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ABSTRACT: Antisense oligonucleotides (ASOs) are single-stranded
short nucleic acids that silence the expression of target mRNAs and
show increasing therapeutic potential. Since ASOs are internalized by
many cell types, both normal and diseased cells, gene silencing in
unwanted cells is a significant challenge for their therapeutic use. To
address this challenge, we created conditional ASOs that become
active only upon detecting transcripts unique to the target cell. As a
proof-of-concept, we modified an HIFla ASO (EZN2968) to
generate miRNA-specific conditional ASOs, which can inhibit
HIFla in the presence of a hepatocyte-specific miRNA, miR-122,
via a toehold exchange reaction. We characterized a library of nucleic
acids, testing how the conformation, thermostability, and chemical
composition of the conditional ASO impact the specificity and efficacy
in response to miR-122 as a trigger signal. Optimally designed
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conditional ASOs demonstrated knockdown of HIFla in cells transfected with exogenous miR-122 and in hepatocytes expressing
endogenous miR-122. We confirmed that conditional ASO activity was mediated by toehold exchange between miR-122 and the
conditional ASO duplex, and the magnitude of the knockdown depended on the toehold length and miR-122 levels. Using the same
concept, we further generated another conditional ASO that can be triggered by miR-21. Our results suggest that conditional ASOs
can be custom-designed with any miRNA to control ASO activation in targeted cells while reducing unwanted effects in nontargeted

cells.

B INTRODUCTION

Antisense oligonucleotides (ASOs) are single-stranded syn-
thetic nucleic acids that can cleave target mRNAs through
Watson—Crick—Franklin base pairing and recruitment of
RNase H.'™ Since ASOs are relatively easy to design and
synthesize against virtually any mRNA of interest, they have
become promising therapeutics.” Despite these advantages, the
clinical success of ASOs was initially hindered by their low
efficacy due to nuclease susceptibility and limited cell entry.
These problems have been overcome with the advent of
chemical modifications that protect against nucleases (e.g., the
gapmer design)® and conjugation strategies.” Currently, a
grand challenge in ASO therapeutics pertains to reducing
undesired adverse effects by delivering them specifically to the
desired cell types or tissues. ASOs delivered systemically”* or
locally” are taken up by various cell types, resulting in intended
effects in target cells while concomitantly inducing unintended
effects in bystander cells. Thus, developing new strategies to
render the ASOs active only in target cells but remain inactive
in nontarget cells is crucial.

To provide cell- and tissue-specificity for ASOs, several
approaches, including photocaging, lipid nanocarriers, and
ligand conjugations, have been developed. However, they
continue to have shortcomings in target cell-specific delivery.
Photocaging'”"" is limited by tissue penetration and potential
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cytotoxicity of UV light. Lipid nanocarriers with specific tissue
tropism have shown the potential for tissue-specific delivery,
but it is unclear if they can provide specificity of cell subtypes
within tissues.'”"? Tissue-targeted ligand conjugation, such as
GalNAc-conjugated siRNA-targeting aminolevulinic acid syn-
thase 1 (ALAS1) mRNA, has been successful.'*"> This ligand-
mediated specific cellular uptake strategy can be successful
when the target cell type displays unusually high expression
levels of a surface marker. However, unique surface markers are
not available for many target cells. In contrast, it is much easier
to identify intracellular markers such as transcripts or proteins
that specifically change in target cells or tissues. Therefore,
using intracellular species such as microRNAs (miRNAs) and
mRNAs to control the activity of ASOs may expand the
targeting competency to a broad range of pathophysiological
conditions.'®"”

HIFla is a master transcription factor and plays important
roles in both normal physiology and pathobiological
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conditions. HIFla not only regulates the physiological
processes such as angiogenesis, wound healing, and acute
injury repair but is also involved in various diseases, including
cancer and cardiovascular diseases.'™** Thus, systemic
inhibition of HIFla may lead to adverse side effects, and
conditional regulation of HIFl« in targeted cell types could be
beneficial. EZN2968 is a single-stranded ASO with locked
nucleic acid (LNA) modifications, which specifically and
effectively inhibits HIFla mRNA and tumor growth.”®
However, EZN2968 is not widely used in the clinic, in part,
due to its potential side effects. Therefore, we aimed in this
study to generate a conditional EZN2968 ASO, which can be
activated only in cells expressing target miRNA.

MicroRNA is a key regulator of gene expression, with its
expression dynamically changing under various pathophysio-
logical conditions.”*™** Also, some miRNAs show cell-type
specific expression patterns. For example, miR-122 is a highly
specific miRNA expressed in hepatocytes,””*’ making it ideal
to test the concept of miRNA-triggerable ASOs. Also, miR-21
expression is increased in numerous cancer and cardiovascular
disease conditions. Therefore, here, we first used miR-122 to
test the proof-of-concept of conditional EZN2968 triggered by
miR-122. Then, we used another miRNA, miR-21, to test if the
miRNA-regulated ASO concept can be applied in general.

We hypothesized that the single-stranded EZN2968 activity
could be concealed by hybridizing it with a complementary
sequence (locking strand) to make a double strand (duplex).
To control the dehybridization of the EZN2968 duplex in
response to miR-122, we added the complementary sequence
of miR-122 to the locking strand. We further hypothesized that
dehybridization of the duplex will help to regain the ASO
activity, which can be achieved via toehold-mediated displace-
ment or exchange reaction”' triggered by miR-122. To test the
hypothesis, we first modified EZN2968 to generate and
characterize a library of conditional ASOs. The library was
tested to identify the design features that result in the most
selective triggering of EZN2968. We investigated the role of
duplex architecture, including the length and spatial arrange-
ment of single- and double-stranded domains, thermostability,
and chemical composition of the conditional EZN2968. Then,
we demonstrated activation of the conditional EZN2968 by
both a synthetic miR-122 mimic and endogenous miR-122 in
vitro. Further, we demonstrated the modularity of the design
by generating another conditional EZN2968 using miR-21 as a
trigger miRNA.

B MATERIALS AND METHODS

Materials. All oligonucleotides (Tables S1—S3) and primers for
quantitative real-time polymerase chain reaction (RT-qPCR) (Table
S4) were custom synthesized by Integrated DNA Technologies. A
Direct-zol RNA Miniprep Kit (Cat. #: R2052) was acquired from
Zymo Research. An miScript II RT Kit (Cat. #: 218161) and miScript
Primer Assays (miR-122: Cat. #: MS00003416; RNU6: Cat. #:
MS00033740) were acquired from QIAGEN. An Oligofectamine
Transfection Reagent (Invitrogen, Cat. #: 12252011), a High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Cat. #: 4368813), and PerfeCTa SYBR Green FastMix Reaction
Mixes (QuantaBio, Cat. #: 95073) were acquired from ThermoFisher
Scientific. A luciferase assay kit (Cat. #: E4550) was acquired from
Promega. HIFla antibody is purchased from Bethyl Laboratories
(Cat. #: A300-286A). f-actin antibody is purchased from Santa Cruz
Biotechnology (Cat. #: sc-47,778). Goat antimouse IgG HRP (Cat. #:
10004302) and goat antirabbit IgG HRP (Cat. #: 10004301) were
purchased from Cayman Chemical Company. Ambion’s Anti-miR
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miRNA Inhibitor (Cat. #: AM17000) for miR-122 was purchased
from ThermoFisher Scientific. The U373 cell line was purchased from
Sigma-Aldrich (Cat. #: 08061901).

Displacement Assay in Buffer. Modified conditional EZN2968
ASOs (11.1 nM) labeled with a CyS/quencher pair in 90 uL of PBS
were preincubated at 37 °C in a 96-well plate. Then, 10 yL of 1 uM
mRNA mimic or miRNA mimic was added into each well and mixed
briefly. The final concentrations of conditional EZN2968 ASOs and
mRNA/miRNA mimic were 10 and 100 nM, respectively. The
fluorescence intensity (Ex/Em = 630/670 nm) was immediately
measured with a Bio-Tek Synergy H1 microplate reader at 37 °C for 2
h with an interval of 15 min. To determine percentage displacement, a
10 nM CyS-labeled partial miR-122-EZN2968 (pM-EZN) strand was
used as a positive control, whose fluorescence intensity represents
100% activation.

Cell Culture. HeLa cells (ATCC) and LN229-V6R-Luc cells
(human glioma cell line expressing HIF1a reporter luciferase)® were
maintained in Dulbecco’s modified Eagle medium (DMEM)
containing 4.5 g/L glucose, 10% (v/v) fetal bovine serum (FBS),
penicillin (100 U/mL), and streptomycin (100 mg/mL) at 37 °C
under a humidified atmosphere of 5% CO,. U373 cells (Sigma-
Aldrich) were maintained in DMEM containing 1 g/L glucose, 10%
(v/v) FBS, penicillin (100 U/mL) and streptomycin (100 mg/mL),
1% NEAA, 1 mM sodium pyruvate, and 2 mM L-glutamine at 37 °C
under a humidified atmosphere of 5% CO,. Huh7 cells (provided by
Dr. Arash Grakoui’s Lab at Emory University) were maintained in
DMEM containing 4.5 g/L glucose, 10% (v/v) FBS, penicillin (100
U/mL), and streptomycin (100 mg/mL) at 37 °C under a humidified
atmosphere of 5% CO,.

T Measurement. The melting temperature (T,,) of conditional
EZN2968 was measured using the dequenching of the dye due to
separation of the CyS-labeled pM-EZN strand from the quencher-
labeled locking strand. The fluorescence of 100 nM conditional
EZN2968 duplex in PBS was measured with a LightCycler 96
instrument as a function of temperature. The temperature was ramped
from 45 to 95 °C at a rate of 0.04 °C/s, and 25 measurements were
performed at each °C. T,, was determined as the temperature that
generates a half-maximal fluorescence increase in the fitted curves.

Testing Spontaneous Activation of Conditional EZN2968 in
Hela and U373 Cells. U373 or HeLa cells were plated in 24-well
plates with a density of 5 X 10* cells/well the day before the
experiment. The 10 nM conditional EZN2968 was transfected into
the cells using Oligofectamine according to the manufacturer’s
protocol (2 uL/well). After 24 h incubation, QIAZOL was then
added into the wells to lyse the cells, and total RNA was isolated using
a Direct-zol RNA Miniprep Kit (Zymo Research). RNA was reverse
transcribed using a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). HIF1la mRNA levels were quantified by RT-
qPCR using PerfeCTa SYBR Green FastMix Reaction Mixes
(QuantaBio) with a 0.25 uM concentration of custom-designed
primers (Table S4) with an Applied Biosystems StepOnePlusTM real-
time PCR system. The relative quantification of HIFla mRNA levels
was performed using the AACt method with 18 s rRNA as an internal
control.

Testing Spontaneous Activation of Conditional EZN2968 in
LN229-V6R-Luc Cells. LN229-V6R-Luc cells were plated in opaque
96-well plates with a density of 5 X 10* cells/well the day before the
experiment. The 10 nM conditional EZN2968 was transfected into
the cells using Oligofectamine (0.5 uL/well). After 4 h, the medium
with serum along with I0X4 (HIFla activator) was added to each
well. The final concentration of I0OX4 was 20 uM/well. After
incubation for another 20 h, the luciferase assay was conducted as per
the manufacturer’s protocol (luciferase assay kit from Promega).

miR-122 Mimic-Triggered Activation of Conditional
EZN2968 in U373 Cells. U373 cells were plated in 24-well plates
with a density of 5 X 10* cells/well the day before the experiment.
The 10 nM conditional EZN2968 and 500 nM miR-122 mimic were
cotransfected using Oligofectamine according to the manufacturer’s
protocol (2 uL/well in total). Note that the transfection mixtures of
the conditional EZN2968 and miR-122 mimic were prepared
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Figure 1. Scheme showing () design and triggering mechanism of the conditional ASO, and (b) energy diagram of conditional ASO activation. (a)
Conditional ASO is formed by annealing the pM-ASO strand and the locking strand. The pM-ASO strand is the parental ASO extended with a
partial miRNA sequence at its $’ terminus. The locking stand comprises an anti-miRNA sequence and partially complementary sequence of the
ASO (the dotted lines indicating partial hybridization rather than complete hybridization of the ASO domain). The mRNA-targeting ASO
sequence in the conditional ASO is partially sequestered, which abolishes its binding capability to the target mRNA in the absence of the trigger
miRNA. The duplex can dissociate in the presence of the trigger miRNA, exposing the mRNA-targeting ASO sequence and causing the
downregulation of the target mRNA. (b) Energy diagram shows displacement of the pM-ASO strand by trigger miRNA or displacement of the
locking strand by target mRNA. Conditional ASO binding to miRNA is more favorable than binding to the target mRNA when the AG of the
miRNA/locking strand duplex is lower than that of the pM-ASO/mRNA duplex. The kinetic barrier of the reactions can be reduced by introducing
the toehold in the locking strand or the ASO domain of the pM-ASO strand to facilitate miRNA or mRNA binding.

separately and added into the wells simultaneously to avoid reaction
of the conditional EZN2968 and miR-122 mimic during incubation
before transfection. The 10 nM conditional EZN2968-only and 500
nM miR-122 mimic-only groups were used as controls. After 24 h
incubation, HIFla mRNA levels were quantified by RT-qPCR as
described above.

miR-122 Dependency of HIF1a Knockdown in Huh7 Cells.
Huh7, a human hepatoma cell line, was plated in 24-well plates with a
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density of 10° cells/well the day before the experiment. Huh7 cells
were transfected with 0, 100, or S00 nM anti-miR-122 using
Oligofectamine and incubated for 6 h (medium with 3X serum was
added 4 h after transfection). Then, S0 nM conditional EZN2968 was
transfected using Oligofectamine. After another 24 h incubation,
HIFla mRNA levels were quantified by RT-qPCR as described
above.
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Figure 2. Design optimization of duplex conformation of conditional EZN2968. (a) Design of conditional EZN2968 with end destabilization and
bulge destabilization. For end destabilization, 3—7 nt on the 5" termini of the locking strand was removed. For bulge destabilization, 3—7 nt in the
3’ termini of the EZN2968 complementary sequence in the locking strand was removed. (b, c) Schematic description of in-buffer assay to measure
(b) leakage activation of the conditional EZN2968 triggered by an HIF1la mRNA mimicking sequence, and (c) miR-122-triggered activation of the
conditional EZN2968. CyS and the quencher were labeled on the pM-EZN strand and the locking strand separately. The annealed duplex was
incubated with (b) HIFla mRNA mimicking sequence (mRNA mimic) or (c) miR-122 mimicking sequence (mRNA mimic). The fluorescence
increases due to dequenching caused by displacement were quantified. (d) 10 nM duplex was incubated with 100 nM HIF1a mRNA mimic at 37
°C for 2 h, and the fluorescence intensity of CyS was measured to determine the percentage of activated pM-EZN strands. n = 3. (e) 10 nM duplex
was incubated with 100 nM miRNA mimic at 37 °C for 2 h, and the fluorescence intensity of CyS was measured to determine the percentage of
activated pM-EZN strands. n = 3. (f) Ratio of miR-122-triggered displacement and mRNA-triggered displacement is shown.

Western Blot. After treatment and incubation, the cells were lysed
using a lysis buffer with S0 mM Tris—HCI (pH 6.8), 10% glycerol,
2.5% SDS, 5 mM DTT, and 6 M urea supplemented with a protease
inhibitor cocktail. The proteins were quantified with the BCA assay,
diluted in the lysis buffer with reducing loading dye to a final protein
amount of ~10—20 pg, and boiled at 95 °C for S min. The proteins
were separated by electrophoresis in an 8% Tris—HCI polyacrylamide
gel, before transferring onto a polyvinylidene fluoride membrane.
After being blocked for 1 h in 5% (w/v) nonfat milk in Tris-buffered
saline with 0.1% Tween, the membranes were immunoblotted using
primary antibodies against human HIF1la (1:500 dilution) or f-actin
(1:3000 dilution) overnight at 4 °C. After washing, the membranes
were incubated with secondary horseradish peroxide-conjugated
antibody (1:5000) for 1 h at room temperature. After washing, an
Immobilon Western Chemiluminescent HRP substrate was added to
the membrane, and the membrane was imaged using an iBright
FL1000 imaging system.
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Flow Cytometry. HeLa cells or U373 cells were plated in a 12-
well plate with 10° cells/well the day before the experiment. For
testing spontaneous activation, the cells were transfected with 10 nM
conditional EZN2968 labeled with a CyS/quencher pair and
incubated for 24 h. For testing miR-122-triggered activation of
conditional EZN2968, the cells were cotransfected with 10 nM
conditional EZN2968 and 500 nM miR-122 and incubated for 24 h.
The cells were then subjected to trypsinization, washed with HBSS
twice, and resuspended in HBSS for flow cytometry assessment using
a CytoFLEX (Beckman Coulter) to measure the cell-associated
fluorescence intensity of CyS.

Fluorescence Lifetime Imaging (FLIM). U373 cells were plated
in glass-bottom black 96-well plates with a density of 10* cells/well 1
day before the experiment. The cells were cotransfected with 10 nM
CyS/quencher-labeled conditional EZN2968 and 500 nM miR-122,
scrambled (scr.) miR-122 or scr. 1-7 nt miR-122 using Oligofect-
amine and incubated for 24 h. The cells were then washed with PBS

https://doi.org/10.1021/acschembio.1c00387
ACS Chem. Biol. 2021, 16, 2255—2267
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(e) LN229-V6R-Luc cells transfected with 10 nM pM,,-EZN or pM,s-EZN for 4 h were treated with IOX4 (20 yM) for another 20 h, and the
luciferase assay was used to quantify HIFla activity. The error bars represent SEM. * p < 0.05; *** p < 0.001; Brown—Forsythe and Welch

ANOVA tests with Dunnett’s T3 multiple comparison.

twice and fixed with 4% paraformaldehyde. After washing with PBS
twice to remove fixing solution, the nucleus was stained with Hoechst
33342 for 30 min. The cells were washed with PBS another two times,
and 150 pL of PBS was added to the wells before the cells were
imaged. The FLIM images were analyzed using SymphoTime
(PicoQuant) software. The overall fluorescence lifetime decay trace
was fitted to a biexponential function through an iterative
reconvolution method. The instrument response function for the
iterative reconvolution analysis was measured using saturated
Coomassie Blue and potassium iodide solution.

Statistics. All statistical analysis was performed using Graphpad
Prism software. Quantitative results for in vitro experiments were
presented as mean & SEM. Statistical analyses were performed by the
t-test or analysis of variance (ANOVA) tests followed by post-test
multiple comparison as described in the figure captions. P values of
less than 0.0S were considered significant.

B RESULTS

Design of the miRNA-Inducible Conditional ASO. The
miRNA-triggered conditional ASO is a duplex (double-
stranded oligonucleotides) formed by an extended ASO strand
and a locking strand (Figure 1a). The extended ASO strand
was comprised of two domains: the parental ASO and a partial
miRNA sequence attached to the 5’ terminus of the parental
ASO. We termed this strand the partial miRNA-ASO (pM-
ASO) strand. The partial miRNA domain lacks the key seeding
sequences (2—8 nt) of the miRNA. Since the seeding sequence
of miRNA by itself could knockdown its target genes,™ it was
not included to prevent the potential unintentional effect. The
locking strand is composed of the complementary sequence to
the full mature miRNA and the parental ASO. We
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Figure 4. Screening for conditional EZN2968 with minimum spontaneous activation. (a) Structure and chemistry of conditional EZN2968.
Conditional EZN2968 is composed of a pM-EZN strand and a locking strand. By tuning the length of the two strands, the duplexes with different
toehold lengths and bulge sizes were created. Chemically modified (annotated with “*”) and unmodified locking strands were also compared to
assess the role of nucleases in competence of the locking strand to inhibit EZN2968 activity. Sequences of T,B; and T,B;* are shown as examples.
(b) HeLa cells were transfected with 10 nM concentration of each duplex and incubated for 24 h. HIF1a mRNA levels were quantified by qPCR
normalized to 18S. The error bars represent SEM. ** p < 0.01, *** p < 0.001, and **** p < 0.0001; Brown—Forsythe and Welch ANOVA tests
with Dunnett’s T3 multiple comparison. (c) LN229-V6R-Luc cells transfected with 10 nM concentration of each duplex for 4 h were treated with
20 uM I0X4 for another 20 h before the luciferase assay was conducted to assess HIF1a activity. The error bars represent SEM. ** p < 0.01, *** p
< 0.001, and **** p < 0.0001; Brown—Forsythe and Welch ANOVA tests with Dunnett’s T3 multiple comparison. (d, e) (d) Histogram and (e)
mean fluorescence intensity of HeLa cells transfected with 10 nM CyS/quencher labeled duplexes and incubated for 24 h, quantified by flow
cytometry. The error bars represent SEM. ** p < 0.01, ¥** p < 0.001, and **** p < 0.0001; one-way ANOVA with Tukey’s multiple comparison.

hypothesized that the conditional ASO duplex is kept inactive
since the ASO is hybridized to the locking strand in the
absence of the miRNA trigger. When the miRNA trigger is
present, however, it binds to the toehold domain of the locking
strand, initiating a competition reaction between the miRNA
and pM-ASO strand for binding to the locking strand. If the
binding of miRNA to the locking strand is favorable, which can
be achieved by partial hybridization of the ASO domain to the
locking strand to reduce the stability of the duplex after miR-
122 binding, the pM-ASO is displaced, exposing and activating
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the ASO sequence. The activated ASO can then bind to the
target mRNA and recruit RNase H to cleave it (Figure 1a). In
the case of the miR-122-inducible HIF1ar ASO, the parental
HIFla ASO for the conditional ASO is EZN2968,>* which is a
16 nt oligonucleotide with a phosphorothioate (PS) backbone
and LNA modification. The miR-122-inducible HIF1a ASO is
a duplex formed by the pM-EZN strand and the locking strand.

To create the most selective and efficient miR-122-inducible
EZN2968 ASO, we optimized for (1) minimum spontaneous
dissociation (leakage) of the duplex in the absence of miR-122
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to keep the HIF1la ASO activity low in basal conditions and
(2) a high miR-122 sensitivity that leads to maximum
activation of the HIFla ASO. These criteria can be met
when the free energy (AG) of the conditional EZN2968
duplex is lower than the AG of pM-EZN/HIFla mRNA
duplex and higher than the AG of the miR-122/locking strand
duplex, as shown in Figure 1b and Figure Sla. The
displacement mediated by the toehold (¢ domain) on the
locking strand reduces the kinetic barrier for miR-122-
triggered activation. We predicted that due to the thermo-
stability of the completely locked duplex, its miR-122
sensitivity would be limited. To rationally enhance sensitivity
to miR-122, several nucleotides could be removed (length of
the f or y domain) from the complementary sequence of
EZN2968 to render the duplex either in an end-destabilized
conformation or in a bulge-destabilized conformation (Figure
2a). The single-stranded /3 or y domain in the pM-EZN strand
may also function as a toehold and drive the dehybridization of
conditional EZN2968 upon binding of HIFla mRNA and
reduce the kinetic barrier for HIF1a mRNA-triggered leakage
activation (Figure 1b and Figure Sla). Therefore, fine tuning
and optimization of the duplex conformation and length of
each domain was required.

We hypothesized that bulge destabilization is advantageous
over end destabilization in terms of lowering leakage activation
triggered by HIF1a mRNA due to the relative inaccessibility of
the bulge region (y domain) for mRNA binding.>** To test
this hypothesis, we created a library of chemically unmodified
duplexes with different lengths (4, 7, and 10 nt) of the toehold
(a domain) and numbers of nucleotides removed in the duplex
region (length of the f or y domain) for both conformations.
The duplexes were labeled with CyS on the 3’ termini of the
pM-EZN strand and a quencher on the 5’ termini of the
locking strand. Their dehybridization upon triggering by an
HIF1la mRNA mimicking strand was quantified by measuring
the increase in fluorescence intensity driven by dequenched
CyS (Figure 2b). The results showed that the percentage of
displaced pM-EZN for all bulge-destabilized duplexes was
lower than that for their end-destabilized counterparts, except
for the ones with a 7 nt bulge and 7 or 10 nt toehold (Figure
2d). The low stability of 7 nt bulge duplexes may be attributed
to a lower thermodynamic stability because of the shorter
double-stranded domains and the lower stability of duplexes
with larger bulge sizes (Figure S1b). miRNA-triggered
activation was also measured with a similar assay, where the
CyS/quencher-labeled duplexes were incubated with an miR-
122 mimicking sequence (Figure 2c). The results showed that
the miRNA-triggered activation increased as the length of the
or y domain was increased (Figure 2e), due to the reduced
stability of the duplexes indicated by calculated AG (Figure
S1b). In general, the bulge-destabilized duplex conformation
resulted in a higher ratio of miR-122-triggered displacement to
mRNA-triggered displacement (Figure 2f). Based on these
results, we decided to use the bulge-destabilized duplex
conformation for the in vitro screen. It should be noted that
in the bulge destabilized design, it is possible that an
intermediate consisting of pM-EZN/locking strand/miR-122
may form. After mRNA binds to the linearized y domain and
displaces the locking strand from pM-EZN, the locking strand/
miRNA duplex (or the “waste” in Figure la) would be
released.

PM-EZN Strands Knock Down HIF1a in a Dose- and
Time-Dependent Manner. To evaluate the effect of the
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partial miR-122 sequence on pM-EZN strands for HIFla
knockdown, we created pM-EZN with 12 nt (pM,,-EZN) or
15 nt (pM,5-EZN) extension on the S’ termini of EZN2968
(Figure 3a). The pM-EZN strands maintained the LNA
modification and the PS backbone as the parental EZN2968.
We transfected pM;,-EZN or pMs-EZN in U373 cells, a
glioblastoma cell line that expresses high levels of HIF1a and
negligible levels of miR-122 (Figure S2). We found that these
two strands knocked down HIFla mRNA and protein in a
dose- and time-dependent manner (Figure 3b—d). We further
tested pM,-EZN or pM;s-EZN in LN229-V6R-Luc cells, an
HIFla reporter cell line (Figure 3e).*° I0X4, a prolyl-
hydroxylase 2 (PHD2) inhibitor,”’ was used to induce
luciferase expression. Consistent with mRNA knockdown in
U373 cells, transfection of 10 nM pM,,-EZN and pM,;-EZN
led to significant reduction of luciferase expression in this cell
line (Figure 3e).

Screening for Conditional EZN2968 with Minimum
Spontaneous Leakage In Vitro. To investigate the effect of
chemical modification, bulge size, and toehold length on the
efficacy of locking strands in terms of spontaneous leakage of
HIFla knockdown activity, we created a library of 12
conditional EZN2968s by annealing pM,-EZN or pM;;-
EZN with six different locking strands (B, B;, B, By*, B;*,
and B;*) at a 1:1 ratio in PBS. The locking strands are named
based on the size of the bulge when hybridized to the pM-EZN
strand and the chemical modification. For example, B, is the
unmodified locking strand that does not generate a bulge when
hybridized to pM-EZN strands; whereas B;* represents the
modified locking strand forming a 3 nt bulge duplex when
hybridized to pM-EZN strands. Because PS modification
reduces affinity for the complementary nucleic acid by ~0.5 °C
per incorporation,”® LNA modifications were also incorporated
in the locking strands to compensate for and maintain the
thermodynamic stability of the duplex, so that it displays a
similar melting temperature (T,,) compared to its unmodified
counterpart (Figure 4a). The resulting duplex library included
permutations with a bulge size of 0, 3, or 5 nt, a toehold length
of 7 or 10 nt, and chemically modified (PS/LNA) or
unmodified locking strands (Figure 4a). The duplexes are
termed based on the toehold length and bulge size of the
duplex. For example, the duplex formed by pM,,-EZN and B;*
has a 7 nt toehold and a 3 nt bulge; therefore, it is named
T,B,*.

Transfection experiments in HeLa cells showed that PS/
LNA chemical modification of the locking strand was critical
for maintaining the ASO in the inactive state. We performed
these experiments in HeLa cells because they do not express a
measurable level of miR-122 (Figure S2). We found that all the
unmodified locking strands By, B, and B failed to inhibit ASO
activity as measured by RT-qPCR and using the luciferase
reporter cell line (Figure 4b,c). Importantly, incorporating
locking strands with the PS and LNA modifications showed
substantial improvement, resulting in dampened knockdown of
HIFla (Figure 4b,c). Given that the T,, values of By and By*
against the pM-EZN strands are similar, this indicates that the
differential response is not driven by the thermodynamic
difference between the conventional nucleobases and the PS/
LNA nucleic acids. The failure in locking efficacy by
unmodified locking strands may be due to their nuclease
susceptibility, which leads to degradation of the locking strands
and the spontaneous activation of the pM-EZN. A similar
observation was reported by Nishina et al. that hybridization of
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a partially modified RNA strand to an ASO did not inhibit its
gene silencing efficacy due to degradation of the RNA strand.*”
Because the PS/LNA locking strands (By*, B;*, and Bs*) are
fully modified and share the same chemical modification with
the ASO itself, activation of the ASO due to degradation of
only the locking strand is unlikely. To test this prediction, we
transfected HeLa cells with pM,5-EZN duplexes labeled with
the CyS and quencher pair and measured the cell-associated
fluorescence by flow cytometry (Figure 4d,e). As expected,
cells transfected with pM;s-EZN duplexes with unmodified
locking strands (T,B,, T,Bs, and T,B;) resulted in similar and
even slightly higher levels of fluorescence intensity compared
to cells transfected with the single-stranded pM;s-EZN alone,
indicating complete dissociation of the locking strand and
pM,s-EZN strand (Figure 4d,e). The slightly higher level of
fluorescence intensity was consistent with the higher HIFla
knockdown efficacy by the duplexes with unmodified locking
strands compared to the pM,5-EZN-only group (Figure 4b,c).
This may be due to the higher transfection efficiency of
double-stranded DNA labeled with both CyS and the quencher
(hydrophobic moieties) compared to single-stranded DNA
labeled with only Cys in HeLa cells.*’ In contrast, pM,s-EZN
duplexes with modified locking strands (T,By*, T,B;*, and
T,Bs*) resulted in reduced fluorescence intensity compared to
the pM,5-EZN-only group, showing that the duplexes remain
primarily locked (hybridized) 24 h after transfection.

We also found that increasing the bulge size decreased the
thermodynamic stability of the duplex (Figure 4a) while
increasing the level of spontaneous activation of the condi-
tional ASO (Figure 4b,c). T,B;* did not knockdown HIFla,
whereas T (B;* knocked down HIFlea significantly, indicating
that the length of the toehold and branch migration domain
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also plays an important role in the spontaneous leakage. The
conclusions that chemical modification of the locking strand
and stable binding to the ASO (T, > 58 °C) are two necessary
requirements to inhibit EZN2968 were further validated in
U373 cells, lacking endogenous miR-122 expression, by both
RT-qPCR and Western Blot analysis (Figure S3). Based on
these results, we chose to move forward using the T ,By*,
T,By*, and T,B;* duplexes, with low spontaneous activation,
to test miR-122-induced HIF1la knockdown.

Synthetic miR-122 Mimic Triggers Activation of
Conditional EZN2968 In Vitro. Next, we tested if condi-
tional EZN2968 could be activated in vitro by using an
exogenously transfected miR-122 mimic in U373 cells. To
minimize the complexity of the experiment and ASO activation
prior to its entry to the cells, we prepared the transfection
mixture of the conditional EZN2968 duplex (T;,B,*, T,By*,
or T,B;*) and miR-122 mimic separately with Oligofectamine
and added the two solutions to the cells simultaneously. We
found that the displacement reaction in the transfection
mixture was inhibited (Figure S4). After 24 h incubation post-
transfection, 10 nM T,B;* alone did not show significant
downregulation of HIFla mRNA, whereas 10 nM T,B3*
cotransfected with the 500 nM miR-122 mimic downregulated
HIFla mRNA by ~50% (Figure Sa). In contrast, T;,B,* and
T,By*, which have no bulge, did not knockdown HIFla
mRNA when cotransfected with miR-122 mimic (Figure Sa).
These results confirmed our initial hypothesis that completely
locked duplexes without a bulge exhibit low miR-122
sensitivity, and destabilization of the duplex is necessary for
enhancing miR-122 sensitivity. Cotransfection of T,B;* and
the miR-122 mimic also downregulated HIFla protein levels
in U373 cells after 24 h incubation (Figure Sb,c).
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Figure 6. Flow cytometry and fluorescence lifetime imaging (FLIM) to evaluate the specificity of T,B;* to the miR-122 mimic. (a) Scheme
showing fluorescence dequenching and fluorescence lifetime increases of CyS due to activation of T;B;* by the miR-122 mimic. (b) Histogram and
(c) mean fluorescence intensity of U373 cells cotransfected with 10 nM CyS/quencher-labeled T,B;* and 500 nM miR-122, scr. miR-122, and scr.
1—7 nt miR-122 and incubated for 24 h. The error bars represent SEM. ** p < 0.01, *** p < 0.001, and **** p < 0.0001; one-way ANOVA with
Tukey’s multiple comparison. (d) Representative fluorescence lifetime images (scale bar = 20 ym), (e) amplitude-averaged, and (f) intensity-
averaged fluorescence lifetime of U373 cells transfected with 10 nM CyS/quencher-labeled TB;* and 500 nM miR-122, scr. miR-122, or scr. 1-7
nt miR-122 and incubated for 24 h. CyS-labeled pM,;5-EZN or CyS-labeled T,B;* transfected cells were positive controls, and CyS/quencher-
labeled T,B;* transfected cells were negative controls. Each data point represents the calculated fluorescence lifetime of one image. The error bars
represent SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001; Brown—Forsythe and Welch ANOVA tests with Dunnett’s T3

multiple comparison.

Given the miR-122 sensitivity of T,;B;*, we next quantified
its concentration-dependent response to miR-122. We found
that HIF1la mRNA levels decreased with increasing miR-122
concentrations in a concentration-dependent manner (Figure
5d). Although we tested miR-122 concentrations of 1—500
nM, only when the miR-122 mimic concentration was above
100 nM did T,B;* show significant knockdown of HIFla
(Figure 5d). In order to validate that ASO activation is driven
through toehold-mediated strand displacement, we created a
T,B;* with its toehold domain truncated. After cotransfection
with the miR-122 mimic, T,B;* lacking the toehold showed a
dampened and not statistically significant knockdown of
HIFla mRNA, in contrast to T;B;* with the toehold (Figure
Se). This knockdown is likely caused by displacement that is
not mediated by the toehold over the 24 h duration of the
experiment. In addition, we cotransfected T,B;* with the miR-
122 mimic or an miR-122 sequence with a scrambled (scr.)
toehold-binding domain (1—7 nt from S’ end) and found that
the scr. 1-7 nt miR-122 did not trigger significant HIFla
knockdown (Figure Sf). These results demonstrate that
toehold binding of miR-122 facilitates the activation of the
conditional EZN2968, both thermodynamically (because of a
weaker binding between the scr. 1—7 nt miR-122 and locking
strand) and kinetically (through acceleration of the displace-
ment reaction).
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Activation of Conditional EZN2968 Is Specific to miR-
122. To test the specificity of conditional EZN2968 activation
in response to the miR-122 sequence, we used two scrambled
miR-122 sequences: one that is completely scrambled (scr.
miR-122) and the other with the scrambled toehold binding
domain at 1-7 nt of miR-122 (scr. 1—7 nt miR-122).
Activation kinetics of T,B;* incubated with each miRNA
sequence in buffer showed the highest activation rate for the
miR-122 mimic group followed by the scr. 1-7 nt miR-122
group. T,B;* incubated with scr. miR-122 showed very slow
activation, probably due to nonspecific interaction (Figure SS).
Each miRNA sequence was cotransfected with conditional
ASO T,B;* in U373 cells. The T-B;* duplex was dual labeled
with a CyS at the 3’ end of the pM;s-EZN strand and a
quencher on the 5’ end of the By* strand (Figure 6a). These
fluorescence labels generated a turn-on fluorescence response
upon dehybridization of the conditional ASO and provided a
readout of displacement. After 24 h incubation with the miR-
122 mimic (500 nM) along with T,B;* (10 nM), the cell-
associated fluorescence showed the greatest increase compared
to the T,B;*-only transfected cells. In contrast, U373 cells
cotransfected with T-B;* and scr. miR-122 or scr. 1—7 nt miR-
122 showed a weaker fluorescence (Figure 6b,c). Indeed, the
cells cotransfected with T,B;*, and miR-122 showed
fluorescence levels on par with those of the Cy-S-tagged
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pM,s-EZN, which confirms miR-122-driven unlocking of the
conditional ASO. The release of the ASO in the presence of
the scrambled miR-122 mimic is likely due to nonspecific
interaction between the ASO duplex and the mimic.

To further validate the fluorescence intensity-based assay, we
also measured the fluorescence lifetime of the CyS/quencher-
tagged T,B;*, confirming the specificity of miRNA-inducible
ASO activation (Figure 6a). Fluorescence lifetime measure-
ments provide a concentration-independent readout of the
fluorophore local environment.”' In PBS, CyS-labeled pM,;-
EZN strands (pM,5-EZN-CyS) showed an amplitude-averaged
lifetime (7xy amp) Of 1.7 ns and an intensity-averaged lifetime
(Tavme) of 1.9 ns, whereas after hybridizing the pM;s-EZN
strand with locking strand B;* tagged with the quencher
(T;B3*-Cy5-Q), Tav amp and Zay 1 of CyS decreased to 0.4
and 0.7 ns, respectively (Figure SS). After incubation of 10 nM
T;B;*-CyS-Q with the 500 nM miR-122 mimic, Tyy pmp and
Tav e increased to 0.9 and 1.5 ns (Figure SS). However, the
fluorescence lifetime of T,B;*-CyS-Q with scr. miR-122 and
scr. 1—7 nt miR-122 showed only a slight increase compared to
the T,B;*-CyS-Q-only group, which is likely due to non-
specific binding of the miRNA mimic to T,B;* (Figure S6).
Next, we cotransfected U373 cells with T,B;*-CyS5-Q_and the
miR-122 mimic or scrambled miRNA triggers. After 24 h,
FLIM was conducted on the cells to measure CyS fluorescence
lifetime within cells. pM;s-EZN-Cy5 and T,B;* labeled with
only CyS but not the quencher (T,B;*-CyS) were also
transfected as positive controls. As shown in Figure 6d—f, cells
cotransfected with T,B;*-Cy5-Q and miR-122 mimics showed
a significant increase of CyS fluorescence lifetime compared to
the T,B;*-Cy5-Q-only group, whereas cells cotransfected with
T,B;*-CyS-Q and scr. miR-122 or scr. 1—7 nt miR-122 did not
show a significant increase in fluorescence lifetime. Together,
these results confirm that dequenching of CyS is caused by
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dehybridization of the pM,s-EZN and locking strand B;*, and
this response is specifically triggered by miR-122 and mediated
by the toehold domain.

Endogenous miR-122 Induces HIF1a Knockdown by
Conditional EZN2968. We next tested whether endogenous
miR-122 could induce HIF1a knockdown by TB;* and if the
activation can be inhibited by reducing endogenous miR-122
levels in a hepatocyte cell line, Huh7 cell. This cell line
naturally expresses high levels of miR-122 (Figure S3). We
treated Huh7 cells with different concentrations of anti-miR-
122 to reduce miR-122 levels (Figure S7) and then transfected
with T,B;*. T,B;* knocked down HIFla to a similar level
compared to the pM;s-EZN-only group, indicating its
activation. In addition, anti-miR-122 inhibited the HIFla
knockdown eflicacy of T,B;* in a concentration-dependent
manner (Figure 7a). Together, these data show that the
conditional EZN2968 activity is induced by endogenous miR-
122 and depends on miR-122 expression levels in the cells.

In principle, the conditional EZN2968 design is modular,
and one could engineer responses to virtually any miRNA
trigger. To test the modular design concept, we created an
miR-21-inducible EZN2968 with the same toehold length and
bulge size as miR-122-inducible T,B;* (Table S3). This new
duplex was transfected into U373 cells, which express high
levels of miR-21 (Figure S8). miR-21-inducible T,B;* showed
a significant knockdown of HIFla, while the miR-122-
inducible T,B,* did not (Figure 7b). Thus, by simply changing
the miRNA sequence in the extended EZN2968 ASO and the
miRNA-complementary sequence in the locking strand, it was
possible to generate another conditional EZN2968 ASO
triggered by endogenous miR-21. Flow cytometry further
showed that cells transfected with CyS/quencher-labeled miR-
21-inducible duplex showed a slightly higher fluorescence
compared to the miR-122-inducible counterpart, suggesting
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displacement of the duplex triggered by miR-21 (Figure S9).
The small differences in fluorescence intensity between miR-21
and miR-122-inducible duplexes may suggest that the down-
regulation of HIF1a by the miR-21-inducible ASO is caused by
a small fraction of ASOs that are activated. These results
demonstrate the concept of the miRNA-inducible, modular
conditional ASO therapeutics, which can be rapidly designed
and synthesized based on the disease- or cell-specific miRNAs.

Bl DISCUSSION

In this study, we established design principles and experimental
approaches for harnessing dynamic strand displacement
reactions for the purpose of generating conditional ASO
therapeutics. We used miR-122-triggered activation of the
EZN2968 ASO as a model and systemically explored how the
interplay of the molecular structure, nucleic acid chemistry,
and thermostability determine the performance of the
conditional ASO in cells. We showed that EZN2968-mediated
HIF1a knockdown was triggered by either a synthetic miR-122
mimic or endogenously expressed miR-122 using anti-miR-
122. Together, this proof-of-concept study demonstrates the
applicability of conditional ASOs in a cell-type specific manner.

Most ASOs are 16 nts long, while most miRNAs are 22 nt,
and accordingly, our design is not specific to HIF1a and miR-
122. In principle, conditional ASOs can be engineered to
trigger inhibition of any mRNA using other specific miRNA
triggers. This concept was further supported by adapting the
conditional EZN2968 ASO design to miR-21, showing that
miR-21-inducible EZN2968 knocked down HIFla in cells
expressing high levels of miR-21. This miR-21-inducible
HIFla inhibitor could be a potential therapeutic for cancer,
given the high expression level and significant roles of miR-
21" and HIFla in cancer development. The main advantage
of this design is the enhancement in specificity: allowing
therapeutic oligonucleotides to exclusively downregulate gene
expression transiently in a cell-type specific manner. Condi-
tional ASOs will be most desirable when target mRNAs are
broadly expressed across many cell types but where selective
inhibition would be desirable. HIF1a is a good example, as it
plays essential roles in a wide variety of normal and
pathological cellular processes. In addition to miRNAs, other
cellular RNAs can also be used to trigger the conditional ASOs.
In our study, we used miRNA as a trigger because its
expression is highly regulated in certain cell types and disease
conditions and because of its innate functions in binding to
complementary nucleic acids. While our work here was
performed using transfection reagents, conditional oligonu-
cleotides can be delivered with other commonly used delivery
methods, such as lipid conjugation, spherical nucleic acids, and
other nanomaterial delivery vehicles, to facilitate cellular
internalization.

As for future directions, optimization of conditional ASOs
can be performed to identify designs that offer a wider dynamic
range, higher miRNA sensitivity, and faster activation kinetics,
possibly through modulation of chemical modifications on
different domains of the duplex. In addition, because
dehybridization may occur for double-stranded conditional
ASOs due to gradual dilution, bridging the 3’ terminus of the
pM-ASO strand and the 5’ end of the locking strand could
potentially reduce spontaneous activation and provide
reversibility of the conditional ASOs.

Since systemically delivered oligonucleotides tend to
accumulate in the liver,*’ conditionally silencing oligonucleo-
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tide activity in the liver could be beneficial. This “on-to-oft”
switching mechanism could potentially be achieved through
extending both termini of the ASO with partial miR-122
complementary sequences, which allows formation of three-
way junctions to conceal the ASO sequence. Because
additional sequences are inserted or extended in the condi-
tional ASO therapeutics, rational design and optimization is
needed to prevent the formation of stable secondary structures,
which might eliminate their RNA binding ability. In addition,
off-target effects caused by extended or inserted sequences
need to be evaluated through transcriptomic studies to validate
the safety of each conditional ASO therapeutic. The condi-
tional ASOs with miRNA triggers could improve the safety of
these therapeutics through cell-type specific activation.
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