (Supplementary Figure S4).
Taken together, these results suggest that E-lip particles can provide an effective in vivo delivery vehicle for a broad range of cholsiRNAs targeting hepatic genes.
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Figure 4 Tissue distribution of chol-siRNA in C57BL6 mice administered by A-lip-chol-siApoB-2 or E-lip-chol-siApoB-2. Mice were
injected with A-lip or E-lip complexes pre-assembled with 32P-labeled
chol-siApoB-2 at a dose of 10 mg/kg. Four hours after injection, tissues
were harvested and the radioactivity associated with the tissues was
determined. N = 3 per group. Each value represents the group mean
± SD. *P < 0.05, **P < 0.01. chol-siRNA, cholesterol-conjugated small
interfering RNA; cpm, counts per minute.

Silencing of ApoB mRNA in transgenic mice with
increased levels of plasma LDL
Plasma lipoprotein profiles vary significantly among different
species. In mice, HDL is the major liproprotein and 80% of total
serum cholesterol is found in HDL. In humans, LDL is the major
lipoprotein species and binds ~60% of total serum cholesterol.25,26
The relatively high concentration of LDL in humans raises the
possibility that endogenous LDL may compete with E-lip for
receptor binding, thereby interfering with E-lip–mediated delivery of chol-siRNA. To evaluate the effect of high levels of endogenous LDL, we tested E-lip–mediated chol-siRNA delivery in
double transgenic mice that express human apoB and cholesterol
ester transfer protein (CETP). These mice have high levels of LDL
cholesterol in the circulation similar to that in humans.26 E-lipchol-siApoB-2, which targets a region in apoB mRNA conserved
across the human and mouse,24 was administered intravenously
1585
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1:1 loading of siRNA per liposome is essential
A-lip- and E-lip-siRNA complexes with a binding stoichiometry
greater than 1:1 (mol:mol) demonstrated very little or no apoB
mRNA silencing activity in vivo (data not shown). Figure 7 shows
a molecular model of A-lip-chol-siApoB-2 complex. This model
was built using the “double-belt” model reported by Wu Z, et al.27
as the template and the structural model of chol-si-ApoB-2 we
constructed. It is likely that multiple siRNAs of highly negative
charge on both surfaces of the discoidal HDL are dynamic and
result in a large effective size that inhibits interaction with SR-B1
or the LDLR family by steric hindrance or possibly electrostatic
repulsion. To evaluate this possibility, we examined cellular uptake
of Alexa-647 labeled chol-siApoB-2 by mouse primary hepatocytes. A-lip and E-lip complexes containing 1 molecule of labeled
siRNA per particle (1:1 complex) and A-lip and E-lip complexes
containing 1 molecule of the labeled siRNA plus 3 molecules of
unlabeled siRNA per particle (4:1 complex) were prepared. When
cells were incubated with A-lip or E-lip 4:1 complexes, the fluorescence was mostly localized in the plasma membranes whereas
when cells were incubated with A-lip or E-lip 1:1 complexes, the
fluorescence was predominantly in the cytoplasm (Figure 8).
These results clearly showed that 1:1 binding stoichiometry is
essential for cellular uptake of siRNA, and furthermore suggest
that this stoichiometry may facilitate proper interaction of A-lip
and E-lip with their receptors.

Discussion

To date, most advanced siRNA delivery technology are primarily polymer-based and lipid-based28–30 and they are being tested
1586
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to these double transgenic mice at 30 mg/kg. Approximately 85%
of mouse apoB mRNA and 72% of human apoB mRNA was
silenced in the liver (Figure 6a), a silencing level similar to that
in normal C56BL6 mice. In addition, serum LDL cholesterol and
total cholesterol levels were reduced to one-third and 60% of PBS
control, respectively (Figure 6b,c). Taken together, these results
demonstrate that endogenous LDL does not compete significantly
with E-lip.
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Figure 5 Duration of apoB mRNA silencing in C57BL6 mice after
single injection of E-lip-chol-siApoB at 30 mg/kg. N = 4 per group.
Each value represents the group mean ± SD. apoB, apolipoprotein B;
mRNA, messenger RNA; PBS, phosphate-buffered saline.
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Figure 6 ApoB mRNA silencing and LDL cholesterol lowering in double transgenic mice expressing human apoB and CETP. (a) Reduction
of mouse and human apoB mRNAs by E-lip-chol-siApoB-2 48 hours after
administration. *P < 0.05. (b,c) LDL and total cholesterol levels 48 hours
after administration. N = 5 per group. Each value represents the group
mean ± SD. apoB, apolipoprotein B; CETP, cholesterol ester transfer protein; LDLc, low-density lipoprotein cholesterol; mRNA, messenger RNA;
PBS, phosphate-buffered saline; Tc, total cholesterol.

in clinical trials. In addition, conjugate-based approach is being
developed.31–33 Despite significant progress, there exist continued
needs to advance siRNA delivery methods to improve safety characteristics and therapeutic window.
Isolated serum HDL may be a viable delivery vehicle, however,
HDL-like liposomal particles reconstituted from recombinant
apolipoproteins may be a more practical option. These particles
provide effective delivery vehicles for siRNAs and small molecule
drugs for multiple reasons. First and most importantly, they have
been demonstrated to be well-tolerated in humans in clinical trials.11,16 Second, they can be prepared from recombinant human
www.moleculartherapy.org vol. 20 no. 8 aug. 2012
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Figure 7 Structural model of A-lip-chol-siApoB-2 complex. The model
was constructed using the “double-belt” model of discoidal HDL constructed by Wu Z, et al.27 as the template and the structural model of
chol-siApoB-2. The 1:1 (siRNA:liposome) complex is shown. apoB, apo
lipoprotein B; HDL, high-density lipoprotein; siRNA, small interfering RNA.
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particle size may allow broader tissue distribution. These considerations prompted us to investigate HDL-like liposomal particles
as a delivery vehicle for chol-siRNAs.
An antisense single-stranded oligonucleotide designed to
inhibit apoB100 protein synthesis has been investigated in clinic
as a potential drug to lower LDL cholesterol in patients with
familial hypercholesterolemia.35,36 In this study, we used doublestranded apoB siRNAs as research tool to explore the delivery of
double-stranded siRNAs. We demonstrated robust and reproducible in vivo silencing of target ApoB mRNA when chol-siApoB
was complexed with E-lip. Additional two different hepatocyte
targets were silenced with this delivery approach, showing that it
is generalizable across multiple hepatic gene targets. Furthermore,
the silencing was a specific effect of the siRNA and a concomitant RNAi cleavage mechanism was demonstrated. E-lip provided
more efficacious chol-siRNA delivery than A-lip. The difference
in efficacy between the two delivery systems is likely due to the
difference in uptake mechanisms (LDLR family members versus
SR-B1) and subsequent intracellular localization of chol-siRNA.
The dose dependence of silencing with E-lip-chol-siApoB
was steep with a change in dose from 20 to 30 mg/kg resulting in
a change in silencing from 20 to 80%. Dose responses that have
been reported from liposomal nanoparticle formulations demonstrate a dynamic range over 20-fold (5–95% silencing) with a dose
range from 0.5 to 5 mg/kg with siApoB-2 without cholesterol,24
whereas chol-siApoB-1 in saline shows a change from 0 to 15%
silencing in doses from 5 to 50 mg/kg.2 Further studies are needed
to assess the underlying basis for the steep dose response for E-lipchol-siRNA.
Absolute dose levels of E-lip complexes required for silencing in
vivo were still high, although markedly improved as compared with
uncomplexed chol-siRNAs. Biodistribution studies showed that the
siRNA was mostly distributed to the liver, albeit with a relatively
short elimination half-life. Increasing the circulation half-life of the
E-lip chol-siRNA may help to lower the efficacious dose. In addition, these complexes with longer circulation half-time may allow
delivery of chol-siRNA to other tissues such as tumors.
In summary, we demonstrated efficient in vivo delivery of
chol-siRNAs to hepatocytes with E-lip complexation. Further
optimization is warranted to fully develop the translational potential of this promising delivery approach which harnesses a physiologic mechanism.

Materials and Methods

Synthesis of chol-siRNAs. The chemically modified chol-siRNAs used in this

Figure 8 Uptake of Alexa647-labeled chol-siApoB by mouse primary
hepatocytes. Cells were incubated with A-lip or E-lip pre-assembled
with Alex-647 labeled chol-siApoB-2 with a 1:1 binding stoichiometry
(1:1 complex) or the same complexes containing additional threefold
excess nonlabeled chol-siApoB-2 (1:4 complex) for 60 minutes at 37 °C.
Cells were stained with Hoechst and images were acquired. (a) A-lip
1:1 complex. (b) A-lip 1:4 complex. (c) E-lip 1:1 complex. (d) E-lip 1:4
complex. apoB, apolipoprotein B.

study were synthesized as described previously.2 The sequences of siApoB-1,
siApoB-2, and siFVII were also described previously.2,30 The sequences
siPCSK9 are: siPCSK9 sense, 5′-GccuGGAGuuuAuucGGAAdT*dT-3′;
chol-siPCSK9 antisense, 5′-PuuccgaauaaacuccaggcdT*dT-3′. Lower case
letters represent 2′-OMe modified nucleotides; bold lower case letters represent 2′-fluoro modified nucleotides; and asterisks represent phosphorothioate linkages.

apolipoproteins and naturally occurring lipids, and the reconstitution method is relatively simple, well-established, and scalable for
clinical use.34 Third, the simple reconstitution method combined
with protein engineering potentially allows for design of these
particles with increased specificity and potency. Finally, the small

Preparation of liposome-chol-siRNA complexes. Detailed procedures
for production of recombinant apoA1 and apoE can be found in
Supplementary Materials and Methods. Liposomal particles were prepared using the cholate dialysis method.10 A-lip was prepared using
ApoA-1 and POPC; E-lip was prepared using ApoE and DMPC (Avanti
Polar Lipids, Alabaster, AL). Complex concentration was determined by
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measuring protein concentration. POPC and DMPC concentrations measured using Phospholipids C assay (Wako Diagnostics, Richmond, VA).
Complex size determined by dynamic light scatter analysis using Malvern
Nano ZS (Malvern Instruments, Worcestershire, UK). Liposome-cholsiRNA complexes were prepared by mixing either A-lip or E-lip with cholsiRNA at a molar ratio of 1.2:1 (siRNA:liposome) for 30 minutes at 37 °C and
free chol-siRNA was removed on a Superdex 200 column (GE Healthcare,
Piscataway, NJ). Chol-siRNA concentration determined by ion-exchange
chromatography using DNAPACK PA200 (Dionex, Sunnyvale, CA).
In vivo silencing experiments. All procedures used in animal studies conducted at Alnylam were approved by the Institutional Animal Care and Use
Committee and were consistent with local, state, and federal regulations as
applicable. Male C57BL/6 mice were injected via tail vein with PBS, cholsiRNA or liposome-chol-siRNA complex at a volume of 0.015 ml/g. For the
PCSK9 experiment, animals were maintained as described.37 Forty-eight
hours after administration, blood was collected, animals were killed and
liver samples harvested and frozen in liquid nitrogen unless stated otherwise. Serum ApoB protein levels were determined by western blot analysis of 0.3 μl of serum from individual animal using polyclonal anti-apoB
antibody (Meridian Life Sciences, Cincinnati, OH). Bands corresponding to ApoB100 and apoB48 were quantified using the LI-COR Odyssey
Imagine system (LI-COR Biosciences, Lincoln, NE). Serum cholesterol
levels were determined using Olympia AU400 Serum Chemistry Analyzer
(Olympus, Center Valley, PA). Frozen liver tissue was ground and tissue
lysates were prepared. ApoB, PCSK9, and FVII mRNA levels were determined by quantitative reverse transcription-PCR and/or a branched DNA
assay (QuantiGene 1.0 Reagent System; Affymetrix, Santa Clara, CA). The
mean level of target mRNA was normalized to the mean levels of GAPDH
mRNA for each sample. Group mean values were then normalized to
the mean value for the control group, to obtain the relative level of target
mRNA expression. One-way analysis of variance, Dunnett test was used
for statistical analysis.
Cell assays. Radiolabeling of siRNAs and preparation of liposomes complexed with the labeled siRNAs were described previously.2 For competitive
binding of A-lip complexed with chol-siApoB to hepatocytes, rat primary
hepatocytes (100,000 cell per tube; Invitrogen, Carlsbad, CA) were incubated with 0.6 μmol/l A-lip-[32P]siApoB with PBS (control), 0.6 μmol/l
A-lip-[32P]siApoB, and 6 μmol/l rat HDL, or with 0.6 μmol/l A-lip-[32P]
siApoB and nonspecific IgG (1 μg/ml) in William’s media E (Invitrogen)
for 2 hours at 4 °C. Cells were washed with cold media three times and the
radioactivity associated with cells were counted. For apoB mRNA silencing, mouse primary hepatocytes were isolated using a standard collagenase perfusion method and cultured on collagen coated 96-plates (Greiner,
Kremsmunster, Austria). A-lip-siApoB-1 or A-lip-siApoB-2 (0.63 μmol/l)
were added to the cells. Six hours after incubation at 37 °C, cells were harvested and apoB mRNA levels were determined by quantitative PCR as
described above.
Uptake of siRNA bound E-lip and A-lip in vivo. Mice were injected by
radiolabeled siRNAs bound E-lip and A-lip at 10 mg/kg (987 × 103 cpm
(counts per minute) in 200 μL sample). Blood was taken 2 minutes postinjection and at indicated time points. After 8 hours, organs were harvested
and weighted and radioactivity was measured in all organs. All values were
normalized to the measured blood radioactivity at the 2-minute injection time point for each mouse, respectively. t-test was used for statistical
analysis.
Imaging study. Mouse primary hepatocytes were isolated as above and

cultured overnight on 96-well plates (Greiner) freshly coated with collagen. Cells were incubated with 1 μmol/l A-lip or E-lip pre-assembled with
Alex-647 labeled chol-siApoB-2 with a 1:1 binding stoichiometry or the
same complexes containing threefold excess nonlabeled chol-siApoB-2 for
15–120 minutes at 37 °C. Cells were stained with Hoechst without fixation.
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Images were acquired using an Opera automated spinning disc confocal
system (Perkin Elmer, Waltham, MA) and data analyzed using Acapella
Software (Perkin Elmer).
Modeling of the A-lip-chol-siApoB-2 complex. The solar-flare model proposed by Wu Z, et al.27 were used as the template for the liposomal particle.
The molar ratio of apoA-1 versus POPC in the template is 1:100 instead of
the ratio of 1:90 as in present experiments. Therefore, the excess POPC was
removed from the template randomly. To relax the system, all-atom discrete
molecular dynamics simulations38 were performed by iteratively constraining apoA1 proteins or lipids. After the convergence, the diameter of the
resulting liposomal particle is ~10 nm in diameter. The three-dimensional
structure of chol-siRNA was constructed by combining MedusaDock39 for
small molecule conformation generation and all-atom discrete molecular
dynamics for three-dimensional structure reconstruction. The chol-siRNA
was inserted into the relaxed particle model to generate the liposomechol-siRNA complex. Discrete molecular dynamics simulations of the
complex suggest that the molecular complex is flexible due to a flexible
linker between the siRNA and the cholesterol model imbedded in the HDL
nano disc.

SUPPLEMENTARY MATERIAL
Figure S1. Electron microscopy images of negatively stained A-lip
and E-lip.
Figure S2. Kinetics of E-lip and chol-siapoB-1 binding.
Figure S3. ApoB mRNA silencing and protein reduction in
LDLR−/− mice.
Figure S4. PCSK9 and FVII mRNA silencing.
Figure S5. Serum chemistry of mice treated with PBS or E-lipsiApoB-2.
Table S1. Physical and biochemical characterization of A-lip and
E-lip.
Materials and Methods.
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