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Induction of RNAi Responses by Short
Left-Handed Hairpin RNAIi Triggers
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Small double-stranded, left-handed hairpin (LHP) RNAs containing a 5’-guide-loop-passenger-3” structure
induce RNAI responses by a poorly understood mechanism. To explore LHPs, we synthesized fully 2’-modified
LHP RNAs targeting multiple genes and found all to induce robust RNAIi responses. Deletion of the loop and
nucleotides at the 5’-end of the equivalent passenger strand resulted in a smaller LHP that still induced strong
RNAI responses. Surprisingly, progressive deletion of up to 10 nucleotides from the 3’-end of the guide strand
resulted in a 32mer LHP capable of inducing robust RNAIi responses. However, further guide strand deletion
inhibited LHP activity, thereby defining the minimal length guide targeting length to 13 nucleotides. To dissect
LHP processing, we examined LHP species that coimmunoprecipitated with Argonaute 2 (Ago2), the catalytic
core of RNA-induced silencing complex, and found that the Ago2-associated processed LHP species was of a
length that correlated with Ago2 cleavage of the passenger strand. Placement of a blocking 2’-OMe blocking
modification at the LHP predicted Ago2 cleavage site resulted in an intact LHP loaded into Ago2 and no RNAIi
response. Taken together, these data argue that in the absence of a substantial loop, this novel class of small
LHP RNAs enters the RNAi pathway by a Dicer-independent mechanism that involves Ago2 cleavage and
results in an extended guide strand. This work establishes LHPs as an alternative RNAI trigger that can be

produced from a single synthesis for potential use as an RNAi therapeutic.
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Introduction

HE DISCOVERY OF RNA INTERFERENCE (RNAIi) in

Caenorhabditis elegans [1] revealed a novel post-
transcriptional mechanism of gene regulation mediated by
double-stranded RNA. The combined activity of Drosha and
Dicer ribonucleases cleaves and processes long double-stranded
RNA hairpin loops into 21-23 nucleotide double-stranded
micro-RNAs (miRNAs) with 3” dinucleotide overhangs that
are loaded by TAT RNA binding protein (TRBP) into Ar-
gonaute proteins, the catalytic subunit of RNA-induced si-
lencing complex (RISC), to induce RNAI responses [2]. The
sense strand or ‘‘passenger’’ strand is removed and the an-
tisense or ‘‘guide’” strand remains loaded in the RISC to scan
mRNA transcript for target sequences. The ability of exog-
enously administered synthetic short interfering RNAs
(siRNA) 21-23 nucleotides in length with two nucleotide 3
overhangs to engage the RNAi machinery downstream of

Dicer opened the door for performing selective gene silenc-
ing [3]. Given the specificity, potency, and ability to target the
undruggable genome, siRNA-induced RNAi responses have
great potential for treating human disease, particularly cancer
with its myriad of genetic mutations [4,5]. Moreover, due to the
ability to induce synthetic lethal RNAi responses and to evolve
the siRNA ““drug” as fast as the patient’s tumor genetics
evolve, RNAI therapeutics stand alone in their potential for
development of personalized cancer treatment [6,7].

Beyond siRNA, multiple groups have demonstrated effi-
cacy with alternative RNAi inducing molecular structures,
including long double-stranded RNAs [8] and short-hairpin
RNAs (shRNAs) that contain large intervening loops based
on miRNA stem-loop characteristics, and use DNA-based
viral vectors driven by RNA polymerase II or III promoters
[9-12]. Several studies investigating the potency of synthetic
shRNAs have found combined influences contributed by the
stem, loop, and 3’-end structure [11,13]. Interestingly, the
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orientation of the passenger and guide sequences within the
hairpin molecule has a profound impact on the RNAi-
trigger’s activity profile. Right-handed hairpin (RHP) loop
RNAs, containing a 5’-passenger-loop-guide-3” structure,
generally induce stronger RNAi responses with the presence
of a double-stranded stem length exceeding 19 base pairs
(bp), a large loop, and a 3’ 2 nucleotide overhang as this
structure facilitates crucial Dicer processing (Fig. 1A and
Supplementary Fig. S1; Supplementary Data are available
online at www.liebertpub.com/nat) [9-15]. In contrast, left-
handed hairpin (LHP) loop RNAs, with a 5’-guide-loop-
passenger-3’ structure (Fig. 1A and Supplementary Fig. S1),
have been found to maintain RNAi potency independent of
loop size and 3’ structure [9,13,14,16,17]. The difference in
structural tolerance between RHPs and LHPs reflects alter-
native mechanisms of entry into the RNAi pathway. LHPs
contain an exposed 5" guide strand end that can bind readily
to the Ago2 MID domain, whereas RHPs do not and therefore
require specific ribonuclease processing of the loop to obtain
a free 5’ guide strand end before Ago loading. Thus, the
structural properties of functional small LHPs place them in a
distinct class of RNAi-inducing molecules from RHPs.

Few studies have investigated the LHP class of RNAi
triggers and none had examined fully 2’-modified LHPs, and
S0, to investigate the mechanistic processing of LHP-induced
RNAI responses, we synthesized a series of LHPs targeting
GFP, Luciferase, and Plkl with deleted guide and passen-
ger strand nucleotides proximal to a shortened intervening
loop. We find that LHPs can be reduced in length from 51mers
to minimal-length 32mers and still induce robust, specific
RNAI responses. Not surprisingly, LHPs require greater than
13 nucleotides of complementary targeting sequence on the
guide strand for induction of RNAi responses. Finally, we find
that LHPs are processed in a Dicer-independent manner that
requires Ago?2 cleavage of the accompanying passenger strand,
resulting in an extended 3’-end of the loaded guide strand that
is well tolerated by Ago?2. Together, these observations define
the LHP structural requirements and determine the mechanism
of LHP RNA processing.

Materials and Methods
Synthesis and purification of oligonucleotides

Oligonucleotides were synthesized on a BioAutomation
Mermade-6 oligonucleotide synthesizer (Bioautomation,
Plano, TX). Commercially available phosphoramidites were
coupled as per manufacturer’s recommendation (R.I. Chemi-
cals, Orange, CA; Glen Research, Sterling, VA). Standard Q-T
columns (Glen Research) were used for controlled pore glass.
All oligonucleotides were purified by reverse phase HPLC with
an Agilent 1200 Series Analytical HPLC (Agilent, Santa Clara,
CA) on an Agilent Eclipse-XDB C18 column with linear ace-
tonitrile gradients. Oligonucleotides were analyzed by MALDI-
TOF mass spectrometry using an Applied Biosystems-DE-Pro
MALDI-TOF mass spectrometer (Applied Biosystems, Foster
City, CA), and gel electrophoresis using 15% acrylamide/7 M
urea denaturing gels stained with methylene blue for single-
stranded RNA or 15% acrylamide nondenaturing gels stained
with ethidium bromide for double-stranded RNA. GFP1 siRNA:
guide 5-CUGGGUGCUCAGGUAGUGGUU-3’, passenger 5’
CCACTACCTGAGCACCCAGUU-3". GFP2 siRNA: guide
5-UCCUUGAAGAAGAUGGUGCUU-%’, passenger 5'-GCA
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CCAUCUUCUUCAAGGAUU-3. GFP6 siRNA: guide 5-
UCGGAUCUUGAAGUUCACCUU, passenger 5'-GGUGAA
CUUCAAGAUCCGAUU-3'. Firefly luciferase siRNA based
on Pr004661.1: guide 5-UCUUUAUGAGGAUCUCUCUUU-
3’, passenger 5~ AGAGAGAUCCUCAUAAAGAUU-3. PLK1
siRNA: guide 5-UCUGUCUGAAGCAUCUUCUUU-3’, pas-
senger 5-~AGAAGAUGCUUCAGACAGAUU-3".

Cell culture, transfection, and knockdown assays

Human H1299 lung adenocarcinoma cells containing an
integrated, constitutively expressed destabilized GFP (dGFP)
reporter gene (~ 2 h half-life) or firefly Luciferase (Luc) re-
porter gene GL3 were cultured in DMEM (Invitrogen) sup-
plemented with 5% fetal bovine serum (FBS) (SOURCE),
100 U/mL penicillin, and 100 U/mL streptomycin (Invitro-
gen). Cells were plated in 24-well plates at 40,000 cells/well
for transfection of siRNA and LHP. Before treatment, cells
were washed twice with serum-free DMEM. Transfection
mixtures were prepared in 200 L. serum-free DMEM with
2mL Lipofectamine 2000 (Invitrogen) and left at room
temperature for 5min before treatment. Transfection mix-
tures were added to cells and incubated for 6-8 h at 37°C
before removal and the addition of DMEM with 5% FBS. For
H1299-dGFP, cells were trypsinized for fluorescence analy-
sis by FACS on an LSRII flow cytometer (BD Biosciences).
For H1299-Luc, cells were washed twice with HBSS and
incubated with 150 mg/mL luciferin (Gold Biotechnology)
for luminescence analysis on an IVIS Spectrum (Caliper Life
Sciences) imaging system. After imaging, cells were trypsi-
nized and counted using an LSRII flow cytometer. Luciferase
signals were normalized for viable cell count.

Human U20S osteosarcoma cells were cultured in DMEM
supplemented with 10% FBS, 100 U/mL penicillin, and
100 U/mL streptomycin. 300,000 U20S cells were reverse
transfected with 50 nM hairpin and 1 pL RNAIMAX in a six-
well plate for 12 h. Cells were washed and split in three wells
and analyzed 48 h posttransfection for DNA content by pro-
pidium iodide staining using FACS analysis and PLK-1 ex-
pression by quantitative PCR (qPCR) and western blot.
Western blot was performed using mouse anti-PLK1 (Clone
3F8, sc-53751; SantaCruz) 1:1,000 and mouse anti-tubulin
1:1,000 (GTU-88; Sigma) followed by goat anti-mouse Ig-g-
HRP 1:2,000 (SC-2005; Santa Cruz).

For qPCR with H1299-dGFP and U20S cells, RNA was
isolated with TRIzol (Invitrogen). The aqueous phase was
mixed with equal volume of 70% ethanol and prepared on
RNeasy columns (Qiagen). Real-time PCR was performed
with 100ng of total RNA using the TagMan RNA-to-Ct 1
step kit and TagMan predesigned probe and primer sets
for GFP (probe: 5-FAM-CCAGTCCGCCCTGAGCAAAG
ACC-3’; forward primer: 5-CTGCTGCCCGACAACCAC-
3’; reverse primer: 5-TCACGAACTCCAGCAGGAC-3),
PLK (HS00153444_m1) and GAPDH (4333764F) (Applied
Biosystems).

Use of all human materials was under the auspices of a
UCSD E&HS-approved protocol.

Preparation, transfection, and Argonaute 2 Co-IP
of #P-labeled oligonucleotides

Four hundred picomols of oligonucleotide was 5’ labeled
with 2.5U T4 polynucleotide kinase (NEB) and 200 nCi



A siRNA RHP LHP

5 Passenger 3 5’ Passenger Passenger
INRRARNRRRNENENg IERRNRRRRNRRRRRN] , ( JENNRRRNNRRENNND
3 ; 5 3 ; . 5’
Guide Guide Loop Loop Guide
B Ago2
A"C-C\. +
!A’ C-c-c-A-Cc-U-A-C-C-U-G-A-G-C-A-C-C-C-A-G-U-U 3’ Passenger Strand
¢ LHP
\_1 ’U—G—G-U—G—-A-—U-G-G—A-C-—U-C—G-U-G-G-G-—U-C 57 Guide Strand
S LHP1 (51mer) Seed
C 1h
100
= mock
75 = 2nM
o = 5nM
6 50 o 10nM
2 = 25nM
25 50 nM
0 100 nM
Luc-siRNA
D 120 F
{\ - m GFP-LHP2
100 & e % = Plk1-LHP2
@ \{-- S
3]
S 80 —#— GFP-LHP2
w
2 60 - Luc-LHP2
§ ~@— Luc-siRNA
-
X

6og

0 10 20 30 40 50 NA
nM Conteng
E GFP-LHP2 PIk1-LHP2
e PLK1

e e o Tubuin

FIG.1. Small 2’-F/OMe LHPs are functional for multiple target genes. (A) Diagrammatic representation of siRNA, RHP,
and LHP structures. (B) LHP1 (black) and LHP2 (gold) structures of GFP1 targeting sequence. Red arrow indicates
expected position of Ago2 passenger sequence cleavage. (C) Flow cytometry analysis of H1299-dGFP cells transfected with
a dose curve of fully 2’-F/OMe-modified GFP1 siRNA, GFP1 LHP1, GFP1 LHP2, or control Luc siRNA. Cells were
analyzed 48 h after transfection. (D) Luciferase activity of H1299-Luc cells 48 h after transfection with a dose curve of
luciferase-targeted LHP2 or siRNA or control GFP LHP2. (E) Immunoblot analysis of U20S osteosarcoma cells transfected
with Plkl1-targeted LHP2 or control GFP LHP2. (F) Flow cytometry analysis of U20S osteosarcoma cells transfected with
Plk1-targeted LHP2 or control GFP LHP2. Cells were stained with propidium iodide to measure DNA content. LHP, left-
handed hairpin; RHP, right-handed hairpin.
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**P-ATP (6,000 Ci/mmol) in a 50 pL volume for 20 min. The
reaction was inactivated for 20 min at 65°C and free **P-ATP
was removed from the reaction mixture using G-25 spin
columns (GE Healthcare). Marker labeling was performed in
a 5% scale. Labeled LHP was diluted to a volume of 250 uLL
in Opti-MEMI and mixed with 250 pL. Opti-MEM 1 con-
taining 15 plL Lipofectamine 2000. After a 20-min incuba-
tion, the mixture was added to 2.4 X 10° H1299-dGFP cells in
8mL DMEM containing 5% FBS and seeded in a 10-cm
tissue culture dish. Cells were transfected for 12h and wa-
shed with phosphate-buffered saline (PBS) before medium
replacement.

Cells were washed with ice-cold PBS at 36h post-
transfection and lysed in 1 mL ice-cold lysis buffer [20 mM
Tris-Hel (pH 7.9), 250 mM NacCl, 0.5% Triton X-100, 0.1%
DEPC, 0.5% protease inhibitor cocktail, and 1% phosphatase
inhibitor cocktail IT (Sigma)] for 10 min on ice. Lysates were
cleared at 16,000¢ for 10 min at 4°C. Nine hundred micro-
liters of cleared lysate was incubated with 100 puL. of washed
protein G-sepharose 4B slurry (Invitrogen) on a rotator at
4°C. After 2h, beads were spun down and 850 pL of lysate
was transferred to a tube containing 75 pL of washed protein
G-sepharose 4B slurry preincubated for 2h with 10 pL of
anti-human Argonaute 2 antibody (4G8, 0.9 mg/mL; Wako
Chemical USA, Richmond, VA) and incubated on a rotary
shaker for 4 h. Beads were washed four times with ice-cold
lysis buffer and eluted with 50 pL. formamide/0.1% bromo-
phenol at 95°C for 1 min. Eluates, markers, and input LHPs
were counted on a scintillation counter and input counts were
normalized to IP sample, heated at 95°C for 3 min, and snap
cooled on dry ice/ethanol. Samples were thawed on ice and
loaded on a 15% acrylamide/7M urea/20% formamide
PAGE. Gels were exposed to a phosphorlmager screen at
—20°C and analyzed on a phosphorlmager Typhoon (Mole-
cular dynamics). Tiff files were exported from ImageQuant
and whole-image levels were adjusted in Adobe Photoshop
without affecting gamma.

5’ Rapid amplification of cDNA ends

H1299-dGFP cells were transfected as described previ-
ously. RNA was isolated and purified with TRIzol and
RNeasy columns 24 h posttransfection. Three micrograms of
RNA was ligated to 0.25 pug GeneRacer RNA oligo (In-
vitrogen). Ligated RNA was reverse transcribed with super-
script III and oligo dT(20). cDNA was amplified with the
GeneRacer 5” primer and GFP-specific primer (5-CCGCT
CTCCTGGGCACAAGAC-3’) using a step-down PCR pro-
tocol. PCR products were analyzed on a 1.2% agarose/TBE
gel, and bands of predicted size were excised and purified
with QIAquick gel extraction columns and reagents (Qia-
gen). Purified PCR products were sequenced directly.

Innate immune response and serum stability

Human peripheral blood mononuclear cells (PBMCs) were
isolated from healthy donors as described before. 3 x 10°
freshly isolated PBMCs were treated with 25, 100, 250, or
500nM of 2’-OH or 2’-F/OMe 21-mer GFP siRNAs plus
Lipofectamine and seeded onto a 96-well plate. Culture su-
pernatants were collected at 24 h after addition and assayed
for IFN-a (R&D systems). For serum stability, 50 pmol of 5
IRdye-labeled siRNA guide strand was incubated in 50%
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human complement active serum (Innovative Research) at
37°C. At indicated time points, an aliquot was taken and
diluted 10-fold in 7M urea loading buffer. Samples were
heated to 95°C for 1 min, flash frozen on dry ice, and stored at
—80°C until analysis on a 15% acrylamide/7 M urea PAGE.
Gels were analyzed on an Odyssey imager (LI-COR).

Results
Synthetic LHP RNAs are potent RNAI triggers

To understand LHP structural requirements for efficient
induction of RNAIi responses, we first synthesized a 51mer
LHP targeting GFP, called LHP1, based on our previously
published siRNA sequence to GFP, called GFP1 [16,17].
Starting from the 5" end of the guide strand, LHP1 contains a
19bp stem with an 11 nucleotide (nt) single-stranded loop,
followed by 19 bp of complementary passenger strand and 3’
dinucleotide overhang (Fig. 1A and Supplementary Fig. S1).
We also synthesized a similarly designed LHP, but with a
stabilized 2nt U-U loop [18-20], called LHP2 (42mer)
(Fig. 1B). In addition, we synthesized a canonical 21mer
GFP1-siRNA with 3” dinucleotide overhangs and a control
luciferase (Luc) targeted Luc-siRNA. To avoid activation of
the innate immune system [7,21,22], all RNAI triggers were
synthesized with 2’-F on all pyrimidines and 2’-OMe on all
purines. 2’-F/OMe modifications are highly tolerated by
the RNAi machinery and used extensively on therapeutic
siRNAs in clinical trials [23-25].

To analyze for induction of RNAi responses, RNAI trig-
gers were transfected in a dose-dependent manner into human
H1299 lung adenocarcinoma cells constitutively expressing a
destabilized GFP [16,17] and analyzed by flow cytometry
and quantitative real time-PCR (Fig. 1C and Supplementary
Fig. S2). GFP1-LHP1, which contains an 11 nt loop, induced a
dose-dependent GFP RNAi response that was moderately
less efficient than the parental GFP1-siRNA. However, GFP
LHP2, which contains a constrained two nucleotide UU loop,
induced GFP RNAI responses closer to the siRNA-induced
RNAIi response. As expected, control luciferase-targeted
siRNA failed to induce an RNAI response at any of the tested
concentrations (Fig. 1C). Similar results were obtained with
two additional independent GFP sequences (GFP2 and GFP6)
(Fig. 5). Together, these observations demonstrate that 42mer
LHP2 RNAs are efficient RNAI triggers.

To confirm the functionality of 2’-F/OMe LHPs for mul-
tiple target genes, we designed and produced 2 nt loop LHP2s
targeting the firefly Luciferase (Luc) reporter gene GL3 and
the Polo-Like Kinase-1 (Plk1) endogenous proto-oncogene
following the same design rules used for GFP LHPs. Trans-
fection of Luc-LHP2 into H1299 cells constitutively ex-
pressing GL3 luciferase induced potent RNAi responses
(Fig. 1D), similar in magnitude to those observed by GFP-
LHP2. We next targeted Plkl in U20S cells where Plkl
depletion induces a phenotypic G2 phase cell cycle arrest
[26,27]. At 48h posttransfection, 2’-F/OMe Plk1-LHP2-
treated cells displayed a strong reduction in Plkl protein
compared to control GFP1-LHP2 (Fig. 1E). The Plk1 knock-
down was paralleled by induction of a G2/M phase cell cycle
arrest (Fig. 1F). These results demonstrate that 2’-F/OMe-
modified, minimal loop LHP molecules are efficient RNAi
triggers for both reporter and endogenous genes.
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FIG. 2. Tolerance of RNAi machinery for structure and sequence alteration of RNAI triggers. (A) Structures of 2’-F/OMe
GFP1 siRNAs studied with variable guide strand lengths annealed to 21 nt passenger strand. Red arrow indicates position of
Ago?2 passenger strand cleavage. (B) Flow cytometry analysis of H1299-dGFP cells 48 h after transfection with dose curves
of GFP1 siRNAs containing variable length guide strands. (C) Right panel: structures of passenger/guide strand sequence
exchanged GFP1 siRNAs. Left panel: flow cytometry analysis of H1299-dGFP cells 48 h after transfection with dose curves

of sequence exchanged siRNAs.

Structural determinants of LHP

LHPs induce RNAI responses in cells independent of Dicer
or single-stranded RNase processing [14]. However, due to
the unique design of LHPs, Ago2 can clip the attached pas-

senger strand, releasing a 12 nt fragment from the 3” end, but
retaining the 5° half of the embedded passenger strand
(Fig. 1B). The result is that Ago2 retains an elongated
“‘guide’” strand that contains the core guide strand attached to
the loop and 5" end of the cleaved passenger strand. For
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example, a 42mer LHP2 (5" 19 nucleotide guide, 2 nt loop,
19 nt passenger, and 3’-UU overhang) will be processed by
Ago?2 into a 30 nucleotide guide strand. To explore the tol-
erance of Ago2 for extended length guide strands, we an-
nealed a 21mer GFP passenger strand (P-21) to GFP guide
strands ranging from 13 to 30 nts with the 5" end fixed and the
increased length added to the 3’ end (Fig. 2A). The double-
stranded siRNAs were transfected in H1299-GFP cells and
assayed for GFP knockdown by FACS at 48 h (Fig. 2B). GFP
guide strand oligonucleotides of 24, 26, and 30 nt all induced
RNAI responses similar to those observed with the standard
siRNA guide strand of 21 bases (Fig. 2B). Consistent with
previous studies [28], reduction in guide strand length to 19 nt
was well tolerated. However, further reduction to 17 nt on the
guide strand resulted in a significant loss of RNAi activity
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(Fig. 2B). Further reduction to 15 and 13 nt guide strands was
completely inactive. These results showed that having a long
*“3” tail”” on the guide strand does not interfere with induction
of RNAI responses.

LHPs can induce RNAi responses with minimal-size
hairpin structures (see LHP2, Fig. 1). However, the minimal
size limitations of LHPs have not been thoroughly investi-
gated. Reduction in LHP size can be achieved by shortening
the passenger strand, guide strand, loop, and/or a combina-
tion of all three [14,19]. However, a negative consequence of
shortening the guide strand sequence is loss of mRNA
complementary targeting sequence. To investigate guide
strand requirements for induction of RNAi responses, we
swapped the complementary 5" guide and 3’ passenger strand
sequences of the GFP1 siRNA, which contains 19 bases
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FIG. 3. Exploration of size reduction in LHPs with 3’-dinucleotide overhangs. (A) Structures of size-reduced 2’-F/OMe
GFP1 LHPs containing a 3’-UU overhang. Red arrow indicates position of Ago2 passenger sequence cleavage. (B) Flow
cytometry analysis of H1299-dGFP cells 48 h after transfection with dose curves of size-reduced GFP1 LHPs containing 3’-
UU overhangs or control luciferase-targeted LHP5. (C) Kinetic analysis by flow cytometry of RNAi responses in H1299-

dGFP cells transfected with 100nM LHPs or siRNAs.
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complementary to the GFP mRNA plus a 2 nt UU 3’ tail (21 nt
total) (Fig. 2C). As a result, all siRNAs retained identical
thermodynamic properties (Tm) for loading into Ago2
compared to the parental siRNA sequence [29]. siRNAs with
guide strands containing 17 and 15nt of mRNA comple-
mentary target sequence (but remained 21 nt long in total)
induced a near-identical, RNAi dose/response curve as the
19 nt complementary base (21 nt total length) of the parental
siRNA (Fig. 2C). However, the siRNA with only 13 matched
bases of mRNA complementary sequence showed no RNAi
activity. These observations established a lower limit to the
guide strand sequence of 15 complementary bases in reduc-
ing the LHP overall size.

Minimal size limits of LHPs

Previous studies have shown highly functional LHP de-
signs with 19 nt guide strands, 17, 18, or 19 nt passenger
strands, and 2 nt UU loops [14,19]. To define the minimal
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necessary lengths of each strand, we synthesized a series of
smaller LHPs with 3’-UU overhangs (Fig. 3A). LHP3
(38mer) contains a 19 nt guide strand linked directly to a
17 nt passenger strand (LHP3), which eliminated 4 nt from
the LHP2 design. LHP3 efficiently knocked down dGFP
expression with a low nanomolar ECs, and showed only a
minimal change from LHP2 (Fig. 3B, C). Additional
truncation of the passenger strand to 15 nt (LHP5, 36mer)
also maintained high efficacy to induce a GFP RNAIi re-
sponse. We observed similarly potent RNAIi activities us-
ing LHP8, a 34mer that contained 17 nt guide and 15nt
passenger strands. Surprisingly, further reduction to LHP9,
a 32mer, with 15 nt guide and 15 nt passenger strands also
showed similarly strong induction of RNAi responses.
However, further reduction to LHP16, a 30mer with 15 nt
guide and 13 nt passenger strands, resulted in measurably
diminished RNAi responses (Fig. 3B, C). Consistent with
our observations using independently synthesized guide
strands (Fig. 2B), reduction of guide strand length to 13 nt
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O 50 m 25nM
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50 nM
25 1 O 100 nM
0 | |
LHP7 LHP10 LHP13 LHP14 Luc-
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-4~ Luc-siRNA -4-- Luc-siRNA
-~ LHP7 o - LHP14
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LHP4 O] —=— LHP10
—o— SIRNA =2 —— siRNA
0 T T T + T T T
0 24 48 72 0 24 48 72
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FIG. 4. Exploration of size reduction in blunt-ended LHPs. (A) Structures of size-reduced 2’-F/OMe GFP1 blunt-ended
LHPs. Red arrow indicates position of Ago2 passenger sequence cleavage. (B) Flow cytometry analysis of H1299-dGFP
cells 48 h after transfection with dose curves of size-reduced GFP1 blunt-ended LHPs or control luciferase-targeted siRNA.
(CO) Kinetic analysis by flow cytometry of RNAIi responses in H1299-dGFP cells transfected with 100 nM LHPs or siRNAs.
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with a 17 nt passenger strand (LHP17, 32mer) or a 13 nt
passenger strand (LHP18, 28mer) completely abolished
RNAI activity (Fig. 3B, C).

The LHPs discussed above (LHP2, 3, 5, 8,9, 16, 17, 18)
all have 3’-UU overhangs over the 5 end of the guide
strand; however, the 3" overhang on siRNAs is required for
optimal PAZ binding to the 3’ end of the guide strand
(not the 5" end of the guide in the LHP configuration)
[21,23,24]. Consistent with this, a high-caliber clinical
candidate siRNA (AT3) contains a blunt 5" end of the guide
strand with a two nt 3" overhang [23]. Therefore, we gen-
erated and assayed a second set of LHPs that had removed
the 3’-UU passenger strand overhang (Fig. 4A). Overall,
blunt ended LHPs demonstrated similar RNAi activities
(Fig. 4B, C) similar to their 3’-UU overhang counterparts
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(Fig. 3B, C). Potent RNAi responses were observed with
LHP4 (40mer) (similar to LHP2) containing a 19 nt guide
strand and 19 nt passenger strand, LHP6 (36mer) (similar
to LHP3) containing a 19nt guide strand and 17 nt pas-
senger strand, LHP7 (34mer) (similar to LHP5) containing
a 19 nt guide strand and 15 nt passenger strand, and LHP10
(32mer) containing a 15 nt guide strand and 17 nt passenger
strand (Fig. 4B, C). Similar to LHP 16, activity started to
drop off for LHP13 (28mer) with a 15 nt guide strand and
13 nt passenger strand, and was completely lost with
LHP14 (26mer) (similar to LHP18) containing a 13 nt
guide strand and 13 nt passenger strand. Together, these
results established a minimal size for high-caliber LHP
induction of RNAI responses of 32 nt (LHP9: 15 nt guide,
15 nt passenger).

A 48hr: m2nM O10nM 50 nM SIRNA GFP1 GFP2 GFP6
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FIG. 5. Comparison of three distinct GFP targeting sequences using siRNA, LHP2, and LHP7 structures containing 2’-OH
or 2’-F/OMe groups. (A) Left panel: flow cytometry analysis of H1299-dGFP cells 48 h after transfection with dose curves
of GFP-targeted siRNA containing 2’-OH or 2’-F/OMe groups. GFP1, GFP2, and GFP6 are three discrete siRNA sequences
all targeting GFP. Right panel: kinetic analysis by flow cytometry of RNAIi responses in H1299-dGFP cells transfected with
100 nM siRNA. (B) Forty-eight-hour dose curve and 3-day kinetic analysis of cells transfected with LHP2 molecules. (C)
Forty-eight-hour dose curve and 3-day kinetic analysis of cells transfected with LHP7 molecules.
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Multiple GFP targeting sequences function
in the LHP configuration

We next studied the ability of three independent GFP
RNAI sequences to function in two different LHP configu-
rations. GFP1, GFP2, and GFP6 RNAI trigger sequences
were synthesized as siRNAs (42mer total, two 21mers with
3’-UU overhangs on both ends), LHP2 (42mer, 19 nt guide,
19 nt passenger with a 3’-UU overhang), and LHP7 (34mer,
19 nt guide, 15 nt passenger, no 3’ overhang). Transfection of
each siRNA construct into H1299-GFP cells resulted in po-
tent and sustained RNAI responses by all three siRNA GFP
target sequences when composed of either 2’-OH or 2’-F/
OMe oligonucleotides (Fig. 5A). We note that the 2"-modified
GFP6 siRNA was more potent than the corresponding 2’-
hydroxyl siRNA. Although each LHP2 version of the GFP
RNAI triggers induced strong RNAi responses, for the most
part, these LHP2 RNAIi responses demonstrated modestly
diminished potency compared to their siRNA RNAI trigger
counterparts (Fig. 5B). LHP size reduction to the LHP7
structure resulted in lowered efficacy for most sequences
(Fig. 5C), with only the GFP2 molecule inducing knockdown
efficacy equivalent to its LHP2 counterpart.

A hallmark of RNAIi responses is the specific cleavage of
target mRNA opposite nucleotides 10-11 of the guide
strand [24]. We confirmed RNAI as the mechanism of GFP
knockdown for LHPs by performing 5’ rapid amplification
of cDNA ends (RACE) analysis (Fig. 6). LHP1, LHP2, and

EGTAGAAACAAGATCCGCC A

LHP7 molecules targeting the GFP1 sequence all generated
5" RACE PCR products of the predicted size (236bp)
(Fig. 6A). LHP7 molecules targeting the GFP2 and GFP6
sequences also yielded expected size PCR products (543
and 344 bp, respectively) (Fig. 6A). Direct sequencing of
gel-purified PCR products confirmed the predicted cleavage

A B LHP2
LHP2 P10-2’0OMe
input aAgo2 input  aAgo2
42—
L, -
30— 30
- -

FIG. 7. Ago2 Co-IP of *’P-labeled 2’-F/OMe LHPs. Anti-
Ago?2 coimmunoprecipitation from cells transfected with (A)
32P_labeled GFP1-LHP2 with a cleavable 2’-F at the passenger
strand cleavage site, and (B) **P-labeled GFP1-LHP2 with a
noncleavable 2’-OMe at the passenger strand cleavage site. Input
is **P-labeled 42mer LHP2. Molecular weight markers are **P-
labeled 42mer, 30mer, and 21mer as indicated on left side.
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site for each of the LHPs (Figs. 3A, 4A, and 6B). Interest-
ingly, both GFP1-LHP1 and LHP2 appear to induce RISC-
mediated mRNA cleavage on a fraction of transcripts opposite
nucleotides 11-12 of the guide sequence (Fig. 6B). This ap-
parent slight flexibility in the active site of Ago2 could be the
consequence of large guide strands that result from Ago2 pro-
cessing of LHPs (LHP1: 39 nt, LHP2: 30nt). Indeed, the ob-
served effect correlated positively with predicted guide strand
size of the LHPs as RISC loaded with LHP7 molecules (shorter
guide strand following Ago2 passenger cleavage) targeting all
three GFP sequences demonstrated perfect specificity for the
classic mRNA cleavage site (Fig. 6B).

LHPs are activated by Ago2 processing

LHPs are thought to be processed in a Dicer- and RNase-
independent manner [14]. To investigate the mechanism of
LHP-induced RNAI responses, we 5" end labeled LHPs with
3 2P, transfected them into cells, then immunoprecipitated en-
dogenous Ago2, and assayed for the size of the associated to
3P LHP fragments. If LHP-mediated RNAi responses are
independent of Dicer or single-stranded RNase cleavage of the
loop, mature RISC will contain a long guide strand (guide
strand plus loop and 5’ fra%ment of passenger strand). Coim-
munoprecipitation of 5° **P-labeled LHP2 with anti-Ago2
resulted in identification of a **P oligonucleotide with size
equivalent to the 30 nt marker (Fig. 7A). This 30mer is the
exact length that would be expected from LHP2 passenger
cleavage by Ago2 (19 nt guide, 2 nt loop, plus 9 nt passenger
fragment) (Fig. 1A). While a 2’-F is well tolerated at the Ago2
passenger strand cleavage site, insertion of a 2’-OMe strongly
inhibits Ago2 cleavage [14]. Transfection and anti-Ago2 im-
munoprecipitation of **P-labeled LHP2 with a 2’-OMe at the
passenger strand cleavage site resulted in identification of the
42 nt parental LHP, plus several small fragments at 20, 21, and
22 nt that were not seen with the parental LHP2 (some small)
(Fig. 7B). The 2’-OMe LHP2 also failed to induce a GFP RNAi
response (Supplementary Fig. S3). These observations are
consistent with the Ago2-guide strand crystal structure
showing that nucleotides 15 to 19 are unstructured and looped
out [30], suggesting a potential mechanism to accommodate
the longer guide strands resulting from LHP Ago2 processing.

A SiRNA B

[T <111
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Discussion

Induction of RNAI responses requires TRBP loading of a
double-stranded A-form RNAI trigger that is processed on
Ago to remove the passenger strand resulting in a nucleotide-
exposed, guide strand [7,24,25]. The vast majority of work
on exogenous, nonexpressed RNAi triggers has focused
on siRNA-like structures based on the Tuschl laboratory’s
prototypical two 21nt oligonucleotide strands with 3’
overhangs [3]. Derivatives of this include blunt end on either
or both siRNA ends, siRNAs of longer and shorter strands,
and Dicer substrates that contain an extended region beyond the
mature 5" end of the guide strand category [24]. Excluding a few
rare examples, such as miR-451, the vast majority of endoge-
nously expressed (transcribed) miRNAs are in a RHP stem-loop
structure with a loop that is processed in the cytoplasm by Dicer,
followed by TRBP loading into Ago [12,31-33]. However,
there are no currently known examples of endogenous LHP
miRNAs configured with a very short loop. Consequently, short
looped LHPs represent a novel synthetic RNAI trigger.

Here comparing three different LHP RNAI triggers to
GFP, our structure/activity relationship analyses defined
the minimal size of the LHP and the guide strand length
required for induction of robust RNAi responses. Prior
studies on LHPs laid down the ground work for charac-
terizing these unique RNAI triggers [14,18,19]. Because
LHPs are not processed by Dicer [14], to activate an LHP,
the intact full-length LHP must first be loaded by TRBP
into Ago2 and then have its passenger strand cleaved by
Ago2. This results in an extended 3" guide strand ‘‘tail”’
that at the 3" end is composed of the 5" end fragment of the
passenger strand (Fig. 8). Given the mechanism of LHP
activation and that the passenger strand is covalently at-
tached to the guide strand, we speculate that LHPs loaded
into noncatalytic Agol, 3, 4 would remain double stranded
in a nonfunctional configuration versus catalytically active
Ago2. Importantly, because miRNAs have guide strands
between 19 and 27nt long, Ago has been evolutionary
designed to accommodate extended 3’ tails on guide
strands [30,34]. Consequently, the critical guide strand
seed and cleavage site remain in the same structural re-
gions of Ago2 regardless of guide strand length [34]. To

LHP2

-.‘. wlicavad
ARNRRRRER

Guide

Extended
3'End

Guide

FIG. 8. Diagram of loaded guide
strand from siRNA (A) vs. loading
of extended guide strand with 5" end
of passenger strand in LHP2 (B).
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accommodate the varying length guide strands, the central
region of the 3’ tail is looped out and unstructured in the
Ago?2 structure, followed by the last two nt of the 3" end
loaded into the PAZ domain [30]. Similar to longer miR-
NAs, we speculate that the extended 3’ tails of cleaved
LHPs are looped out on Ago?2 (Fig. 8).

Unlike siRNAs, LHP molecules are composed of a single
oligonucleotide and are therefore generated from a single-
column synthesis. In addition, use of minimal length LHPs
(32nt) versus siRNAs (42 total nt) can lower overall pro-
duction costs. Due to their structure, LHPs also eliminate
unintended off-target silencing from passenger strand load-
ing into Ago2, as can occur with siRNA. LHPs with 2 nt 3’
overhangs consistently performed better in our hands than did
blunt-ended LHPs (Figs. 3 and 4). Because, 5" guide strand
blunt-ended siRNAs are the preferred RNAI trigger in clin-
ical trials [23], we do not currently have a mechanistic basis
for this observation. Importantly, Ago2 cleavage of the LHP
is a critical requirement as blocking this cleavage with a 2’-
OMe on the passenger cleavage site completely killed LHP
processing and the RNAi response (Fig. 7).

Beyond the scope of the work presented here, we ask
the question: What do single-strand LHPs do that is bettet/
different than standard, double-stranded siRNAs at this stage in
the clinical development of RNAI therapeutics? The answer is
that while double-stranded siRNAs work exceptionally well for
GalNAc-mediated delivery to liver hepatocytes [7,23-25],
this is a first-pass targeting strategy that relies heavily on the
overabundance of the hepatocyte asialoglycoprotein receptor
(ASGPR) (~106 receptors/cell) to sequester the low blood
concentration of GalNAc-siRNAs that slowly drip into the
blood stream from their subcutaneous depot before they come in
contact with, and are filtered out by, the kidneys. Indeed, due to
the saturation of ASGPR, the majority of an i.v. bolus injection
of GalNAc-siRNAs ends up being filtered out by the kidney,
resulting in an extremely poor RNAi response [17]. With the
exception perhaps of the transferrin receptor (CD71), there are
no other examples of ligand/receptor pairs that have this ex-
tremely high level of receptors (~ 10°) and that are turned over
extremely rai)idly (~ 15 min) [7]. Most receptors to be targeted
are in the 10" to 10° range and turn over every 90 min, resulting
in a dramatically smaller amount of RNAI trigger entering the
endosome on an hourly basis. Consequently, to obtain as many
shots-on-goal as possible, extrahepatic delivery of RNAI trig-
gers will need to remain stable and intact in the blood stream for
as long as possible. Beyond the size reduction and single-
stranded synthetic simplicity, LHPs offer an inherent stabiliza-
tion design that exposes only a single end to exonucleases (vs.
two for siRNAs). In summary, we believe that development of
robust extrahepatic RNAIi delivery systems will require alter-
native RNAI trigger designs versus the double-stranded siRNA
approach used for the liver. LHPs represent a unique class of
RNAI triggers that may present advantages as the field begins to
move beyond GalNAc delivery to the liver.
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