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Lipid Vectors Complexed with siRNA

Nathan F. Bouxseii? Christopher S. McAlliste?)! Kai K. Ewert;} Charles E. Samuel*and Cyrus R. Safinya®'

Materials Department and Department of Molecular, Cellular andvEepmental Biology, Unersity of California,
Santa Barbara, California 93106

Receied October 13, 2006; Resed Manuscript Receed February 12, 2007

ABsTRACT. Small interfering RNAs (siRNAs) of 1925 bp mediate the cleavage of complementary mRNA,
leading to post-transcriptional gene silencing. We examined cationic lipid (CL)-mediated delivery of siRNA
into mammalian cells and made comparisons to CL-based DNA delivery. The effect of lipid composition
and headgroup charge on the biophysical and biological properties-o§iRINA vectors was determined.
X-ray diffraction revealed that CLsiRNA complexes exhibited lamellar and inverted hexagonal phases,
qualitatively similar to Cl=DNA complexes, but also formed other nonlamellar structures. Surprisingly,
optimally formulated inverted hexagonal 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)/1,2-
dioleoyl-sntglycero-3-phosphatidylethanolamine (DOPE)-&iRNA complexes exhibited high toxicity

and much lower target-specific gene silencing than lamellar SRNA complexes even though optimally
formulated, inverted hexagonal €IDNA complexes show high transfection efficiency in cell culture.
We further found that efficient silencing required cationic lipid/nucleic acid molar charge ratiQp (
nearly an order of magnitude larger than those yielding efficiently transfectingDINA complexes.

This second unexpected finding has implications for cell toxicity. Multivalent lipids (MVLs) require a
smaller number of cationic lipids at a giveing of the complex. Consistent with this observation, the
pentavalent lipid MVL5 exhibited lower toxicity and superior silencing efficiency over a large range in
both the lipid composition angdcng When compared to monovalent DOTAP. Most importantly, MVL5
achieved much higher total knockdown of the target gene in §§RNA complex regimes where toxicity
was low. This property of CEsiRNA complexes contrasts to EIDNA complexes, where the optimized
transfection efficiencies of multivalent and monovalent lipids are comparable.

RNA interference (RNARis an evolutionarily conserved  manner. RNAI has led to a surge in research activity aimed
post-transcriptional gene-silencing pathway, initially eluci- at broadly utilizing the technology in functional genomics
dated inCaenorhabditis elegan(d@) and in plantsZ, 3) where studies 4) and potentially in therapeutic applicatior.(

long double-stranded RNAs (dsRNAs) mediate sequence The specificity of the RNAi machinery has been demon-
specific silencing of gene expression. In mammalian cells, strated by its ability to discriminate between targets with only
it was discovered that short dsRNAs (185 bp, with tWwo  one base pair differencé), Thus, it is conceivable that
3-nucleotide overhangs)4{-8) termed small interfering  siRNAs can be designed that selectively knock down the
RNAs (siRNAs), mediate silencing in a sequence-dependentexpression of any given gene product when the sequence of
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Eigﬁcilgé?rfreéer:faer;]s?gi\loﬁ' esf?i‘c"’i‘gn":r‘;”rﬁgrr‘fbgr’:'ﬁgicgﬂ e and cellular uptake, is possiblé4 15). Nonviral delivery

’ ' 1 lipid . . .. . .

thickness of the lipid layer in the membran®;aes thickness oflplthe most Commonly emP'OYS Cat'o_n'c “P'ds_ or cationic polymers
water layer between membrands;, volume fraction of lipid inthe @S the vehicle to deliver nucleic acids into the c&6<23).

membrane. While these methods generally avoid the immunogenicity
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and integration issues sometimes associated with viral We observed that the NL component of the complex,
techniques 44), they are not optimized to achieve the DOPE or DOPC, significantly impacted nonspecific gene
delivery efficiency seen with virus-based vectors. Because silencing, toxicity, and the silencing efficiency of EsiRNA
cationic lipid-based transfection offers the potential to deliver complexes. Previously we have shov7)(that when DOPE
siRNA for both functional genomics and therapeutic purposes is substituted for DOPC in DOTAP/DOP{(DNA com-

(25), it is of utmost importance to gain a better understanding plexes, an inverted hexagonal phase is formed, and that the
of both the physical characteristics and biological activities inclusion of DOPE improves the transfection efficiency of
of CL—siRNA complexes. Understanding the mechanism of these complexes in the low membrane charge density (
action of these complexes will allow for the optimization of lipid membrane charge per unit area) regirgdg)( DOTAP/

lipid carriers for SIRNA molecules, thereby making them a DOPE-siRNA complexes also formed an inverted hexagonal
viable alternative to virus-based delivery. phase. However, despite the common use of DOPE as a

For CL—DNA complexes, which deliver long dsDNA into  helper lipid for DNA delivery, it was highly toxic to cells
cells, structures and transfection trends have been elucidatesvhen used at concentrations required for efficient SIRNA
in considerable detail18, 19), demonstrating that both  delivery, and thus, the addition of DOPE did not enhance
membrane composition and lipid to DNA ratio dramatically silencing efficiency.
affect the complex structure and transfection efficiency (TE;

a measure of the expression of an exogenous gene that iMATERIALS AND METHODS

transferred) 18, 19, 26). We now have looked for similar
structural and functional characteristics in €&RNA
complexes with the long-term goal of optimizing silencing
efficiency (a measure of post-transcriptional, specific silenc-
ing of the gene targeted by the transferred siRNA) of-CL
siRNA complexes in mammalian cells. We found that
strategies aimed at optimizing silencing efficiency of-€L
siRNA complexes have some similarities to but also sig-
nificant differences from those aimed at optimizing TE of
CL—DNA complexes.

To quantify the gene silencing activity of CISiRNA
complexes, we measured the effect of lipid composition and
molar charge ratiogchg cationic lipid:nucleic acid) on both
the target gene knockdown and nonspecific gene silencing
(with the latter correlating to cytotoxicity). We prepared-€L . o . o .
siRNA complexes with monovalent 1,2-dioleoyl-3-trimethyl- tsc?E'g:tzg(;osg?géy;?%bath sonicator at“Dfor 4 h prior
ammonium-propane (DOTAP) or pentavalent MVL5 cationic .
lipids (26) combined with one of two commonly used neutral ~ X-fay SamplesCL—siRNA complexes were prepared by
lipids (NLs): 1,2-dioleoylsn-glycero-3-phosphatidylcholine  Mixing 50 ug of 21 nt long siRNA (Dharmacon, target
(DOPC) or 1,2-dioleoybnrglycero-3-phosphatidylethanol- ~ Séquence CUUACGCUGAGUACUUCGA with'-Bucle-
amine (DOPE). Changing the type of neutral lipid enabled otide overhangs,_dT_dT) at 10 mg/mL with the desired amount
us to elucidate its contribution to structure and silencing ©f 30 MM cationic liposomes in a 1.5 mm quartz capillary
efficiency for the CI—siRNA complexes. The delivered (Hilgenberg Glas, Germany). An equal volume of Opti-MEM
SiRNA targeted the firefly luciferase mRNA and consisted (Invitrogen, Carlsbad, CA) was then added to the siRNA/

of a 21 nt long siRNA (Dharmacon, target sequence liposome solution. The quartz capillaries were spun at
CUUACGCUGAGUACUUCGA). 1000 rpm for 5 min, sealed, and stored at@. High-

Surprisingly, CL—siRNA complexes exhibited structures resolution X-ray diffraction experiments were conducted at
that were gen,erally similar to GEDNA complexes, but the Stanford Synchrotron Radiation Laboratory beamline 4-2.
some important aspects of their transfection properties COMPlexes were not oriented, producing powder diffraction

differed dramatically from their CEDNA counterparts. We ~ Patterns collected on a MarCCD (Mar USA, Evanston, IL),
found that efficient delivery of siRNAs into cells in culture  @nd the data were radially averaged.

Liposome PreparatiorDOTAP (molecular weight (MW)
= 698.55 g/mol), DOPC (MW= 786.15 g/mol), and DOPE
(MW = 740.01 g/mol) were purchased from Avanti Polar
Lipids (Alabaster, AL). MVL5 (MW= 1552.7 g/mol) was
synthesized according to the procedure previously described
(29). Liposomes were prepared by volumetrically combining
solutions of CLs and NLs in either chloroform (for DOTAP)
or chloroform/methanol (v/v, 9:1, for MVL5) solutions. The
lipid solutions were dried under a stream of nitrogen and
then placed in high vacuum to ensure complete removal of
the solvent. The dried lipid mixtures were hydrated at 37
°C for 2 h insterile (18.2 M2) water to a final concentration
of 30 mM for X-ray samples or 1 mM for transfection and
cytotoxicity experiments. All aqueous lipid solutions were

required a molar charge ratiqdg nearly an order of ~ For lipid only controls, lipid powders were weighed out
magnitude larger than that needed for-€INA complexes. N the appropriate ratios and then mixed with water to form
This largerpcng, Necessary for efficient CEsiRNA silencing, 40 wt % water solutions. These mixtures where centrifuged

resulted in the use of larger amounts of cationic lipid. at10 000 rpm for 10 min, then mixed with a Teflon spatula.

Consequently, toxicity becomes an important issue to After mixing, the samples were again spun at 10 000 rpm
consider in some composition regimes. Our finding also for 10 min. The mixtures were then allowed to incubate at
implies that cationic multivalent lipids (MVLs) should be room temperature for 5 days. The mixtures were then
less toxic compared to monovalent cationic lipids, because transferred into quartz capillaries and sealed. High-resolution

a smaller number of MVLs are required for a givesg of X-ray diffraction experiments were conducted as stated
the complex. Indeed, as we show, for lamellar complexes, above.
the multivalent MVL5 (5+) was found to exhibit superior Cell Culture ExperimentdMouse fibroblast L-cells were

silencing efficiency over a wide range of lipid compositions cultured in Dulbecco’s modified Eagle’s medium (DMEM,
and molar charge ratios compared to monovalent DOTAP. GIBCO) with 5% (v/v) fetal bovine serum (GIBCO) and 1%
MVL5 was also less toxic than DOTAP. (v/v) penicillin and streptomycin (GIBCO) at 37C in a
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humidified atmosphere with 5% GCCells were seeded into A. DOTAP/DOPE B.DOTAP/DOPC  757D.DOTAP/DOPE |
24-well plates at 85 000 cells per well. Luciferase DNA < %7 ‘
plasmids [pGL3 firefly (Promega, Madison WI) and phRL s :z: .
Renilla (Promega)] were mixed with Lipofectamine 2000 55 ’
(L2000, Invitrogen) in Opti-MEM for 30 min to form 0.0 05 1.0
complexes. A ratio of 380 ng of pGL3 to 20 ng of phRLto £ Poore
1 uL of L2000 per 20QuL of Opti-MEM was used for the 5 75E. DOTAP/DOPC
complexes. 20@L of the complex solution was then added £ =z ;g: LR
to each well 18 h after seeding. Afta 3 hincubation, wells > = sod L.t
were washed once with Opti-MEM and DMEM maintenance ‘@ 0=05 1 o uispope 554
media was then added to the wells. Three hours later, the€ | ' 00 05 1.0
cells were again washed with Opti-MEM and €8IRNA - pore
complexes were added to the cells. i i ;z JrameRore.

All CL —siRNA complexes contained 100 nM (0.266) ®=08 o005 < 654 § .
SiRNA targeting the firefly luciferase (sequence identical to ® e % |
that used for X-ray experiments). The amount of cationic . . . . . . 554, &
lipid was determined bypcng, and lipid composition was o1 02, 03 01 02, 03 00 05 10

Qetermined by the mole fraction Nld.) p_resent_ in the_ Ficure 1: (A—C) Synchrotron X-ray diffraction data of CL
liposomes. CE-siRNA complexes were diluted in Opti-  5iRNA complexes showing lamellar (RN and inverted hex-

MEM to a final volume of 0.25 mL and incubated for agonal (HsRN%) phases. (A) X-ray diffraction data for DOTAP/
30 min prior to their addition to the cells. After incubation DOPE-siRNA complexes apchg = 10. (Top) Ppope = 0.1 in
for 3 h, the cells were again washed with Opti-MEM and Lo®™ phase, (middleybpope = 0.5 in coexisting L*"A and

. - 1SRNA phases, (bottonmPpope= 0.8 in single phase (¥RNA phase.
maintenance medium was added. Cells were harvested 20 B) X-ray diffraction data for DOTAP/DOPESIRNA complexes

later in 150uL of Passive Lysis Buffer (Promega). 20 at peng = 10 and ®popc = 0.5 in the L,SRNA phase. (C) X-ray
of lysate extract was used for the Dual Luciferase Assay asdiffraction data for MVL5/DOPC complexes pdng= 10 and®popc

described by Promega. An Autoluminat LB953 luminometer = 0.5 in the L;*~"NA phase. (D) Measured layer spacinijénverted

(EG&G Berthold) was used to measure the relative light units {fiangles= L.**"), a (triangles= H,*~"*) for DOTAP/DOPE
complexes apcng = 10. (E) Measured layer spacing¢squares=

(RLU) from the luminescence assay. All siRNA silencing L,SRNA) for DOTAP/DOPC complexes akng = 10. (F) Measured
values represent the average of two to four independentjayer spacings (diamonds= L,SRNA) for MVL5/DOPC complexes
experiments, each performed in duplicate. Luciferase expres-at pcng = 10.

sion for each well was normalized to control wells, which

differ from experimental wells only in that they are treated complexes apcng = 10 and mole fraction DOPEHpopg) =

with Opti-MEM instead of Cl=siRNA complexes during 0.1, 0.5, and 0.8, where a structural transition occurs from a
the thid 3 h incubation step. lamellar (L,SRNA) phase to an inverted hexagonal,§8NA)

Cytotoxicity.Mouse fibroblast L-cells were seeded in 96- p_ha_se with a region of coexistence in between. Th_is trend is
well plates at 15 000 cells per well 18 h prior to treatment. SiMilar to that observed for complexes formed with DNA
CL—siRNA complexes were prepared as above, but scaled(2 7). differing only in the location of the compositional phase
to 0.0532ug of SIRNA. The complexes or corresponding boundaries. The sharp [00L] pea'ks,.V|S|bIe in Figure 1A at
liposomes were added to the wells and incubated for 3 h. Ppore = 0.1, result from the periodically spaced lamellar
After incubation, 75uL of CytoTox-ONE Homogeneous strgctqre_c_omposed of _5|RNA_Iayers sandW|_ched between
Membrane Integrity Assay (Promega) and @5 of Opti- cationic I|p|_d bilayers with the interlayer spacinig= diipid
MEM were added to each well. Cytotoxicity was measured T 9sirna (thickness of the membrane plus the monolayer of
through the quantification of released lactate dehydrogenase> RNA andRmater)= 27ltor = 57 A (30) (Figure 2, top,
(LDH) from cells with damaged membranes. LDH released 'aP€led L™™). The sharp peaks visible in Figure 1A at
into the culture medium was measured with a 10 min coupled Poore = 0.8 index to a two-dimensional inverted hexagonal
enzymatic assay using CytoTox-One, which results in the lattice with a unit cell spacing = 471/ 310 =70 A. This
conversion of resazurin (the substrate supplied by CytoTox- Structure is composed of siRNA molecules inserted within
One) into resorufin. Resorufin excites at 560 nm and emits ¢Y/indrical lipid nanotubules with the cylinders arranged on
at 590 nm. Fluorescence was quantified on a Bio-Rad & hexagonal lattice2(7) (Figure 2, bottom, labeled,4<).
PharosFX Molecular Imager System. As controls, some wells Fi9uré 1D shows the interlayer spacings and unit cell
were left untreated (no complexes or liposomes) to measureSPacings d and a, respectively) and the phase transition
background (minimum) fluorescence, while some wells were Poundaries as a function 6bpore for D%&AP/DOPR%A
left untreated, but lysed afteret8 h incubation to measure  SIRNA complexes afoeng = 10. The LS to Hy
the maximum amount of LDH, i.e.. the maximum fluores- transition for SlRNA complexes occurred over a narrow range
cence. The values for the minimum, maximum, and sample ©f compositions (Figure 1D), in contrast to similar DNA

fluorescence were used to determine the percent toxicity. COMpPlexesZ7).
DOTAP/DOPC-siRNA complexes form the lamellar

RESULTS AND DISCUSSION structure at alldpopc between 0 and 0.9 aicng = 10. A
representative XRD scan fobpopc = 0.5 is shown in
X-ray Structure StudiesX-ray diffraction (XRD) scans  Figure 1B. This behavior is similar to that of DOTAP/
of CL—siRNA complexes are shown in Figure 1A&. DOPC-DNA complexes 80). The interlayer spacingl, is
Figure 1A shows XRD scans of DOTAP/DOPEIRNA plotted as a function ofbpopc in Figure 1E. The dramatic
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FIGURE 2: Schematic sketch of the lamellagSRNA (top) and
H,;SIRNA (bottom) complexes as described in the text. In thgRMA

Bouxsein et al.

The peak widths observed for CISIRNA complexes were
typically narrower than those of CLDNA complexes,
implying a higher degree of local ordering. Time-resolved
XRD studies revealed that CtsiRNA complexes achieve
their equilibrium structure in a matter of hours, while €L
DNA complexes require day27, 30). These observations
may be explained by the larger diffusion constant of the short
siRNA molecules. The observation of a very weak, broad
peak atq = 0.23 A in Figure 1C is consistent with our
expectation of isotropic liquid like correlation behavior of
the siRNA rods (length~ 50 A and diameter- 26 A for
A-form dsRNA) between bilayers and contrasts to the strong
correlation peaks seen with CIDNA complexes 80).

Lipid mixture controls of DOTAP/DOPE, DOTAP/DOPC,
and MVL5/DOPC in 40 wt % water were prepared in the
absence of siRNA. SAXS diffractions of these highly
concentrated samples are shown in Figure 3. This weight
fraction was chosen because lipids are normally in their one
phase region at low water contents, which enabled the
measurement of the membrane thickness for different neutral
lipid volume fractions.

The DOTAP/DOPE mixtures (Figure 3A) showed a
transition from the purely lamellarLphase to the inverted
hexagonal K phase as a function of increasing DOPE
concentration. This trend is seen in Figure 3A top, middle,
and bottom. Atdpope = 0.5 (top), the three peaks index to
the lamellar [00L] structure witll = 27/qoo; = 53.1 A=
the membrane thickness plus the thickness of the water layer
(d = Jiipia + Owate). The membrane thickness (including the
lipid headgroupYiipia = Oiipid tails + Oiipid headsCaN be calculated
from the volume fraction of lipid: dipia = d)}fgi'dd and for
®pope= 0.5, dipia = 33.1 A. Figure 1A (middle) shows that
SiRNA complexes atbpope = 0.5 were phase coexistent
indicating that the inclusion of nucleic acid shifts the phase
boundaries. The diffraction peaks in Figure 3A (middle and

phase, a partial bilayer has been removed, exposing a monolayebottom) index to the inverse hexagonal phase with the

of the electrostatically adhered short SIRNA nucleic acttar(da
as in Figure 1).

increase in the interlayer separation at high amounts of DOPC

is consistent with a “pinched lamellar” phas&l), where

unit cell spacinga = 65.7 A for ®pope = 0.85 and 50.1 A
for ®pope = 1.

For 40 wt % water mixtures, both DOTAP and DOPC
lipids exhibited the lamellar phase, indicated by the diffrac-
tion scans shown in Figure 3B (DOTARpopc = O, top,

the small siRNA molecules associate with regions of locally and DOPC ®popc = 1, bottom) with the expected [00L]

enriched DOTAP to form anchor points along the bilayer. peaks. For DOTAPG = 54.4 A andding = 34.1 A, while
Large pockets of water, stabilized by hydration repulsion in 5, popc.d = 56.9 A anddipg = 33_?3 A '

regions of the membrane rich in DOPC, are contained

between regions of the membrane rich in DOTAP “pinched”
electrostatically by the siRNA.

Figure 1C shows an XRD pattern of a MVL5/DOPC
siRNA complex that exhibited the lamellar structure for
®popc = 0.5 andpcng = 10. The lamellar structure was
observed for allbpopc > 0.3, similar to previous findings
(19, 26) for MVL5/DOPC—DNA complexes. Fopopc <

MVL5/DOPC mixtures at 40 wt % water, shown in Figure
3C, also exhibited lamellar Lphase behavior indicated by
the expected [00L] peaks (at lower lipid concentrations,
>90 wt % water, the lipids form micelles). MVL5 mixtures
(Figure 3C, top) with®popc = 0 and @}, = 0.60 had
measuredd = 54 A and diipia = Oipidtails + Olipid heads =
32.5 A. MVL5 mixtures (Figure 3C, middle) with

Ppopc= 0.25 andd|%; = 0.597 had calculated = 58.3 A

0.3, a nonlamellar phase was present, the structure of whichanddyis = 35 A. MVL5 mixtures (Figure 3C, bottom) with

remains to be determined. Figure 1F shows the interlayer dpopc = 0.75 andd?®

spacingd, of MVL5/DOPC—siRNA complexes as a function
of ®pope IN contrast to DOTAP/DOPESIRNA complexes,

d remained locked at a single value for MVL5 complexes,
independent ofbpopc A likely explanation is that MVL5

inia = 0.595 had calculated = 86.5 A
and dipig = 51.5 A (including the headgroup). Assuming
minimal change in the length of the headgroup, it is
reasonable to conclude that the decrease indtlspacing
seen with increasing MVL5 arises from compression of the

and DOPC have headgroup hydration layers of comparablelipid tails in order to accommodate the lamellar structure.
size, allowing for the interlayer spacing to appear unchanged Cell Culture Transfection Studie$o carry out the gene

with the addition of DOPC.

silencing efficiency experiments, mouse L-cells were first
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Ficure 3: Synchrotron X-ray diffraction data of lipid mixtures in 40 wt % water and no added siRNA. (A) DOTAP/DOPE mixtures. At
Dpope= 0.5 (A, top) the lipid mixture indexes to a perfect lamellag,dtructure. At®pope = 0.85 (A, middle) andbpope = 1 (A, bottom,

pure DOPE) the mixtures index to an inverted hexagonglstructure. (B) 40 wt % water DOTAP mixture (B, top) and 40 wt % water
DOPC mixture (B, bottom) both exhibit the,lphase. (C) 40 wt % water MVL5/DOPC mixtures&bopc = 0, 0.25, and 0.75 (C, top,
middle, and bottom, respectively) indexed to thepdhase.

cotransfected with plasmids encoding the firefly (FF) and dominated by larg&ys due to a combination of cytotoxicity
Renilla (RL) luciferases. The cells were then either trans- and low lipid membrane charge density{ resulting in a
fected with CL—siRNA complexes (as a function @by_ weak electrostatic attraction between the complex and the
andpcng With sSiRNA targeting the mRNA for FF luciferase  cell (data not shown). The data show that, for the lamellar
or used as controls. A dual luciferase assay was used tosiRNA complexes of pentavalent MVL5/DOPC, the non-
measure the expression of FF (denoteddr(ocng) and specific knockdown remains nearly constant and low with
RL (denoted RLwL,pchg) luciferase activities. FF and RL ~ Kys < 0.15 for 2.8< pcng < 20, while Ky exhibits a rapid
expression levels were also measured for a similar numbernonlinear growth to approximately 0.9, indicative of signifi-
of cells that were not transfected with the €&RNA cant sequence-specific gene silencing (Figure 4, left). In
complexes, yielding the controls kR and Rleon: Thus, by contrast, such a region of relatively higdy and low Kys
measuring FFPn.,pchg), FFeons RL(PL,0chg), @and Rleon, One was not observed for the lamellar phases of monovalent
readily obtains the total normalized target gene knockdown DOTAP/DOPC-siRNA complexes aPy = 0.4 (or oy =
K = 1 — FF(@nL,pcng/FFeons @and the normalized nonspecific  0.1), whereKy varied slowly between 0.4 and 0.55 for<b
gene knockdowrKns = 1 — RL(Pne,peng/RLcont pchg < 15 with Kys approximately= 0.2 (Figure 4, middle).
The total knockdownK) includes the sequence-specific Furthermore, for DOTAP/DOPESIRNA complexes, sub-
silencing of the target FF luciferase by the siRNA together stantial nonspecific knockdowkis (related to cell toxicity)
with any nonspecific inhibitory effects contributing to is observed even at a loweng Of approximately 5
suppression of protein synthesis. The nonspecific knockdown (Figure 4, right). These data are in striking contrast to that
(Kns) measures the sequence-independent protein reductior®f similar, optimally formulated DNA complexes containing
mediated by CE-siRNA complexes due to cytotoxicitins DOPE, which are known to exhibit high TE in cell culture
is determined using the expression of the nontargeted RLWith low toxicity (26, 32).
luciferase in cells transfected with €lsiRNA complexes Figure 5 (left) shows total gene knockdown data compar-
containing siRNA that targets the distinctly different FF ing theKy of MVL5/DOPC—siRNA and DOTAP/DOPE
luciferase mRNA. As we show belowys is directly related siRNA complexes apchg =15 as a function ofby, in the
to cytotoxicity and appears to be dominated by the cationic regime where the nonspecific knockdown shown in
liposome component. Optimal gene silencing would cor- Figure 4 is relatively low (DOTAP/DOPESIRNA data not
respond toK: approaching 1 andKys approaching zero, shown because of larg&ys contribution). Complexes
where the sequence-specific gene silencing contribution tocontaining pentavalent MLV5 show a relatively high silenc-

Kr dominates. ing efficiency over a broad range witkr ~ 0.9 for 0 <
The total knockdownKr, and nonspecific knockdown, @ < 0.5. In contrastkr of DOTAP containing complexes

Kys, as a function ofocng were measured aby. = 0, 0.1, remains relatively low and decreases from 0.6x40.5 in

0.2,0.3,0.4,0.5,0.6,0.7, 0.8, and 0.9. Figure 4 shows plotsthe same range cby.

of Kt and Kys for MVL5/DOPC—siRNA (left), DOTAP/ To compare CEsiRNA behavior with prior observations

DOPC-siRNA (middle), and DOTAP/DOPESIRNA (right) for CL—DNA complexes,Kt for MVL5/DOPC—siRNA,
complexes, atby. = 0.1 (bottom) and 0.4 (top). Similar DOTAP/DOPC-siRNA, and DOTAP/DOPESsIRNA com-
behavior was observed diy. = 0, 0.2, 0.3, 0.5, 0.6, and  plexes was examined atng = 2.8 (Figure 5, right), which
0.7 (data not shown). Foiy. > 0.8, the behavior was  corresponds to optimal transfection efficiency for DOTAP
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Ficure 4: Total Ky, open circles) and nonspecifi&ys, open squares) gene knockdown verpig at @y = 0.4 (top) anddy, = 0.1
(bottom) for MVL5/DOPC-siRNA (left), DOTAP/DOPC-siRNA (middle), and DOTAP/DOPESIRNA (right) complexes targeting the
luciferase mRNA in transfected L-cells.

w 107 o w 1-07J mvLsmorc broad peak for 0.4 ®pope < 0.8. This is in contrast to the
S 0.8+ 4 ~ 0.8 iggﬁzgggg DOTAP/DOPC-siRNA (Figure 6, middle) and MVL5/
20.64 DOPC-siRNA (Figure 6, left) complexes and the corre-
a 0.4 sponding liposomes, where toxicity was low for @bopc
w The toxicity increase seen in the DOPE systems may result
v 0.2 o aDoRe o \ from an excessive fusion of DOPE containing complexes/
0.0+ liposomes with the cell membrane, possibly creating pores

L] - L] - L}
00 04 08
CI)NL

and leading to membrane instability. At larggops the
toxicity decreased due to a reduaagl which decreases the

Fisure 5: Total gene knockdownke) with SIRNA complexes interaction between the liposome/complex and the cell. In
targeting the luciferase mRNA in transfected mouse L-cells as athIS context, it is important to note that no toxicity was

function of @y, at peng = 15 (left, MVLE/DOPG-siRNA, DOTAP/ ~ Observed upon incubating cells with only DOPC or DOPE
DOPGC-siRNA) and pchg = 2.8 (right, MVL5/DOPG-siRNA, liposomes (i.e., no cationic lipid) (data not shown), indicating

DOTAP/DOPC-siRNA, and DOTAP/DOPESsiIRNA). that the cationic lipid was the enabling component for the
toxicity trends in Figure 6.

- . For pecng = 50, we observed that siRNA complexes and
toxr|1C|:y”(31i’>2]. \f/xei orﬁsetrvednthaitl Cnt?;‘RNA Cfrgpéexes are  cationic liposomes showed significant toxicity for all lipid
generally inefficient at gene silencing gy = 2.8. combinations. Thus, the toxicity data correlated well with

Cytotoxicity of Complexes Containing siRNZytotoxicity the measured nonspecific knockdown valégs (Figure 4)
of CL—siRNA complexes (MVL5/DOPEsIRNA, DOTAP/  and supports the use Kfs as an indicator for cell viability.

DOPC-siRNA, DOTAP/DOPE-siRNA) as a function of  The 20% increase in toxicity seen @, = 50 and®y, =
@y, is shown in Figure 6. The pink filled trianglepc(q= 0 presumably must be due to the increased amount of CL.
10) and blue filled circlesd:ng= 50) represent toxicity data  Also, at the fixedpeng = 50, it is likely that the toxicity of
for cells incubated with complexes containing siRNA. The poth the DOTAP/DOPE and DOTAP/DOPC samples is
amount of siRNA in the complexes is constant for all data jncreasing with®y, as a result of increasing the total number
points. Also plotted are toxicity values measured when cells of NLs and, thus, total lipid in the system. In the case of the
were incubated with corresponding amounts of cationic \v/L5/DOPC samples apcng = 50, there was no increase
liposomeswithout siRNA(open maroon triangle and open n toxicity with ®pope MVL5 samples contain five times
green circle). Because the degree of cytotoxicity is compa- fewer NL at all points compared to the DOTAP samples,
rable for cells incubated with either CisiRNA complexes  and it is reasonable to believe that this reduced NL content
or cationic liposomes alone, its origin appears to be the lipid accounts for the lower toxicity. Furthermore, @kg = 50,
component of the complex. the toxicity for the DOTAP/DOPC and DOTAP/DOPE
At pchg= 10, only the DOTAP/DOPESIRNA complexes samples decreased at hidhy, as explained above. How-
and DOTAP/DOPE liposomes showed toxicity (Figure 6, ever, the MVL5/DOPC samples did not show a decrease in
right). For these systems, the toxicity exhibited a marked toxicity at high ®y., because MVL5 complexes and lipo-

containing CL=DNA complexes 26, 32) with very low cell
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Ficure 6: Cytotoxicity of CL—siRNA complexes (MVL5/DOPEsiRNA, DOTAP/DOPC-siRNA, DOTAP/DOPE-siRNA) targeting

the luciferase mMRNA in mouse L-cells and the corresponding cationic liposomes (without siRNA) as funatign &or the complexes,

the data are fopeng = 10 (filled triangle) and 50 (filled circle). The open maroon triangles and open green circles denote the cytotoxicity
of cationic liposomes using the same amount of lipid as the complexgsgat 10 or 50 respectively. Cytotoxicity was measured by
guantitating the amount of released lactate dehydrogenase from cells with damaged membranes.

(=]
1

somes at highbpopc still produced a significant amount of CL membranes. The difference in adhesion energy arises
charge per area due to the multiple charges per head groupbecause free DNA in solution contains bound counterions
Therefore, a strong electrostatic interaction was maintained(34) which, upon adsorption to cationic membranes, are
between MVL5 systems and the cells for @hopc released back into solution. This contribution is about one-
The combined total knockdowKr, nonspecific knock- half the adhesion energy, with the remaining one-half arising
down Kys, and cytotoxicity data described here reveal that from an equal release of membrane bound counterions into
pentavalent MVL5/DOPESsiRNA complexes targeting the  solutions upon complexatior3@). On the other hand, short
FF luciferase gene have a significantly higher silencing SiRNA is not expected to contain bound counterio8$) (
efficiency (with Kt ~ 0.9 andKys < 0.1) and lower cell (but rather, counterions will be in its vicinity) decreasing
toxicity over a broader range pfngand®y. when compared the adhesion energy per unit length, compared to DNA, by
to the DOTAP/DOPG-siRNA complexes, with the latter not ~ about one-half.
showing a regime with highks (approaching 1) and low Finally, differences in the electrostatic repulsion between
Kns. DNA chains or siRNA molecules will further affect the
RNAi has revolutionized functional genomics and is packing efficiency in complexes. These free energy consid-
currently being pursued as a therapeutic approach for a wideerations are potentially creating siRNA-complex instability
variety of diseases. Cationic lipids are widely used for the atlow pcng Increasing the chemical potential of the cationic
delivery of RNAiI mediators such as short hairpin RNA lipids by increasing their concentration (largerg) is thus
expression plasmids and synthetically prepared siRNA needed to create stable, efficiently transfecting complexes.
duplexes. Herein, we provide new insights concerning the We observed that the use of DOPE instead of DOPC as a
structural properties, delivery efficiency, and toxicity of CL  neutral helper lipid did not improve silencing efficiency and,
vectors. We elucidated structural relationships betweenin fact, was toxic to cells when used in amounts required
complexes of siRNA with DOTAP/DOPC, DOTAP/DOPE, for efficient siRNA delivery. This result, again, is in striking
and MVL5/DOPC and determined vector compositions that contrast to prior findings obtained with optimized lipid
successfully deliver siRNA for RNAi by comparing the total vectors for DNA delivery, where the use of DOPE in place
knockdown Kr), nonspecific knockdownKys), and cyto- of DOPC can not only cause a structural phase change from
toxicity of these delivery vectors. L, to Hy but also be beneficial to the transfection efficiency
While structural similarities were seen between-€L  of DOTAP-based vectors in certain ranges of lipid composi-
SiRNA and CI—-DNA complexes, differences did exist. tion. The structure of the complex may impact the delivery
siRNA complexes rapidly reached a structural equilibrium of siRNA; however, since the hexagonal phase is seen in
compared to DNA complexes and had a higher degree of CL—siRNA complexes with a high mole fraction DOPE, it
local ordering while the siRNA layers existed in a liquid- is hard to distinguish whether observed transfection and

like phase. toxicity effects are due to DOPE acting as a fusogenic helper
We found, for sSiRNA complexes, that @, larger than lipid or due to the hexagonal complex structure DOPE

that used in DNA delivery was paramount in order to achieve induces.

efficient silencing withKt approaching 1 ankys approach- Several key findings of our study emerged from the

ing zero. Thispcng requirement resulted in considerably comparison of siRNA vectors containing multivalent-p
higher amounts of lipid in the complex, with subsequent MVLS5 versus monovalent DOTAP. MVL5-based vectors
biophysical and biological consequences. Factors contributingexhibited significantly improve#r and a considerably lower
to the observed largerng include the following: First, the  Kns, and reduced toxicity when compared with DOTAP-
rotational and translational degrees of freedom associatedoased vectors. Our data also suggest thakKtend toxicity
with siRNA in the bulk is greater than that of long DNA, of CL delivery vectors depend on the amount of CL used.
creating a larger barrier for siRNA complex formation (loss Of note, the increased valence of MVL5 allows for the
of entropy) as the siRNA shifts from the bulk state to the formation of sSiRNA complexes with five times fewer lipid
confined complexed state. Second, there is a difference inmolecules than DOTAP and resulted in reduced toxicity.
electrostatic adhesion energy per unit length between long In addition, we have seen that the toxicity of siRNA
DNA chains and short siRNA molecules adsorbed on the complexes to cells in culture is similar to that of correspond-
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ing liposomes and, therefore, is highly dependent on the type 16

and amount of lipid used. These observations established the

multivalent MVL5 as a superior transfection vector for
siRNAs, and have implications for the optimal use of CL in
therapeutic applications.
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