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Abstract

G-quadruplexes (G4) are special nucleic acid structures with diverse conformational polymorphisms. Selective targeting of G-quadruplex con-
formations and regulating their biological functions provide promising therapeutic intervention. Despite the large repertoire of G4-binding tools,
only a limited number of them can specifically target a particular G4 conformation. Here, we introduce a novel method, G4-SELEX-Seq and
report the development of the first LRNA aptamer, L-Apt12-6, with high binding selectivity to parallel G4 over other nucleic acid structures. Using
parallel dG4 c-kit 1 as an example, we demonstrate the strong binding affinity between L-Apt12-6 and c-kit 1 dG4 in vitro and in cells, and notably
report the applications of L-Apt12-6 in controlling DNA replication and gene expression. Our results suggest that L-Apt12-6 is a valuable tool for
targeting parallel G-quadruplex conformation and regulating G4-mediated biological processes. Furthermore, G4-SELEX-Seq can be used as a
general platform for G4-targeting [-RNA aptamers selection and should be applicable to other nucleic acid structures.
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Introduction

Nucleic acids can fold into diverse secondary structures, which
are crucial for the function and regulation of diverse biologi-
cal processes (1). Among them, a non-canonical four-stranded
structure, named G-quadruplex (G4), is of increasing inter-
est (2). G4s are found in guanine (G)-rich DNA and RNA
sequences, formed by -7 stacking of two or more planar
Hoogsteen hydrogen-bonded G-tetrads, and further stabilized
by monovalent cations (2), such as K* and Na*. Genome-
wide and transcriptome-wide studies have shown that G4s
are enriched in human telomeres, promoters of oncogenes and
different regions of mRNA (3,4). Numerous studies have re-
ported that G4s play critical roles in various cellular processes,
including DNA replication, transcriptional and translational
regulation, genome stability, maintenance of telomeres and

RNA metabolism, and are involved in many diseases, such as
cancers, making them potential targets for drug development
and cancer therapeutics (5-7).

G4s possess rich conformational polymorphisms, which
can be described as parallel, antiparallel and hybrid confor-
mation based on the orientation of the strands (2). Confor-
mational information on G4 is important for in vitro ap-
plications, such as G4-based biosensor design, and in cellu-
lar studies to understand its biological functions. Develop-
ment and application of synthetic molecules to target func-
tional G4s and regulate G4-mediated processes can provide
insights into biological mechanisms and promising therapeu-
tic intervention (8,9). However, it is challenging to distin-
guish G4 conformation in vitro and in cells because of its
structural complexity, which depends on many parameters,
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including DNA/RNA sequences and environmental factors,
such as cations, molecular crowding and ligand binding (10).
Traditional G4-targeting tools, including fluorescent probes
(9), small-molecule ligands (8) and antibodies (11) have been
developed. Despite their high selectivity to G4 compared to
other structural motifs, such as single strands, duplexes and
hairpins, only a few of them can target specific G4 confor-
mation (12-15), while most ligands lack G4 conformational
selectivity, and thus are unable to discriminate among differ-
ent G4 conformations. Therefore, it is important to develop
a new platform and generate novel tools that can specifically
interact with specific G4 conformation.

Aptamers are single-stranded nucleic acid sequences with
specific secondary and tertiary structures that can specifically
bind to their corresponding targets (16). Referred as chemical
antibodies, aptamer possess excellent properties compared to
traditional protein-based antibodies, such as simple synthe-
sis and modification, smaller physical size and structure flex-
ibility, making them attractive in biochemical and biological
research (17). To select aptamers for DNA/RNA sequences
by recognizing their tertiary structure rather than Watson-
Crick pairing, unnatural aptamers comprising L-RNA have
been developed (18-21). L-RNA is the enantiomeric form of
natural D-RNA (Figure 1A), which cannot hybridize with D-
DNA/RNA through contiguous Watson-Crick base-pairing,
allowing cross-chiral recognition of natural DNA/RNA tar-
gets. L-RNA aptamers show strong stability under biologi-
cal conditions owing to its resistance to nuclease degradation,
making it well suited for biological applications (22,23). Moti-
vated by these findings, we aim to develop an L-RNA aptamer
for a specific G4 conformation.

In this study, we first refined the iz vitro Systematic Evolu-
tion of Ligands by Exponential Enrichment (SELEX) strategy
for L-RNA aptamers selection and developed an innovative
selection platform, referred to as G4-SELEX-Seq. Using G4-
SELEX-Seq with parallel dG4 c-kit 1 as the target (Figure 1B),
we successfully identified and optimized an L-RNA aptamer,
named L-Apt12-6, which can specifically bind to parallel G4,
but not antiparallel or hybrid G4, with nanomolar affinity.
We then investigated the applications of L-Apt12-6 to inhibit
primer extension, regulate reporter gene expression and sup-
press endogenous ¢c-KIT gene expression, indicating that L-
Apt12-6 can selectively bind to parallel G4 and regulate gene
activity.

Materials and methods

Preparation of oligonucleotides

All the L-RNA oligos used in this work (Supplementary Ta-
ble S1) were ordered from ChemGenes Corporation (USA).
All the D-RNA oligos (Supplementary Table S1) were or-
dered form IDT (USA). All the D-DNA oligos (Supplementary
Table S1) were ordered from Genewiz Biotechnology Co.,
Ltd (Suzhou, China). The L-RNA/D-DNA/D-RNA powder
was dissolved using nuclease-free distilled water and stocked
at -30°C.

In vitro selection (G4-SELEX-Seq)

The ssDNA library containing a random N40 region
(Supplementary Table S1) was obtained from IDT (USA). The
dsDNA library was obtained by primer extension on a 2 uM
ssDNA library with 300 nM reverse primer (Supplementary
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Table S1), 10 U/ul Superscript III reverse transcriptase
(Invitrogen, USA) and 1 mM dNTP mixture (Invitrogen,
USA) in Tris-HCI buffer (20 mM, pH 7.5) with 4 mM
MgCl,, 1 mM dithiothreitol (DTT) and 150 mM LiCl. The
generated dsDNA products were purified by Zymo-Spin IC
DNA Columns (Zymo Research, USA) and transcribed to
an RNA library with a HiScribe T7 High Yield RNA Syn-
thesis Kit (NEB, USA). The 40 ul in vitro transcription re-
action mixture was incubated at 37°C for 2.5 h. The DNA
templates were then degraded by adding 2 U Turbo DNase
(Invitrogen, USA) and incubated at 37°C for another 15 min.
The transcribed RNA library was purified by 10% dena-
turing polyacrylamide gel electrophoresis (PAGE) and subse-
quent Zymo-Spin IC RNA Column (Zymo Research, USA)
purification.

To prepare for selection, MyOne™ Streptavidin C1 dyn-
abeads (3 mg) (Thermo Fisher Scientific, USA) were washed
and blocked with 0.1 mg/ml yeast tRNA (Thermo Fisher
Scientific, USA) by shaking at 300 rpm and 25°C for 1 h.
Specific amounts of RNA library (Supplementary Table S2)
in selection buffer with 150 mM KCI, 1 or 5 mM MgCl,
(Supplementary Table S2), and 25 mM Tris—=HCI was dena-
tured at 75°C for 3 min and cooled down to room temperature
(RT). Then, 1 mg of tRNA-blocked dynabeads was added to
the RNA library for negative selection. The mixture was then
incubated at 300 rpm and 25°C for 1 or 2 h (Supplementary
Table S2). Beads were discarded to remove bead-bound RNAs.
The supernatant was collected for positive selection with cer-
tain concentration of biotinylated L-c-kif 1 (Supplementary
Table S2). The mixture was incubated at 25°C or 37°C for 30
or 60 min (Supplementary Table S2). Then, 2 mg of tRNA-
blocked dynabeads were added and shaken at 25°C for 30
min. The supernatant was discarded after bead separation.
Beads were washed five times using 600 pl of selection buffer
before elution with 25 mM NaOH and 1 mM EDTA. The
RNA solution obtained was neutralized by Tris—=HCI buffer
(pH 7.5), followed by RNA column purification. The purified
RNAs were reverse-transcribed to cDNA with 300 nM reverse
primer (Supplementary Table S1), 10 U/ul Superscript III re-
verse transcriptase, and 1 mM dNTP mixture in 60 pl Tris—
HCI reaction buffer (20 mM, pH 7.5) with 4 mM MgCl,,
1mM DTT and 150 mM LiCl. After incubating at 50°C for
30 min, 3 ul of 2 M NaOH was added and heated at 95 °C
for 10 min to degrade RNA and protein. The DNA solution
obtained was neutralized by 15 ul of 1M Tris-HCI (pH 7.5),
followed by column purification. Then PCR reaction was car-
ried out using cDNA, Q5 DNA polymerase master mix (NEB,
USA), and 500 nM forward and reverse primers in a 40 ul re-
action. After dsDNA column purification, the dsDNA library
was used as a transcription template for the next round of se-
lection. A total of four selection rounds were performed for
Biotin-L-c-kit 1, and the conditions of each round, including
RNA library input, MgCl, concentration, negative selection
time, L-c-kit 1 input, positive selection time and temperature,
bead washing time and PCR cycles, are listed in Supplemen-
tary Table S2.

After four rounds of selection, the ssDNA library got from
each round was amplified by PCR reaction to add barcode
and linker sequences for next-generation sequencing (NGS)
purpose (Supplementary Table S1). NGS was performed by
Guangzhou IGE Biotechnology LTD (China). The procedures
of TA cloning and plasmid extraction for Sanger Sequencing
were the same as described previously by us (21).
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Figure 1. Selection of -RNA aptamer for c-kit 1 dG4 by G4-SELEX-Seq. (A) Chemical structures of D-RNA and L-RNA. (B) Schematic representation of

the c-kit 1 parallel G-quadruplex structure. (C) Flowchart of G4-SELEX-Seq.

D-RNA aptamers binding to the enantiomeric form of c-kit 1 dG4 target (L-c-kit

1 dG4) were first identified by in vitro selection. When the final D-RNA aptamer sequence was confirmed, LRNA aptamer was then chemically
synthesized to recognize D-c-kit 1 dG4 target. (D) Downstream processes after G4-SELEX-Seq to get an optimized aptamer. (E) Sequences and mFold
predicted structures of full-length and truncated aptamers. The fixed primer region of full-length aptamer (Apt12) for G4-SELEX-Seq is boxed in gray. The
N40 region (Apt12-1) was truncated by deleting the two flanking ends (5'-AGA and 3'-CCA) and the 'U-A base pair in stem. To strengthen the stem
region, the "U-G' base pair originally in the stem region of Apt12-1 was mutated to ‘C-G’, and resulted in the final 32-nt aptamer sequence Apt12-6.

Electrophoretic mobility shift assay (EMSA)

Before the binding reaction, Apt12-6 (or L-Apt12-6) was an-
nealed by heating at 95°C for 3 min, and then cooled to
RT. Different concentrations of Apt12-6 (or L-Apt12-6) (0-
2000 nM) were added to FAM-labelled L-c-kit 1 dG4 (or
FAM-labelled D-c-kit 1 dG4) (10 nM) in 25 mM Tris—=HCI
buffer (pH 7.5) with 150 mM KCI and 10 mM MgCl,. Af-
ter 1 h of incubation at 37°C, the binding results were ana-
lyzed using 10% non-denaturing PAGE (19:1, acrylamide: bis-
acrylamide). The PAGE gel was prepared with running buffer
containing 25 mM Tris-HCI (pH 7.5), 50 mM KOAc and 1
mM MgCl,. After running at 4°C with a consistent current
of 70 mA for 40 min, gel images were collected by FLA-9000
Gel Scanner (FujiFilm) with a voltage of 650 V. The intensities
of the bound (Ipyunq) and unbound bands (Iynpound) in EMSA
gel images were quantified using Image]. Fraction Bound was
calculated as Ipound/(Igound + Tunbound)- Then the binding curve
was fitted using the model of ‘Binding-Saturation-One Site-
Specific binding’ in GraphPad Prism. The dissociation con-
stant (Kg4) value was calculated by the software automatically
based on the binding curve.

Microscale thermophoresis (MST) assay

Before the binding reaction, L-Apt12-6 was annealed by heat-
ing at 95°C for 3 min, and then cooled to RT. Different con-
centrations of L-Apt12-6 (0-2000 nM) were added to FAM-
labelled D-c-kit 1 dG4 (100 nM) in the binding buffer, the
same as that used in EMSA. After 1 h’s binding reaction at

37°C, the samples were transferred to a capillary tube for
MST tests. The ‘nano-blue’ channel was selected on Nan-
oTemper Monolith NT.115 instrument. Data were analyzed
at Ky model in the NanoTemper Analysis software.

Fluorescence detection of Apt12-6 with ThT/NMM

D/L-Apt12-6 (500 nM) was heated in binding buffer at 95°C
for 3 min and cooled to RT. Then, ThT (Solarbio Life Sci-
ence, China) or NMM (Frontier Specialty Chemicals, USA) (2
uM) was mixed with the D/L-Apt12-6 solution for 30 min
at RT. After that, the solutions were transferred to a quartz
cuvette with a path length of 1 cm for fluorescence testing
using the HORIBA FluoroMax-4 fluorescence spectropho-
tometer from Tokyo, Japan. ThT and NMM were excited at
425 and 399 nm, respectively, and their respective emission
wavelengths were recorded from 450 to 600 nm and 550 to
650 nm.

Circular dichroism (CD) spectroscopy

D/L-Apt12-6 was subjected to heat treatment at 95°C for
3 min in binding buffer, followed by cooling to RT. Subse-
quently, the D/L-Apt12-6 solutions were analyzed for CD
using a Jasco CD J-150 spectrometer equipped with a 1-cm
path length quartz cuvette. Spectra from 220 to 320 nm were
scanned at 1 nm intervals. Three scans for each sample were
accumulated and averaged. For CD melting assay, the melting
curve was monitored from 20°C to 95°C at 1.0°C intervals.
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UV spectroscopy

Following the preparation of the samples for CD analysis,
samples for UV assays were prepared and tested. The UV spec-
tra were scanned from 220 nm - 340 nm at 20°C and 95°C,
separately. The UV melting curve at 295 or 260 nm was mon-
itored from 20°C to 95°C at 0.5°C intervals using a Cary UV-
Vis spectrophotometer.

Dideoxy sequencing and reverse transcriptase
stalling (RTS) assay

For the reverse transcriptase stalling assay, 500 nM of Apt12-
6ext (Supplementary Table S1), 500 nM of 5'Cy5-labelled re-
verse SELEX primer, and 1 mM dNTP mix were added to 20
mM Tris—-HCI buffer (pH 7.5,4 mM MgCl,, 1 mM DTT and
150 mM LiCl/KCI). The mixture was heated at 75°C for 3
min and incubated at 35°C for 10 min before adding 100 U
Superscript IIl reverse transcriptase. After a 15 min reaction at
50°C, 1 ul of 2 M NaOH was added and heated at 95°C for 10
min to degrade RNAs and proteins. For dideoxy sequencing,
Apt12-6ext (Supplementary Table S1) (500 nM) was mixed
with 500 nM of 5'Cy5 labelled reverse primer, 1 mM dNTP
mix and 1 mM of corresponding dideoxynucleotides (ddATP,
ddGTP, ddCTP, ddTTP) in Li*-containing reverse transcrip-
tion buffer. The reaction conditions and procedures were the
same as those used for the reverse transcriptase stalling as-
say. Denaturing PAGE (8%) was used to analyze the reaction
products. The gel was performed at 80 W for 2 h and scanned
by FujiFilm FLA-9000 Gel Imager.

Selective 2’hydroxyl acylation analyzed lithium
ion-mediated primer extension (SHALIPE)

A 20 ul binding reaction with 500 nM Apt12-6ext and differ-
ent concentrations of L-c-kit 1 or L-SL1 RNA (0, 1, 5 and 10
puM) in 25 mM Tris—HCI buffer (pH 7.5, 50 mM KCl and 10
mM MgCl,) was prepared first. After 1 h of binding reaction
at 37°C, 1 ul of 2 M NAI was added and incubated at 37°C
for another 5 min to modify the RNA. Then, 5 ul of 2 M DTT
was used to stop the reaction. After RNA column purification,
acylated RNA was directly used for lithium ion-mediated re-
verse transcription. The following reaction procedures were
the same as those used for the reverse transcriptase stalling
assay described above.

DNA polymerase stop assay

Different concentrations of L-Aptl12-6 or BRACO-19
(0, 0.5, 1, 2, 5, 8 and 10 uM) were mixed with 100
nM wildtype/mutant dG4 containing PSA templates
(Supplementary Table S1) and 100 nM FAM-labelled primers
(Supplementary Table S1) in binding buffer. After 1 h of incu-
bation at 37°C, DreamTaq DNA polymerase (1 U) (Thermo
Fisher Scientific, USA) and 1 mM dNTP mix were added and
incubated at 45°C for 30 min. The reaction products were
loaded onto a 15% denaturing PAGE for analysis. The gel
was scanned by FujiFilm FLA-9000 Gel Imager in the FAM
channel.

ISCH imaging
The GTFH probe was synthesized as described previously by
us (Supplementary Figure S23) (24). HeLa cells were chosen

for this assay due to their strong adhesion properties. Alterna-
tively, other cell lines, such as HEK293T cells, which exhibit
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great transfection efficiency, may also be used. Nevertheless,
special care should be taken when handling HEK293T cells as
they are less adherent, which could result in cell floating and
potential cell loss during processing steps in the assay. HeLa
cells were cultured on a 96-well plate with a glass bottom
(MatTek). After 24 h, 10 pmol of FAM-c-kit 1-T (and Anti-c-
kit 1) was transfected using Lipofectamine 3000 (Invitrogen,
USA) for over 3 h. Then, the medium was removed and L-
Apt12-6/PDS (10 uM) was transfected and incubated for 24
h. The cells were then fixed using the same procedure as we
reported before (24). After fixation, ISCH-AT was added for
hybridization at 37°C overnight. The FV3000 laser scanning
confocal microscope (Olympus) with a 60x objective lens was
used to obtain fluorescence images, which were then analyzed
with Imaris software (Bitplane Corp.).

Cell imaging

Authenticated and mycoplasma-free HEK293T cells were
cultured in DMEM medium (Gibco) supplemented with
10% heat-inactivated fetal bovine serum (Gibco). Each well
of a 6-well plate was seeded with 0.5 million cells and
grew overnight. Then, 300 nM FAM-labelled L-Apt12-6 was
transfected into cells by mixing with Lipofectamine 2000
(Invitrogen, USA). After 12 h of incubation, cells were stained
with 5 pg/ml Hoechst 33342 (Sigma Aldrich, USA) at 37°C
for 15 min. Fluorescence imaging was performed on a Laser
Confocal Scanning Microscope (Leica SPE) with a 60x ob-
jective lens. To compare the efficiency of different transfec-
tion reagents, HEK293T/Hela/HGC-27 cells were seeded in
96-well plates with 5000 cells/well and grew overnight. Then
100 nM FAM-labelled L-Apt12-6 was transfected into cells by
mixing with Lipofectamine 2000/Lipofectamine 3000/PBS
control. After 12 h of incubation, cells were stained with 5§
pg/ml Hoechst 33342 at 37°C for 15 min. Fluorescence imag-
ing was performed with a 10 x objective lens.

Cell counting Kit-8 (CCK-8) cytotoxicity assay
HEK293T, HGC-27 and HelLa cells were seeded in a 96-
well plate in DMEM with 5000 cells/well and incubated at
37°C for 24 h. Then different concentrations of L-Apt12-6
(0-1000 nM) were transfected into cells using Lipofectamine
2000. After 48 h of incubation, 10 pl of CCK-8 solution
(MedChemExpress, USA) was added to each well and incu-
bated at 37°C for 1 h. After that, absorbance at 450 nm was
measured using a Molecular Devices SpectraMax ID5 Mi-
croplate Reader.

Dual luciferase reporter gene assay

Wildtype/mutant ¢-KIT constructs (Supplementary Table S1)
were inserted into the HSV-TK promoter at the Sac II restric-
tion enzyme site of the Firefly/Renilla dual-luciferase reporter
vector, psiCHECK-2 (Promega, USA). Wild-type and mutant
reporter plasmids were transfected into HEK293T cells along
with L-Apt12-6 (0, 100, 200 and 300 nM) or BRACO-19
(0, 1, 5 and 10 uM) using Lipofectamine 2000. Each well
of the 96-well black-wall optical plate was transfected with
10 ng plasmid. After 48 h of incubation, the medium was re-
moved, and the cells were washed with PBS. Then, 20 ul of
passive lysis buffer was added and shaken at RT for 20 min.
The Dual-Luciferase Reporter Assay kit (Promega, USA) was
used to perform luciferase reporter gene assays. The luciferase
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activity was measured using a Molecular Devices SpectraMax
ID5 Microplate Reader.

Western blot analysis

Each well of a 6-well plate was seeded with 1 million HGC-
27 cells in DMEM. After 24 h of incubation, 0-500 nM of
L-Apt12-6 or L-SL1 RNA was transfected into the cells using
Lipofectamine 2000. PDS was added directly to the medium.
Cells were harvested 24 h after transfection and lysed using
RIPA lysis buffer (Invitrogen, USA) with proteinase inhibitor
(Invitrogen, USA). Protein quantity was measured by UV spec-
trometry at 595 nm. The protein samples were then trans-
ferred to Western blot analysis with ¢-KIT Rabbit monoclonal
antibody (Abcam, UK) and GAPDH Mouse monoclonal an-
tibody (Santa Cruz Biotechnology, USA). Images were taken
using a ChemiDoc Touch imaging system (Bio-Rad, USA).

Total RNA extraction and gRT-PCR test

The same procedures and incubation time as described above
for the reporter gene assay and Western blot assay were
followed during the transfection process. After incubation,
HEK293T or HGC-27 cells were harvested, and total RNAs
were extracted using the RNeasy Plus Mini Kit (Qiagen, USA)
based on the manufacturer’s manual. Reverse transcription
was performed using 100 ng of total RNA and PrimeScript RT
Master Mix (Takara) in a 20 ul reaction. Next, 1 ul of cDNA
solution from the reverse transcription step was used directly
for qPCR testing. A 10 pl reaction containing cDNA, SsoAd-
vanced Universal SYBR Green Supermix (Bio-Rad, USA), and
corresponding primers for target mRNA was conducted using
a Bio-Rad CFX96 Touch™ Real-Time PCR Detection System
(USA).

Results

Selection of a novel RNA aptamer for L-c-kit 1 dG4
using G4-SELEX-Seq

The parallel G4 conformation is the most abundant and bi-
ologically relevant G4 form of DNA (25). Crystal structures
for some parallel dG4s have been solved, allowing us to se-
lect a stable one as a target (26). Due to the high structural
similarity of parallel G4s, we anticipate it is feasible to ob-
tain a parallel G4-specific L-RNA aptamer by using a parallel
dG4 as the target in SELEX. We performed iz vitro SELEX
coupled with next generation sequencing (NGS), also referred
to as G4-SELEX-Seq (Figure 1C). The target we chose for se-
lection process was a well-studied parallel dG4 named c-kit
1 or c-kit87up, a 22-nt sequence in the promoter domain of
the human proto-oncogene ¢-KIT (Figure 1B) (Supplementary
Table S1) (27). It is known that two chiral partners interact
through shape complementarity, and thus have reciprocal chi-
ral substrate specificity (28,29). Based on this principle, the
D-RNA aptamer was initially selected from a D-RNA library
against the enantiomeric form, L-c-kit 1 dG4 target, to allow
the use of DNA/RNA polymerase during the SELEX process.
L-c-kit 1 dG4 was labelled with a biotin group at 5" end, which
enabled downstream immobilization onto streptavidin-coated
magnetic beads. G4-SELEX-Seq was started from an ssDNA
library with a random 40-nucleotide region (N40), working
as a template for the dsDNA library. The D-RNA library ob-
tained from in vitro transcription was subjected to negative
selection with tRNA-blocked beads to remove bead-bound
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RNA sequences. The bead-unbound RNA library was then
incubated with biotin-L-c-kit 1 dG4 under defined conditions
(Supplementary Table S2). D-RNAs bound to biotin-L-c-kit
1 dG4 were eluted from streptavidin-coated magnetic beads
and reverse-transcribed to cDNA. After PCR amplification,
the resulting dsDNA library was transcribed into RNA and
subjected to the next round of selection. The stringency of the
selection conditions was gradually increased by decreasing the
concentrations of Mg?* in buffer, D-RNA library, target L-c-
kit 1 dG4 and increasing the washing time (Supplementary
Table S2). After four rounds of selection, the enriched DNA
library obtained from each round was used for NGS to ob-
tain sequences of aptamer candidates for downstream analysis
(Figure 1D).

The NGS results showed that some sequences were enriched
after four rounds of selection (Supplementary Table S3). We
selected sequences 3-20, referred to as Apt1-Apt18 from the
4th selection round, and tested their binding to L-c-kit 1
dG4 using electrophoretic mobility-shift assay (EMSA). Apt12
(Sequence 14 in Supplementary Table S3) was shown to be the
tightest binder with a Ky of 33.65 + 1.6 nM (Supplementary
Figure S1). The predicted secondary structure of Apt12 from
mFold was displayed in Figure 1E, which consists of three
stems and three loops. The 38-nt fixed primer region used
in the selection process is boxed in gray. To improve the ef-
ficiency of downstream L-RNA synthesis while maintaining
similar binding ability, we optimized the aptamer construct
by designing a series of truncations and mutations. First, the
fixed primer region was removed and the remaining N40 re-
gion (Apt12-1) was predicted to be a stem-loop structure
with two 3-nt flanking sequences at both the 5’ and 3’ ends
(Figure 1E). Apt12-1 retained the binding ability to L-c-kit
1 dG4 with a K4 of 58.71 + 9.33 nM (Supplementary Fig-
ure S1), indicating that the binding motif is located in the
N40 region, while the lower Ky of Apt12 should be due to
the further stabilization of Aptl12-1 structure by the fixed
primer region. Then the two 3-nt flanking ends were deleted
from Aptl12-1 without affecting its binding affinity, and the
Ky value of the resulting 34-nt Apt12-2 was calculated to
be 56.72 + 4.42 nM (Supplementary Figure S1). To make
the sequence even shorter, we further deleted the U-A base
pair from the stem of Apt12-2, which had a weaker effect on
binding, as the Ky of Apt12-3 was tested to be 66.75 + 8.62
nM (Supplementary Figure S1). In addition, we tried deleting
the last C-G (Apt12-4) or last two C-G and G-C base pairs
(Apt12-5) in stem, both of which resulted to a much higher K4
value, 95.39 £ 18.55 and 111.7 + 14.71 nM, respectively, sug-
gesting that these two base pairs are important for stabilizing
aptamer structure and should not be removed (Supplementary
Figure S1). Finally, the G-U mismatch in the stem of Apt12-3
was replaced with a G-C base pair to strengthen the stem-
loop structure, yielding the 32-nt minimal aptamer Apt12-
6 (Figure 1E). To further demonstrate the duplex in stem
part is required for binding, we designed two additional ap-
tamer constructs: Apt12-6_G4 motif, which completely re-
moves the stem part, and Apt12-6_SM, which introduces mu-
tations to disrupt the duplex structure (Supplementary Ta-
ble S1). EMSA gels clearly indicated that both Apt12-6_G4
motif and Apt12-6_SM lost their ability to bind to L-c-kit 1
dG4, providing further support for the significance of the du-
plex in binding (Supplementary Figure S2). All downstream
experiments were based on the optimized aptamer sequence,
Apt12-6.
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Apt12-6 binds to L-c-kit -1 dG4 with strong binding
affinity

To gain more insight into the binding of Aptl12-6 to L-c-
kit 1 dG4, we conducted single nucleotide mutational anal-
ysis of the 18-nt loop of Aptl2-6. Mutations were intro-
duced in loop regions based on the principle of purine-to-
purine (G to A) and pyrimidine-to-pyrimidine substitution (U
to C, or C to U) to generate a total of 14 mutant aptamer
constructs (Apt12-6_LM1 - Apt12-6_LM14). The EMSA re-
sults showed that all constructs exhibited weaker binding
ability to L-c-kit 1 dG4 than to Aptl12-6 (Supplementary
Figure S3 and Figure 2A). Specifically, mutations at G14
(Apt12-6_LM6), G16 (Apt12-6_LM?7), G17 (Apt12-6_LMS),
G18 (Aptl12-6_LM9), G20 (Apt12-6_1LM10), G21 (Aptl2-
6_LM11) and G24 (Apt12-6_LM13) caused complete or sig-
nificant loss in binding affinity to L-c-kit 1, and mutations
at G9 (Apt12-6_LM2), G10 (Apt12-6_LM3), U11 (Aptl12-
6_LM4), G23 (Apt12-6_LM12) and G25 (Apt12-6_LM14)
displayed medium suppressing effects to binding, while muta-
tions at G8 (Apt12-6_LM1) and U13 (Apt12-6_LMS5) showed
small effects (Figure 2B). Taken together, these results demon-
strate that most nucleotides located in the loop region are crit-
ical for binding, so the original loop sequence was retained for
Apt12-6 in further analysis.

As an important binding factor, we optimized the Mg?* con-
centration for iz vitro binding assays. Binding buffers contain-
ing 0,1,2,5 and 10 mM Mg?* were used for the binding reac-
tion, and the results were analyzed using EMSA. Based on the
results shown in Supplementary Figure S4 and Figure 2C, the
binding was found to be very weak in the absence of Mg?* and
became stronger with increasing concentrations of Mg?*, indi-
cating that the interactions of Apt12-6 with L-c-kit 1 dG4 are
Mg?*-dependent. A concentration of 10 mM Mg?* provided
the strongest binding, which was selected for in vitro bind-
ing analysis. Under optimal conditions, we tested the bind-
ing between Apt12-6 and FAM-L-c-kir 1 dG4 by EMSA. As
shown in Figure 2D, the unbound band intensity decreased
while the bound band intensity increased with the addition of
increasing concentrations of Apt12-6 (0-2000 nM), reveal-
ing a strong interaction between Apt12-6 and FAM-L-c-kit 1
dG4. The binding curve of FAM-L-c-kit 1 dG4 against Apt12-
6 based on EMSA results is shown in Figure 2E, and the Ky
was determined to be 40.9 £+ 1.7 nM.

Spectroscopic and structure analysis reveals the G4
formation in Apt12-6

We found Apt12-6 consists of four tracks of guanine residues,
with a score of 0.6731 (>0.5 threshold) using G4NN G4 pre-
diction program (30), suggested that it may form rG4. To
verify this, we conducted a series of spectroscopic assays, in-
cluding fluorescence, circular dichroism (CD) and UV melting
assays. All these experiments were conducted under both K*
and Li* conditions, considering that rG4 formation is highly
dependent on K* but not on Li*. Ligand-enhanced fluores-
cence assays were first performed with two well-studied G4
ligands, Thioflavin T (ThT) (31) and N-methyl mesophor-
phyrin IX (NMM) (32), which specifically bind to G4 struc-
tures and generate enhanced fluorescence. Fluorescence en-
hancement was observed for both ThT and NMM in the K*
condition when compared with the Li* condition (Figure 3A
and 3B), suggesting G4 formation in Apt12-6. The CD spec-
trum of Aptl12-6 displayed a positive peak at 265 nm and a
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negative peak at 240 nm, the characteristic profile for paral-
lel G4 topology (Figure 3C) (33). The CD signal in Li* was
much lower than that in K* and the negative peak shifted to
231 nm owing to G4 disruption (Figure 3C). The UV melting
curve of Apt12-6 was monitored at 295 nm (Supplementary
Figure SSA) and a hyperchromic shift profile was observed
under K* (Figure 3D). The melting temperature (Ty,) was de-
termined to be 72.5 £ 0.2°C, supporting the formation of a
thermostable G4 structure (Figure 3D). To further validate the
T value, CD melting at 264 nm (Figure 3E) and UV melting
at 260 nm (Supplementary Figure S5B) were conducted. The
obtained T}, values were 70.9 & 0.2°C and 72.0 £ 0.6°C, re-
spectively, which were similar to the Ty, value got from UV
melting at 295 nm. UV absorbance spectra of Apt12-6 were
monitored at 20°C and 90°C (Supplementary Figure S5C),
generating the Thermal Difference Spectrum (TDS) (Figure
3F). TDS of Apt12-6 exhibited positive peaks at 245 and 274
nm, and a negative peak at 297 nm, the characteristic profile
for G4 structure (Figure 3F) (34). Taken together, these dis-
tinctive rG4 signals verified the parallel rG4 formation within
Apt12-6. To investigate the impact of stem duplex on G4 sta-
bility, we tested the UV melting of Apt12-6_G4 motif at 295
nm (Supplementary Figure S5D). Although the Ty, value of
Apt12-6_G4 motif (75.6 £ 0.9°C) is slightly higher than that
of Apt12-6 (72.5 £ 0.2°C), it showed a broader melting tran-
sition from 20 to 90°C, while Apt12-6 remained stable un-
til 55°C, suggesting that the presence of the duplex stem can
enhance the stability of the G4 motif at binding temperature
(37°Q).

To further study the structure of Apt12-6 at single-
nucleotide resolution, in vitro structure-probing assays were
performed. We designed Aptl12-6ext, an extended version of
Apt12-6 with a primer sequence for reverse transcription pur-
pose (Supplementary Table S1). Dideoxy sequencing and re-
verse transcriptase stalling (RTS) assays in both KCl and LiCl
conditions were first conducted. As shown in Figure 3G, the
RNA sequence reads from sequencing lanes 1-4 was consis-
tent with the Apt12-6ext sequence, which served as a sequenc-
ing ladder. By inspecting the RTS assay results closely, we ob-
served a strong stalling band in the K* condition (lane 5) at
the last G site of the loop of Apt12-6 near the 3’ end, but
no stalling was found in the Li* condition (lane 6), suggest-
ing an rG4 structure in the loop of Apt12-6. Next, we also
carried out Selective 2’'Hydroxyl Acylation analyzed Lithium
ion-mediated Primer Extension (SHALIPE) assay to measure
the Apt12-6 structure at single nucleotide resolution using 2-
methylnicotinic acid imidazolide (NAI). NAI can selectively
modify flexible ribonucleotides in single-stranded (ss) RNA
regions and block reverse transcriptase elongation, resulting
in an NAI modification pattern in denaturing PAGE gel (35).
As shown in lane 7 (Figure 3G), the nucleotides in the stem
were unreactive with NAI owing to the double-stranded struc-
ture, while the nucleotides in the loop, which were supposed
to be highly reactive with NAIL, showed patterns different
from those of ssRNA. Specifically, G8, G9, G10, G16, G17,
G20 and G24 had very low or no NAI reactivity, and U11,
G18, G23 and G25 showed medium NAI reactivity, revealing
that these nucleotides are likely to be involved in a G4 struc-
ture, which is consistent with our results above (Figure 3H).
When the target L-c-kit 1 dG4 was introduced to Apt12-6ext
at increasing concentrations, G14, G16, G18, A19, G20 and
G23 had reduced NAI reactivity, indicating that L-c-kit 1 dG4
likely binds to the G4 of Apt12-6ext and further protects them
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(E) Binding curve of FAM-L-c-kit 1 dG4 against Apt12-6 based on data from (D). The Ky is determined to be 40.9 & 1.7 nM. The error bar represents the

standard error of the mean (SEM) of three independent replicates.

from the NAI reaction, thus altering the NAI modification pat-
terns (Figure 3G and H). As a control, we added another L-
RNA oligo (L-SL1) (Supplementary Table S1) to Apt12-6ext,
which cannot interact with Apt12-6 and showed no effect
on NAI patterns upon titration (Supplementary Figure S6).
These results provide substantial evidence that a G4 structure
is formed in the loop region of Apt12-6 and is responsible for
its binding to L-c-kit 1.

L-Apt12-6 folds into a left-handed G4 structure and

binds to parallel G4 with high affinity and selectivity
After sequence optimization and structure characterization,
we converted D-Apt12-6 to L-Apt12-6. L-Apt12-6 is the enan-
tiomeric counterpart of D-Apt12-6, possessing identical phys-
ical properties in terms of thermostability and hybridization
kinetics (36). Therefore, theoretically, L-Apt12-6 is expected
to exhibit the same folding structure as D-Apt12-6. To demon-
strate that, we carried out a series of spectroscopic assays, in-
cluding fluorescence, CD, UV melting and thermal difference
spectrum assays. Enhanced fluorescence upon binding to achi-
ral ligands ThT and NMM at K* condition suggested the G4
formation in L-Apt12-6 (Figure 4A and B). CD spectrum of
L-Apt12-6 displayed a positive peak at 240 nm and a negative
peak at 262 nm, the characteristic profile for left-handed par-

allel G4 topology (Figure 4C) (22). The UV melting curve of
L-Apt12-6 at 295 nm (Figure 4D) exhibited a hyperchromic
shift profile in the presence of K*. The T}, was determined to
be 72.5 £+ 0.2°C, which is consistent with that of D-Apt12-6.
UV absorbance of L-Apt12-6 was recorded at 20°C and 90°C
(Figure 4E) and generated the thermal difference spectrum of
L-Apt12-6 (Figure 4F), which exhibited a similar shape to that
of D-Apt12-6, indicating the formation of G4 structure. Then
we investigated the binding affinities between L-Apt12-6 and
D-c-kit 1 dG4. Band shift in EMSA gel exhibited the strong
binding of L-Apt12-6 to FAM-D-c-kit 1 dG4 (Figure 4G), and
the Ky was determined to be 42.3 £+ 1.9 nM (Figure 4H),
which is consistent with that of D-Apt12-6 to L-c-kit 1 dG4.
To corroborate the result, microscale thermophoresis (MST)
assay was conducted to double confirm the binding, with a Ky
of 30.7 & 7.7 nM, further verifying the strong interactions of
L-Apt12-6 to D-c-kit 1 dG4 (Supplementary Figure S7).

As we initially aimed to select an L-RNA aptamer for par-
allel G4, we next investigated the G4 conformational selec-
tivity of L-Apt12-6 towards different G4 conformations, in-
cluding parallel dG4, antiparallel dG4, hybrid dG4 and par-
allel rG4 (rG4s generally fold into parallel topology). CD
spectra of antiparallel and hybrid dG4 sequences were col-
lected to confirm their conformation under K* conditions
(Supplementary Figure S8). Binding tests were performed
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Figure 3. Spectroscopic and structural analysis uncovers Apt12-6 possesses an rG4 structure motif critical for target recognition. (A, B) Fluorescence
emission spectra of G4-specific ligand (A) ThT (2 uM) and (B) NMM (2 uM) with Apt12-6 (500 nM) under 150 mM KClI (red) and LiCl (green) condition.
The K*-dependent enhanced fluorescence in ThT and NMM supports the formation of rG4 in Apt12-6. (C) CD spectrum of 5 uM Apt12-6 under 150 mM
KCI (red) and LiCl (green) condition. CD spectra suggests the formation of a parallel G-quadruplex structure in Apt12-6. (D) First derivative of the UV
melting curve at 295 nm for 5 uM Apt12-6 under 150 mM KCI (red) and LiCl (green) condition. Hypochromic shift was observed, and the melting
temperature (T,,) was determined to be 72.5 + 0.2°C under K* condition. (E) CD melting curve of 5 uM Apt12-6 under 150 mM KCI. T, was determined
to be 70.9 £ 0.2°C. (F) Thermal difference spectrum got from the subtraction of the UV absorbance spectrum of Apt12-6 at 20°C from that at 90°C in
Supplementary Figure S5C. (G) Reverse transcription stalling and SHALIPE probing of Apt12-6ext. Lanes 1-4: Dideoxy sequencing ladder of Apt12-6ext.
Lanes 5-6: Reverse transcription stalling observed under KCI condition, but not under LiCl condition, supporting the G4 formation in Apt12-6ext. Lanes
7-10: SHALIPE probing of Apt12-6ext with L-c-kit 1 addition (1:0, 1:2, 1:10 and 1:20). (H) Predicted secondary structure of Apt12-6 using mFold. The
nucleotides with high or medium NAI reactivity of Apt12-6 without target (lane 7) were marked with blue and orange asterisks, respectively. The
nucleotides had decreased NAI reactivity with target addition (lanes 8, 9, 10) were marked with red circles.

using EMSA (Supplementary Figure S9-S12) and the results
showed that L-Apt12-6 can specifically bind to parallel dG4s
and rG4s but not antiparallel or hybrid dG4s (Figure 4I-
L). The varying binding affinities between L-Apt12-6 and
different dG4s and rG4s are due to several factors, includ-
ing sequence and structural variations, binding site accessi-
bility, as well as thermostability effects. We also investigated
the specificity of L-Apt12-6 to non-G4 nucleic acid targets,
including two mutant c-kit 1 dG4 sequences, poly A/T/C
DNAs and DNA/RNA hairpins, none of which showed bind-
ing to L-Apt12-6 (Supplementary Figure S13A). Next, to
study whether L-Apt12-6 is enantioselective, we tested the
binding of the aptamer and the target with the same chirality.
No binding was observed between D-Apt12-6 and D-c-kirl
or between L-Apt12-6 and L-c-kit 1, highlighting that the in-
teraction between the aptamer and target was enantiospecific
(Supplementary Figure S13B and C). Taken together, these re-
sults demonstrate that G4-SELEX-Seq can be used to develop
L-RNA aptamers specific for parallel G4 using a parallel c-kit
1 dG4 as the target.

Control of G4-mediated gene activity in vitro and in
cells using L-Apt12-6

To illustrate the applications of L-Aptl2-6, we firstly per-
formed DNA polymerase stop assay to study whether the
binding of L-Aptl12-6 to G4 targets can impair the primer

extension process. Primer extension of DNA templates con-
taining G4 can generate full-length and stop products.
Aptamer/ligand binding to G4 further inhibits primer exten-
sion and generates additional stop products (Figure SA). As
shown in Figure 5B, reaction mixture with the template con-
taining the wild-type parallel dG4 c-kit 1 exhibited both full-
length and stop products under K*, while only full-length
products were found under Li* conditions owing to G4 desta-
bilization (Supplementary Figure S14A). With increasing con-
centrations of L-Apt12-6, wildtype c-kit 1 templates got rapid
reduction in full-length product, and finally, all the full-length
products turned to stop products (Figure 5B). As a control,
the primer extension products of templates with mutant c-
kit 1 that cannot form G4 structures only generated full-
length products and no stop products (Figure 5B). The G4-
binding ligand BRACO-19 (37) was used as a positive con-
trol to incubate with wild-type and mutant c-kit 1 templates
and showed inhibitory effects on primer extension under K*
(Supplementary Figure S14B), indicating that primer exten-
sion inhibition is G4-mediated. We also designed templates
containing wild-type or mutant antiparallel G4 hras-1 and hy-
brid G4 hTelo; no obvious effects were observed with the ad-
dition of L-Apt12-6 (Figure 5B). These results reinforced the
binding selectivity data in Figure 4, and further suggested that
L-Apt12-6 can bind to parallel G4 and inhibit the primer elon-
gation process of the parallel G4 template but has no effect on
the non-G4 template or antiparallel/hybrid G4 templates.
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Figure 4. |-Apt12-6 possesses a left-handed G4 structure motif and binds to parallel G4s with high binding affinity and selectivity. (A, B) Fluorescence
emission spectra of G4-specific ligand (A) ThT (2 uM) and (B) NMM (2 uM) with l-Apt12-6 (500 nM) under 150 mM KClI (red) and LiCl (green) condition.
The K*-dependent enhanced fluorescence in ThT and NMM supports the formation of L-rG4 in L-Apt12-6. (C) CD spectrum of 5 M L-Apt12-6 under 150
mM KClI (red) and LiCl (green) condition, suggesting the left-handed parallel G4 formation in l-Apt12-6. (D) First derivative of the UV melting curve at 295
nm for 5 uM [-Apt12-6 under 150 mM KClI (red) and LiCl (green) condition. Hypochromic shift was observed, and the melting temperature (T,) was
determined to be 72.5 + 0.2°C under K* condition. (E) UV absorbance spectra of 5 uM [-Apt12-6 at 20°C and 90°C. (F) Thermal difference spectrum got
from the subtraction of the UV absorbance spectrum of LApt12-6 at 20°C from that at 90°C in (E). (G) EMSA shows the binding between [-Apt12-6 and
FAM-D-c-kit 1 dG4. With increasing concentration of [-Apt12-6 (lanes 1-10: 0, 5, 10, 25, 50, 100, 200, 500, 1000, 2000 nM), the unbound band intensity
decreases and the bound band intensity increases, indicating the interaction between L-Apt12-6 and FAM-D-c-kit 1 dG4. (H) Binding curve of FAM-D-c-kit
1 against LApt12-6 based on data from (G). The K is determined to be 42.3 + 1.9 nM. The error bar represents the SEM of three independent
replicates. (I-L) Binding of (I) parallel dG4s, (J) parallel rG4s, (K) antiparallel dG4s and (L) hybrid dG4s to increasing concentrations of L-Apt12-6 (0, 100,
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Considering its great performance in vitro, we next stud-
ied whether L-Apt12-6 could target c-kit 1 dG4 in cells.
We designed a GTFH (G-quadruplex-Triggered Fluorogenic
Hybridization) probe for the specific detection of c-kit 1 dG4
in cells by employing ISCH (Supplementary Figure S15A)
(Supplementary Table S1). ISCH is a G4-specific ligand that
generates enhanced fluorescence upon binding to G4s (24).
The FAM-c-kit 1-T sequence contains the 22-nt c-kit 1 dG4
and the 25-nt “Tail sequence’ next to c-kit 1 with a FAM label
at 3’ end (Supplementary Table S1). ISCH-AT is an ‘Anti-Tail
Sequence’ with ISCH modified at 3’ end, which can fully hy-
bridize with the Tail sequence of FAM-c-kit 1-T and ‘turn on’
the ISCH fluorescence when c-kit 1 dG4 structure forms. We
transfected FAM-c-kit 1-T with L-Apt12-6 or PDS into HeLa
cells and stained the cells with ISCH-AT. As shown in Sup-
plementary Figure S15B and C, cells treated with L-Apt12-6
showed 2.02-fold the average ISCH fluorescence intensity of
control cells and 1.58-fold the intensity of cells treated with
PDS, indicating that L-Apt12-6 can bind c-kit 1 dG4 in cells

and show a stronger effect than PDS. To further explore the L-
RNA aptamer-induced duplex-quadruplex transition in cells,
we synthesized Anti-c-kit 1, the antisense oligo of c-kit 1 dG4,
and transfected the duplex into cells (Supplementary Table S1,
Supplementary Figure S16A). As shown in Supplementary Fig-
ure S16B and C, the ISCH fluorescence in the control group
was mostly quenched owing to duplex formation, whereas the
fluorescence recovered to 2.77-fold with L-Apt12-6 treatment.
PDS treatment led to 1.41-fold ISCH fluorescence recovery,
which was not as significant as L-Apt12-6. These results un-
derscored that L-Apt12-6 can target c-kit 1 dG4 in cells and
control duplex-G4 structural conformation transition.

After confirming the binding of L-Apt12-6 to transfected
c-kit 1 dG4 in cells, we sought to explore whether L-Apt12-
6 can be delivered to the cell nucleus as endogenous c-KIT
DNA is in the nucleus (24). FAM-labelled L-Apt12-6 was
transfected into HEK-293T cells and clearly visualized in cell
nuclei using Hoechst 33342 staining (Supplementary Figure
S17). This indicates that L-Apt12-6 can be transfected into
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cell nuclei and has the potential for biological applications.
Furthermore, L-Apt12-6 can be transfected into HEK293T,
HelLa and HGC-27 cells using both Lipofectamine 2000
and 3000 with very high efficiency (Supplementary Figures
$18-520). CCK-8 assays (Supplementary Figure S21) demon-
strated that L-Apt12-6 exhibits minimal toxicity towards
HEK293T, HGC27 and Hela cells at concentrations of up
to 600 nM. Next, we investigated whether L-Apt12-6 can be
used to control gene activity in cells using a dual-luciferase
reporter gene assay. HEK-293T cells were used here owing to
their high transfection efficiency. Wild-type and mutant c-KIT
constructs were separately inserted into the HSV-TK promoter
of the Firefly luciferase. Renilla luciferase was used as an in-

ternal control to account for transfection variation (Figure
6A). In the absence of L-Apt12-6, the wild-type construct had
lower luciferase activity than the mutant construct (Figure 6B
and C), suggesting that the wild-type ¢-KIT sequence can fold
into G4 in cells and downregulate gene expression, consis-
tent with other G4-mediated gene suppression reports (22,38).
With the addition of L-Apt12-6, the luciferase activity of the
wild-type construct decreased significantly, whereas that of
the mutant construct did not change (Figure 6B and C), indi-
cating that the suppression of gene expression only occurred
for the wild-type c-KIT construct. To confirm that the gene
downregulation effect was due to the binding of L-Aptl12-
6 to ¢-KIT promoter G4, a G4-binding ligand, BRACO-19,
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was used as a positive control to incubate with wild-type and
mutant constructs and showed similar results with L-Apt12-
6 (Supplementary Figure S22). To study whether L-Apt12-6
regulates gene expression at the transcriptional and/or trans-
lational level, we further measured the mRNA levels of Fire-
fly and Renilla luciferase by quantitative reverse transcriptase-
polymerase chain reaction (QRT-PCR), and lower expression
was observed in wild-type but not mutant constructs (Figure
6D and E), suggesting that L-Apt12-6 can interfere with the
transcription process and regulate gene expression at transla-
tional level by interacting with c-kit 1 dG4.

Based on the regulation activity on reporter gene, we stud-
ied the effects of L-Apt12-6 on endogenous c-KIT expression
in Human Gastric Cancer cell line (HGC-27), which has a high
level of c-KIT expression (39). HGC-27 cells were treated with
0-500 nM L-Apt12-6 for 24 h, and the levels of ¢-KIT pro-
tein and the housekeeping protein GAPDH were measured by
Western blot assays. Figure 6F shows that treatment of HGC-
27 cells with L-Apt12-6 led to a dose-dependent reduction
in the level of ¢-KIT protein, which decreased to around 8%
when 500 nM L-Apt12-6 was added. As a control, PDS also
led to reduction in ¢-KIT protein expression, although the ef-
fects were less significant than those of L-Apt12-6 (Figure 6G).
The ¢-KIT protein level reduced to around 42% when 500 nM
PDS was added. In addition, a stem-loop L-RNA oligo (L-SL1)
(Supplementary Table S1) that cannot interact with c-kit dG4
was used as a negative control and showed no effects on c-KIT
expression (Figure 6H). To confirm that the reduction in c-
KIT protein levels resulted from the reduction in ¢-KIT mRNA
expression, qRT-PCR assays were performed to detect c-KIT
mRNA levels. The relative c-KIT mRNA levels to housekeep-
ing gene GAPDH significantly decreased with the addition of
L-Apt12-6 in a dose-dependent manner (Figure 6I). In sum-
mary, as a new class of G4 targeting tool, L-Apt12-6 has been
demonstrated to bind to the c-KIT promoter G-quadruplex in
cells and block ¢c-KIT gene expression (Figure 6]). This study
provides substantial evidence for the suppression of oncogene
expression by selective targeting of functional DNA G4 using
novel L-RNA aptamer.

Discussion

L-RNA has attracted increasing attention as a new chemical
and biological material owing to its excellent stability and
nuclease resistance ability under complex conditions and in
cells. Like D-RNA, L-RNA can fold into sophisticated sec-
ondary and tertiary structures, with great potential for use
as aptamers. L-RNA aptamers have been reported to recog-
nize nucleic acid structural motifs, such as rG4, suggesting
that they can be an effective tool for targeting G4 and regulat-
ing G4-mediated cell processes (18-21,23). To the best of our
knowledge, dG4-targeting L-RNA aptamers have not been re-
ported. Unlike rG4s, which predominately form parallel con-
formation, dG4s can form parallel, antiparallel and hybrid
conformations with high structural similarity, making it es-
pecially challenging to target a specific dG4 conformation (2).
To develop a robust aptamer-based approach to achieve this
goal, we refined the in vitro selection strategy by combining
it with NGS and developed an innovative selection platform
referred to as G4-SELEX-Seq (Figure 1C). Using an impor-
tant cancer-related parallel dG4, c-kit 1, as the target (Figure
1B), we successfully identified an L-RNA aptamer for parallel
G4, validating the feasibility and usefulness of G4-SELEX-Seq
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to screen G4 conformation-selective L-RNA aptamers for the
first time.

G4-SELEX-Seq is a process to enrich functional aptamers
that can bind to L-dG#4 target from a random library, so it is
important to analyze the library pool of each selection round
and monitor how the sequences population changes during
the selection process. Sanger sequencing was used in previ-
ous L-RNA aptamer studies to analyze the selection results
(18-21,23). Usually, 6-15 selection rounds are required to
make the functional sequences highly enriched, and thus, can
be recognized from the low sampling of Sanger sequencing
(16). However, non-specific binding and PCR problems dur-
ing the selection process limit the enrichment of functional
sequences and decrease the selection efficiency. To solve this
problem, we employed NGS as a readout in this study for
the first time (Figure 1C). We performed NGS after four se-
lection rounds and obtained all sequence information and
the frequency of each round. Two highly enriched sequences
(Sequences 1 and 2, Supplementary Table S3) increased much
more dramatically than the other sequences during the se-
lection process. They were also found in our other SELEX
studies for different targets but without binding to those tar-
gets, which are likely enriched by non-specific binding to the
components in selection reactions or PCR bias. Therefore,
we ignored Sequences 1 and 2, and selected Sequence 3-20
(Supplementary Table S3) for binding verification. Sequence
14 (Apt12) showed the strongest binding among the 18 se-
quences tested, and was therefore used for further optimiza-
tion. Interestingly, Apt12 was not observed in our Sanger se-
quencing results even with up to 12 selection rounds because
the small sample size of Sanger sequencing was predominately
occupied by non-specific sequences (Supplementary Tables S4
and S5). These findings strongly emphasized that NGS can sig-
nificantly improve the success rate of SELEX and reduce the
number of selection rounds (~2 days per round) for L-RNA
aptamers.

The final 32-nt Apt12-6 sequence was confirmed after a se-
ries of construct optimizations (Figure 1E). Apt12-6 adopts
a stem-loop structure, as predicted by mFold with an 18-nt
loop and 7-bp stem. Single nucleotide mutational analysis of
the loop suggested that the guanines in the loop play signif-
icant roles in binding and are likely to fold into a G4 struc-
ture (Figure 2A and B), which was further confirmed by bio-
physical (fluorescence, CD, UV/CD melting, TDS), and bio-
chemical assays (RTS, SHALIPE) (Figure 3). The interesting
G4-containing structures were also observed in other rG4-
targeting L-RNA aptamers (22, 21,20). Our speculation is
that the G4 motif is highly suitable for nucleic acid binding
due to its ability to form various interactions, such as stack-
ing and hydrogen bonds, with other DNA/RNA sequences.
Furthermore, the formation of G4 provided a thermostable
structure motif, as illustrated in Figure 3D, for the aptamer as
potential molecular recognition element. The stem part sta-
bilizes the loop G4 structure and enables binding, as sup-
ported by the results in Supplementary Figure S1 and S2 that
shorter stems lead to weaker binding to the target. As a large
and complex molecule, L-RNA aptamer is likely to interact
with G4s through various mechanisms, such as 7-7t stack-
ing, electronic interactions, hydrogen bonding, van der Waals
forces and shape complementarity. Future investigations us-
ing high-resolution structural analysis of L-Apt12-6 and its
G4 target can likely provide a clearer understanding of the
binding interactions and underlying structural basis.
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L-Apt12-6 displayed strong binding affinity and selectiv-
ity to parallel G4 over antiparallel/hybrid G4 and other nu-
cleic acid structures (Figure 4 and Supplementary Figure S13),
which was further supported by i72 vitro DNA polymerase stop
assay (Figure 5). A c-kit 1 dG4 specific GTFH probe verified
that L-Apt12-6 can target transfected c-kit 1 dG4 in cells and
control duplex-G4 structural conformation transition, indi-
cating that L-Apt12-6 is correctly folded in the cellular envi-
ronment (Supplementary Figure S15 and S16). Furthermore,
L-Apt12-6 can be delivered into the cell nucleus using Lipo-
fectamine 2000 (Supplementary Figure S17), thus having the
potential to target endogenous dG4s in the cell nucleus. Typ-
ically, D-DNA/D-RNA can only be transfected into the cell
plasma, but with low efficiency in the nucleus owing to nu-
clease degradation. In cell dual luciferase reporter gene as-
says highlighted the potential utility of L-Apt12-6 to repress
transcription and regulate gene activity (Figure 6), while more
than 10-fold doses of G4 ligands are required to achieve simi-
lar effects (Supplementary Figure S22). Direct targeting of en-
dogenous c-kit 1 dG4 inhibited ¢-KIT expression at both the
protein and mRNA levels (Figure 6), suggesting that c-kit 1
dG4 is a potential drug target. As a control, the inhibitory
effects of PDS on endogenous c-KIT expression were less sig-
nificant than those of L-Apt12-6 (Figure 6G), demonstrating
that L-Apt12-6 can function as a robust parallel G4 binding
tool that is comparable to or even better than G4 ligands in
certain application areas. Although the current version of L-
Apt12-6 is unable to specifically target single-G4 structures in
cells, this limitation can be overcome by incorporating addi-
tional modules, such as antisense oligonucleotides, to enhance
its specificity. Moreover, L-Apt12-6 can be further modified by
attaching other functional proteins, peptides, nucleic acids, or
ligands to impart diverse properties and expand its potential
applications.

In summary, we developed G4-SELEX-Seq and identified
the first L-RNA aptamer to target parallel G4 with high affin-
ity and selectivity. We demonstrated the feasibility and effi-
ciency of our SELEX strategy to identify L-RNA aptamers for
targeting G4, and this general platform should be applicable
to other nucleic acid structures. Our new and important find-
ings illustrate that L-Apt12-6 can be a valuable tool for se-
lective recognition of G-quadruplex conformation and regu-
lation of G4-mediated gene activity iz vitro and in cells. With
further development and optimization of L-RNA aptamers,
such as L-Apt12-6, they can be used in diverse biological and
biomedical applications.

Data availability

The data underlying this article are available in the article
and in its online supplementary material. Further data will be
shared on reasonable request to the corresponding author.

Supplementary data
Supplementary Data are available at NAR Online.

Acknowledgements

We thank Mr Chun-Yin Chan for his technical advice on SE-
LEX. We thank Mr Haizhou Zhao for the technical advice
on Western blot assays. We thank Dr Hoi Man Leung and

11451

Dr Ling Sum Liu for the discussion on UV results. We thank
Miss Ying-Chen Zhou for the discussion on GTFH assay
results.

Funding

NSFC Excellent Young Scientists Fund (Hong Kong and
Macau) Project [32222089]; Research Grants Council of the
Hong Kong SAR, China Projects [CityU 11100123, CityU
11100222, CityU 11100421, CityU 11101519]; Croucher
Foundation Project [9509003]; State Key Laboratory of Ma-
rine Pollution Director Discretionary Fund [DDF/0008]
and Seed Collaborative Research Fund [SCRF/0037,
SCRF/0040]; City University of Hong Kong projects
[6000827, 9678302 to C.K.K.]; National Natural Sci-
ence Foundation of China [81973184 to S.B.C.]. Funding for
open access charge: Research Grants Council of the Hong
Kong SAR, China Projects [CityU 11101519].

Conflict of interest statement

None declared.

References

1. Belmont,P., Constant,].-F. and Demeunynck,M. (2001) Nucleic
acid conformation diversity: from structure to function and
regulation. Chem. Soc. Rev., 30, 70-81.

2. Kwok,C.K. and Merrick,C.]. (2017) G-quadruplexes: prediction,
characterization, and biological application. Trends Biotechnol.,
35,997-1013.

3. Mergny,].-L. and Héléne,C. (1998) G-quadruplex DNA: a target
for drug design. Nat. Med., 4, 1366-1367.

4. Dumas,L., Herviou,P., Dassi,E., Cammas,A. and Millevoi,S. (2021)
G-quadruplexes in RNA biology: recent advances and future
directions. Trends Biochem. Sci., 46, 270-283.

5. Lyu,K., Chow,E.Y.-C, Mou,X, Chan,T.-F. and Kwok,C.K. (2021)
RNA G-quadruplexes (rG4s): genomics and biological functions.
Nucleic Acids Res., 49, 5426-5450.

6. Kharel,P., Balaratnam,S., Beals,N. and Basu,S. (2020) The role of
RNA G-quadruplexes in human diseases and therapeutic
strategies. Wiley Interdiscip. Rev. RNA, 11, e1568.

7. Kosiol,N., Juranek,S., Brossart,P., Heine,A. and Paeschke,K. (2021)
G-quadruplexes: a promising target for cancer therapy. Mol.
Cancer, 20, 40.

8. Tao,Y., Zheng,Y., Zhai,Q. and Wei,D. (2021) Recent advances in
the development of small molecules targeting RNA
G-quadruplexes for drug discovery. Bioorg. Chem., 110, 104804.

9. Umar,M.L, Ji,D., Chan,C.-Y. and Kwok,C.K. (2019)
G-quadruplex-based fluorescent turn-on ligands and aptamers:
from development to applications. Molecules, 24, 2416.

10. Liu,H.-Y., Zhao,Q., Zhang,T.-P., Wu,Y., Xiong,Y.-X., Wang,S.-K.,
Ge,Y.-L., He,].-H., Lv,P. and Ou,T.-M. (2016) Conformation
selective antibody enables genome profiling and leads to discovery
of parallel G-quadruplex in human telomeres. Cell Chem. Biol.,
23,1261-1270.

11. Henderson,A., Wu,Y., Huang,Y.C., Chavez,E.A., Platt,].,
Johnson,EB., Brosh,R.M., Sen,D. and Lansdorp,P.M. (2013)
Detection of G-quadruplex DNA in mammalian cells. Nucleic
Acids Res., 42, 860-869.

12. Nowak-Karnowska,]., Gluszynska,A., Kosman,]., Neunert,G. and
Dembska,A. (2021) Interaction of 9-methoxyluminarine with
different G-quadruplex topologies: fluorescence and circular
dichroism studies. Int. J. Mol. Sci., 22, 10399.

13. Biver,T. (2022) Discriminating between parallel, anti-parallel and
hybrid G-quadruplexes: mechanistic details on their binding to
small molecules. Molecules, 27,4165.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad900#supplementary-data

11452

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Gongalves,D.P., Rodriguez,R., Balasubramanian,S. and
Sanders,].K. (2006) Tetramethylpyridiniumporphyrazines—A new
class of G-quadruplex inducing and stabilising ligands. Cherm.
Comm., 4685-4687.

Marchand,A., Strzelecka,D. and Gabelica,V. (2016) Selective and
cooperative ligand binding to antiparallel Human telomeric DNA
G-quadruplexes. Chem. Eur. ., 22,9551-9555.

Dunn,M.R., Jimenez,R.M. and Chaput,].C. (2017) Analysis of
aptamer discovery and technology. Nat. Rev. Chem., 1, 0076.
Kim,Y.S., Raston,N.H.A. and Gu,M.B. (2016) Aptamer-based
nanobiosensors. Biosens. Bioelectron., 76, 2-19.

Sczepanski,].T. and Joyce,G.F. (2013) Binding of a structured
D-RNA molecule by an L-RNA aptamer. J. Am. Chem. Soc., 135,
13290-13293.

Sczepanski,].T. and Joyce,G.F. (2015) Specific inhibition of
microRNA processing using L-RNA aptamers. J. Am. Chem. Soc.,
137, 16032-16037.

Chan,C.Y. and Kwok,C.K. (2020) Specific binding of ad-RNA
G-quadruplex structure with an I-RNA aptamer. Angew. Chem.
Int. Ed., 59, 5293-5297.

Umar,M.I. and Kwok,C.K. (2020) Specific suppression of D-RNA
G-quadruplex—protein interaction with an L-RNA aptamer.
Nucleic Acids Res., 48,10125-10141.

Ji,D., Lyu,K., Zhao,H. and Kwok,C.K. (2021) Circular L-RNA
aptamer promotes target recognition and controls gene activity.
Nucleic Acids Res., 49, 7280-7291.

Zhao,H., Wong,H.Y., Ji,D., Lyu,K. and Kwok,C.K. (2022) Novel
L-RNA aptamer controls APP gene expression in cells by targeting
RNA G-quadruplex structure. ACS Appl. Mater. Interfaces, 14,
30582-30594.

Yuan,].-H., Tu,J.-L., Liu,G.-C., Chen,X.-C., Huang,Z.-S.,
Chen,S.-B. and Tan,J.-H. (2022) Visualization of ligand-induced
¢-MYC duplex—quadruplex transition and direct exploration of
the altered ¢-MYC DNA-protein interactions in cells. Nucleic
Acids Res., 50, 4246-4257.

Sannapureddi,R.K.R., Mohanty,M.K., Salmon,L. and
Sathyamoorthy,B. (2023) Conformational plasticity of parallel
G-quadruplex implications on duplex—Quadruplex motifs. J. Am.
Chem. Soc., 145, 15370-15380.

Burge,S., Parkinson,G.N., Hazel,P., Todd,A.K. and Neidle,S. (2006)
Quadruplex DNA: sequence, topology and structure. Nucleic
Acids Res., 34, 5402-5415.

Phan,A.T., Kuryavyi,V., Burge,S., Neidle,S. and Patel,D.]. (2007)
Structure of an unprecedented G-quadruplex scaffold in the
human c-kit promoter. J. Am. Chem. Soc., 129, 4386-4392.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Nucleic Acids Research, 2023, Vol. 51, No. 21

Milton,R.d., Milton,S. and Kent,S. (1992) Total chemical synthesis
of a D-enzyme: the enantiomers of HIV-1 protease show reciprocal
chiral substrate specificity. Science, 256, 1445-1448.
Kluf8mann,S., Nolte,A., Bald,R., Erdmann,V.A. and Fiirste,].P.
(1996) Mirror-image RNA that binds D-adenosine. Nat.
Biotechnol., 14, 1112-1115.

Garant,].-M., Perreault,].-P. and Scott,M.S. (2017) Motif
independent identification of potential RNA G-quadruplexes by
G4RNA screener. Bioinformatics, 33, 3532-3537.

Renaud de la Faverie,A., Guedin,A., Bedrat,A., Yatsunyk,L.A. and
Mergny,J.-L. (2014) Thioflavin T as a fluorescence light-up probe
for G4 formation. Nucleic Acids Res., 42, e65.

Yett,A., Lin,L.Y., Beseiso,D., Miao,]. and Yatsunyk,L.A. (2019)
N-methyl mesoporphyrin IX as a highly selective light-up probe
for G-quadruplex DNA. J. Porphyr. Phthalocyanines, 23,
1195-1218.

del Villar-Guerra,R., Trent,].O. and Chaires,].B. (2018)
G-quadruplex secondary structure obtained from circular
dichroism spectroscopy. Angew. Chem. Int. Ed., 130, 7289-7293.
Mergny,J.-L., Li,J., Lacroix,L., Amrane,S. and Chaires,].B. (2005)
Thermal difference spectra: a specific signature for nucleic acid
structures. Nucleic Acids Res., 33, e138.

Kwok,C.K., Sahakyan,A.B. and Balasubramanian,S. (2016)
Structural analysis using SHALIPE to reveal RNA G-quadruplex
formation in human precursor microRNA. Angew. Chem. Int. Ed.,
128, 9104-9107.

Yu,C.-H., Kabza,A.M. and Sczepanski,].T. (2021) Assembly of
long I-RNA by native RNA ligation. Chem. Comm., 57,
10508-10511.

Shitikov,E., Bespiatykh,D., Malakhova,M., Bespyatykh,].,
Bodoev,l., Vedekhina,T., Zaychikova,M., Veselovsky,V., Klimina,K.
and Ilina,E. (2022) Genome-wide transcriptional response of
mycobacterium smegmatis MC2155 to G-quadruplex ligands
BRACO-19 and TMPyP4. Front. Microbiol., 13, 817024-817024.
Kumari,S., Bugaut,A., Huppert,J.L. and Balasubramanian,S. (2007)
An RNA G-quadruplex in the 5" UTR of the NRAS
proto-oncogene modulates translation. Nat. Chem. Biol., 3,
218-221.

Bejugam,M., Sewitz,S., Shirude,P.S., Rodriguez,R., Shahid,R. and
Balasubramanian,S. (2007) Trisubstituted isoalloxazines as a new
class of G-quadruplex binding ligands: small molecule regulation
of c-kit oncogene expression. J. Am. Chem. Soc., 129,
12926-12927.

Received: June 5, 2023. Revised: September 28, 2023. Editorial Decision: September 29, 2023. Accepted: October 5, 2023

© The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.



	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest statement
	References

