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Unmodified RNA sequences form unusual
stable G-quadruplexes with potential anti-
RSV and anti-angiogenesis applications
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DNA or RNA sequences with customizable designs form unique three-dimensional structures that
bind to targets with high precision and strength, making them promising tools for medical diagnosis
and therapy. However, their clinical use is limited by rapid clearance from blood and safety concerns.
This study introduces a novel RNA-based structure called G-quadruplex, which requires no chemical
modifications. These G-quadruplexes remain highly stable in biological fluids, retaining over 90% of
their concentration after 96 h. Experiments confirm their strong binding to a cell surface protein
(nucleolin) without significant cellular uptake, resulting in nearly zero harm to cells. They effectively
block respiratory syncytial virus infection, suppress the growth and movement of human blood vessel
cells, and prevent new blood vessel formation in chicken embryos, even without specialized delivery
systems. These stable G-quadruplex structures demonstrate dual potential for treating cancers and
viral infections, offering a versatile and safe strategy for future therapies.

Similar to monoclonal antibodies, possessing flexible and tunable prop-
erties, nucleic acid sequences adopt the specific three-dimensional
structures that significantly enhance their binding capabilities, allowing
them to interact with targets with heightened selectivity and affinity. This
selective binding, spanning diverse targets from small molecules to larger
macromolecules like proteins or peptides, underscores the substantial
potential of those nucleic acid samples for clinical translation'”. For
example, the 15-nucleotide DNA oligonucleotide thrombin-binding
aptamer (TBA) is tailored for binding to the thrombin protein itself*
100-nt long RNA aptamers bind to organic dye’. Beyond their
mechanistic similarity to therapeutic monoclonal antibodies, nucleic acid
aptamers offer several additional advantages, including a low synthesis
cost, easy modification, small molecular weight, good solubility, and
negligible immune responses®. Thus, aptamers have garnered significant
attention in the field of therapeutic agent development. Notably, a
multitude of aptamers designed to target various human pathologies,
including neurodegenerative diseases, age-related macular degeneration,
inflammation, thrombosis, and diabetes, etc., have been developed and
subjected to evaluation’.

Nevertheless, despite their considerable advantages, nucleic acid
aptamers have encountered delays in their progression to the clinical arena.
To date, only two aptamers have gained FDA approval for the treatment of
age-related macular degeneration®. There are two main reasons attributed to
its hamper for clinical application’. The foremost reason is their oligonu-
cleotide nature, which often results in low stability, especially poor serum
stability, thereby leading to suboptimal pharmacokinetics. For example,
AS1411, extensively studied as the first aptamer evaluated in clinical trials
for cancer'’"", targets NCL, displaying selective cytotoxicity against cancer
cells and highlighting its potential as a targeted therapeutic strategy in cancer
treatment'*'*. However, AS1411’s clinical utility was compromised by its
rapid elimination from the bloodstream and relatively low potency, high-
lighting the importance of the stability of the sample in serum. Second, the
toxicity observed in clinical trials also hampers drug development'".
Chemical modifications to safeguard nucleic acid samples from endogen-
ous, widespread nucleases and clearance mechanisms may induce unfore-
seen adverse effects””. Pegnivacogin, an exceptionally promising 2'-
fluoropyrimidine-modified RNA aptamer with enhanced biostability, was
initially developed with high expectations for a large-scale clinical trial,
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focusing on its role as an anticoagulant with a specific target in coagulation
factor IXa'’. Unfortunately, the high expectations were dashed as the trial
had to be prematurely terminated. In the course of the clinical trial, adverse
reactions emerged. Each of these events was deemed serious, with one being
life-threatening'”'®. This outcome underscores the critical importance of
thorough safety evaluations in the development of aptamer-based
therapeutics’. Hence, an optimal nucleic acid sample for targeted therapy
should consist of natural nucleic acid sequences, ensuring both high
biostability and minimal cytotoxicity.

Due to the abundance of donors and acceptors, nucleic acid sequences
can form numerous intramolecular or intermolecular hydrogen bonds,
resulting in the special creation of highly compact and rigid structures,
including hairpin loops, i-motifs, triplexes, and more'’. Furthermore, some
of these structures hinder the accessibility of molecules, such as solvents or
ribonucleases, to inner structural sites, thereby impeding the efficient
recognition and cleavage of the nucleic acid substrate. For example, the
G-quadruplex (G4), a noncanonical four-strand structure, can make it more
challenging for deuterium to access and replace hydrogen atoms within the
structure. This can result in reduced Hydrogen-Deuterium exchange rates™.
Furthermore, the specific arrangement of guanine bases in the G-tetrads
may shield potential cleavage sites from enzymatic attack’ . Therefore,
robust G4 structures may significantly bolster resistance to nucleases. What
is particularly heartening is that recent research has revealed that specific
chemical modifications not only stabilize the spatial conformation of nucleic
acids, improving their chemical stability, but also offer heightened resilience
against biodegradation. For instance, the strategic incorporation of 8-
trifluoromethyl-2'-deoxyguanosine at specific sites in TBA enhances the
formation of G-quadruplex structures with substantially higher thermo-
dynamic stability compared to native ones. This modification results in a
remarkable increase in biological stability in human plasma and a sig-
nificantly enhanced anticoagulant activity’*. However, it's worth noting, as
mentioned previously, that such modifications may increase costs and
potentially lead to unforeseen toxicity. Moreover, upon conducting further
structural analysis, it is believed that the binding between nucleic acids and
NCL is also dependent on the formation of a G4 structure by the nucleic acid
sequence, as observed in the binding between TBA, AS1411,and NCL"*,
Thus, the identification and development of natural nucleic acid sequences
with the inherent capacity to form stable G4 structures opens avenues for the
design of novel biomolecules with enhanced stability and therapeutic
potential.

Angiogenesis is crucial in cancer development, providing the necessary
blood supply for tumor growth and enabling metastatic spread by allowing
cancer cells to enter the bloodstream. Targeting angiogenesis has become an
important cancer treatment strategy”’. Researches indicated that on the cell
membrane surface, nucleolin participates in various biological processes; it
was shown to shuttle between cytoplasm and cell surface and involved in cell
signal transduction® . Accumulating evidence indicates that nucleolin is
transported from the nucleus to the cell membrane in endothelial cells via a
unique vesicular secretory pathway, playing a crucial role in
angiogenesis**. Targeting cell surface nucleolin can interfere with key
signaling pathways involved in angiogenesis, including endostatin, matrix
metalloproteinases (MMPs), proto-oncogene tyrosine-protein kinase Src
(SRC), focal adhesion kinase (FAK), protein kinase B (AKT), and extra-
cellular signal-regulated kinases 1/2 (ERK1/2)***. Recently, molecules such
as peptides or aptamers that specifically bind to cell surface nucleolin have
demonstrated promising anti-angiogenic effects”*".

NCL plays several important roles in respiratory syncytial virus (RSV)
infection. RSV isa virus that causes severe respiratory infections, particularly
common in infants and the elderly. Studies have shown that nucleolin plays
the following roles in RSV infection: First, Nucleolin can act as a crucial co-
factor for RSV infection. It interacts with RSV surface glycoproteins, aiding
the virus in attaching to and entering host cells. Nucleolin may also be
involved in the replication process of the virus within host cells, promoting
the synthesis and assembly of viral RNA***. Second, during RSV infection,
nucleolin can modulate the host cell’s antiviral response. It can influence

intracellular signaling pathways, regulating the host’s immune response"".
Given its crucial role in RSV infection, nucleolin is considered a potential
therapeutic target. By designing specific small molecule inhibitors or anti-
bodies to block the function of nucleolin, it is possible to interfere with the
RSV infection process, thus achieving antiviral effects*>*.

In this study, we have successfully developed a novel class of G4s
formed by unmodified RNA sequences. The nuclease stability experiment
revealed the remarkable resilience of these G4s, as they maintained a con-
centration of at least 90% post-incubation in a cell culture medium con-
taining 10% fetal bovine serum at 37 °C for 96 h. This noteworthy resilience
emphasizes the outstanding durability of these G4s, rendering them
exceptionally promising for continued exploration in clinical research. MTT
assays affirmed the minimal cytotoxicity of these G4s toward normal cells.
Additional experimental data, encompassing surface plasmon resonance,
Immunofluorescence-based flow cytometry, and confocal microscope
images, validated the specific binding of G4s to cell surface NCL. Moreover,
Western-blot results indicated that, in contrast to the AS1411 aptamer, these
distinctive G4s do not disrupt NCL’s function in regulating protein
expression. This implies that G4s can modulate signal transduction at the
cell surface without affecting NCL in the nucleus, thereby averting potential
cytotoxicity. Furthermore, akin to other NCL binders, these G4s exhibited
anti-respiratory syncytial virus (RSV) properties and effectively suppressed
the proliferation, circularization, and migration of human umbilical vein
endothelial cells (HUVECs). Notably, they demonstrated an anti-
angiogenic effect in a chicken embryo experiment. In summary, the
uniquely stable G4s presented in this study emerged as robust candidates for
both tumor and RSV therapies, highlighting their versatile potential in
therapeutic applications.

Results

Finding stable G-quadruplexes

Sequences that form a structure containing more than G-tetrads, such as U-
or A-tetrads, consistently exhibit heightened stability, attributed to the
effective enthalpic contribution of the additional tetrad*. Furthermore, G4
formed by RNA sequences, characterized by additional hydrogen bonding
and influence on molecular hydration, typically demonstrate greater sta-
bility than their DNA counterparts**“. Putative G4 sequences, with a length
shorter than 12 nucleotides, demonstrate the ability to form intermolecular
G4 structures. The incorporation of U or A nucleotides at the terminus of
the sequences facilitates the regulation of non-G-tetrad formation, specifi-
cally U- or A-tetrad, drawing it into closer proximity to the core G-stem.
Consequently, the m-7t stacking interaction between the non-G-tetrad and
G-tetrad elements plays a significant role in enhancing the overall stability of
the entire structure. To date, telomere RNA sequences have been docu-
mented to readily form G4s with extra tetrads™**”". Furthermore, the tel-
omere RNA G-quadruplex exhibits structural polymorphism, adopting
diverse configurations that facilitate its interaction with a multitude of
proteins pivotal to various biological processes™*"*****. It may also be cap-
able of forming a specific G4 structure that binds to NCL'. Consequently, we
synthesized several telomeric repeat-containing RNA sequences with
extended G, U, or A (Table 1). We checked the CD spectrum of those RNA
sequences. The results showed that all sequences exhibited a positive peak at
265 nm and a negative peak at 240 nm in the CD spectrum, indicating that
all sequences adopted parallel G4 structures (Fig. 1a)***". Furthermore, the
melting curves showed that the ORN 1, 3, 4 G4s possess high thermo-
stability. Notably, ORN 1 and 3 demonstrated only a slight decrease in
signal, even at a temperature as high as 95 °C. Similarly, ORN 4 maintained
approximately one-third of its signal at 95 °C, with a Tm (melting tem-
perature) value exceeding 70 °C, surpassing the thermostability of most G4s
reported in prior literature (Fig. 1b-g). Next, nondenaturing gel showed that
all sequences migrated slower than the reference DNA dT12 and some of
them (ORN 2, ORN 3, ORN 4, ORN 5) moved even slower than dT24,
indicating them adopting unusual higher order structure (Figs. 1h, and S1).
More interestingly, in denaturing gel electrophoresis, ORN 2, ORN 3, ORN
4 showed similar mobility, which indicated that the structures formed by
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Table 1 | The information of the sequences used in this study

Names Sequence 5'-3'
ORN 1 UUAGGGU

ORN 2 GUUAGGG

ORN 3 GUUAGGGU

ORN 4 GGUUAGGGU
ORN 5 GGGUUAGGGU
ORN 6 GUUGGGGUUAG
AS1411 GGTGGTGGTGGTTGTGGTGGTGGTGG
ORN 3-CY5 GUUGGGGU-CY5
ORN 4-CY5 GUUGGGGU-CY5
mutORN 3 GUUAAAAU
mutORN 4 GGUUAAAAU

ORN 2, ORN 3, ORN 4 remained stable against base-pair hydrogen bond
disruption by urea in denaturing condition (Fig. 1i). The unbelievable
thermostability of those unique G4s encouraged us to test their biostability.
Following incubation in the presence of 10% fetal bovine serum (FBS), the
G4s were evaluated for their resistance to nucleases. The results revealed that
the ORN 3 and ORN 4 G4s exhibited minimal change over a 6-h period, in
stark contrast to AS1411, which displayed progressive degradation after
only 2 h of incubation (Fig. 1j). Extended incubation revealed that the ORN
3 and ORN 4 G4s maintained over 90% stability even after 96 h (Fig. 1k-1).
These results underscore the robust stability exhibited by the ORN 3 and
ORN 4 G4s. To further confirm the structure formed by ORN 3 and ORN 4,
NMR experiments were conducted. As shown in Fig. S2, both ORN3 and
ORN 4 showed clear imino proton signals of rG residues within the
G-quadruplex structure, appearing in the characteristic range of 10.0-11.5
ppm, which provides direct and definitive evidence of G-quadruplex for-
mation by ORN 3 and ORN 4. In contrast, with A substitution of G, the
mutORN 3 and mutORN 4 oligos did not™**.

ORN 3, ORN 4 G4s bind specifically to the NCL on the cell surface
Subsequently, we employed surface plasmon resonance (SPR) experiments
to investigate the binding affinity between ORN 3 and ORN 4 G4s and NCL.
The outcomes revealed that both ORN 3 and ORN 4 G4s displayed binding
capabilities with NCL, showcasing affinity with Kd values of 5.88 + 0.25 nM
and 423+0.12nM, respectively. In contrast, the mutant sequence
(mutORN 3 and mutORN 4) is unable to form a G4 structure and showed
no binding to NCL (Fig. 2a, b and S3a, b). To validate the ability of ORN 3
and ORN 4 G4s to recognize native NCL expressed on the cell surface, we
conducted a specific Immunofluorescence assay (IF). The NCL antibody
was employed to detect NCL on the cell surface,and ORN 3 and ORN 4 G4s
were utilized as competitors for the NCL antibody, followed with the ana-
lyzing by flow cytometry. As depicted in Figs. 2c, d and S4, ORN 3 and ORN
4 G4s exhibited effective competition with the antibody for binding to NCL
both on the cell surface of Hep-2 and HUVECs. In contrast, the mutant
sequence showed no discernible impact on the interaction between NCL
and its corresponding antibody. This observation suggests that ORN 3 and
ORN 4 G4s can indeed bind to NCL on the cell surface. Furthermore, the
behavior of the mutant sequences highlights the specificity of the interac-
tions between NCL and the G4 structures.

Given the known overexpression of NCL on the cell surface of can-
cerous cells and HUVECs***, we proceeded to label the ORN 3 and ORN
4 G4s at the 3/-end (referred to as ORN 3-CY5 and ORN 4-CY5). This
labeling aimed to assess whether these G4s could distinguish cancer cells and
HUVECs from other normal cells, thereby confirming their specific binding
to NCL in a cellular environment. In experiments, mixed populations of
cancer and normal cells were incubated, with the proportion of cancer cells
in the cell population varying. Subsequent flow cytometry analysis revealed
that the fluorescence intensity of cells stained with ORN 3-CY5 and ORN

4-CYS5 increased proportionally with the rising percentage of cancer cells or
HUVECs, as depicted in Fig. 2e-h. These findings underscore the potential
of ORN 3-CY5 and ORN 4-CYS5 to specifically bind to NCL in the complex
cellular milieu, suggesting their utility for distinguishing cancerous and
endothelial cells from normal ones based on NCL expression levels and
further confirm that the ORN 3 and ORN 4 G4s can bind to NCL in cellular
environment.

Remarkably, laser confocal microscope images unveiled a notable
pattern: in cancer cells, the majority of fluorescence signals were con-
centrated on the cell membrane, while minimal signals were observed in
normal cells. In the merged group, for ORN-3 and ORN-4, red fluorescence
was primarily observed in the cytoplasm, with colocalization coefficients for
green fluorescence measured at 0.73 + 0.04 and 0.84 + 0.02 in MDA-MB468
cells and 0.76 + 0.03 and 0.78 + 0.02 in Hep-2 cells, respectively. In contrast,
for AS1411, significant red fluorescence accumulated within the cytoplasm,
and the mean colocalization coefficients decreased to 0.52+0.06 and
0.27 + 0.06, respectively. This outcome strongly indicates that both the ORN
3 and ORN 4 G4s exhibit binding specificity to NCL on the cell surface
(Figs. 3 a, b, and S5). To further corroborate this finding, we explored the
impact of ORN 3 and ORN 4 G4s on the expression level of BCL-2 and P53
in treated cells using Western blot assays. Research has shown that intra-
cellular NCL binds to the 3’-UTR of BCL-2 mRNA, enhancing its resistance
to nuclease degradation. Samples targeting NCL, such as peptides and
nucleic acid aptamers, can compete with NCL binding, destabilizing BCL-2
mRNA and reducing BCL-2 protein expression™’. Additionally, NCL
interacts with the 5’ untranslated region (5-UTR) of p53 mRNA, thereby
inhibiting its translation. Targeting NCL can upregulate p53 expression®*”.
Our results demonstrated that ORN 3 and ORN 4 G4s did not significantly
alter the expression of the BCL-2 and p53 proteins. In contrast, AS1411, as
previously reported, entered the cytoplasm and effectively suppressed BCL-
2 expression and upregulated p53 expression (Figs. 3¢, and S6). These
collective findings suggest that the ORN 3 and ORN 4 G4s can selectively
bind to NCL on the cell surface.

Given the pivotal role of NCL in cellular function, molecules that
effectively bind to NCL upon entry into the cytoplasm often interfere with
the function of NCL, demonstrating cytotoxic effects on cells”. To further
explore the cytotoxicity of ORN 3 and ORN 4, MTT assays were conducted
across diverse cell lines, encompassing both cancerous and normal cells.
Strikingly, the results unveiled a mere marginal decrease in cell viability over
a 5-day period, regardless of whether cancer or normal cells were examined,
even at concentrations surpassing 100 uM for both ORN 3 and ORN 4 Gd4s,
indicating minimal cytotoxicity. In stark contrast, the positive control,
AS1411, demonstrated markedly higher cytotoxicity, with a CCs, value as
low as 819uM, 532uM for LX-2 and Hep-2 cells, respectively
(Figs. 4 and S7). These findings were consistent with laser confocal and
western blot results, collectively suggesting that ORN 3 and ORN 4 G4s
primarily bind to NCL located on the cell membrane without undergoing
significant uptake into the cytoplasm. These findings underscore the
potential of ORN 3 and ORN 4 G4s as promising candidates for further
exploration in biomedical applications.

Additionally, respiratory syncytial virus (RSV) infection is known to
induce the translocation of NCL from the nucleus to the cell surface™*.
Next, we utilized ORN 3-CY5 and ORN 4-CY5 to monitor the changes in
NCL expression on the cell surface triggered by RSV infection. Flow cyto-
metry analysis revealed, similar to the NCL antibody, a significant increase
in the fluorescence signal of cell staining by ORN 3-CY5 and ORN 4-CY5
following RSV induction (Fig. 5a—c). This data underscores the dynamic
modulation of NCL expression on the cell surface in response to RSV
infection, as detected by the labeled G4 probes, and again suggested the
ORN 3 and 4 G4s can bind to the NCL on the cell surface.

Anti-RSV activity of ORN 3, ORN 4 G4s
The translocation of NCL to the cell surface assumes a pivotal role in viral
reception, with notable viruses such as RSV demonstrating interactions with

NCL on the cell surface to regulate the attachment and entry processes™.
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Fig. 1 | Characterization of the structural and stability properties of RNA G4s:
high thermostability and nuclease resistance. a CD spectrum and (b-g) melting
curve of sequences in the presence of 100 mM KCI. h Nondenaturing gel and (i)

Reacting time (h)

denaturing gel of ORNs. Lane M, markers dT12 and dT24; lanes 1 and 2, ORNs (100
and 200 pmol). j The nuclease stable assay of sequences in 0, 0.5, 1, 2, 4, 6 h. The
nuclease stable assay of (k) ORN 3 and (1) ORN 4 in 96 h.

Targeting NCL on the cell surface emerges as a potential strategy for pre-
venting RSV infection, as evidenced by the effectiveness of agents like
AS1411 and anti-NCL antibodies***’. Next, we conducted an analysis of the
anti-RSV activity of ORN 3 and ORN 4 G4s. Western blot and RT-qPCR
experiments were performed to investigate the expression of RSV in Hep-2
cells after a 2-h pretreatment with AS1411, ORN 3, and ORN 4 G4s. The
results revealed a varying degree of reduction in the expression of the

nucleocapsid (N) gene of RSV (RSV N) the for AS1411, ORN 3 and ORN 4
G4s (Fig. 6a). Western blot analysis further showed a significant decrease in
the fusion protein of RSV (RSV F protein) expression after pretreatment
(Fig. 6b). In contrast, mutant samples did not exhibit similar results, indi-
cating the anti-RSV effect of G4s at both the transcriptional and expression
levels. Moreover, MTT assay in mock-infected cells was performed in
parallel to comprehensively evaluate the anti-RSV activity of ORN 3 and
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Fig. 2 | Binding affinity and cellular specificity of ORN 3 and ORN 4 G4s to NCL:
SPR, immunofluorescence, and flow cytometry analysis. The sensorgrams depict
the aptamer-NCL binding (resonance units vs. time) with increasing concentrations
of ORN 3 (a) and ORN 4 (b) ranging from 0 uM to 6 uM. The mean fluorescent

intensities of surface NCL on Hep-2 (c) and HUVECs (d) cells were measured using

immunofluorescence-based flow cytometry, with ORN 3 and ORN 4 serving as
competitors. Furthermore, the mean fluorescence intensities of different ratios of
Hep-2/LX-2 (e,f) and HUVECs/LX-2 (g, h) cells stained with ORN 3-CY5 and ORN
4-CY5 (2 uM) were assessed, providing insights into the binding affinity of the
fluorescently labeled ORN's to the cells (n = 3).

ORN 4 G4s. These G4s were used at a wide range of concentrations (0.78
uM-50 uM). In the RSV infection group, cell viability significantly decreased
to ~70%. However, in the treatment group, as the concentration of ORN 3
and ORN 4 Gd4s increased, the viability of RSV-infected cells gradually
improved in a dose-dependent manner, ultimately recovering to the level of
the control group (Fig. 6¢—¢). These results indicate that ORN 3 and ORN 4
G4s can bind to NCL on the cell membrane, hinder the entry of RSV, and
ultimately prevent RSV infection.

Gd4s reduced cell proliferation and migration on rhVEGF-
stimulated HUVECs

NCL expressed at the cell surface is a marker of endothelial cells in angio-
genic blood vessels. Targeting NCL on the cell surface has emerged as a
viable strategy to impede angiogenesis. Therefore, we conducted tests to
determine whether the ORN 3 and ORN 4 G4s could inhibit angiogenesis.
Our initial investigation focused on assessing the impact of ORN 3 and ORN
4 Gd4s on cell proliferation and migration in thVEGF-stimulated HUVECs.

Figure 7a illustrated that rhVEGF significantly enhanced HUVECs
proliferation after 5 days. Interestingly, both AS1411 (used as a positive
control) and various concentrations of ORN 3 or ORN 4 G4s demonstrated
significant inhibition of proliferation in rhVEGF-stimulated HUVECs. In
contrast, mutant samples did not exhibit similar inhibitory effects. These
findings suggest that the ORN 3 and ORN 4 G4s have the potential to
impede angiogenesis by specifically targeting NCL on the cell surface,
thereby influencing endothelial cell proliferation in response to angiogenic
stimuli.

Both wound healing and Transwell assays were employed to investi-
gate the impact of ORN 3 and ORN 4 G4s on the migration ability of
HUVECs in the presence of VEGF. The results demonstrated that ORN 3
and ORN 4 G4s exerted a concentration-dependent inhibition of HUVECs
migration stimulated by thVEGF. Similarly, AS1411, used as a positive
control, also exhibited inhibitory effects on the migration of HUVEC:s sti-
mulated by rhVEGF. In contrast, mutant samples did not show similar
inhibitory effects (Fig. 7b, ). Western blot analysis further revealed that the

Communications Biology | (2025)8:474


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-07915-1

Article

o

ORN3-Cy5

Fluorescence profile

colocalization coefficient: 0.73+0.0¢

=

DAPI ORN 4-Cy5 Fluorescence profile

DIO

4

MDA MD 468

colocalization coefficient: 0.76+0.03

Red — Groen

MDA MD 468

Hep-2

Hep-2

\

Il
JRTERT Y A

ooooooo

o %
Distance ()

colocalization coefficient: 0.28+0.11

Red

Groon

Ges-1

0 1
Distanco (4M)

ization coefficient: 0.23+0.03

ation coefficient: 0.26:+0.08

Red — Groe

Red — Groen

LX2

N 2y v » v
AR
R A A A
BCL-2 i 26 KDa
- -
B-actin | NG —————— | 1) (D2
s & & &
o¥ of O O
“g , A
NN 5 o NN,
) S &S
R A R
P53‘——'— -——‘43KD3
B-actin ‘ ......‘ 42 KDa

Fig. 3 | Cellular localization and functional impact of ORN 3 and ORN 4 G4s:
confocal microscopy and western blot analysis. Laser confocal microscope images
of cancer (Hep-2, MDA MB 468) and normal cells (Ges-1, LX-2) treated with (a)
ORN 3-CY5 (2 uM) and (b) ORN 4-CY5 (2 uM). Scale bar: 20 um. Green channel:
Aex = 488 nm, Aem = 500-530 nm. Blue channel: A\ex = 405 nm, Aem = 440-470 nm.

N.S.
~ 1.59 N.S N.S.
33 N.S.
o >
TR
= c 1.0 = 5 d
23 -I—
-
=
&
&
0.0-—T—T—T—T T
& A
I «,“‘N' Q§ Q§ Q§ Q§
LA
NI
FSFSFSF
1.5 *
M N.S.
Lg -} N.s.N-S.
c 2 _I_ N.S. %
3 1.0 A
FES
]
U =
Z28 05
5 o
T
-4
0.0 1 1 I 1 1 1
& Y
o :\,V\' Q$ Q$ Q§ Q§
¥ o o &
N
FFSFSK

Red channel: Aex = 561 nm, Aem = 600-700 nm. ¢ Western blot analysis of BCL-2
and P53 protein expression in Hep-2 treated with ORN 3, ORN 4 (low dose 10 uM,
high dose 20 uM), and AS1411 (10 uM). ("P<0.01, AS1411 with control; N.S.
(nonsignificant) = P> 0.05 n = 3).

HUVECs migration was primarily achieved indicating by down-regulating
the expression levels of matrix metalloproteinase-2 (MMP-2) and matrix
metalloproteinase-9 (MMP-9) in HUVECs, which are the angiogenesis
marker proteins that play important roles in degradation and remodeling of
the extracellular matrix and essential for angiogenesis (Fig. S8a, b). These
findings provided mechanistic insights into the anti-angiogenic effects of
ORN 3 and ORN 4 G4s, suggesting a potential role in modulating key factors
involved in endothelial cell migration.

G4s inhibited tube formation on rhVEGF-stimulated HUVECs

To further explore the anti-angiogenic activity of ORN 3 and ORN 4 G4s,
HUVECs were inoculated on 96-well plates coated with Matrigel for 8 h,
followed by the addition of 10 ng/mL VEGF as a positive control. The results
revealed that rhVEGF promoted the HUVECs Tube formation, while both

AS1411 and ORN 3, ORN 4 G4s reversed this effect, demonstrating inhi-
bitory effects on angiogenesis. However, mutant samples were unable to
inhibit the HUVECs Tube formation stimulated by rhVEGF (Fig. 8a).
Moreover, western blot analysis confirmed that additional VEGF up-
regulated the expression level of VE-cadherin in HUVECs, which is also the
key protein for angiogenesis, and this biological activity was counteracted by
ORN 3 and ORN 4 G4s (Fig. 8b). These results provide additional evidence
supporting the anti-angiogenic potential of ORN 3 and ORN 4 G4s, high-
lighting their ability to modulate key factors involved in angiogenesis.

Anti-angiogenic effect of ORN 3 and ORN 4 G4s

In the final, we validated the anti-angiogenic effects of ORN 3 and ORN 4
G4s using a chorioallantoic membrane (CAM) angiogenic model. Serving as
a positive control, AS1411 exhibited a significant impairment in the
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branching and development of blood vessels, consistent with findings
reported in the literature”. Similarly, both ORN 3 and ORN 4 G4s
demonstrated a remarkable inhibition of blood vessel branching and
development, further affirming their potent anti-angiogenic effects (Fig. 9).
These conclusive results underscore the robust anti-angiogenic activity of
ORN 3 and ORN 4 G4s, highlighting their potential as promising candidates
for therapeutic interventions targeting angiogenesis-related disorders.

Discussion

The increasing number of approved nucleic acid therapeutics underscores
their potential as viable treatments for various diseases*’. The highly flexible
nature of nucleic acid sequences allows them to form specific three-
dimensional structures, facilitating direct molecular targeting by binding to
specific targets. However, due to the intrinsic complexity of target structures,
research efforts often prioritize the extensive screening of active binding
molecules targeting specific sites, sometimes overlooking the inherent three-
dimensional structures formed by the molecules themselves.

In this study, our research focused on NCL, a protein known for its
specific binding to nucleic acids that adopt G4 structures. We aimed to
identify nucleic acid sequences capable of forming robust G4 structures, as
such resilience could enhance NCL binding and improve resistance to
nuclease degradation in serum. Notably, natural telomere RNA sequences
form highly stable G4 structures, which can interact with cell surface-
expressed NCL and maintain their integrity in serum. Previous studies have
shown that G-quadruplex-based aptamers, such as AS1411, formed by
other sequences, possess anti-RSV and anti-angiogenesis activity. These
sequences also bind to NCL, a key target for these therapeutic strategies.
Since telomere RNA is rich in guanines, it is capable of forming multiple G4
conformations. Therefore, it is highly likely that the G4 structures formed by
telomere RNA sequences may also exhibit anti-RSV and anti-angiogenesis
activities. This suggests promising applications in developing NCL-targeted

therapies against diseases such as RSV infections and angiogenesis-related
conditions.

Although most ORNS that exhibit high thermostability are correlated
with high biostability in serum, ORN 1, despite its high Tm value and ability
to maintain a highly ordered structure under denaturing conditions, is
quickly digested in serum. This discrepancy may be due to ORN 1 forming
rigid structures similar to ORNs 3 and 4, which inhibit molecules from
accessing the inner core of the nucleic acid structure, making them resistant
to urea. However, ORN 1 may contain specific recognition sites on the
external side of its G-quadruplex for nucleases, leading to its rapid digestion.
A detailed structural study to uncover these differences would help address
this question. Nucleases degrade nucleic acids by recognizing specific 3D
conformations, particularly in the case of ORNs 3 and 4. The sequence of the
G4 loop plays a crucial role in influencing the stability of G-quadruplex
structures, with aberrant base pairing within the loop enhancing this sta-
bility. The resistance of ORN 3 and ORN 4 G-quadruplexes to nucleases
may be attributed to their atypical loop folding. Our previous study also
showed that telomeric G4s, analogous to ORNSs 3 and 4, bind to surface NCL
without internalizing into the cytoplasm'. This suggests that such G4s may
possess comparable topological features that interfere with endocytosis.
However, the high biostability observed in ORNSs 3 and 4 suggests that they
differ from these analogs. A comprehensive structural investigation to
elucidate these variances would offer valuable insights into the mechanisms
governing nuclease binding and endocytosis. Aptamer entry into cells via
endocytosis is influenced by factors such as size, stability, and structure.
ORN 3 and ORN 4 may fail to penetrate membranes due to their unique
conformations. Their slower migration speed compared to dT24 suggests
the formation of larger G-quadruplex structures. These structures are sta-
bilized by cation coordination and ionic strength, but the cell membrane’s
selective barrier poses a challenge for charged molecules like ORN 3 and
ORN 4 G-quadruplexes. However, the difficulty in internalizing these
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aptamers, ORN 3 and ORN 4 G-quadruplexes, may relate to their structures
and the fact that they carry more ions, which hinders their passage through
the cell membranes. Since ORNs 3 and 4 can target both cancer cells and
HUVECs, potential delivery methods like nanoparticles with different sizes,
which can be passively enriched in tumor tissues through the EPR effect,
may better enable their combined anticancer efficacy.

Methods

Oligonucleotide synthesis and sample preparation
Oligonucleotides were synthesized on a 1 umol scale using an automated
DNA/RNA synthesizer (NTS, Japan). Following synthesis, the oligonu-
cleotides were detached from the support and deprotected. Purification of
the oligonucleotides was carried out via High-Performance Liquid Chro-
matography (HPLC) (Shimadzu, China). Subsequently, desalting was per-
formed using a NAP-10 column (GE Healthcare, USA). The G4 sample
preparation involved a solution containing 100 mM KCl and 10 mM K;PO,
(pH 7.0). The samples were subjected to heating at 95 °C for 5 min, followed
by natural cooling to room temperature.

Non-denaturing gel electrophoresis and denaturing gel
electrophoresis

Non-denaturing gel electrophoresis was conducted using 20% (19:1)
polyacrylamide gels. For denaturing gel electrophoresis, 8 M urea was
incorporated into the 20% (19:1) polyacrylamide gels. The gel was stained
with GelStar™.

Nuclease stability assay

A 10 pL aliquot of the G4 samples was incubated with an equal volume of
medium containing fetal bovine serum at 37 °C for various durations ran-
ging from 0 to 96 h. Subsequently, 1.5 times the volume of 10 M urea was
added to the incubation mixture. The entire sample was then denatured at
100 °C for 5 min and subsequently stored at —20 °C. Electrophoresis of the
samples was performed on 20% denaturing polyacrylamide gels, and the
resulting bands were visualized using GelStar™ staining.

Circular dichroism (CD) analyzes

The CD spectrum was acquired using a circular dichroism spectro-
photometer (JASCO, Japan). The G4 samples, comprising a nucleic acid
concentration of 10 uM in a buffer containing 100 mM KCl and 10 mM
K;PO, (pH 7.0), were denatured at 95 °C for 5 min, followed by natural
cooling to room temperature overnight at 4°C. Circular dichroism
measurements were performed at 25°C with a wavelength range of
220-320 nm at a scanning speed of 100 nm/min, using K5PO, buffer as a
blank control.

G4 Samples were subjected to a temperature ramp from 25 °C to 95 °C
atarate of 1 °C/min, and the CD signal at the maximum positive absorption
peak was monitored in real-time. Data was collected for every 1 °C increase
in temperature, and the melting curve was plotted using temperature as the
x-axis and normalized CD signal values as the y-axis. The temperature at
which the CD signal value decreased to half of its maximum was defined as
the melting temperature (Tm).
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Fig. 7 | Inhibition of rhVEGF-induced HUVEC proliferation by ORN 3and ORN ¢ Transwell assay analyzed the effects of ORN 3 and ORN 4 G4s on HUVECs
4 G4s. a Anti-proliferation effect of ORN 3 and ORN 4 G4s on HUVECs stimulated ~ migration stimulated by VEGF. Scale bar: 250 ym. P < 0.01 vs. control group;
by VEGF (n = 3). b Wound healing assay analyzed the effects of ORN 3and ORN 4 P < 0.01 vs. VEGF group (Student’s t-test) (n = 3).

G4s on HUVECs migration stimulated by VEGEF. Scale bar: 250 um (n = 3).
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Fig. 8 | Anti-angiogenic activity of ORN 3 and a
ORN 4 G4s: inhibition of HUVEC tube formation
and modulation of VE-cadherin expression. a
ORN 3 and ORN 4 G4s inhibited the tube formation
of HUVEC:s stimulated by VEGF. Scale bar: 250 yum
(n=3). b Western blot analyzed of VE-cadherin
protein expression in HUVECs stimulated by VEGF
and treated with ORN 3 and ORN 4 G4s (low dose
10 uM, high dose 20 uM), AS1411 (10 uM),
mutORN 3, mutORN 4(20 uM). “P<0.01 vs. con-
trol group; P < 0.01 vs. VEGF group (Student’s ¢-
test) (n=3).
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Surface plasmon resonance

The Surface Plasmon Resonance (SPR) experiments were carried out
using a Biacore T200 instrument (Cytiva, USA). In a concise overview,
carboxyl groups on the surfaces of the Fc3 and Fc4 channels of the chip
were activated by employing 0.4 M EDC and 0.1 M NHS. This activation
process involved a contact time of 400 s and an injection flow rate of

10 uL/min. Following activation, NCL was coupled to the Fc4 channel
using a pH 4.0 sodium acetate coupling buffer at a concentration of
25 ug/mL. The coupling step had a contact time of 420 s and a flow rate of
10 uL/min. Subsequently, the Fc3 and Fc4 channels were sealed with 1 M
ethanolamine, employing a contact time of 400s and a flow rate of
10 uL/min.
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Fig. 9 | Validation of anti-angiogenic effects of ORN 3 and ORN 4 G4s. Inhibition of angiogenesis by ORN 3 and ORN 4 G4s in chick embryo chorioallantoic membrane

(CAM) assay. Scale bar: 10 pm. P <0.01 (Student’s t-test) (n = 3).

In the context of interaction studies, G4 samples with varied con-
centrations of nucleic acid were sequentially injected. The injection process
involved a contact time of 120 s or 180 s, followed by a dissociation time of
250 s or 300 s. Regeneration steps with 1 M KCl were implemented between
each concentration injection. Changes in response signal values were
recorded throughout the experiments.

Cell culture and cell viability assay

We obtained Hep-2 (CCL-23), MDA MB 468 (HTB-132), MCF-7 (HTB-
22), and Vero cell lines (CCL-81) from ATCC. HL7702 (BNCC338358),
Ges-1 (BNCC337969), and LX2 (BNCC337957) cells were purchased from
BNCC. All cell lines were cultured in DMEM supplemented with 10% FBS,
100 U/mL penicillin, and 100 pg/mL streptomycin and maintained at 37 °C
in a 5% CO, incubator.

HUVECs (CTCC-0804-PC) were procured from Shanghai Sainuo
Biotechnology and cultured in 5% CO, at 37 °C with 5% fetal bovine serum
(Gibco, USA), 100 U/mL penicillin, 100 ug/mL streptomycin, and 1%
endothelial cell growth additive (ECGS).

For the cell viability assays, Hep-2, MDA MB 468, Hela, MCF-7,
HL7702, LX-2, and Ges-1 cells were seeded at a density of 3 x 10* cells per
well in 96-well plates and allowed to grow overnight. The following day, the
cells were exposed to varying concentrations of G4 samples (0-100 uM) for a
period of 5 days. To perform the MTT assay, 15 puL of MTT (5 mg/mL) was
added to each well, and the plates were incubated for 4-6 h. Formazan
crystals were then dissolved in 150 uL of DMSO, and the absorbance was
measured at 490 nm using a BioTek spectrophotometer (USA). The
experiment was conducted in triplicate.

Antibodies and reagents
Antibodies against BCL-2 (26593-1-AP, 1:1000 dilution), MMP-9 (10375-
2-AP, 1:1000 dilution), MMP-2 (10373-2-AP 1:1000 dilution) and p-Actin

(81115-1-RR, 1:10000 dilution) were purchased from ProteinTech Group,
Inc. Antibodies against VE-cadherin (ab313632, 1:1000 dilution), NCL
(ab22758, 1:100 dilution) were purchased from Abcam. Horseradish per-
oxidase (HRP)-conjugated goat anti-rabbit IgG (A0208, 1:10,000 dilution)
and HRP-conjugated mouse IgG (A0216, 1:10,000 dilution) were purchased
from Beyotime Institute of Biotechnology. Recombinant human VEGF
(VEGF165) was obtained from R&D Systems (USA). Matrigel was pur-
chased from BD Biosciences (USA). Respiratory syncytial virus antibody
(2F7) (sc-101362, 1:1000 dilution) was purchased from SANTA
CRUZ (USA).

IF-based flow cytometry for assessing aptamer binding to cell
surface nucleolin

The adherent cells were detached using 2 mM EDTA, pre-treated with
2 uM G4 samples at 4 °C for half an hour, and followed by three washes
with cold phosphate buffer. Subsequently, the cells were incubated with
varying concentrations of anti-NCL antibody at 4 °C for 1 h. After cen-
trifugation, the cells were washed three times with cold phosphate buffer
and then incubated with Alexa Fluor 488-labeled goat anti-rabbit IgG
(H + L) (Beyotime, A0423, 1:200 dilution) at room temperature for 1 h.
Following another round of centrifugation and three washes with cold
phosphate buffer, flow cytometry (ACEA Biosciences, USA) detection
was performed.

Recognition between normal cells and cancer cell and detection

of RSV infection by flow cytometry

Hep-2, HUVECs and LX-2 were inoculated in culture plates at different

ratios 12-16 h, later incubated with 2 uM CY5 labeled G4 samples for 1 h at

37 °C. Then, the fluorescence intensity was detected by flow cytometry.
Vero were seeded in culture plates overnight growth, then adsorbed 1 h

by RSV (MOI 0.01). After that, 2% fetal bovine serum culture medium at
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various periods. Later incubated with 2 uM CY5 labeled G4 samples for 1 h
at 37 °C. The,n the fluorescence intensity was detected by flow cytometry.

Laser confocal microscope images of cells treated with

G4 samples

The cells were cultured in optimal equipment for 12-16 h, followed by
incubation at 37 °C with CY5 labeled G4 samples for 1h, washing three
times with PBS, fixing at room temperature with 4% paraformaldehyde for
20 min, staining with DAPI (BD5010, Bioworlde, USA) for 10 min, and
staining with DIO (C1993S, Beyotime, China) 37 °C for 20 min. G4 samples
to cell binding image acquisition obtained through laser confocal micro-
scopy (Olympus VS200 confocal microscope, Japan). Confocal images were
acquired using a laser confocal microscope to obtain overlay images, which
were then split into individual channels for DIO (green) and CY5 (red).
Colocalization analysis was using ImageJ software, and the Pearson’s cor-
relation coefficient was calculated. The experiment was repeated three times,
and statistical analysis was conducted.

Western blot

The cells treated with G4 samples were lysed using RIPA cleavage buffer
containing 1 mM benzenesulfonyl fluoride (Beyotime, China). The protein
concentration in the lysates was determined using a BCA protein analysis kit
(Beyotime, China). Subsequently, total protein (50-60 pg) was separated by
SDS-PAGE gel and transferred to a PVDF membrane (Millipore, USA). The
membrane was blocked with 5% skim milk at room temperature for 2 h and
then incubated overnight with a primary antibody at 4 °C, following the
manufacturer’s instructions. Afterward, the membrane was incubated with
the secondary antibody, either HRP-conjugated Affinipure Goat Anti-
Mouse IgG(H+ L) or HRP-conjugated Affinipure Goat Anti-Rabbit
IgG(H + L). Finally, the membrane was treated with an NcmECL ultra-
hypersensitive chemiluminescence reagent (NCM Biotech, P10300). The
resulting spots were scanned using a ChemiDoc™ XRS system (BIORAD,
USA) and analyzed using Image Lab (BIORAD).

Statistics and reproducibility

All experimental data were expressed as the mean + SEM of at least three
independent experiments. All data fitting and statistical analyzes were
carried out using GraphPad Prism software or Microsoft Excel. Statistical
analysis was carried out using the student’s t-test when analyzed with the
control group. Nonsignificant was defined as p>0.05, the level of sig-
nificance was defined as 'p < 0.05, and the level of highly statistical sig-
nificance was defined as "p < 0.01.

Quantitative real-time polymerase chain reaction (RT-qPCR)
Hep-2 cells were pre-treated with G4 samples for 2 h, followed by infection
with RSV (MOI0.01). After 48 h, total RNA extraction was performed using
RNA-easy Isolation Reagent (R701-01, Vazyme, China). Reverse tran-
scription was carried out using the EasyScript® One-Step gDNA Removal
and cDNA Synthesis SuperMix (AE311-02, Trans Gen Biotech, China). The
RSV mRNA level was then estimated following the manufacturer’s spin
protocol.

The PCR reaction parameters included an initial denaturation at 94 °C
for 10 min, followed by 40 cycles of denaturation at 94 °C for 5 s, annealing
at 64 °C for 30 s, and extension at 72 °C for 20 s. GAPDH was used as an
internal reference gene, and the relative expression level of target genes was
calculated using the double delta Ct (AACt) method. The primers used were
as follows: RSV N (Forward: AAGGCTTACTACCCAAGGAT, Reverse:
GGATCTTTAGGTGATGTGA) and GAPDH (Forward: CAGGAGG-
CATTGCTGATGAT, Reverse: GAAGGCTGGGGCTCATTT).

Wound-healing assay

HUVECs were seeded in 6-well plates and allowed to reach 90% confluence.
Subsequently, a wound line was created using a 200 pL plastic pipette tip.
The cells were then incubated in serum-free ECM medium with or without
VEGF (10 ng/mL) and exposed to G4 samples at low dose (10 uM) or high

dose (20 uM), mut samples (20 uM), and AS1411 (10 uM). The wound-
healing process was documented at time points 0, 24, and 48 h, and the cell
migration area was quantified by analyzing the images.

Migration assay

A Transwell cell migration system (8-pum, BD Falcon, USA) was used to
perform the cell migration assays. HUVECs (2 x 10*/well) were added to the
upper chamber of a Transwell plate, and 500 pL of serum-free medium with
or without VEGF (10 ng/mL) and G4 samples (low dose 10 uM/high dose
20 uM), mut samples (20 uM) and AS1411(10 uM) was added to the lower
chamber. After 48 h of incubation, the migrated cells were fixed with 95%
methanol and stained with 0.1% crystal violet for 30 min followed by
washing 5 times with PBS.

Cell proliferation assay

HUVECs (3 x 10*/well) were seeded in six 96-well plates. Once the cells were
attached, 1% ECM with or without VEGF (10 ng/mL) and G4 samples at
low dose (10 uM) or high dose (20 uM), mut samples (20 uM), and AS1411
(10 uM) were added to replace the plate supernatant. The culture plates were
labeled and incubated at 37 °C under 5% CO,. After 5 days, 15 pL of 5 mg/
mL MTT was added for 4-8 h. The medium was then discarded, and 150 pL
DMSO was added to each well. After complete dissolution of the formazan,
the absorbance (OD) was measured at 490 nm using a Varioskan LUX
microporous plate detector (Thermo Fisher, USA). The experiment was
repeated three times.

Tube formation assay

Each well of 96-well plates was coated with 50 pL of Matrigel. Subsequently,
HUVECs (1 x 10*/well) were seeded in the wells following the solidification
of Matrigel. The cells in the experimental groups were treated with or
without VEGF (10 ng/mL) and exposed to G4 samples at low dose (10 uM)
or high dose (20 pM), mut samples (20 uM), and AS1411 (10 uM). The
control groups were treated with an equal volume of serum-free ECM
medium. The cells were incubated at 37 °C with 5% CO, for 6 h, and then
images were captured using a light microscope (Nikon, Japan).

Chick embryo chorioallantoic membrane assay

The chicken embryo chorioallantoic membrane (CAM) angiogenesis model
was employed to investigate the angiogenic potency of G4s. Briefly, Leghorn
fertilized eggs (Pindos, Greece) were incubated for 9 days at 37 °C. Subse-
quently, a window was opened on the eggshell to expose the CAM, which
was then covered with sterile tape, and the eggs were returned to the
incubator. On the 12th day of embryo development, 100 pL of distilled water
alone (as a control) or containing G4 samples at low dose (10 uM) or high
dose (20 uM), mut samples (20 uM), and AS1411 (10 uM) was applied to a
1 cm”area of the CAM inside a silicon ring. After 48 h of incubation at 37 °C,
pictures were taken through a stereoscope equipped with a digital camera
(Nikon, Japan), and the total area of the vessels was measured using the
Image Proplus image analysis software. Each sample was tested three times,
using 5-10 eggs for each data point.

NMR experiments

NMR experiments were conducted using BRUKER AVANCE 600 MHz
spectrometers. Spectra were recorded at 25°C, with RNA samples
(3.1-4.2 mM) dissolved in 0.15mL of 90% H,0/10% D,O, containing
10 mM sodium phosphate buffer (pH 6.8) and 100 mM KCL.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the paper
and its Supplementary Information. Uncropped and unedited blot/gel
images have been included as Supplementary data 1 and 2.
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