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Molecules on the cell surface play crucial roles in cellular material exchange, molecular recognition, signal
transduction, migration, growth, differentiation, and pathological processes. Due to the lack of simple and
effective methods, little is known about the nucleic acids on the cell surface. In this paper, using synthetic
DNA G4 as probes, we found that a significant amount of RNA was associated with the cell surface during
cell culture. Both RNA and DNA G4 were found to bind RNA-binding proteins on the cell surface, such as
nucleolin. The amount of RNA bound to the cell surface varies greatly among different cell lines, and
increases over time after treatment with proteases or RNase A. The RNA bound on the cell surface is

/F-iiz:gtee% ?;tﬁu/gﬁst;sztozzgzs primarily internal cellular RNA fragments between 20-100 nt in length, including microRNAs. Addition of
RNase A in the culture medium to remove cell surface RNA can inhibit cell growth and promote cell

DOI: 10.1035/d55c05806f migration. These results provide a preliminary understanding of RNA bound to the cell surface and offer
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Introduction

The cell surface is a crucial interface between the interior and
exterior of the cells. As is well known, the outer surface of cells
has many bioactive molecules, including proteins, glycans,
lipids, and their chemically modified variations. These bioactive
molecules are essential for the cell surface functions, e.g,
extracellular signal sensing, extracellular matrix anchoring, and
antigen presentation. However, as an important bi-
omacromolecule for cells, the distribution and function of
nucleic acids on the cell surface are still poorly understood.
Reports on membrane-bound nucleic acids on live cells date
back as early as 2004. E. S. Morozkin reported that DNA and
RNA released by cultured eukaryotic cells could bind to the cell
surface. In 2011, the first membrane-bound RNAs identified on
bacteria were non-coding, transcribed in the same operon as
the genes for transmembrane proteins. After transcription, the
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new perspectives on the metabolism and function of nucleic acids inside and outside the cells.

RNA and proteins form a ribonucleoprotein complex that inte-
grates into the cell membrane.”> In 2012, it was demonstrated
that tRNA can bind to membrane lipids of HeLa cells under
physiological ionic conditions.? In 2013, we reported the general
binding of intramolecular G-quadruplex (G4) DNA on live cells.*
In 2020, using RNA sequencing and RNA-FISH, Huang et al.
identified membrane-associated extracellular RNAs (maxRNAs
and nuclear-encoded RNA) on human circulating blood cells,
mostly on monocytes. They observed considerable variation in
maxRNAs among different cell types and within the same type,
suggesting a potential role for maxRNAs in cell-cell communi-
cation.” In 2021, Flynn, R. A. first reported that small RNAs in
cancer and embryonic stem cells can be N-glycosylated, forming
glycoRNAs that were localized on the cell surface.® This
discovery quickly attracted great attention. Soon, the cell
surface glycoRNAs were identified as critical for neutrophil
recruitment to inflammatory sites by Zhang N. et al. and gly-
coRNA expression required the mammalian homologs of the
sid-1 RNA transporter. Neutrophil glycoRNAs are predomi-
nantly on the cell surface, important for neutrophil-endothelial
interactions, and can be recognized by P-selectin.” Based on the
important functions of glycoRNAs, two sensitive in situ visuali-
zation strategies for glycoRNAs on living cell membranes were
recently evaluated. The number of glycosylation sites on a single
RNA, the spatial distributions of glycoRNAs on the cell surface
and their colocalization with lipid rafts, and the intracellular
trafficking of glycoRNAs through SNARE protein-mediated
secretory exocytosis were revealed by these strategies.®® These
studies suggest that cell surface glycoRNA is inversely
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associated with tumor malighancy and metastasis and may
mediate cell-cell interactions during the immune response.’
At present, the primary methods for studying cell surface
nucleic acids focus on sequencing>' and hybridization based
nucleic acid probes.*® These methods can detect specific
nucleic acid sequences but cannot conveniently and quickly
reflect the universal binding of nucleic acids on different cell
surfaces. Due to the lack of effective and universal detection
methods, the understanding of cell surface nucleic acids is still
very limited. Therefore, qualitative and quantitative studies of
RNA on the cell surface are important and valuable for the study
of the physiological functions of RNA on the cell surface.
Here, we present a relatively simple approach for investi-
gating RNAs bound on the cell surface, utilizing dye-labeled
DNA G4 sequences as probes. With this method, we studied
the RNAs bound on various cell lines. Employing a G4 DNA
probe, VEGF G4, we explored the dynamics of RNAs bound on
the cell surface and preliminarily revealed the potential protein
targets of RNAs on the cell surface. We extracted the RNAs from
the cell surface, analyzed their length distribution by agarose
gel electrophoresis and CE, and then sequenced them via the
DNBSEQ platform (BGI Group, Shenzhen, China). Furthermore,
we confirmed the binding of three RNAs identified in
sequencing data to the cell surface. We further investigated
whether cell functions such as proliferation and migration were
affected by the removal of RNA bound on the cell surface.

Results and discussion
Binding of FAM-labeled oligo-DNA on the cell surface

Nucleic acids are polyanions that can non-specifically bind to
positively charged molecules or regions on the surface of live
cells. After incubating the fluorescently labeled nucleic acid
sequences with living cells, a certain amount of fluorescent
sequences will bind to the cell surface depending on the
condition of the cell surface. Therefore, in the specific binding
experiments of nucleic acid sequences, such as aptamers,
against live cells, excess herring sperm DNA (HS-DNA, 0.1 mg
mL ™) or +RNA is usually added to inhibit this non-specific
binding."* HS-DNA, consists of a large number of random-
sequence DNA fragments that can bind to the positively
charged regions on the cell surface through electrostatic inter-
actions, thereby competitively inhibiting the non-specific
adsorption of functional nucleic acids. G4s are four-stranded
structures adopted by guanine-rich nucleic acids, which are
widely considered to play important roles in the regulation of
genomic function, such as telomere maintenance, transcription
and translation.” Different G4s have been reported to bind
a wide range of proteins within cells.**** Our previous work has
demonstrated that DNA G4 sequences with a parallel structure
have the general binding activity to certain surface proteins of
live cells. Different sequences have different binding affinities,
and different cells can bind different amounts of G4 sequences.*
To further understand the specific and non-specific binding of
synthetic oligo-DNA to cells, we conducted flow cytometry assay
on cells after incubation with FAM-labeled DNA G4 sequences,
VEGF G4 and AS1411, as well as a FAM-labeled non-G4 DNA
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sequence, VEGF-4T (four G nucleotides of VEGF G4 was
replaced with four T) (Table S1). For VEGF-4T, incubation
without HS-DNA resulted in minimal binding to LoVo and PC-3
cells, with fluorescence intensities barely above background
levels, and this was slightly reduced with HS-DNA present.
Conversely, VEGF-4T exhibited substantial binding to MCF-7R
cells, leading to intense fluorescence, which was markedly
diminished to just above background levels in the presence of
HS-DNA. Staining experiments using the anionic dye ANS (1-
anilinonaphthalene-8-sulfonate) demonstrated that the surface
of MCF-7R cells had a higher positive charge density compared
to other cells (Fig. S1), which accounts for the aforementioned
observations. For the G4 sequences VEGF G4 and AS1411,
extensive binding to all tested cell lines was noted following
incubation without HS-DNA, but this binding was considerably
diminished by the presence of HS-DNA, remaining, however,
significantly stronger than that observed with the non-G4
sequence (Fig. 1A). The HS-DNA concentration gradient exper-
iments revealed that 0.1 mg mL ™" HS-DNA is sufficient to fully
inhibit the non-specific binding of G4s to cells (Fig. S2). These
results suggest that the synthetic non-G4 sequence exhibits
strong non-specific binding to MCF-7R cells, which can be
competitively inhibited by HS-DNA, whereas its non-specific
binding to other cell types is weaker. In contrast, G4 DNA
sequences demonstrate strong binding to all tested cells, which
can be partially reduced by HS-DNA, confirming the specific
binding of G4 on the cell surface. In order to minimize non-
specific adsorption of DNA and RNA to cells, all subsequent
binding experiments were carried out in the presence of 0.1 mg
mL~" HS-DNA.

FAM-labeled G4 sequences as probes for indicating cell
surface RNA

The above G4 binding experiments neglected the influence of
pre-bound DNA and RNA on the cell surface during cell culture
on the subsequent binding of synthesized G4 sequences. Thus,
the FAM-labeled G4 binding experiments were further per-
formed with LoVo cells treated with DNase I, RNase H and
RNase A, respectively. The fluorescence from all tested G4
sequences on RNase A-treated cells was notably higher than that
on untreated ones (Fig. 1B), suggesting abundant RNA pre-
bound on the cell surface that may have occupied the DNA G4
binding sites. No significant binding changes were observed on
cells with DNase I or RNase H treatments, suggesting a few
RNA-DNA hybrids or DNA sequences pre-bound on the surface.
In addition, the strong binding of a LoVo cell-specific aptamer
(vly12, a non-G4 DNA sequence targeting L1CAM™) and the
weak binding of a control sequence (VEGF-4T) to LoVo cells
remained consistent regardless of the treatment with DNase I,
RNase H, or RNase A, suggesting the unique interaction of FAM-
labeled DNA G4 sequences with the surface of cells treated with
RNase A.

Similar results were also observed on HUVEC cells after
treatment with RNase H and RNase A (Fig. S3). PI (propidium
iodide) staining experiments ruled out the possibility that
RNase A treatment increases cell permeability (Fig. S4). To

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(A) Flow cytometry analysis of FAM-labeled G4 sequence (VEGF G4, AS1411, 200 nM) and non-G4 sequence (VEGF-4T) binding on LoVo,

PC-3, and MCF-7R cells in the presence or absence of HS-DNA (cyan blue, no HS-DNA; red, 0.1 mg mL~* HS-DNA, BK, cells only (background
fluorescence)). (B) Flow cytometry assay of different FAM-labeled DNA sequence (VEGF G4, AS1411, Apt02, SL2-B, 3R02, 3R02-b, 200 nM)
binding on LoVo cells with and without treatment with DNase |, RNase H or RNase A (aptamer ylyl2 and VEGF-4T, control sequences; red, cells
treated with DNase I, RNase H or RNase A; cyan blue, untreated cells). (C) Flow cytometry assay of different FAM-labeled DNA sequence (Apt02,
c-Myc G4, c-Kit2 G4, SL2-B, 3R02, 3R02-b, VEGF G4) (200 nM) binding on RNase A-treated cells, with specific attention to samples washed
either once or five times (aptamer yly12 and VEGF-4T, control sequences; red, untreated cells; blue and orange, RNase A-treated cells with once
or five washes after DNA binding). (D) Confocal microscopy images of FAM-VEGF G4 (400 nM) binding to LoVo cells, with or without RNase A

treatment.

exclude the possibility that residual RNase A on cells might
enhance the binding of G4 sequences to cells, and to verify if
increased G4 binding to RNase A-treated cells is specific, fluo-
rescence intensities of FAM-labeled DNA sequences (VEGF G4,
Apt02, 3R02, 3R02-b, SL2-B, c-Kit2 G4, c-Myc G4 and yly12) on
RNase A-treated LoVo cells were compared following 1 or 5
washes with pre-cooled washing buffer at 4 °C (Fig. 1C). The
results showed that G4 fluorescence intensities remained
consistent between 5 and 1 washes. The confocal imaging
revealed stronger fluorescence on RNase A-treated LoVo cells
stained with FAM-labeled VEGF G4 compared to untreated cells
(Fig. 1D). Additionally, competition binding assays showed that
tRNA exhibited significant competition with the binding of
FAM-labeled VEGF G4 to RNase A-treated LoVo cells, whereas it
only caused slight competition for the binding of FAM-labeled
VEGF G4 to untreated LoVo cells (Fig. S5). These results indi-
cate that the G4 probe and cell surface RNA bind to the same
site on the cell surface.

GelRed is an ultra-sensitive, extremely stable and environ-
mentally safe fluorescent nucleic acid dye for staining dsDNA,
ssDNA or RNA in agarose gels or polyacrylamide gels. Because
its penetration into live cells is difficult, it was used to stain
nucleic acids on the cell surface. The flow cytometry assay
revealed a marked reduction in GelRed fluorescence intensity
on LoVo cells treated with RNase A compared to untreated cells,
whereas no significant difference in fluorescence was observed
between DNase I-treated and untreated cell surfaces (Fig. S6A).
Confocal imaging also showed a decrease in GelRed

© 2025 The Author(s). Published by the Royal Society of Chemistry

fluorescence on the surface of LoVo cells upon the RNase A
treatment (Fig. S6B). These results further corroborated the
aforementioned conclusion that a substantial amount of RNA is
associated with the cell surface during cell culture, whereas
DNA is minimally present. Although GelRed can reflect the
changes in the amount of RNA on the cell surface after treat-
ment with RNase A, its fluorescence intensity on cells and the
intensity change after treatment with RNase A were much
weaker than that of the FAM-labeled synthesized G4 sequences.
This set of results suggests that dye-labeled G4 sequences can
serve as probes for indicating cell surface RNA.

Cell surface bound RNA on different cell lines

Using FAM-labeled G4 sequences as probes (VEGF G4, c-Kit2
G4, c-Myc G4, AS1411, Apt02, 3R02, 3R02-b, and SL2-B), we
investigated the RNA bound on the surface of various types of
cells (Fig. 2A). Following incubation with various probes, we
observed varying levels of fluorescence enhancement in all
RNase A-treated cells compared to their untreated controls.
Notably, HeLa, HUVEC, PC-3, and MCF-7R cells demonstrated
significant fluorescence enhancement, whereas K562 and
Jurkat E6-1 cells exhibited only a slight increase in fluorescence.
These findings suggest that the amount of RNA bound on the
cell surface varies among different cell types. Moreover, the
results indicate that different G4 probes exhibit varying binding
ability to the RNase A-treated cell surface. To identify a G4 probe
with a strong affinity for the cell surface, we investigated the
binding curves (Fig. 2B) of several G4 probes on RNase A-treated

Chem. Sci., 2025, 16, 18341-18351 | 18343
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(A) The binding of various FAM-labeled G4 sequences (200 nM) on different cell lines with and without treatment with RNase A. (n = 3;

bars: SEM). The ordinate represents the difference in median fluorescence intensity between cells incubated with G4 and those incubated with
a control sequence. Filled colors denote cells untreated with RNase A, and unfilled colors denote cells treated with RNase A. (B) Binding curves of
FAM-labeled G4 sequences, VEGF G4, 3R02, 3R02-b, AS1411, SL2-B and c-Kit2 G4 on RNase A-treated LoVo cells at 4 °C.

LoVo cells, which had previously demonstrated notable fluo-
rescence enhancement. Among these G4 sequences, VEGF G4
demonstrated the strongest binding affinity, with the lowest
apparent equilibrium dissociation constant (K4) of 47.3 nM.
Subsequent efforts to enhance probe affinity through mutation
experiments focused on the VEGF G4 sequence; however, none
of the modified probes achieved higher affinity than the original
VEGF G4 probe (for more details, please refer to the SI).
Therefore, subsequent research primarily uses VEGF G4 as the
probe.

The binding targets of cell surface bound RNA and G4 probes

Our previous study has demonstrated that the binding targets
of DNA G4 sequences on the cell surface are certain cellular
surface proteins, for example, nucleolin.* The above results
have suggested that cell surface adsorbed RNA may bind to the
same protein sites as the DNA G4 sequences. To test this, we
detached LoVo cells with trypsin and proteinase K respectively
to remove the cell surface proteins, and then treated cells with
RNase A and incubated them with FAM-labeled G4 sequences;
the EDTA detached cells were used as a positive control. Flow
cytometry analysis revealed that the positive control cells
exhibited strong fluorescence, while cells treated with 0.05%
trypsin or proteinase K showed minimal fluorescence, akin to
the background levels of the ctr sequence (Fig. 3A). This result

18344 | Chem. Sci, 2025, 16, 18341-18351

confirmed that the binding targets of cell surface bound RNA
and G4 probes are membrane proteins.

Putative G4-forming sequences are highly prevalent in the
genome and transcriptome of various organisms from viruses,
prokaryotes to eukaryotes."”'* Emerging research shows that
G4s are involved in various biological processes, such as tran-
scription, replication, translation, recombination, and telomere
maintenance.'® These processes involve the interaction of
various proteins with G4s.” In addition, G4 structures are
usually found in aptamers, and synthetic oligonucleotides
specifically bound a variety of protein targets selected by the
SELEX technique.’® RNA is a vital part of processes such as
transcription, translation, and cellular functions, and thus
a large class of over 2000 proteins have been found to interact
with RNA in all manner of RNA-driven processes.'>*° Some RNA-
binding proteins (RBPs) have been reported to bind DNA G4,
such as Arg-Gly-Gly (RGG)-containing proteins, the second most
common class of RNA-binding proteins in the human
genome.*" This family of proteins contains relatively closely
spaced RGG and/or RG repeats, and the length of spacing and
the identity of amino acids between the adjacent RGG and/or
RG repeats vary. The RGG motifs are reported to bind RNA, as
well as DNA- and RNA- G4 structures.”>* Although most RBPs
and G4-binding proteins are present in cells, some are also
found on the cell surface—nucleolin, for instance,****® a recent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3
cells after detachment by using EDTA (pale green), 0.05% trypsin (azure

(A) Flow cytometry assay of G4 sequence (VEGF G4, AS1411, Apt02, 3R02, 3R02-b, and SL2-B) (200 nM) binding on RNase A-treated LoVo

) and proteinase K (light purple) at 37 °C (ctr: yly12, VEGF-4T; n = 3; bars:

SEM). (B) Correlation between nucleolin (C23) expression on different cells (HUVEC, MCF-7R, LoVo, PC-3, K562, Hela and Jurkat E6-1) and the
increase in fluorescence values for VEGF G4 (200 nM) binding. (C and D) Flow cytometry assay of LoVo cells (C) and HUVEC cells (D) stained by

anti-C23 antibodies (Cy5, FL4-H, left), and co-stained by anti-C23 anti

body (FL4-H) and VEGF G4 (FAM, FL1-H, right), gray: single-stained with

normal mouse IgG1; blue: single-stained with VEGF G4; azure: antibody single-stained with anti-C23; pink: costained with VEGF G4 and anti-
C23 antibody. (E) EMSA analysis (polyacrylamide gel) of the binding between nucleolin (C23 1000 nM) and VEGF G4 (200 nM). (F) EMSA analysis

(agarose gel) of the binding between tRNA (10 pg mL™Y) and nucleolin

study revealed that a large number of RBPs also exist on the cell
surface.”” Therefore, RNA binds to cell surface RBPs, which
potentially also interact with G4s. When RNA is removed from
the cell surface by RNase A, the vacated RGG-like G4 binding
sites become accessible, resulting in the increased G4 binding
observed in the aforementioned experiments.

To prove this hypothesis, cell surface proteins that bind G4s
were pulled down using VEGF G4 and identified via a SILAC
(Stable Isotope Labeling by Amino acids in Cell culture)-based
quantitative proteomic assay.”® In this experiment, we chose
a DNA aptamer, BG2, as the control sequence, which exhibits
specific binding to LoVo cells but does not compete with VEGF
G4 for cell binding® (Fig. S7A). Furthermore, cells treated with
RNase A could not increase the cell binding of BG2 (Fig. S7B).
Briefly, biotin-labeled VEGF G4 and BG2 were incubated and
bound with LoVo cells cultured with lysine and arginine labeled
by using light and heavy isotopes respectively (Fig. S7C). After in
situ formaldehyde cross-linking, DNA-protein complexes were
pulled-down from the cell lysate with streptavidin beads. The
complexes were simply isolated by SDS-PAGE, digested in a gel
and analyzed by LC-MS/MS. In the candidate proteins (Table
S4), four RNA-binding proteins, sarcoma fusion/liposarcoma
transfer protein (FUS/TLS),” Ewing's tumor protein (EWS),
nucleolin (C23), and nucleolar phosphoprotein (B23) were
found to have protein abundance ratios (Heavy-G4/Light-Ctr)
greater than 1.3. The EWS oncogene contains an N-terminal
transcription activation domain and a C-terminal RNA-binding
domain. The RGG domain of the C-terminal in EWS was re-
ported to bind to DNA and RNA G4 structures.>**” Nucleolin is
a well-known G4 binding protein highly expressed on many
tumor cell surfaces;*® both its RGG domain and RNA recogni-
tion motif are reported to be responsible for G4 binding and

© 2025 The Author(s). Published by the Royal Society of Chemistry

(200 pg mL™Y or control protein HSA (200 ug mL™Y).

folding.* It has also been identified as a direct binding partner
of 5'-tRFCys (a cysteine ¢tRNA fragment).>* TLS/FUS is a multi-
functional DNA/RNA-binding protein expressed in the cyto-
plasm and could specifically bind to G4 through the RGG
motif.***> Nucleolar phosphoprotein B23/nucleophosmin
(NPM1) is a nucleocytoplasmic shuttling protein that plays a key
role in several cellular functions. It is ubiquitously expressed in
tissues and can be found in the nucleolus, nucleoplasm, cyto-
plasm, and extracellular environment and can bind parallel G4,
DNA and RNA.**3°

It is worth noting that the four proteins were identified with
a moderate-to-low heavy/light ratio, and only one peptide was
found for (FUS/TLS) and EWS. This could be attributed to (1) the
low affinity between the VEGF G4 sequence and cell surface
proteins (Kq = 47 nM) leading to a small amount of pulled-down
proteins; (2) the large variety (thousands of types) yet low
abundance of cell surface RBPs resulting in a low amount of
pulled-down proteins;*” (3) and the non-specific binding of
numerous intracellular nucleic acid-binding proteins to the
VEGF G4 and BG2 sequences causing a reduced ratio. To further
ascertain the relationship of the identified proteins with RNA
bound on the cell surface, the expression of nucleolin (C23),
B23, and TLS/FUS on the surface of different cell lines (LoVo,
HUVEC, PC-3, MCF-7R, Hela, K562 and Jurkat E6-1) was
analyzed by flow cytometry using their specific monoclonal
antibodies. Since antibodies for detecting EWS on the cell
surface were not available, the expression level of EWS could not
be determined. Nucleolin (C23) was found to be highly
expressed on the surface of HUVEC, MCF-7R and PC-3 cells,
moderately expressed on LoVo, HeLa and K562 cells, and not
expressed on Jurkat E6-1 cells (Fig. 3C, D and S8). The expres-
sion level of nucleolin on the surface of these cells showed

Chem. Sci., 2025, 16, 18341-18351 | 18345
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a positive correlation with the binding of VEGF G4 to these cells
after RNase A treatment (Fig. 3B). The dual-staining experiment
with anti-C23 antibody and FAM-labeled VEGF G4 also
demonstrated the correlation between nucleolin expression and
VEGF G4 binding on HUVEC and LoVo cells (Fig. 3C and D).
Nucleolar phosphoprotein (B23) was found to be slightly
expressed on the surface of MCF-7R, PC-3, LoVo, HUVEC and
HelLa cells, while FUS/TLS was also slightly expressed on LoVo,
HUVEC and MCF-7R cells (Fig S8 and S9). The expression of
both proteins is also correlated to some extent with the binding
of VEGF G4 on these cells. The direct interactions between
nucleolin (C23) and both FAM-labeled VEGF G4 and tRNA were
also demonstrated via Electrophoretic Mobility Shift Assay
(EMSA) (Fig. 3E and F). These results suggest that these RBPs
expressed on the cell surface could be potential targets of DNA
G4s. Due to the not-so-strong binding affinity of VEGF G4 to
cells and the vast yet low-abundance repertoire of RBPs on the
cell surface, it is possible that numerous RBPs expressed on the
cell surface remain unidentified in this experiment. Further-
more, the types and quantities of RBPs expressed on the cell
surface may differ among various cell types. The results we have
obtained so far explain why the amount of DNA G4 bound to
cells treated with RNase A increases, and preliminarily
demonstrate the feasibility of using DNA G4 as a probe to study
the adsorption of RNA by proteins on the cell surface.

The change in RNA bound on cell surfaces under different
culture conditions

To gain insights into the dynamics of RNA bound to the cell
surface during culture, we detached LoVo cells using 0.05%
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trypsin and then cultured them in an RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS) for various
periods. Following this, we measured the binding of VEGF G4 to
LoVo cells with and without prior treatment using RNase A. As
shown in Fig. 4A, because 0.05% trypsin detachment removed
the proteins on the cell surface, the binding of VEGF G4 to
untreated and RNase A-treated cells all increased over 24 h of
culture, suggesting an increase in RNA/G4 binding proteins on
the cell membrane. The difference in G4 binding to RNase A-
treated versus untreated cells also increased markedly over the
culture period (Fig. 4B), suggesting a continuous increase in
RNA binding on cells throughout the 24-hour culture period. In
a subsequent experiment with an extended duration, it was
observed that after 24-72 h culture, VEGF G4 binding to both
RNase A-treated and untreated cells remained unchanged in
48 h (Fig. S10A). However, by 72 h, VEGF G4 binding to RNase A-
treated cells decreased, whereas binding to untreated cells
increased, likely due to the reduction of RNA-binding proteins
on the cell surface caused by long-term cultivation, and the
degradation of RNA adsorbed on the cell surface.

Given that the cells were cultured in media supplemented
with 10% FBS, the RNA bound to the cell surface could poten-
tially originate from FBS, be released from lysed dead cells, or
have been actively secreted by the cultured cells themselves. To
elucidate whether the RNA adsorbed on the cell surface origi-
nates from the cells themselves or from external sources such as
FBS, we investigated the variation in the amount of RNA bound
on the surface of cells cultured in an FBS-free medium over
time. In the initial experiment, LoVo cells were detached with
0.05% trypsin to eliminate surface proteins, followed by

40 60
A VEGF G4 C VEGF G4 E 60{® VEGF G4
. RNase A VEGF G4 1 504 RNase A VEGF G4 I RNase A V'EGF G4 I
£ 304 Trypsin; FBS = Trypsin; FBS Free = 0 {RNase A I I
-+ i % 404 H 40JFBS Free
5 5 1 5
g 204 < I ] 30 E 39
< z bt
d 2 20 . = 2 2
104 z I "
T z 10 . 10
z I
0 ey - - v 0d—n T v - v 0
0 4 8 12 24 4 8 12 24 0 4 8 12 24
B Incubation Time (h) D Incubation Time (h) F Starvation Time (h)
230 —_—V
g VEGF G4 ~_|——VEGFG4 i VEGF G4
é Trypsin; FBS 3 304 Trypsin; FBS Free $ RNase A
35 8 8 5 FBS Free
: - < 2 &
= -
= = =
| ) ) 20
£ 104 £ 104 g
< e <
= 04 = 04 =
R - %
0 4 8 12 24 0 4 8 12 24 0 4 8 12 24
Incubation Time (h) Incubation Time (h) Starvation Time (h)

Fig. 4

(A and C) Fluorescence intensity of LoVo cells, digested with trypsin, and cultured in an RPMI1640 medium containing 10% FBS (A) or FBS-

free RPMI1640 medium (C) for 0, 4, 8, 12, and 24 h, following treatment with/without RNase A, and then stained by VEGF G4 (200 nM). (E) The
fluorescence intensity of LoVo cells treated with RNase A, cultured with an FBS-free medium for 0, 4, 8, 12, and 24 h, following treatment with/
without RNase A, and then stained by VEGF G4 (200 nM) (FL, median fluorescence intensity). (B, D and F). The difference in fluorescence intensity
between RNase A-treated and untreated cells in Fig. A, C and E (RFL, median fluorescence intensity of RNase A-treated cells; FL, median

fluorescence intensity of untreated cells).
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cultivation in an RPMI-1640 medium for various durations.
Then, the binding of VEGF G4 to LoVo cells was measured
under conditions both with and without pretreatment using
RNase A. As shown in Fig. 4C, after removal of surface proteins
before cultivation, VEGF G4 binding to untreated and RNase A-
treated cells all increased over 24 h of culture, suggesting an
increase in RNA/G4 binding proteins on the cell membrane.
Compared to untreated cells, the binding on RNase A-treated
cells showed a markedly higher increase over the same time-
frame. The difference in G4 binding to RNase A-treated versus
untreated cells also increased markedly over culture time
(Fig. 4D), suggesting a continuous increase in RNA binding on
cells throughout the 24-hour culture period. In a subsequent
experiment with a longer duration, it was observed that after
24-72 h in a serum-free medium, VEGF G4 binding to all the
treated and untreated cells remained unchanged in 48 h and
decreased by 72 h (Fig. S10B). This set of results suggests that
RNA-binding proteins (reflected by VEGF G4 binding to RNase
A-treated cells) on the cell surface reach equilibrium (satura-
tion) after 24 h and maintain this level until 48 h. However, as
cells continue to be cultured in an FBS-free medium, possibly
due to nutrient deficiency or changes in cell growth status, the
amount of RNA-binding proteins on the cell membrane
decreases, leading to a reduction in VEGF G4 binding.

In a subsequent experiment, LoVo cells grown for 24 h
(without removing cell surface proteins) were treated with
RNase A to remove the RNA bound to the cell surface. After
culturing for various durations in an FBS-free medium, VEGF
G4 binding was assessed using flow cytometry. As shown in
Fig. 4E, VEGF G4 binding on RNase A-treated cells increased
steadily untiled 8 h, and remained constant at 12 h, and then
slightly decreased at 24 h. In contrast, VEGF G4 binding on
untreated cells remained constant until 8 h, and decreased at
12 h, and then remained unchanged. The difference in G4
binding to RNase A-treated versus untreated cells also increased
markedly until 12 h and slightly decreased at 24 h (Fig. 4F).
These results suggest that, without removing RNA-binding
proteins from the cell surface and only eliminating surface-
bound RNA, the amount of RNA-binding proteins (reflected by
G4 binding on RNase A-treated cells) gradually increases over
the first 8 h of culture and then reaches saturation. Meanwhile,
the levels of RNA binding on the cell surface (reflected by the
binding difference) also increase and saturate by 12 h. VEGF G4
binding to untreated cells begins to decline after 12 h, sug-
gesting that binding sites for VEGF G4 are progressively occu-
pied by the increasing amounts of adsorbed RNA on the cell
surface. The above two experiments conducted with an FBS-free
medium rule out the possibility that the cell surface adsorbed
RNA mainly originates from RNA contained in the FBS. It has
been reported that RNA can be secreted extracellularly via
extracellular vesicles and protein pore translocation.*®*” To
a large extent, RNA is likely to be transported out of cells
through these pathways. For instance, nucleolin has been
considered as a shuttling protein between the nucleus and
cytoplasm.**™*° Given that a suitable method to verify or exclude
the origin of cell surface-adsorbed RNA from dead cell lysis
remains unavailable, we cannot rule out this source.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A preliminary profile of RNA bound on the cell surface

To ascertain the profile of RNA bound on the cell surface, the
nucleic acids were removed from the cell surface proteins with
trypsin, and extracted by the phenol/chloroform method.
Agarose gel electrophoresis revealed that the extracted nucleic
acids were predominantly in the size range from 20-100 nt
(Fig. 5A), which was further confirmed by the capillary electro-
phoresis analysis before transcriptome sequencing (Fig. 5B).
This main nucleic acid band can be degraded completely by
RNase A but not by DNase I (Fig. 5A). In two other independent
experiments, in addition to the main band of 20-100 nt that
could be degraded completely by RNase A, a small amount of
longer bands ranging from 1000-4000 nt were also detected
(Fig. S11) and the longer bands could be completely degraded
by DNase I and could not be completely degraded by RNase A
(Fig. S12). These results indicate that the RNAs adsorbed on the
cell surface are short RNA fragments. The extracted cell surface
protein-adsorbed RNA was shown to competitively inhibit the
binding of FAM-labeled VEGF G4 to LoVo cells treated with or
without RNase A, further confirming their interaction with
shared binding sites (Fig. S13). The extracted RNA fragments
were then subjected to PE100 paired-end sequencing. However,
the sequencing outcomes from three separate experiments
lacked consistent reproducibility in RNA sequences, which may
be due to random and transient adsorption of RNA with a large
library size, as well as inconsistencies in the types and quanti-
ties of RNA adsorbed on the surface of cells cultured in different
batches. In addition, these adsorbed RNAs were relatively short,
with a wide length range (20-100 nt), and coupled with their
randomness, they have a significant impact on the sequencing
process (such as adapter ligation, reverse transcription, PCR
amplification and sequencing). The low reproducibility of the
sequencing results may also suggest that the RNA adsorbed on
the cell surface lacks sequence specificity and a fixed origin, and
they are merely random RNA fragments that randomly bind to
the cell surface.

Despite the low reproducibility across the sequencing
results, we selected the three most frequently occurring
sequences from the first sequencing results, synthesized these
RNAs with FAM labels (SSRNA1, SSRNA2 and SSRNA3), and
tested their binding to cells. Among them, SSRNA2 was identi-
fied in all three sequencing results, while SSRNA1 and SSRNA3
were found in the first and second sequencing results. The
SSRNA1, SSRNA2 and SSRNA3 sequences were mapped to the
non-coding RNA databases Rfam 15.00 and the non-coding
RNAs defined by the Ensembl database sequentially. It was
discovered that SSRNA1, SSRNA2 and SSRNA3 sequences were
annotated as the transcripts of TPRG1-AS1, PRICKLE2-DT and
AKAP1-DT in humans, respectively. All the transcripts
mentioned above are long non-coding RNAs, suggesting that
SSRNA1, SSRNA2 and SSRNA3 are fragments of long non-coding
RNAs. The cell binding assay revealed that all three RNA
sequences could bind to LoVo cells untreated with RNase A,
with the binding amount in the order of SSRNA2 > SSRNA3 >
SSRNA1, exceeding that of the control sequence ss-ctr (the DNA
version of SSRNA2). Upon treatment of LoVo cells with RNase A,
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(A) Agarose gel electrophoresis images of nucleic acids (NA) extracted from the cell surface (sample 1). (B) Capillary electrophoresis

analysis of nucleic acids extracted from the cell surface (sample 1). Green color is a marker for 25 nt RNA. (C) Flow cytometry assay of LoVo cells
after incubation with FAM-labeled ssRNA 1, ssRNA 2, and ssRNA 3 (800 nM) (* indicates LoVo cells treated with RNase A). (D) Binding curves of
FAM-labeled ssRNA 1, ssRNA 2, ssRNA 3 and DNA ctr to LoVo cells. (E) Confocal images of RNase A-treated LoVo cells after incubation with FAM-
labeled ssRNA 1, ssRNA 2, ssRNA 3 and ctr sequences (1 uM) (scale bars: 20 um). (F) Flow cytometry assay of LoVo cells after incubation with FAM-
labeled ssRNA 1, ssRNA 2, and ssRNA 3 (800 nM) in the presence or absence of a G4 mix (VEGF G4, AS1411, 3R02-b, c-Kit2 G4, c-Myc G4, 200 nM
of each). (G) Binding assay of ssSRNA 1, ssRNA 2, and ssRNA 3 (800 nM) to 0.05% trypsin-treated or un-treated LoVo cells respectively. (H) EMSA of
the interaction between FAM-labeled ssRNA2 and C23 in the absence and presence of FAM-unlabelled VEGF G4. FAM-labeled ssRNA2 (3 pM)
was incubated with nucleolin (C23, 2 uM) and FAM-unlabelled VEGF G4 (6 uM). (I) Repeated miRNA in the transcriptome sequencing results of
three parallel groups. Note: in Fig. D, E, F and G, LoVo cells were all treated with RNase A and then with the RNase A inhibitor.

the binding of all three RNA sequences increased, with SSRNA2
showing the most notable enhancement (Fig. 5C). The binding
curves (Fig. 5D) and confocal imaging (Fig. 5E) further
confirmed the binding of the three RNA sequences to RNase A-
treated LoVo cells. The binding of three RNA sequences to
RNase A-treated LoVo cells could be competitively inhibited by
the G4 DNA mixture (Fig. 5F), further confirming that RNA
binds to the same site as DNA G4. When LoVo cells were
detached with 0.05% trypsin to remove surface proteins, none
of the three RNA sequences were bound (Fig. 5G). Moreover, the
EMSA experiment validated the direct interaction between
ssRNA2 and nucleolin (C23), while VEGF G4 was shown to
compete for their binding (Fig. 5H). From these results, we can
infer that the short RNAs bound to cell surface proteins
primarily originate from intracellular RNA fragments, and their
binding affinity to cell surface proteins is sequence-dependent.

Because the length of most extracted RNA is around 20 nt,
which corresponds to the length of microRNAs, we mapped the

18348 | Chem. Sci., 2025, 16, 18341-18351

extracted RNA to the miRbase database for miRNA annotation
and utilized the GraphPad Prism analysis program to examine
the miRNAs within the three sequencing results. Our analysis
revealed that miRNAs accounted for a very small proportion of
the sequences obtained from our sequencing; only 14 human
microRNA sequences (including 3 miRNA precursors and 11
mature miRNAs) were identified across all three sequencing
results (Fig. 5I). In addition, we also mapped the extracted RNA
to the database for other small noncoding RNAs such as siRNA
and piRNA. It was found that only a few sequences were
matched with piRNAs in the database and none of them
matched with siRNA. What's more, the reads of piRNAs in the
extracted RNA were much less than miRNAs (data not shown).

Impacts of cell surface RNA on cellular functions

It has been reported that cell surface glycoRNA is inversely
associated with tumor malignancy and metastasis.” Elimination

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of cell-surface RNAs by RNase A treatment significantly reduces
neutrophil granulocyte recruitment at sites of inflammation in
vivo.” We also conducted a preliminary investigation on the
effects of removal of cell surface bound RNA on cell prolifera-
tion and migration. The CCK-8 assay showed that culturing
MCF-7R, PC-3, and LoVo cells with RNase A for 72 h led to
a significant suppression of their proliferation, with the extent
of inhibition being concentration-dependent. At the 48-hour
mark, only the addition of 100 pg mL~ ' RNase A exerted
a notable inhibitory effect on LoVo cell proliferation, with no
significant impact on the other cell lines. Furthermore, RNase A
had a negligible impact on the proliferation of Jurkat E6-1 cells
(Fig. 6A). The previous experiments have indicated that MCF-
7R, PC-3, and LoVo cells exhibit higher levels of RNA adsorp-
tion on their surfaces compared to Jurkat E6-1 cells, which have
minimal RNA adsorption, suggesting a correlation between
RNA bound on the cell surface and cellular proliferation.
Furthermore, transwell assays revealed that RNase A treatment
significantly enhanced the migratory capacity of LoVo cells
(Fig. 6B). These results suggest that cell surface bound RNA
might play a role in cell growth and communication with the
environment.

Discussion

DNA and RNA are important functional molecules within cells,
which can be released into the extracellular fluid through the
secretion of living cells and the decomposition of dead cells. It
has long been known that the cell surface may adsorb a certain
amount of DNA and RNA, including non-specific adsorption
through electrostatic interactions, specific adsorption through
interactions with specific molecules on the cell surface, and the
recently discovered covalent binding of glycosylated RNA on the
cell surface.*” However, due to the lack of effective analytical
methods, the specific situation of DNA and RNA present on the
cell surface is unclear. The aforementioned research prelimi-
narily outlines the situation of RNA binding on the cell surface.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Using dye labeled DNA G4 as molecular probes, we found that
the cell surface bound a certain amount of DNA and RNA, with
the amount of RNA far exceeding that of DNA. Compared with
sequencing-based and hybridization-based methods, the G4
probe-based method is more straightforward and can quickly
reflect the total amount of RNA bound to the cell surface. The
RNA and DNA G4 bound on the cell surface mainly interact with
RNA-binding proteins on the cell surface, for example nucleolin
(C23), and thus the change in the amount of DNA G4 bound to
the cell surface before and after RNase A treatment can be used
to characterize the amount of bound RNA. Preliminary research
has found that the amount of surface-bound RNA on different
cells also varies significantly, suggesting a large difference in
the expression of RNA-binding proteins on the cell surface. After
trypsin treatment, the amount of surface proteins on cells
gradually increases during subsequent culture, and hence the
amount of bound RNA gradually increases within 24 h and then
reaches saturation, whereas cells untreated with trypsin, after
removing surface-bound RNA with RNase A, show a rapid
increase in the amount of surface-bound RNA within 12 h, fol-
lowed by saturation. The RNA bound to the cell surface is
mainly composed of RNA fragments between 20-100 nt in
length, including microRNAs. These RNA fragments may orig-
inate from RNA transported within the cell or released by dead
cells. These adsorbed RNAs on the cell surface may have certain
functions, such as participating in the cell's interactions with
the extracellular environment.

Of course, the above discussion is merely a preliminary
analysis based on the current results. Given the complexity of
cell surface components, the dynamic changes of these
components during cell growth, and the limitations of current
research methods, this study also has certain limitations. (1)
Only a few RNA-binding proteins have been detected on the cell
surface so far, with nucleolin playing a major role. We believe
there are many undetected RNA-binding proteins on different
cell surfaces that could have similar effects to the nucleolin. (2)
A small number of studies have identified long-chain RNA
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bound to the cell surface through sequencing methods. Our
findings indicate that the cell surface primarily binds short RNA
fragments, thus neglecting the attention to long RNA. (3) The
types of cell surface proteins bound by DNA G4 probes and RNA
may not be entirely the same; they may only overlap to a certain
extent. Therefore, DNA G4 probes may only partially reflect the
amount of RNA bound to the cell surface and cannot accurately
quantify it. (4) The specific source of RNA adsorbed on the cell
surface is still unclear—how is RNA transported out of the cell?
Is it fragmented outside or inside the cell? Does it bind to
proteins inside the cell and then secreted to the cell surface, or
is it first transported out through extracellular vesicles and
protein pores and then bound to the cell surface? Or is it mainly
released by dead cells? (5) The function of RNA adsorbed on the
cell surface is also unclear and requires a large number of
experiments for further study.
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