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Abstract

Little is known about the biological roles of glycosylated RNAs (glycoRNAs), a recently 

discovered class of glycosylated molecules, because of a lack of visualization methods. We 

report sialic acid aptamer and RNA in situ hybridization-mediated proximity ligation assay 

(ARPLA) to visualize glycoRNAs in single cells with high sensitivity and selectivity. The signal 

output of ARPLA occurs only when dual recognition of a glycan and an RNA triggers in situ 

ligation, followed by rolling circle amplification of a complementary DNA, which generates a 

fluorescent signal by binding fluorophore-labeled oligonucleotides. Using ARPLA, we detect 

spatial distributions of glycoRNAs on the cell surface and their colocalization with lipid rafts 
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as well as the intracellular trafficking of glycoRNAs through SNARE protein-mediated secretory 

exocytosis. Studies in breast cell lines suggest that surface glycoRNA is inversely associated 

with tumor malignancy and metastasis. Investigation of the relationship between glycoRNAs 

and monocyte–endothelial cell interactions suggests that glycoRNAs may mediate cell–cell 

interactions during the immune response.

Cellular glycans play important roles in biology by regulating many essential functions, 

including cell communication, homeostasis, immunomodulation and embryogenesis1. While 

proteoglycans, glycoproteins and glycosphingolipids have been widely studied, glycosylated 

RNAs (glycoRNAs) have recently been discovered on the surfaces of multiple cell lineages, 

organs and species2,3. This discovery is of interest because various modifications of RNAs 

(for example, pseudouridylation, methylation and adenylation4,5) contribute to diverse 

cellular processes, including tRNA-mediated translation4, RNA epigenetics6, chromatin 

structure modulation7 and RNA maturation8. Characterization of the spatial distributions 

and expression levels of glycoRNAs will elucidate the biological functions of glycoRNAs 

and their roles in health and diseas.

To identify and characterize glycoRNAs, several methods have I been used. Specifically, 

metabolic labeling and click chemistry-based RNA blots were used to confirm the existence 

of glycoRNAs in cells. To profile the sequences of glycoRNAs, next-generation sequencing 

has been used after magnetic bead-based enrichment of metabolically labeled glycoRNAs. 

In parallel, high-performance liquid chromatography and mass spectrometry were applied to 

study glycan composition and conformation. In addition, antibodies to double-stranded RNA 

or glycan-binding proteins (for example, lectin) have been used to verify glycoRNA on cell 

surfaces by imaging and proximity labeling2. However, these methods lack selectivity and 

specificity for glycoRNAs. Despite the progress made, there is a pressing need for a method 

to directly visualize glycoRNAs in situ, offering sequence and spatial information to better 

understand glycoRNA properties and functions.

To image glycoRNAs in situ, we report herein a method to directly visualize glycoRNAs 

with high sensitivity and selectivity that contains a sialic acid aptamer for glycan binding 

and a DNA probe for glycoRNA in situ hybridization (termed sialic acid aptamer and 

RNA in situ hybridization-mediated proximity ligation assay (ARPLA)). Aptamers are 

single-stranded nucleic acids that act as affinity reagents for various targets9 and have 

wide applications in bioimaging10-12, diagnostics13-15, sensors16-19 and therapeutics 9,20-23. 

ARPLA relies on the in situ proximity ligation assay, which requires two binding probes in 

close proximity to generate a signal (Fig. 1)24-27. ARPLA’s dual recognition in proximity 

helps prevent false-positive signals from detecting each target individually or both targets 

that are far apart, and the proximity ligation assays have been widely applied to monitor the 

modifications and distribution of biomacromolecules with multiple recognizable moieties 

or interacting partners24,28-35. In ARPLA, glycoRNA dual recognition is achieved by 

combining the glycan-binding aptamer and RNA in situ hybridization (RISH) DNA probe36. 

This design ensures high selectivity for glycoRNAs with sequence specificity. The high 

detection sensitivity is attained when the dual-recognition probe triggers in situ ligation and 
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rolling circle amplification (RCA) to generate signal outputs by the binding of fluorophore-

labeled DNA probes24.

After validating the performance of ARPLA in various cell models and targeting 

multiple glycoRNAs, we focused on subcellular spatial distribution of glycoRNAs and 

revealed colocalization between glycoRNAs and lipid rafts. In addition, we observed 

intracellular localization of glycoRNAs, suggesting their secretory exocytosis through N-

ethylmaleimide-sensitive factor attachment protein receptor (SNARE)-mediated pathways. 

Moreover, we applied ARPLA to investigate glycoRNA abundances in breast cancer 

models and observed a downregulation during breast cancer progression and metastasis. 

In immune cell models, we revealed a reduction in glycoRNAs during differentiation and 

an increase during proinflammatory responses. Finally, we demonstrated that glycoRNAs 

could strengthen interactions between monocytes/macrophages and vascular endothelial 

cells (ECs), suggesting their role in inflammatory responses. ARPLA expands the toolbox 

for glycoRNA imaging with high sensitivity and selectivity, paving the way for exploring the 

roles of glycoRNAs in diverse biological processes.

Results

Development of ARPLA for in situ imaging of glycoRNAs

To visualize glycoRNAs on cell surfaces, we have designed ARPLA, which consists of 

four functional components (Fig. 1a): (1) a glycan probe, with an aptamer (‘aptamer’) 

selectively binding N-acetylneuraminic acid (Neu5Ac)36, which is enriched in glycoRNA2, 

a spacer (‘spacer’) to avoid steric hindrance during hybridization and a DNA linker (‘linker 

G’) for subsequent proximity ligation; (2) an RNA-binding probe with a DNA strand for 

RISH, another spacer (‘spacer’) and a DNA linker (‘linker R’) that works with linker G; (3) 

connectors 1 and 2 that hybridize with linkers G and R to allow in situ ligation to generate 

circular DNA as RCA template and (4) a reporter composed of fluorophore-conjugated 

single-stranded DNA (ssDNA) probes complementary to the RCA product to report the 

distribution of glycoRNAs. As shown in Fig. 1b, the detection of glycoRNAs occurs only 

when the dual recognition of glycan and RNA (step 1) triggers connector hybridization (step 

2) and in situ ligation (step 3). The intact circular DNA then serves as the template for RCA 

to generate signal outputs by binding fluorescent reporters (step 4). The structure of ARPLA 

was predicted by molecular dynamics (MD) simulations (Extended Data Fig. 1), showing 

the assembly of the glycan probe, the RNA-binding probe and the connectors.

To validate ARPLA, we first determined the binding affinity (Kd) of the Neu5Ac aptamer 

by isothermal titration calorimetry (ITC) as 91 nM (Extended Data Fig. 2a,b), which is 

close to the reported Kd of 75 nM (ref. 36). As such, the Neu5Ac aptamer has a stronger 

Kd than other glycan-binding reagents, such as lectins (Kd = 1–10 μM)37 and antibodies 

(Kd in the micromolar range)38, making ARPLA a sensitive method to detect glycoRNAs. 

We verified the existence of glycoRNAs in HeLa cells through metabolic labeling with N-

azidoacetylmannosamine-tetraacylated (Ac4ManNAz) biotinylation via click chemistry and 

RNA blotting, as described previously2 (Extended Data Fig. 2c). We then applied ARPLA 

to visualize small nuclear RNA U1 (U1 glycoRNA) as a representative target without cell 

membrane permeabilization using confocal laser-scanning microscopy (CLSM). As shown 
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in Fig. 2a, Extended Data Fig. 2d and Supplementary Fig. 1, bright signals from ARPLA 

appeared on plasma membranes of all HeLa cells. Membrane integrity was confirmed 

intact by transmission-through-dye microscopic analysis (Extended Data Fig. 2e)39. When 

ARPLA was conducted without the aptamer, the RISH probe or the connectors, signals were 

reduced by 13-, 270- or 9-fold, respectively, demonstrating the necessity of all components 

(Fig. 2a,b). Additionally, replacing the Neu5Ac aptamer with a scrambled DNA sequence 

reduced fluorescence signals by tenfold, demonstrating the critical role of the aptamer in 

glycan recognition. Moreover, Tn antigen and GalNAc aptamers, which bind to O-linked 

glycans, were used individually to replace the Neu5Ac aptamer. As shown in Extended Data 

Fig. 3a, glycan probes with Tn antigen or GalNAc aptamer failed to produce visible signals, 

indicating that nearby glycans on the cell membrane do not contribute to ARPLA signals.

To determine whether ARPLA can detect glycoRNAs semiquantitatively, we manipulated 

glycoRNA abundance by several approaches. To digest the RNA moiety of glycoRNA and 

validate sensor performance, live cells were incubated with RNase A or RNase T1 at 37 

°C for 20 min, fixed and imaged with ARPLA. GlycoRNA signals were reduced by 88% 

or 90% after RNase A or T1 digestion compared to untreated cells (Fig. 2c,d). These 

results supported that cell surface RNA is one of the prerequisites for ARPLA to generate 

signals. To verify if the glycan moiety of glycoRNA is necessary for ARPLA, cells were 

pretreated with glycosylation inhibitors to disrupt the biosynthesis of glycoRNA2. As shown 

in Fig. 2c,d, after treating cells with N-linked glycosylation inhibitor 1 (NGI-1), kifunensine 

or swainsonine for 24 h, ARPLA signals decreased by 86%, 90% or 91%, respectively, 

compared to untreated cells, demonstrating ARPLA’s specificity for the glycan moiety of 

glycoRNA. Furthermore, live cells were treated with glycosidases, PNGase-F or α2-3,6,8,9-

neuraminidase A, which are known to cleave the glycan moiety of glycoRNAs2. This 

treatment resulted in decreases in signals from PNGase-F- and α2-3,6,8,9-neuraminidase 

A-treated cells by 89% and 93%, respectively, compared to untreated cells (Fig. 2c,d). By 

contrast, a similar signal was obtained from O-glycosidase-treated cells (Fig. 2c,d), which 

cannot cleave glycan from glycoRNAs2. These pharmacological and enzymatic treatments 

validated the specificity of ARPLA for glycoRNA’s glycan moiety. Taken together, ARPLA 

can be used for in situ imaging of glycoRNAs with high sensitivity and selectivity.

To evaluate the generality of ARPLA, we further explored its ability to image glycoRNAs 

with various RNA sequences and its applicability in different cell lines. When the RISH 

section in the RNA-binding probe was replaced with a different sequence targeting 

other glycoRNAs, such as SNORD3a (U3), SNORD8 (U8), SNORD35a (U35a) or Y5 

(ref. 2), ARPLA successfully visualized the corresponding glycoRNA in HeLa cells and 

not those with a different sequence (Extended Data Fig. 3b). Furthermore, we applied 

ARPLA to different cell lines, including a human neuroblastoma cell line (SH-SY5Y), a 

human pancreas carcinoma cell line (PANC-1) and a human embryonic kidney cell line 

(HEK293T). GlycoRNA fluorescent signals were detected in all cell lines (Extended Data 

Fig. 3c). The presence of glycoRNA was also verified by RNA blotting (Extended Data Fig. 

3d-f). These results demonstrate that ARPLA can be applied to visualize glycoRNAs with 

various RNA sequences across different cell lines.
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Visualizing glycoRNA spatial distributions with ARPLA

GlycoRNAs have been reported to be present on plasma membranes2, but their detailed 

spatial distributions remain unknown, as the lateral heterogeneity of plasma membranes 

featuresvarious distinct subcompartments40. For example, lipid rafts, which are ordered 

and tightly packed microdomains in cell membranes40, are often enriched with saturated 

phospholipids, sphingolipids, cholesterol, lipidated proteins and glycosylated biomolecules, 

such as glycolipids and glycosylphosphatidylinositol-anchored proteins40. Consequently, it 

is important to determine whether glycoRNAs are associated with lipid rafts and, if so, their 

distribution patterns. To achieve this goal, we used ARPLA to investigate distributions of 

glycoRNAs and lipid rafts through fluorescence imaging. We stained lipid rafts with Alexa 

Fluor 555-labeled cholera toxin subunit B (CT-B) or BODIPY dye-labeled ganglioside 

GM1 separately. As shown in Fig. 3a and Extended Data Fig. 4, lipid rafts were densely 

distributed in the plasma membranes of human promyelocytic leukemia (HL-60) cells, and 

glycoRNA signals displayed clear colocalization with lipid rafts. The Pearson’s coefficient 

between ARPLA and CT-B was calculated to be 0.572 ± 0.130. To determine the percentage 

of ARPLA signals that overlap with CT-B, we further calculated Manders’ overlap 

coefficient, which describes the degree of overlap between two channels41, demonstrating 

that 65.2% ± 18% of ARPLA signals overlapped with CT-B signals, and 40% ± 19% of 

CT-B signals overlapped with ARPLA signals. Similarly, the Pearson’s coefficient between 

ARPLA and GM1 was 0.539 ± 0.163. Based on Manders’ overlap coefficient, 79.5% ± 

14.8% of ARPLA signals overlapped with GM1 signals, and 31.7% ± 13.8% of GM1 signals 

overlapped with ARPLA signals. In addition, we performed z-stack imaging to investigate 

glycoRNAs on the cell surface using U1 glycoRNA (green) and CT-B (red) as a proof of 

concept. U1 glycoRNA clearly colocalized with lipid rafts, as demonstrated by images in 

z-slice format (Extended Data Fig. 4a), orthographic projection (Extended Data Fig. 4b) and 

maximum intensity projection (Extended Data Fig. 4c). To confirm this colocalization, we 

isolated RNAs from the cytosol, crude membrane, lipid rafts and non-lipid rafts separately 

and performed RNA blotting. GlycoRNAs from lipid rafts displayed a similar intensity 

to those from crude membranes, and the signal was significantly higher than the signals 

from non-lipid raft membranes and the cytosol (Supplementary Fig. 2). Therefore, the 

colocalization of ARPLA signals with CT-B signals and ganglioside GM1 signals as well as 

the RNA blotting results suggest the spatial distribution of glycoRNAs on lipid rafts.

After visualizing the distribution of glycoRNAs on the cell surface, we further used ARPLA 

to monitor the intracellular trafficking of glycoRNAs. Soluble SNAREs play important 

roles in fusing cell membranes, docking vesicles to target compartments and mediating the 

fusion of the opposing membranes42. We hypothesize that glycoRNAs are associated with 

SNAREs, which may depict the intracellular trafficking and secretory exocytosis process 

of glycoRNAs. To test this hypothesis, we used ARPLA to image intracellular glycoRNAs 

after cell membrane permeabilization and stained SNAREs with antibodies. As shown in 

Fig. 3b, glycoRNAs were found to colocalize with target SNARE (t-SNARE; TSNARE1) 

and vesicle SNARE (v-SNARE; VTI1b), which are associated with the target compartments 

and vesicles, respectively42. These results suggest that glycoRNAs are presented on the cell 

surfaces through SNARE-mediated vesicle exocytosis and membrane fusion.
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Visualization of glycoRNAs in breast cancer transformation

To demonstrate the wide application of ARPLA, we explored its application in visualizing 

glycoRNAs in malignant transformation, as altered glycosylation is a hallmark of malignant 

transformation43-46. For instance, the progression of breast cancer from normal cells to 

non-invasive carcinomas and metastases is linked to glycosylation changes in glycoproteins 

on the cell surface and in the extracellular matrix43,47,48; however, the relationship between 

glycoRNAs and cancer progression remains unclear. To address this issue, we chose non-

tumorigenic (MCF-10A), malignant (MCF-7) and metastatic (MDA-MB-231) breast cancer 

cell lines as representative models for different tumoral statuses to study the relationship 

between glycoRNAs and breast cancer progression. Control experiments using sequence-

scrambled DNA to replace the Neu5Ac aptamer displayed weak fluorescent signals in all 

breast cancer cell lines (Extended Data Fig. 5a,b). By contrast, using ARPLA with the 

correct aptamer to target different glycoRNAs showed the strongest fluorescent signals 

from U1, U35a and Y5 glycoRNAs in the non-malignant cell line MCF-10A, followed by 

the malignant cell line MCF-7, while the metastatic cell line MDA-MB-231 showed the 

weakest fluorescent signals (Fig. 4a,b and Supplementary Fig. 3), suggesting that surface 

glycoRNA has an inverse association with tumor malignance and metastasis. The effects 

on these breast cancer cells could be associated and not a causation of a phenotype. 

While a similar trend was observed in RNA blotting of total glycoRNAs (Fig. 4c and 

Extended Data Fig. 5c), ARPLA offers advantages, such as shorter processing time (4 h 

versus RNA blotting, which requires 24-48 h for metabolic labeling and ~5 h for RNA 

blotting), spatial distribution visualization and the customizability to visualize glycoRNAs 

with desired sequences. Moreover, the abundance of bulk sialic acid on the cell surfaces of 

MCF-10A, MCF-7 and MDA-MB-231 cell lines was assessed by metabolic labeling with 

Ac4ManNAz, click chemistry labeling and imaging. Significantly higher bulk sialic acid 

signals were found in MDA-MB-231 and MCF-7 cell lines than in the MCF-10A cell line, 

which agrees with the known correlation of hypersialylation in cancer45 (Extended Data Fig. 

6).

GlycoRNA changes in immune cell differentiation and immune responses

To demonstrate the versatility of ARPLA in other systems, we applied it to image 

glycoRNAs in innate immune cell differentiation and immune responses. Glycosylation 

is essential for immune cell development and function49-51, such as in neutrophils and 

macrophages, which exhibit timed expression of glycosylated granules52. Although previous 

studies revealed that membrane-associated extracellular RNAs function in mediating 

monocyte activities39, the roles of glycoRNAs in innate immune cell differentiation and 

activation are not well understood. To determine their potential roles, we investigated 

glycoRNA levels during THP-1 monocyte differentiation to resting (M0) macrophages using 

phorbol 12-myristate 13-acetate (PMA). M0 macrophages showed decreased U1, U35a and 

Y5 glycoRNA signals than THP-1 monocytes (Fig. 5a-c and Extended Data Fig. 7a,b). A 

similar trend was found by RNA blotting (Fig. 5d and Extended Data Fig. 7c,d). Moreover, 

a similar trend was observed in the HL-60 neutrophil model. After differentiation, mature 

neutrophils showed a lower glycoRNA level than original HL-60 cells (Extended Data 

Fig. 8 and Supplementary Fig. 4). To gain more insights into the role of glycoRNAs in 

innate immunity, we assessed glycoRNA changes after pathogenic stimulation. Activated 
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M0 macrophages, stimulated by Escherichia coli-derived lipopolysaccharide (LPS), showed 

increases in U1, U35a and Y5 glycoRNA signals compared to M0 macrophages (Fig. 5b,c 

and Extended Data Fig. 7a,b). Similar trends in overall glycoRNA levels were observed by 

RNA blotting (Fig. 5d and Extended Data Fig. 7c,d). In addition, the abundance of bulk 

sialic acid on the cell surface was reduced in M0 and activated M0 macrophages compared 

to in THP-1 cells (Extended Data Fig. 9). These results demonstrate that glycoRNAs change 

substantially during immune cell differentiation and activation, implicating their potential 

roles in innate immune responses.

Inspired by the observed fluctuation of glycoRNA levels during immune cell differentiation 

and activation, we hypothesized that glycoRNAs may contribute to inflammatory responses. 

To test this hypothesis, we examined the potential impact of glycoRNAs on the cellular 

functions of THP-1 monocytes and macrophages. Monocyte–EC (M–EC) interaction is 

an essential event in inflammatory responses that is critical for monocyte migration 

from the bloodstream to inflammatory tissues, and this process is highly regulated by 

glycoproteins53. We adapted an M–EC adhesion assay to investigate the roles of glycoRNAs 

in M–EC interactions by comparing the attachment ability of immune cells to that of 

RNase-treated cells54. We assessed the binding ability of THP-1, M0 macrophages and 

LPS-activated M0 macrophages to human umbilical vein ECs (HUVECs). As shown in 

Fig. 5e, RNase treatment reduced attachment abilities of THP-1, M0 macrophages and 

LPS-activated M0 macrophages to 84%, 74% and 78%, respectively, compared to untreated 

cells. Consistent with the higher ARPLA signals after LPS activation, LPS-activated M0 

macrophages exhibited enhanced binding efficiency to HUVEC cells compared to M0 

macrophages, which was reversed by RNase digestion (Extended Data Fig. 10). Similarly, 

HL-60 and dHL-60 cells also showed similar reductions after RNase digestion (Fig. 5f). 

These findings indicate that removal of glycoRNAs is associated with attenuation in immune 

cell attachment to ECs, suggesting a potential role of glycoRNAs in mediating M–EC 

interactions during inflammatory processes. Further studies are necessary to fully elucidate 

these roles.

Discussion

In this work, we developed an imaging method called ARPLA to visualize glycoRNAs 

on cell surfaces. ARPLA uses a sialic acid aptamer and an in situ hybridization probe for 

dual recognition of the glycan and RNA portions of glycoRNAs, respectively, followed by 

proximity ligation to generate intact circular DNA, which then serves as the template for 

RCA to produce ssDNA. The ssDNA can hybridize with numerous copies of fluorophore-

labeled reporter DNA to visualize glycoRNAs with amplified signals. Consequently, 

ARPLA can reveal spatial distributions of glycoRNAs (Fig. 3) and indicate the relative 

abundance of glycoRNAs in different cells (Figs. 4 and 5). ARPLA has several advantages: 

(1) the fluorescent signals from RCA amplification are strong and discrete24, enabling the 

study of glycoRNA spatial distribution with high sensitivity, which other methods cannot 

provide; (2) ARPLA allows imaging of native, unlabeled glycoRNAs in various types of 

samples without pretreatment, such as metabolic labeling; (3) by using two affinity probes, 

ARPLA can achieve high specificity for glycoRNAs instead of the glycan alone, RNA alone 

or glycan and RNA that are far apart and (4) by replacing the RNA recognition sequence of 
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the ARPLA probe to target different glycoRNAs, ARPLA is versatile and customizable to 

detect and image almost any glycoRNA.

After validating the performance of ARPLA in HeLa cells, we applied it to investigate the 

spatial distribution and intracellular trafficking of glycoRNAs. We revealed colocalization 

of glycoRNAs with lipid rafts on plasma membranes and observed the cellular tracking 

of glycoRNAs through SNARE-mediated secretory exocytosis. We further investigated 

glycoRNA abundance in breast cancer cell models and revealed surface glycoRNA 

differences in cancer progression. Specifically, compared to non-carcinomatous cells 

(MCF-10A), malignant breast cancer cells (MCF-7) have a much lower glycoRNA 

abundance, and metastatic breast cancer cells (MDA-MB-231) have the lowest glycoRNA 

signals. These results suggest an inverse association between cell surface glycoRNAs and 

breast tumor malignancy. Furthermore, we used ARPLA to monitor glycoRNA levels 

during innate immune cell differentiation and activation, uncovering a reduction during 

immune cell differentiation and an increase during LPS-induced inflammatory responses. 

This observation led us to discover the relationship between glycoRNAs and attenuation 

in immune cell attachment to ECs, indicating a potential role of glycoRNAs in mediating 

M–EC interactions during the inflammatory process.

This work demonstrates that ARPLA can visualize glycoRNAs with high sensitivity and 

selectivity. Together with other biological and bioinformatic tools55, ARPLA will facilitate 

investigation of the roles of glycoRNAs in various models. In the future, ARPLA can 

be adapted to detect other biomolecules, such as other modified RNAs, modified DNAs 

and glycoproteins, by replacing the recognition probes for glycoRNAs with corresponding 

probes for these biomolecules.

The present version of ARPLA has some limitations that could be improved through 

further optimization. For example, although the signals are clearly above the signals 

from the background and negative controls, overall intensity is still weak, probably due 

to low expression levels of target glycoRNAs. As a result, the effects of glycoRNAs 

we observed on breast cancer and immune cell models are modest and may not work 

well in other systems. To increase the sensitivity, fluorescent light-up aptamers can be 

incorporated into the RCA. Furthermore, ARPLA provides a semiquantitative analysis of 

spatial distributions and relative abundance of glycoRNAs. The resolution limitation of 

the current method using a Zeiss 710 confocal microscope was estimated to be ~300 nm 

(Supplementary Fig. 5). To perform a more quantitative analysis, such as determining copy 

numbers of glycoRNAs per cell, superresolution imaging technology combined with two-

fluorophore-based fluorescence resonance energy transfer can be used. Finally, ARPLA uses 

an RNA hybridization step to recognize specific glycoRNAs, which requires the sequence 

information of glycoRNAs and is therefore not suitable for glycoRNAs with unknown 

sequences. There is a need to develop an imaging method for glycoRNAs with unknown 

sequences by using other general RNA recognition reagents56,57.
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Methods

Materials

Sodium chloride, magnesium chloride, calcium chloride, ethylenediaminetetraacetic acid 

disodium salt dihydrate, 2-mercaptoethanol, glycerol, NGI-1, kifunensine, swainsonine, 

chloroform, dibenzocyclooctyne-PEG4-biotin (DBCO-biotin) and Tween-20 were purchased 

from Sigma-Aldrich. Acid Blue 9 (AB9) and a Minute plasma membrane-derived lipid raft 

isolation kit were purchased from Fisher Scientific. Ac4ManNAz was purchased from Click 

Chemistry Tools. Neu5Ac was purchased from Cayman Chemical. Bovine serum albumin 

(BSA), phi29 DNA polymerase, dNTP, T4 DNA ligase, ATP, proteinase K, α2-3,6,8,9-

neuraminidase A, PNGase-F and O-glycosidase were purchased from New England BioLabs 

(NEB). TRIzol, RNase A, RNase T1, formamide, HBSS and CellTracker Orange CMRA 

were purchased from Thermo Fisher Scientific. RNA Clean and Concentrator 5 kits were 

purchased from Zymo Research. Intercept (PBS) blocking buffer and IRDye 800CW 

streptavidin were purchased from Li-Cor Biosciences. The 0.45-μm nitrocellulose (NC) 

membrane was purchased from Cytiva Life Sciences. All the oligonucleotide sequences 

were purchased from Integrated DNA Technologies and were purified by high-performance 

liquid chromatography or polyacrylamide gel electrophoresis and confirmed by mass 

spectrometry (Supplementary Table 1). All other reagents and solvents were obtained from 

the domestic suppliers and were used as received.

MD simulations of the structure of the ARPLA system

To computationally predict the structure of the ARPLA system, we did MD simulations 

with the coarse-grained model of nucleic acids using oxDNA. The simulation object consists 

of the glycan probe, the RNA-binding probe (here, the Y5 glycoRNA-binding probe) and 

connector 1 and connector 2 (Extended Data Fig. 1) to simulate the structure of the ARPLA 

system. The coarse-grained models with oxDNA were chosen to simulate the system under 

the consideration of accuracy and computational efficiency. Such a model has been used 

to simulate the structural, mechanical and thermodynamic properties of single- and double-

stranded nucleic acids and has obtained good agreement with experimental data, and the 

method can accomplish a sufficient simulation time scale with approachable computational 

force58,59.

The model was designed in oxView60, while the secondary structure of the Neu5Ac 

aptamer was predicted via RNAfold and was converted to a three-dimensional structure 

via RNAComposer36, which was then converted to oxDNA topology and configuration files 

using tacoxDNA. The simulations were conducted in the oxDNA program using standard 

procedures at 37 °C and a 1.5-μs time scale. Mutual traps were applied to several sites in the 

Neu5Ac aptamer to maintain its predicted structure. A complementary strand of the RISH 

site was also added to maintain the hybrid configuration of the RISH site.

ITC

To study the Kd between Neu5Ac and its aptamer, ITC was performed using a VP-ITC 

microcalorimeter instrument (MicroCal). Neu5Ac and aptamer were dissolved in 1× aptamer 

binding buffer (50 mM Tris-HCl, 5 mM KCl, 100 mM NaCl and 1 mM MgCl2, pH 7.4), 
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respectively. Before ITC analysis, the pH of Neu5Ac and aptamer solutions were carefully 

titrated to pH 7.4, which was very important for successful ITC analysis. The solution of 

Neu5Ac and its aptamer were degassed for 10 min before subjecting them to ITC. Neu5Ac 

aptamer (20 μM) was loaded in the cell, and 1 mM Neu5Ac in the same buffer was loaded 

into the syringe. After the first injection of 2 μl, the syringe injected 10 μl of Neu5Ac 

into the cell each time. Through measuring the heat changes and fitting the titration curves 

to a one-site binding model, thermodynamic data, including Kd, enthalpy change, entropy 

change, free energy change and binding stoichiometry, were obtained. The molar ratio was 

calculated from the ITC data based on the Neu5Ac/aptamer concentrations.

Cell culture

MDA-MB-231 cells were a gift from A. Baker (The University of Texas at Austin). The 

SH-SY5Y cell line was obtained from L. Mirica (University of Illinois Urbana–Champaign). 

The THP-1 cell line was obtained from J. Chan (University of Illinois Urbana–Champaign). 

All other cell lines were purchased from ATCC, the Cancer Center at Illinois (University 

of Illinois Urbana–Champaign) or PromoCell and were cultured at 37 °C in a humidified 

incubator with 5% CO2.

HeLa (CCL-2, ATCC), HEK293T (CRL-3216, ATCC) and PANC-1 (CRL-1469, ATCC) 

cell lines were cultured in DMEM supplemented with 10% fetal bovine serum (FBS; 

GeminiBio), 100 U ml−1 penicillin and 100 U ml−1 streptomycin. SH-SY5Y cells were 

cultured in a 1:1 mixture of EMEM and Ham’s F12 medium supplemented with 10% FBS 

and 100 U ml−1 penicillin and streptomycin.

The non-tumorigenic breast cell line MCF-10A was cultured in 1:1 DMEM/F12 

supplemented with 5% horse serum, 20 ng ml−1 epidermal growth factor, 0.5 μg ml−1 

hydrocortisone, 10 μg ml−1 insulin and 100 U ml−1 penicillin/streptomycin. Breast cancer 

cell lines (malignant MCF-7 cells and metastatic MDA-MB-231 cells) were cultured in 

DMEM with 100 U ml−1 penicillin, 100 U ml−1 streptomycin, 1× non-essential amino acids 

(NEAA) and 10% FBS.

The human monocyte cell line THP-1 was cultured in RPMI-1640 medium supplemented 

with 2.5 mM glutamine, 1× MEM NEAA and 10% heat-inactivated FBS. To differentiate 

THP-1 cells into macrophage-like cells, cells were treated with 250 nM PMA in 10% FBS 

culture medium for 24 h and treated with RPMI-1640 medium containing 5% FBS for 

another 2 d (ref. 61). To activate M0 macrophages, macrophages were incubated with 5% 

FBS RPMI-1640 medium containing 12.5 μg ml−1 LPS overnight.

The human promyelocytic leukemia cell line HL-60 was cultured in growth medium 

consisting of Iscove’s modified Dulbecco’s medium (Corning) supplemented with 20% 

FBS, 1× GlutaMAX and 1× MEM NEAA. The cells were differentiated into neutrophil-like 

cells (dHL-60) with a 5-d treatment of 1.3% DMSO (Sigma) in growth medium62,63.

HUVECs (C-12203 pooled donor) were purchased from PromoCell and cultured in 

endothelial cell media 2 (PromoCell). For the subculture of HUVECs, 2 μg cm−2 human 

plasma fibronectin (EMD Millipore) was applied to culture flasks and incubated for 2 h.
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Blotting analysis of Ac4ManNAz-labeled RNA

GlycoRNAs of HeLa cells and other cell lines were verified by metabolic labeling with 

Ac4ManNAz, followed by RNA blotting to confirm the presence of glycoRNAs as described 

in a previous report2. Briefly, after metabolic labeling, the total RNA was extracted, stripped 

of protein contamination via proteinase K digestion and cleaned with silica columns. The 

purified RNA was then labeled with DBCO-biotin via biorthogonal click chemistry and 

subsequently analyzed by denaturing gel electrophoresis and RNA blotting. As shown in 

Extended Data Fig. 2c, the total RNA extracted from metabolically labeled HeLa cells 

possesses biotinylated species. By contrast, for HeLa cells without metabolic labeling 

treatment, total RNA was also extracted and incubated with Ac4ManNAz in a test tube, 

and no detectable signal was observed (Extended Data Fig. 2c). Therefore, Ac4ManNAz was 

metabolically incorporated into a glycan moiety of glycoRNA, demonstrating the presence 

of glycoRNAs in HeLa cells.

Metabolic labeling.—For the RNA blotting experiments and metabolic labeling, cells 

were seeded in Petri dishes, cultured for 24 h and treated with 100 μM Ac4ManNAz in cell 

culture medium for 48 h.

RNA extraction and purification.—RNA extraction and purification were performed 

according to a previously reported method2. Cells were first treated with 2 ml of TRIzol 

reagent and incubated at 37 °C to denature non-covalent interactions. Phase separation 

was then performed by adding 0.4 ml of chloroform, vortexing, incubating for 5 min and 

centrifuging at 12,000g at 4 °C for 15 min. The RNA in the aqueous phase was carefully 

transferred to a fresh tube and purified using a Zymo RNA Clean and Concentrator 5 kit 

from Zymo Research. Thereafter, to avoid protein contamination, the obtained RNA was 

subjected to protein digestion by adding 1 μg of proteinase K to 25 μg of purified RNA in 30 

mM Tris-HCl (pH 8.0) and incubated at 37 °C for 45 min. To remove the proteinase K, the 

RNA was purified again with an RNA Clean and Concentrator 5 kit and stored at −80 °C for 

future use.

GlycoRNAs from the cytosol, crude membranes, lipid raft and non-lipid raft membranes 

were isolated by using a non-ionic detergent-containing kit, the Minute plasma membrane-

derived lipid raft isolation kit. The cytosol, crude membranes, lipid raft and non-lipid 

raft membranes were isolated following the manufacturer’s instructions. Thereafter, the 

glycoRNAs from different cell fractions were isolated with TRIzol reagent and purified with 

a Zymo RNA Clean and Concentrator 5 kit.

Copper-free click conjugation to Ac4ManNAz-labeled RNA.—Ac4ManNAz-labeled 

RNA (50 μl) extracted from the cells was mixed with 47.5 μl of RNA denature buffer 

(95% formamide, 18 mM EDTA and 0.025% SDS) and 2.5 μl of 20 mM DBCO-biotin. 

Conjugation was performed at 55 °C for 10 min in a Thermomixer. Biotin-labeled RNA was 

then purified with a Zymo RNA Clean and Concentrator 5 kit.

RNA gel electrophoresis, blotting and imaging.—The blotting analysis of biotin-

labeled RNA was performed according to a previously reported method2. Biotin-labeled 
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RNA was lyophilized dry, subsequently resuspended in 15 μl of RNA denature buffer, 

incubated at 55 °C for 10 min and cooled down on ice. Thereafter, 10 μg of RNA was loaded 

into 1% agarose-formaldehyde denaturing gels, electrophoresed at 110 V for 1 h at 4 °C 

and visualized after SYBR Safe staining. The RNA sample was transferred to a 0.45-μm 

NC membrane at 20 V for 30 min at 4 °C. Afterward, the RNA sample was cross-linked to 

the NC membrane with UV cross-linker (Fisher Scientific) for 5 min. The NC membrane 

was then blocked with Intercept (PBS) blocking buffer at 25 °C for 45 min and stained with 

IRDye 800CW streptavidin in Intercept (PBS) blocking buffer (1:10,000 dilution) at 25 °C 

for 30 min. The NC membrane was then washed with 1× PBS containing 0.1% Tween-20 

three times and 1× PBS once. The NC membrane was then scanned with an Odyssey Li-Cor 

CLx scanner (Li-Cor Biosciences) with the software set to autodetect the signal intensity for 

the 800 channels.

In situ imaging of glycoRNA with ARPLA

Surface RISH.—HeLa, HEK293T, SH-SY5Y, PANC-1, MCF-10A, MCF-7 and MDA-

MB-231 cells were seeded on glass-bottom 35-mm imaging dishes (MetTek) at a density 

of 2 × 105 cells per well. HL-60 cells, dHL-60 cells, THP-1 cells, M0 macrophages and 

activated M0 macrophages were seeded on the same day at a density of 1 × 106 cells per 

well and allowed to attach in serum-free RPMI-1640 for 30 min before treatment.

All the cell samples were washed three times with PBS without Mg2+ and Ca2+ before each 

step. Cells were first fixed with 4% paraformaldehyde (PFA) at 37 °C for 15 min. To block 

nonspecific interactions, cells were blocked with 100 nM poly(T) oligonucleotides and 0.25 

μg μl−1 BSA in 1× hybridization buffer (50 mM Tris-HCl buffer and 10 mM MgCl2, pH 

7.4) at 37 °C for 30 min. Note that no permeabilization was performed. Thereafter, the cells 

were incubated with 1.5 μM RNA-binding probe, 0.25 μg μl−1 BSA, 250 mM NaCl and 1× 

hybridization buffer at 37 °C for 30 min. After surface RISH, the cells were subsequently 

washed three times in FISH washing buffer (2× SSC and 10% formamide) for 10 min each 

time, followed by three washes in PBS to remove residual formamide.

Aptamer recognition of Neu5Ac in glycoRNAs and proximity-assisted in situ 
ligation.—Cells were incubated with 100 μl of aptamer and connector solution containing 

100 nM Neu5Ac aptamer, 0.25 μg μl−1 BSA, 100 nM poly(T) oligonucleotides, 125 nM 

connector 1, 125 nM connector 2 and 1× aptamer binding buffer (50 mM Tris-HCl, 5 mM 

KCl, 100 mM NaCl and 1 mM MgCl2, pH 7.4). The cells were incubated with this solution 

at 37 °C for 30 min, ensuring aptamer binding to Neu5Ac on glycoRNAs and assisting the 

hybridization of connectors 1 and 2.

Thereafter, the ligation mixture was added to the aptamer and connector solution in the cell 

dish and mixed well by pipetting. The final solution contained 1 U μl−1 T4 DNA ligase, 1 

mM ATP and 1× T4 DNA ligase reaction buffer provided by NEB.

In situ RCA reaction.—The in situ RCA reaction was performed with RCA working 

solution at 37 °C for 90 min, which contains 2.5 U μl−1 phi29 DNA polymerase, 0.25 

mM dNTP, 0.2 μg μl−1 BSA, 5% glycerol and 1× phi29 DNA polymerase reaction 

buffer provided by NEB. The single-stranded RCA products were detected by in situ 
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hybridization with 100 nM reporter in 2× SSC buffer, 0.25 μg μl−1 BSA and 100 nM poly(T) 

oligonucleotides at 37 °C for 30 min. From this step onward, the slide was kept in the dark. 

The slides were mounted with mounting medium, and images were acquired with a confocal 

microscope.

Microscopy and image analysis.—Images in Figs. 2-5 and Extended Data Figs. 2, 3, 

5, 7 and 8 were acquired on a Nikon W1 spinning-disk microscope. To accomplish the 

imaging, a ×60 water immersion objective was applied, and the fluorophore was excited 

with a 640-nm laser and Cy5 filter (emission of 672–712 nm). The images were taken 

with monochromatic Andor EMCCD cameras and were processed using ImageJ (Fiji). The 

images in Fig. 3 were acquired with a ×100 oil immersion objective to obtain the subcellular 

distribution of glycoRNAs. Amplicons with a bright fluorescent signal were distinguished 

from the background by adjusting the threshold. The average fluorescence intensity of 

all cells in each frame was calculated by ImageJ (Fiji). More than five frames of each 

imaging group were processed for further statistical analysis, and more than three biological 

replicates were performed and validated, showing similar trends. In Fig. 3, the relative 

fluorescence intensity was calculated by comparing the signal from each group to that of 

the group showing the highest signal. Supplementary Fig. 5 and z-stack images in Extended 

Data Fig. 4 were collected by CLSM on a Zeiss 710 (×63 oil immersion objective; laser line 

excitation/emission of 561 nm/566–651 nm and 633 nm/638–755 nm). Twenty-two slices 

(in total, 10.421 μm) were collected with Zen 3.2, and the images were processed with Zen 

3.6 (blue edition). The images in Extended Data Figs. 6 and 9 were collected with a Zeiss 

Observer 7 (Zen 3.1 pro), and the data were processed with Zen 3.6 (blue edition).

Validation of the specificity of ARPLA

To validate the specificity of ARPLA, several treatments were applied to modulate the levels 

of RNA or glycan moiety of the glycoRNAs and test whether ARPLA can specifically detect 

glycoRNAs and differentiate them from other cell surface RNAs or glycans. To digest the 

RNA moiety of glycoRNAs and validate the sensor performance, live cells were incubated 

with 0.02 μg μl−1 RNase A or 1 U μl−1 RNase T1, respectively, in 100 μl of HBSS at 37 

°C for 20 min and fixed and analyzed by ARPLA. As shown in Fig. 2c,d, after RNase A 

or RNase T1 treatment, the fluorescence signals were reduced to nearly 12% or 10% of that 

observed in cells without RNase treatment.

Moreover, to verify ARPLA’s response to the glycan moiety of glycoRNA, we used 

pharmacological and enzymatic methods, respectively, to remove the glycan moiety. In the 

pharmacological approach, cells were pretreated with (1) 8 μM NGI-1, which is a specific 

small-molecule inhibitor of oligosaccharyltransferase related to glycoRNA generation64; (2) 

2 μM kifunensine, which can inhibit N-glycan processing65; or (3) 40 μM swainsonine, 

which can perturb N-glycan processing66,67. The stock solutions of glycan biosynthesis 

inhibitors NGI-1, kifunensine and swainsonine were all made in DMSO at concentrations of 

10 mM and stored at −80 °C. Then, 8 μM NGI-1, 2 μM kifunensine or 40 μM swainsonine 

were incubated with HeLa cells, respectively, for 24 h before the glycoRNA imaging 

experiment. In the enzymatic method, to digest glycans on the cell surface of live cells, 

HeLa cells were incubated with PNGase-F, α2-3,6,8,9-neuraminidase A or O-glycosidase at 
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a concentration of 10 U per 100 μl in HBSS at 37 °C for 30 min, respectively. Cells were 

then analyzed by ARPLA.

Lipid raft staining and immunofluorescence imaging

To label lipid rafts, two lipid raft-specific dyes were used, a Vybrant Alexa Fluor 555 

lipid raft labeling kit (Invitrogen) and BODIPY FL C5-ganglioside GM1 (Invitrogen). We 

followed the product manuals to label lipid rafts before seeding the cells in imaging plates. 

Briefly, for the Vybrant Alexa Fluor 555 lipid raft labeling kit, we pelleted and washed 

the cells with prechilled RPMI supplemented with 10% FBS three times and resuspended 

the cells at the density of 4 × 106 cells per ml. Two microliters of CT-B stock solution (1 

mg ml−1) was added to 2 ml of cell solution. The cells were incubated on ice for 15 min 

and washed twice with prechilled PBS. Thereafter, cells were resuspended in serum-free 

RPMI and seeded into imaging dishes. After cell adhesion, the cells were fixed with 4% PFA 

without cell membrane permeabilization and stained with ARPLA. For BODIPY FL C5-

ganglioside GM1 staining, cell pellets were washed with prechilled HBSS and resuspended 

in 2 × 106 cells per 100 μl of 5 μM ganglioside GM1 working solution. The cells were 

incubated on ice for 30 min, washed with prechilled HBSS three times and resuspended in 

serum-free RPMI for seeding. After cell adhesion, the cells were fixed and analyzed with 

ARPLA.

The following antibodies were used to stain SNARE proteins: TSNARE1 polyclonal 

antibody (Invitrogen), VTI1B polyclonal antibody (Invitrogen) and donkey anti-rabbit IgG 

(H+L) highly cross-adsorbed secondary antibody (Invitrogen). HL-60 cells were washed 

twice with serum-free RPMI, resuspended in serum-free RPMI at a density of 1 × 106 

cells per ml and seeded into 35-mm glass-bottom confocal imaging dishes. Cells were then 

fixed with 4% PFA solution at 37 °C for 15 min and incubated with 0.2% Triton X-100 

solution for 5 min at room temperature. After washing with PBS, the cells were stained 

by ARPLA with minor revisions. Before adding the reporter strand, solutions of primary 

antibody diluted 1:250 (prepared in 1% BSA) were applied to the cells and incubated at 4 

°C overnight. After washing cells with PBS five times, we applied solutions of secondary 

antibody diluted 1:500 (prepared in 1% BSA) to cells and stained at room temperature for 1 

h. We washed cells three times, added ARPLA reporter strand, incubated the cells at 37 °C 

for 30 min, washed them twice with PBS and mounted the cells in mounting solution.

Fluorescence images were taken with a W1 Nikon spinning-disk confocal microscope or a 

Zeiss 710 confocal microscope. The images were then processed with Nikon NIS Element 

viewer or Zen 3.6 (blue version). The colocalization assay was performed with Coloc2 and 

JACoP plug-ins of Fiji (ImageJ). The plot profiles were also analyzed by using Fiji.

Transmission-through-dye image of HeLa cells

The membrane-permeable dye CellTracker Orange CMRA and the membrane-impermeant 

quencher AB9 were applied to the same cells. Because AB9 cannot enter the cell with 

an intact membrane and thus cannot quench the dye, the cells with an intact membrane 

will have bright fluorescent signals from CellTracker Orange CMRA. However, a leaky or 
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damaged membrane after permeabilization treatment allows for the quencher to enter the 

cell, resulting in reduced or diminished fluorescent signal.

HeLa cells were seeded on glass-bottom 35-mm imaging dishes 1 d before treatment at a 

density of 0.6 × 106 cells per well. The cells were then stained with CellTracker Orange 

CMRA at a concentration of 5 μM for 30 min. Afterward, HeLa cells were treated with all 

the procedures of ARPLA, stained with AB9 at a concentration of 5 mg ml−1 for 30 min and 

imaged with a confocal microscope. The negative-control cells with broken cell membranes 

were prepared by permeabilization with 0.1% Triton X-100.

Cell attachment assay

THP-1 cells, M0 macrophages, LPS-activated M0 macrophages, HL-60 cells and dHL-60 

cells were stained with CellTracker Orange CMRA (5 μM) for 30 min at 37 °C for live-cell 

fluorescence tracking. Afterward, cells were washed and resuspended in HBSS at 1 × 106 

cells per ml. To digest the RNA on the cell surface of live cells, cells were treated with 0.02 

μg μl−1 RNase A and 1 U μl−1 RNase T1 in PBS at 37 °C for 30 min. After incubation, 

the cells were washed thoroughly in PBS three times and seeded onto a confluent layer of 

HUVECs in 96-well plates prepared 48–72 h before the experiment. After cell attachment, 

unattached cells were removed with HBSS washes. Attachment of the fluorescently labeled 

cells was quantified using a Zeiss Observer 7 fluorescence microscope. The number of 

attached cells was calculated using ImageJ, which counts cells with a bright fluorescent 

signal distinguished from the background by adjusting the threshold. The absolute cell 

number was quantified using particle analysis with parameters of 0.5–15 pixels (ref. 59).

Surface sialic acid imaging

Breast cell lines (MCF-10A, MCF-7 and MDA-MB-231) and THP-1-related cells lines 

(THP-1, M0 macrophages and LPS-activated M0 macrophages) were cultured as described 

earlier. To estimate the abundance of bulk sialic acid on the membrane, cells were seeded 

in Petri dishes and cultured in 100 μM Ac4ManNAz-containing culture medium for 24 

h. Cells were washed with PBS once and fixed with 4% PFA solution for 15 min at 37 

°C. After three washes with PBS, the cells were incubated in PBS containing 0.5 mM 

DBCO-PEG4-biotin for 2 h at 37 °C. Thereafter, cells were washed three times with PBS 

and blocked with 3% BSA solution (PBS) for 1 h at 37 °C. Cy5–streptavidin (Invitrogen, 

SA1011) and Hoechst 33258 (Invitrogen, H1398) were diluted (1,000×) in 1% BSA and 

applied to cells for 30 min at room temperature. After washing, images were taken with a 

Zeiss Observer 7 epifluorescence microscope with a ×40 (air) objective and filter sets (96 

HE BFP; 50 Cy5). Cell fluorescence intensity was then quantified with ImageJ.

Data analysis

All experiments were performed with at least three biological replicates. For each individual 

biological replicate, three technical repeats were performed in cell imaging experiments, 

and six technical repeats were performed in cell attachment assays. The results of each 

test are displayed as the mean ± s.d. For comparison of two independent groups, a two-

tailed unpaired Student’s t-test was performed. All the statistical calculations and graph 

making were performed with Origin-Pro 2021b or GraphPad Prism 8. Statistical significance 
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was determined by t-test as not significant, P < 0.05 (*), P < 0.01 (**) and P < 0.001 

(***). The schematics in Figs. 1, 2a and 5a and Extended Data Fig. 1a were created 

with BioRender.com. A BioRender academic license/proof for using these artworks for 

publication is in place.

Extended Data

Extended Data Fig. 1 ∣. MD simulation of the structure of the ARPLA system.
(a) A representation of the ARPLA system with different sites (site 1-6) chosen to analyze 

distances; (b) A representative structure from the simulation with oxDNA, including the 

glycan probe, the RNA binding probe, the connector 1, and the connector 2. The circle 

of the connector 1 and the connector 2 tends to form a triangle structure, with two sides 

formed by DNA helix and one side formed by the ssDNA region in the connector 1; (c) The 

distributions of the distance between interested sites. 3 sets of distances were calculated with 

oxDNA tool12, including the distances between the edges of the connector 1 ssDNA region 

(site 1 and site 2), between the ends of spacers of the Glycan probe and the RNA binding 

probe (site 3 and site 4), and between the predicted glycan binding site4 and the center of 

the RISH site (site 5 and site 6). The distance between site 1 and site 2 is in the range of 

1-14 nm, with an average around 7 nm. The results agree with the B-form DNA length of 

the connector 1 ssDNA region (43 nt, around 14.3 nm), with the consideration of ssDNA 

bending and folding. The distance between site 3 and site 4 is in the range of 5-15 nm, with 

an average around 10 nm. The distance between site 5 and site 6 is in the range of 5-20 nm, 

with an average around 15 nm.
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Extended Data Fig. 2 ∣. Verification of ARPLA method using HeLa as a model cell line.
(a) Thermogram for the ITC titration of 20 μM Neu5Ac aptamer titrated by 1 mM Neu5Ac 

in aptamer binding buffer; (b) Integrated heat of the ITC titration for Neu5Ac aptamer and 

Neu5Ac, the black line represents the binding curve fitted with the ‘one set of binding 

sites’ model; (c) Blotting of total RNA from HeLa cells after metabolic labeling with 

Ac4ManNAz, or HeLa cells without metabolic labeling; (d) ARPLA-mediated glycoRNA 

imaging on the surface of HeLa, HL-60, and THP-1 cells. Scale bar: 20 μm (HeLa), 10 

μm (HL-60, THP-1); (e) Transmission-through dye microscopic image of HeLa cell. The 

membrane permeable dye (CellTracker Orange CMRA) and the membrane impermeant 

quencher acid blue 9 (AB9) were applied to the same cells. AB9 cannot enter the cell with 

intact membrane and thus cannot quench the membrane permeable dye, so the cells with 

intact membrane show bright fluorescence signals from CellTracker Orange CMRA. Leaky 

or damaged membrane after permeabilization treatment allows for the quencher to enter 

the cell, resulting in reduced or diminished fluorescence of the cell. Scale bar: 40 μm. All 

experiments were repeated independently three times with similar results.
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Extended Data Fig. 3 ∣. Evaluation of the generality of ARPLA.
(a) CLSM images of glycoRNAs, utilizing ARPLA with Glycan probes with Neu5Ac 

aptamer, Tn antigen aptamer, and GalNAc aptamer; (b) Visualization of glycoRNAs with 

various RNA sequences, including U3, U8, U35a, and Y5; (c) CLSM images of U1 

glycoRNA in different cell lines, such as SH-SY5Y, PANC-1, and HEK293T. Scale bars 

(b,c): 40 μm; (d) Blotting of total RNA from SH-SY5Y cells after metabolic labeling with 

Ac4ManNAz, or SH-SY5Y cells without metabolic labeling; (e) Blotting of total RNA 

from PANC-1 cells after metabolic labeling with Ac4ManNAz, or PANC-1 cells without 

metabolic labeling; (f) Blotting of total RNA from HEK293T cells after metabolic labeling 

with Ac4ManNAz, or HEK293T cells without metabolic labeling.
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Extended Data Fig. 4 ∣. 3D visualization of the spatial distributions of U1 glycoRNA and CT-B in 
HL-60 cells.
Z-stack images were collected with the staining of U1 glycoRNA by ARPLA (green) and 

lipid raft by CT-B (red). The images were shown in z-slices format (a), orthographic 

projection (b), and maximum intensity projection (c). Scale bar: 2 μm. The z-stack 

colocalization was repeated independently three times with similar results.
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Extended Data Fig. 5 ∣. Visualization of glycoRNAs in malignant transformation using ARPLA, 
related with Fig. 4.
(a,b) CLSM images of MCF-10A, MCF-7, MDA-MB-231 cells in control groups using 

DNA with scrambled sequences. (c) Agarose gel electrophoresis image of total RNA from 

MCF-10A, MCF-7, MDA-MB-231 cells. These cells were treated with Ac4ManNAz for 48 

h before RNA extraction. All experiments were repeated independently 3 times with similar 

results.

Extended Data Fig. 6 ∣. Fluorescence imaging of bulk sialic acid on the cell surface of MCF-10A, 
MCF-7, and MDA-MB-231 cells.
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(a) Representative cell fluorescent images of bulk sialic acid. These cells were metabolically 

labeled by Ac4ManNAz for 24 h, followed by incubation with DBCO-PEG4-biotin and 

Cy5-streptavidin for fluorescence imaging. Scale bars for cell image: 50 μm. (b) Bar plot of 

the mean fluorescent intensities, the data were calculated from 3 biological replicates. The 

plot is shown in mean ± SD. Unpaired two-tailed Student’s t-test determines the statistical 

significance as (*) p = 0.0352, (ns) p = 0.0793, n = 3 independent replicates.

Extended Data Fig. 7 ∣. Visualization of glycoRNA level during THP-1 differentiation and 
activation by LPS, related with Fig. 5.
(a, b) CLSM images of THP-1 monocyte, resting M0 macrophage, and activated M0 

macrophage by LPS, which are treated with DNA probe with scrambled sequence to 

replace aptamer in ARPLA. (c) Blotting of total RNA from THP-1 cells after metabolic 

labeling with Ac4ManNAz or THP-1 cells without metabolic labeling. (d) Agarose gel 

electrophoresis image of total RNA from THP-1 monocyte, resting M0 macrophage, and 

activated M0 macrophage by LPS. These cells were treated with Ac4ManNAz for 48 

h before RNA extraction. All experiments were repeated independently three times with 

similar results.
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Extended Data Fig. 8 ∣. Investigation of glycoRNA levels during HL-60 differentiation.
(a) CLSM images of U1, U3, and U8 glycoRNA levels evaluated by ARPLA in HL-60 

and dHL-60 cells; (b) CLSM images of HL-60, dHL-60 cells in control groups using DNA 

with scrambled sequences; (c) Quantitative analysis for relative fluorescence intensity of 

ARPLA in (a) and (b). Data in (c) are representative of three independent experiments, 

n = 5 frames. Data are mean ±S.D. The statistical significance is determined by unpaired 

two-tailed Student’s t-test as (ns) not significant, (*) P < 0.05, (**) P < 0.01, and (***) P < 

0.001. P (U1 HL60 vs. dHL60) = 0.0159, P (U3 HL60 vs. dHL60) = 0.0079, P (U8 HL60 

vs. dHL60) = 0.0002.
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Extended Data Fig. 9 ∣. Fluorescence imaging of bulk sialic acid on the cell surface of THP-1 
monocyte, resting M0 macrophage (M0), LPS activated M0 macrophage (M0 + LPS).
(a) Representative images of total sialic acid. These cells were metabolically labeled 

by Ac4ManNAz for 24 h, followed by incubation with DBCO-PEG4-biotin and Cy5-

streptavidin for fluorescence imaging. Scale bars for cell image: 50 μm. (b) Quantification 

of the mean fluorescent intensity of the images, n = 3 biological replicates. Data are mean 

±S.D. Unpaired two-tailed Student’s t-test determines the statistical significance. (**) p = 

0.0013, (*) p = 0.0469.
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Extended Data Fig. 10 ∣. Cell attachment assay.
The average cell attachment levels in resting M0 macrophage, activated M0 macrophage 

by LPS, activated M0 macrophage after RNase treatment. Data are representative of three 

independent experiments, n = 6 technical repeats. Data are mean ±S.D. The statistical 

significance is determined by unpaired two-tailed Student’s t-test, (***) P < 0.0001, (**) P = 

0.0051. Cell attachment assay was performed three times independently with similar results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 ∣. Schematic illustration of glycoRNA in situ imaging using ARPLA.
a, Structure and functional domains of the glycan probe, the RNA-binding probe and the 

connectors. b, Details of ARPLA for glycoRNA recognition and signal amplification.
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Fig. 2 ∣. Evaluation of ARPLA for glycoRNA imaging in HeLa cells.
a, CLSM images of glycoRNAs using ARPLA and various control groups in the absence of 

components for ARPLA; w/o, without. b, Quantification of average fluorescence intensity 

(arbitrary units (AU)) per cell in a; ***P < 0.0001. c, Validation of the specificity 

for ARPLA. Live HeLa cells were pretreated with RNase, glycosylation inhibitors or 

glycosidases, respectively, and fixed and analyzed by ARPLA. d, Quantification of average 

fluorescence intensity (AU) per cell in c. Data in b and d are representative of three 

independent experiments; n = 5 frames. Data are shown as mean ± s.d. Statistical 

significance was determined by unpaired two-tailed Student’s t-test; NS, not significant 

(P = 0.6100); ***P < 0.001.
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Fig. 3 ∣. Spatial distributions of glycoRNAs revealed by ARPLA in HL-60 cells.
a, Representative fluorescence imaging of lipid rafts, indicated by Alexa Fluor 555-labeled 

CT-B (top) or BODIPY dye-labeled sphingolipids (bottom), and glycoRNAs, imaged by 

ARPLA with U1 probe. The overlay images and plot profiles display the colocalization 

between glycoRNAs and lipid rafts; Pearson’s coefficients: r = 0.572 ± 0.130 (CT-B) and 

r = 0.539 ± 0.163 (BODIPY); scale bar, 5 μm. The intensities of different fluorochromes 

along the yellow lane in the overlay images are shown in the histograms on the right. b, 

Representative immunofluorescence images of t-SNARE (top) and v-SNARE (bottom) with 

glycoRNAs, indicating the intracellular trafficking of glycoRNAs. The overlay images and 

plot profiles show colocalization between glycoRNAs and t-SNARE (Pearson’s coefficient; 

r = 0.70) or v-SNARE (Pearson’s coefficient: r = 0.58); scale bar, 5 μm. The intensities 

of different fluorochromes along the yellow line in the merged images are shown in the 

histograms on the right. All experiments were repeated three times independently with 

similar results.
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Fig. 4 ∣. Visualization of glycoRNAs in malignant transformation using ARPLA.
a, CLSM images of U1, U35a and Y5 glycoRNAs by ARPLA in MCF-10A, MCF-7 

and MDA-MB-231 cells. b, Heat map and quantitative analysis of relative fluorescence 

intensity in a and Extended Data Fig. 7a,b; n = 3 biological replicates. c, Total glycoRNA 

expression levels in MCF-10A, MCF-7 and MDA-MB-231 cells evaluated by RNA blotting. 

GlycoRNAs were metabolically labeled by Ac4ManNAz. The cell imaging experiments and 

RNA blotting assays were repeated three times independently with similar results.
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Fig. 5 ∣. Visualization of glycoRNA levels during THP-1 differentiation and activation by LPS.
a, Schematic of the differentiation and activation processes in THP-1 cells. b, CLSM images 

of U1, U35a and Y5 glycoRNA levels investigated by ARPLA in THP-1 monocytes, M0 

macrophages and M0 macrophages activated by LPS; scale bar, 40 μm. c, Quantification 

analysis of fluorescence intensity (AU) per cell in b and Extended Data Fig. 10a,b; n = 

5 frames; ***P < 0.001; top (U1 glycoRNA): PTHP-1 ARPLA, M0 ARPLA = 0.0060, PM0 

ARPLA, M0 + LPS ARPLA = 0.0079; middle (U35a glycoRNA): PTHP-1 ARPLA, M0 ARPLA = 

0.0321, PM0 ARPLA, M0 + LPS ARPLA = 0.0427; bottom (Y glycoRNA): PTHP-1 ARPLA, M0 

ARPLA = 0.0006, PM0 ARPLA, M0 + LPS ARPLA = 0.0055. d, RNA blot of the total glycoRNA 

levels in THP-1 monocytes, M0 macrophages and M0 macrophages activated by LPS. e,f, 
Cell attachment levels in THP-1 models (e) and HL-60 models (f) after RNase treatment 

(normalized to the untreated control group). Data are representative of three independent 

experiments with n = 6 technical replicates. In e, PTHP1 = 0.0336, PM0 = 0.0017 and PM0 + 

LPS = 0.0024. In f, PHL-60 < 0.0001 and PdHL-60 = 0.0043. Data are shown as mean ± s.d. 

and were analyzed by unpaired two-tailed Student’s t-test; *P < 0.05; **P < 0.01; ***P < 

0.001.
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