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Abstract: In traditional models of molecular and cellular biology, RNA has been limited to primarily
intracellular function in mammalian cells, and has only been subject to chemically simple post-
transcriptional modifications. Recent advances have identified an isoform of RNA that challenges
this model in two major ways: by expanding its domain to the mammalian cell surface, and
identifying it as a target for glycosylation. This isoform, termed glycoRNA, has elevated the nucleic
acid from an enzymatic biopolymer to a potential cell signaling molecule with implications for
human disease phenotypes. In this review, we summarize the key features of glycoRNA and explore
early studies as to its cellular role. We also collate information on glycoRNA-expressing cell lines
and high-confidence glycosylated transcripts, providing several resources to assist future studies.
Finally, we highlight the important challenges and next steps to characterize this novel
glycoconjugate.
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1. Introduction

RNA is a foundational biopolymer and a cornerstone to the central dogma of molecular biology
[1]. Having likely given rise to the earliest stages of evolution, RNA can be found in every species yet
described, alongside fellow biopolymers such as DNA, proteins, lipids, and carbohydrates [2]. While
RNA plays a diverse set of biochemical roles, it has traditionally been limited to its roles in
intracellular transcription and translation, while proteins, lipids, and small molecules have been the
main proprietors of extracellular function.

Recently, the molecular model of RNA was upended by the discovery that transcripts can be
post-transcriptionally modified with canonical glycan groups, a trait previously thought to be
exclusive to proteins and lipids. Equally new is the discovery that, like glycoproteins and glycolipids,
glycosylated RNA (glycoRNA) is naturally displayed on the mammalian cell surface, a seldom-
explored environment for RNA function [3]. Glycans presented by glycoconjugates on the plasma
membrane collectively form a sugary coating around cells called the glycocalyx, and provide inherent
changes to protein and lipid structure and function [4]. How glycoRNA contributes to the glycocalyx
and what functions the post-transcriptional modification provides have become an area of intense
study.

Here, we present a major milestone of this growing body of work: an early model of glycoRNA.
This model identifies the glycocojugates’s defining biochemical properties, methods of trafficking
and production, and how the substrate contributes to cellular function. We summarize the
foundational studies responsible for this model with emphasis on the technical basis of many
discoveries, and include the prevailing theories around unexplained observations. To make the
reader a part of the academic discussion surrounding glycoRNA, we also highlight current challenges
to its study, and point to important questions relevant to expanding this model.

As a final contribution, we provide several resources to ease study design, collating information
on cell lines with detectable glycoRNA expression and on glycosylated transcripts found across
multiple sequencing datasets. Through these resources and our discussion, we hope to provide a
framework around which to build future glycoRNA experiments and attract new scientists to this
novel branch of RNA research.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Small Non-Coding RNAs Can be Modified with Traditional Glycosylation

The most distinguishing feature of glycoRNA is its novel post-transcriptional modification
(PTM); the attachment of canonical glycan groups. Glycan groups are polymers composed of
covalently-linked monosaccharide units. Glycosylation, the process of attaching these groups to a
substrate, is well-documented, and can be found in every organism yet described [4]. Proteins and
lipids are the typical substrates for glycosylation, wherein the modified glyconjugates go on to play
roles in cell adhesion, immune recognition, and maintaining the biophysical structure of tissues [5-
7].

Many RNAs undergo comparatively simple post-transcriptional modifications crucial to the
normal function of some transcripts, such as methylation [8,9]. The closest PTM to glycosylation
previously observed is the incorporation of modified ribonucleosides containing mannose and
galactose monosaccharides to cytosolic tRNA transcripts [10]. The role of these modified bases is still
speculative, but it would be reasonable to assume that attachment of larger glycan groups, as seen in
glycoRNA, could profoundly change or interrupt the function of RNA transcripts.

glycoRNA was first described by Flynn et al, 2021. To identify whether RNA was a substrate for
glycosylation, live cells were incubated with peracetylated N-azidoacetylmannosamine (Ac4-
ManNAz), a metabolic precursor to the monosaccharide sialic acid. Ac4-ManNAz is metabolically
processed and incorporated into resulting sialoglycoconjugates, which can be isolated and tested
downstream by click chemistry-based labeling with biotin [11]. Isolation and labeling of total RNA
from incubated cells resulted in a detectable biotin-labeled compound. This detection could be
abrogated by exposure to RNase or vc-sialidase, but not proteinase K, indicating the signal was due
to the co-presence of RNA and sialic acid, and was not an artifact from protein contamination [3].

While glycoRNA isolated through this method was found to migrate with large RNA bands
during agarose gel electrophoresis, subsequent fractionation using length-dependent RNA
precipitation consistently isolated glycoRNA within the small RNA fraction (<200 nucleotides).
glycoRNA was also unable to be isolated through poly-A enrichment, suggesting only small non-
coding sequences undergo glycosylation [3]. Sequencing has found that a variety of small RNA
classes comprise glycoRNA, including small nuclear RNA (snRNA), small nucleolar RNA
(snoRNA),Y RNA, U RNA rRNA, and tRNA [3,12].

In addition to a limited subset of sequences, glycoRNA also comprises a limited subset of glycans
compared to traditional substrates. For one, glycoRNA is subject solely to modification with N-
glycans [3]. N-glycans are glycan groups with a core composed of two N-acetylglucosamine
(GlcNAc) molecules, traditionally attached to glycoproteins via the nitrogen in asparagine residues.
O-glycans, in comparison, have one of four different core structures, all beginning with N-
acetylgalactosamine (GalNAc), and attach to proteins via the oxygen in serine and threonine residues
[4]. Inhibition of O-glycan synthesis machinery has little impact on glycoRNA expression, and
preliminary work has not yet co-isolated O-glycans with RNA [3].

RNA-linked glycans also differ from traditional glycans in their structural diversity. Mass
spectrometry of glycans released from RNA via PNGase-F digestion has been used to characterize
this differential expression. In Flynn et al, 2021, glycans released from the small RNA fractions of
HeLa, H9, and 293 cells are quantified in this manner. Compared to glycans released from peptide
pools of the three cell lines, glycoRNA-derived glycans represented fewer unique isoforms. In HeLa
and HO cells, these isoforms were more likely to contain fucose than peptide-derived glycans, and in
293 cells, were more likely to contain sialic acid [3]. The independence of this method from Ac4-
ManNAz metabolic labeling allowed the study of asialylated glycans, making the former observation
possible.

This technique was recently expanded upon to study glycoRNA from a cohort of human tissues,
creating a putative atlas of glycoRNA glycans. Biobank samples of heart, lung, liver, spleen, stomach,
kidney, intestine, colon, testis, fat, muscle, and brain tissue were analyzed using a similar mass
spectrometry pipeline, identifying a total of 677 unique RNA-linked N-glycan structures. This atlas
corroborates the earlier mass spectrometry findings relating to fucose abundance, with the majority
of tissues characterized having 50% or more glycan structures containing fucose. Interestingly, glycan
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diversity was found to be highly tissue specific, with the number of unique glycan structures per
tissue varying from 17 (heart) to 118 (spleen). Additionally, of the 677 unique glycan structures, 431
could only be found in a single organ (63.8%) [13]. These data suggest that RNA glycosylation is
selectively regulated across different tissues.

The dominant method of glycan attachment to protein and lipid substrates is a covalent bond
[4]. This is also hypothesized to be the method of attachment employed by glycoRNA. The first direct
evidence of this covalent linkage was observed recently by Xie et al, 2024. In this study, glycoRNA
was labeled, captured, and subject to RNA digestion to remove nucleosides not covalently linked to
glycans. The remaining nucleosides were released by either PNGase-F or Endo F2 and Endo F3
digestion, the latter of which digests N-glycans between the first and second GlcNAc unit of their
core [14]. Mass spectrometry of PNGase-F-eluted bases found three modified nucleosides present
consistently across all cell types tested: yW-72, yW-82, and acp3U. Material released with Endo F2
and Endo F3 also contained a mass signature that matched with a synthetic standard of acp3U-
GIcNAc, confirming the modified nucleoside can naturally be covalently linked to GlcNAc [15].
acp3U can be found in tRNA, and is synthesized in both mammalian and bacterial cells [16]. The
observation of acp3U as a covalent attachment site for N-glycans provides the most direct evidence
for glycoRNA as a novel biopolymer, and opens up the possibility of glycoRNA existing outside
mammalian systems.

3. GlycoRNA Is Presented on the Mammalian Cell Surface

In addition to glycobiology, glycoRNA has also contributed to the emerging field of cell surface
RNA. Cell surface RNA, referred to by multiple nomenclatures such as membrane associated RNA,
membrane associated extracellular RNA (maxRNA), and plasma membrane associated RNA (PMAR)
has long been known to play a role in microbiology, but is only beginning to be studied in mammalian
cells [17-20]. Suggestions of its existence date back as far as the 1960’s, with the observation of RNA
“footprints” left on cell culture substrates after the detachment of adherent cells [21]. Nucleic acids
were later observed on the cell surface of cultured cells, but the effect was negated by washing,
suggesting weak association as a product of in vitro tissue culture [22,23]. Robustly attached cell
surface RNA was characterized on mammalian cells by Huang et al, 2020, with research ongoing to
elucidate the mechanisms and functions of these transcripts [17].

The hypothesis that glycoRNA could be displayed on the cell surface was inspired by the similar
display of glycoproteins and glycolipids, as well as evidence that glycoRNA was strongly enriched
in the membranous organelle portion of fractionated cells. Confirmation of this display was first
achieved by the use of a N-glycan-localized peroxidase, which was able to label RNA in the vicinity
of cell surface N-glycans without permeabilization of the plasma membrane. Anti-dsRNA antibodies
are also capable of recognizing glycoRNA, facilitating the use of flow cytometry on live cells to
broadly assess glycoRNA expression. Of note is that antibody staining can be significantly abrogated
by inhibiting glycosylation machinery such as oligosaccharyltransferase (OST), confirming that
binding is due in large part to glycoRNA rather than overall cell surface RNA [3].

To further characterize the localization of glycoRNA on the cell surface, Ma et al, 2023 developed
the sialic acid aptamer and RNA in situ hybridization-mediated proximity ligation assay (ARPLA).
This method bridges the gap between antibody and peroxidase labeling by enabling the specific and
sensitive detection of RNA only when in close proximity to sialic acid. The assay uses four DNA-
based components to achieve this; a DNA aptamer that binds Neu5Ac sialic acid, a RNA in situ
hybridization (RISH) probe against putative glycoRNA sequences, and two ssDNA connectors that
bind trailing tails on the previous components. A sialoglycoRNA molecule will bind the sialic acid
aptamer and RISH probe, bringing them in close proximity and enabling the connectors to hybridize,
linking the two binding components. T4 DNA ligase is then used to circularize the connectors, the
resulting region of which undergoes rolling circle amplification and is bound by a fluorochrome-
conjugated probe. ARPLA is compatible with traditional methods in fluorescent microscopy,
allowing the subcellular imaging of glycoRNA [24].
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Leveraging this compatibility, ARPLA was used in conjunction with antibody labeling to gain
new insights into the cell surface localization of glycoRNA. Co-staining for common targets on lipid
rafts showed that glycoRNA co-localizes with these regions of the cell surface [24]. Lipid rafts are
heterogeneous regions of the plasma membrane created by preferential interactions between
cholesterol and saturated lipids. Biochemically, the regions are characterized by an ordered and
tightly packed structure, along with increased local concentrations of GPIl-anchored proteins,
glycoproteins, glycolipids, sphingolipids, and cholesterol [25]. Cell surface RNAs have previously
been reported to co-localize with lipid rafts, but glycosylation of the transcripts was not assayed [19].
Further research is needed to determine the importance of this localization, as the exact biophysical
characteristics and function of lipid rafts remains a contentious topic.

4. GlycoRNA Originates from Endogenous Glycosylation and Trafficking Mechanisms

With the key properties of glycoRNA established, the next step is to understand how glycoRNA
is synthesized and presented. A logical beginning to this process is to ask whether glycoRNA present
on a cell is autonomously trafficked to the plasma membrane, or passively captured from the
environment as the product of other cells. The capture and use of environmental RN As has been well-
documented, with extracellular RNA and vesicular RNA being cases of such use [26]. RNA is also
released from cells upon apoptosis, with released ribonucleoproteins (RNPs) acting as auto-antigens
in several pathologies [27,28].

To answer this, Zhang et al, 2024 performed a co-culture experiment with bone marrow-derived
neutrophils. Neutrophils were split into two dyed groups, with one group undergoing Ac4-ManNAz
metabolic labeling. Following labeling, the groups were combined and co-cultured for 72 hours, then
sorted back into separate populations. RNA extracted from the separate populations showed Ac4-
ManNAz content only in cells originally treated with the metabolic label, indicating glycoRNA had
not spread between cells during co-culture [12]. This supports a model in which glycoRNA is
autonomously produced, rather than being captured from the environment.

The cellular machinery involved in autonomous production of glycoproteins is also involved in
glycoRNA production. Oligosaccharyltransferase (OST), which plays a significant role in protein N-
glycosylation, is a key component of this machinery. Located on the endoplasmic reticulum (ER)
membrane, OST catalyzes the transfer of pre-made N-glycans onto polypeptides as they are
translated into the ER lumen [29]. In vitro treatment of cells with NGI-1, an inhibitor of OST, has been
shown to reduce the presence of glycoRNA in a dose-dependent manner, indicating that OST is also
necessary for the transfer of N-glycans onto RNAs [3,24]. Importantly, this action may not be direct,
as with protein glycosylation. It has been hypothesized that glycoproteins synthesized by OST could
transfer their glycan groups onto RNA transcripts outside the ER, providing an indirect role for the
enzyme. Future experiments may assess this hypothesis by determining if RNA proximity to OST is
achieved, and whether this proximity is required for glycoRNA synthesis.

RNA would have to be localized to the ER lumen to be subject to the catalytic activity of OST in
a direct model. Using enzyme-mediated proximity labeling, Ren et al, 2023 provide evidence for this
localization. HEK293T cells were engineered to express an ER lumen-restricted peroxidase capable
of covalently biotinylating nearby substrates, including RNA. Engineered cells were treated with
biotin phenol and hydrogen peroxide to activate the peroxidase. Labeled RNA was extracted,
enriched for biotinylation, and sequenced. Analysis of enriched sequences found that ER-localized
RNA has several of the same features as glycoRNA, specifically length and function. ER-localized
RNA were significantly shorter on average than total RNA, and over half of enriched transcripts
belonged to non-coding RN As. Subsequent enrichment and sequencing using only small RNA input
identified 76 significantly enriched transcripts, belonging primarily to U RNA, Y RNA, and snoRNA
[30]. These are among the same groups identified in the initial characterization of glycoRNA.
suggesting the presence of nascent glycoRNA in the ER lumen.

The discovery of RNA in the ER lumen is striking, as there are no currently recognized
mechanisms for RNA transport into the ER. A leading candidate for this localization is SIDT, a family
of transmembrane proteins. SIDT is the mammalian ortholog of the SID family in C. elegans, whose
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members passively transport single-stranded RNA, double-stranded RNA, and cholesterol across
membranes [31]. This activity allows C. elegans to ingest RNA from their environment and
systemically incorporate it into cells [32]. While mammals lack SID’s full abilities, SIDT proteins have
been observed to import RNA from endolysosomes to the cytosol during viral infection, conserving
the same basic activity as RNA transporters [33]. SIDT is also necessary for glycoRNA production;
knockdown of SIDT1 and SIDT2 in tandem has been shown to completely ablate glycoRNA content
in immortalized murine bone marrow progenitor cells, on a level comparable to treatment with
RNase [12]. Given the proteins’ known functions, it is hypothesized that SIDT could be importing
cytosolic RNA into the ER lumen prior to glycosylation and trafficking, with its knockdown making
this cellular compartment inaccessible. Future experiments may probe this hypothesis by better
characterizing the subcellular localization of SIDT, asking whether SIDT is active in the ER membrane
or if its role in glycoRNA production is carried out elsewhere.

If glycoRNA are modified by the same enzymes as glycoproteins and localize to the same spaces
during synthesis, it would be reasonable to ask whether they are also trafficked to the plasma
membrane through the same mechanisms. Proteins destined for the plasma membrane are normally
translated into the ER lumen before being shuttled to the golgi apparatus, where they are packaged
into vesicles and delivered to the cell surface [2,34]. Using their ARPLA method, Ma et al, 2023
present evidence that glycoRNA can be found alongside a crucial protein to this latter step, the
SNARE complex [24]. SNARE is composed of two proteins, t-SNARE and v-SNARE. t-SNARE is a
multimeric complex found on the surface of a target membrane, while v-SNARE is a monomeric
protein attached to the outer surface of vesicles. The two components, when bonded, will bring a
vesicle in close contact with the target membrane, catalyzing the fusion of the vesicle with the
membrane and the release of its contents [35]. Vesicles from the golgi apparatus leverage this complex
to deliver proteins to specific cellular compartments, including the transport of transmembrane and
secretory proteins to the cell surface [34]. The finding that glycoRNA can be co-localized with the
SNARE complex supports the hypothesis that glycoRNA is subject to the same vesicular trafficking
mechanisms as glycoproteins.

5. GlycoRNA Selectively Interacts with Proteins to Facilitate Cell Functions

The discovery of glycoRNA immediately posed questions as to its biological function. Being on
the cell surface, interest was naturally drawn to how glycoRNA may interact with proteins, small
molecules, and other components of the extracellular environment. Flynn et al, 2021 broke ground
on this question by assessing the binding potential of siglec receptors to glycoRNA on HeLa cells.
Sialic acid binding-immunoglobulin lectin-type receptors, or siglecs, recognize sialic acid ligands on
a broad but poorly characterized set of glycoconjugates, previously assumed to be proteins and lipids
[6]. Recognition of these putative ligands on pathogens mediates an immune response from the cell
type expressing the receptor, typically circulating or tissue resident leukocytes [36]. Siglecs were an
ideal candidate for initial screening, as their complete set of ligands remains unknown. From a flow
cytometry array of 12 commercially available siglec-Fc reagents, siglec-11 and siglec-14 were found
to have RNase-sensitive binding to HeLa cells, providing evidence that RNA-bound glycans can also
be targeted by these receptors, possibly facilitating cell-cell communication [3].

The interactions between glycoRNA and another class of glycan-binding receptors, selectins,
have been studied in greater depth. Selectins are cell adhesion proteins expressed on endothelial cells
upon proinflammatory signaling, where they participate in recruitment of leukocytes from the
bloodstream [37]. Similar to siglecs, the glycan target base for selectins remains poorly understood.
glycoRNA-selectin interaction was established in Zhang et al, 2024 while studying the role of cell
surface RNA in neutrophil recruitment. P-selectin (Selp), a selectin family member, was found to
have RNase-sensitive binding to murine bone marrow neutrophils using a Selp-Fc reagent for flow
cytometry. Selp-Fc was then used to blot total RNA on a gel, resulting in an identically labeled band
to that of Ac4-ManNAz-labeled glycoRNA. To establish glycoRNA as a ligand for Selp, murine
endothelial cells were treated with biotin-labeled glycoRNA and analyzed by flow cytometry with
fluorescently conjugated streptavidin. glycoRNA treatment was able to clearly label cells above
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background, but labeling could be significantly reduced by pre-blocking cells with an anti-Selp
antibody, supporting P-selectin as a binding site for glycoRNA on endothelial cells.

The impact of glycoRNA-Selp binding is further evident at the systems level. Murine in vivo
experiments initially showed that removal of cell surface RNA from primary mouse neutrophils
caused a 9- to 10-fold reduction in their ability to extravasate at sites of inflammation. Intravital
imaging of labeled neutrophils shows that cell surface RNA removal specifically impaired
neutrophils” ability to transition from free-flowing in the bloodstream to rolling on the endothelium
[12]. This phase of extravasation is known to be mediated by P-selectin [38]. The results were
recapitulated using a SIDT knockdown cell line in HOXB8-immortalized differentiated neutrophils,
indicating the effect was specific to glycoRNA loss [12]. Together, these findings suggest that P-
selectin on endothelial cells recognizes glycoRNA on neutrophils, among other glycoconjugates,
contributing to adhesion and extravasation at inflammatory sites. This expands on previous work
implicating cell surface RNA as a factor in adhesion of other types of innate immune cells, including
monocytes, resting macrophages, and activated macrophages [17].

In addition to interacting with proteins outside the host cell, glycoRNA functions alongside
other membrane-bound proteins. The possibility of native glycoRNA-protein binding on the cell
surface arose while attempting to label cell surface RNA using 5-bromouridine (BrU). Anti-BrU
antibody was initially unable to detect labeled transcripts on the cell surface, but treatment with
extracellular proteinase-K prior to detection was able to rescue binding [12]. This indicated that cell
surface RNA, including glycoRNA, may be surrounded by clusters of proteins that sterically hinder
antibody binding. This theory would also help to explain the persistence of RNA on the cell surface,
as proteins surrounding the transcripts could provide protection from degradation by extracellular
RNases at physiological concentrations [39].

A recent study (Perr et al, 2023) explored these cell surface glycoRNA-protein interactions in
greater detail. By performing a meta-analysis of cell surface proteomics data, a putative list of 179 cell
surface RNA binding proteins (csRBPs) was generated. A validated subset of csRBPs, particularly
DDX21, hnRNP-U, and DNA-PKcs, were found to form nanoscale clusters on the cell surface, with
other csRBPs making up a significant fraction of neighboring proteins. Cell surface RNA could be
found in proximity to 8-23% of these clusters, as detected by anti-dsRNA antibody. csRBP clustering
could also be interrupted by extracellular RNase treatment, reducing the number of observed clusters
by up to 60%. The detected RNA was later quantified to be primarily glycoRNA, as determined by
its ability to change apparent molecular weight on a gel after sialidase digestion. Overall, these results
indicate that glycoRNA in part coordinates clustering of csRBPs on the cell surface [40].

While the function of these glycoRNA-csRBP clusters is yet to be fully explored, initial work
shows they may play a role in cell penetrating peptide entry. Cell penetrating peptides (CPPs) are
short peptides capable of internalizing through the plasma membrane, naturally leveraged for viral
entry and transcription [41]. An established mechanism for this entry is the binding of cationic CPPs
to negatively charged components of the cell surface, such as sialic acid or heparan sulfate [42]. RNA
is fundamentally negatively charged, leading to the possibility that it too may be a target for CPP
binding on the cell surface [43]. This possibility was assessed using the TAT peptide, a CPP derived
from HIV [44]. TAT peptide was found to co-localize both with cell surface RNA and csRBPs prior to
cell entry. Digestion of cell surface RNA could also reduce TAT binding by 30%, and entry by 47.5%.
The negative charge of glycoRNA was not the sole factor impacting TAT entry. A R5K variant of TAT
was created with a mutation at a critical residue to RNA binding, yet carrying the same net charge as
wild-type TAT. Mutant TAT was able to bind the cell surface at similar levels as wild-type TAT, but
suffered a 40% reduction in cell entry. These observations fit a model in which glycoRNA clustered
with c¢sRBPs act as ligands for the TAT peptide, whose initial binding is governed by electrostatic
interactions between the substrates, but with internalization requiring a degree of epitope specificity
from the peptide itself [40].
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6. Qualities of GlycoRNA Expression

RNA expression and the mechanisms that regulate it are crucial to achieve different cellular
states. Simple changes to the number of accessible transcripts for a given RNA can give rise to
complex phenotypes, the analysis of which has been revolutionized by transcriptomics [45]. Just as
intracellular RNAs have state-dependent expression profiles, there is mounting evidence that
glycoRNA expression is similarly regulated.

glycoRNA has been detected in 18 cell lines, as well as in a variety of primary human and murine
tissues, suggesting it may be a constitutive and widely expressed component of the cell surface (Table
1) [3,12,15,24,40,46]. Transcriptomic analysis reveals insights into the mechanisms behind this shared
expression, and why certain RNAs are chosen for glycosylation. Sequencing of glycoRNA from HeLa
and H9 cell lines shows that transcripts fall into distinct patterns of enrichment or depletion
compared to total RNA samples, suggesting a method of selection for glycosylation. In general,
transcripts enriched in one cell line were enriched in the other at a similar rate, with few transcripts
exhibiting different expression profiles [3]. These findings were recapitulated in sequencing data
gathered from multiple mouse neutrophil cell lines [12].

Table 1. Cell lines with confirmed glycoRNA expression.

Cell Line Species Tissue Pathology Culture Type
Hela Human Cervical Cervical c'ancer Adherent
(adenocarcinoma)
Embryonic T .
H9 Human Lymphoma Suspension
lymphocytes
hroni 1
K562 Human Bone marrow Chronic mye ?genous Suspension
leukemia
GM12878 Human PBMC - Suspension
Acutel hoblasti
T-ALL 4188 Mouse T lymphocytes cute ymphoblastic Suspension
leukemia
hi
CHO Chinese Ovarian - Adherent
hamster
293T Human Embryonic kidney - Adherent
Pri
rlmaFy fouse Mouse Liver - -
liver
Pri
Fimary mouse Mouse Spleen - -
spleen
PANC-1 Human Pancreas Epithelioid carcinoma Adherent
Sh-SY5Y Human Bone marrow Metastatic Adherent. and
neuroblastoma suspension
Breast -
MCF-10A Human Breast reas c%mcer (non Adherent
malignant)
Breast cancer
Adherent
MCEF-7 Human Breast (malignant, dheren .and
. suspension
adenocarcinoma)
Breast cancer
MDA-MB-231 Human Breast (metastatic, Adherent
adenocarcinoma)
Acut locyti
HL-60 Human PBMC cute promyc'a oeyte Suspension
leukemia
Acut ti
THP-1 Human PBMC, monocyte cute monocyne Suspension
leukemia
HOXBS- Differentiated into .
. . Mouse Bone marrow . Suspension
immortalized neutrophils
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primary bone
marrow
progenitors,
differentiated
into neutrophils
HOXBS-
immortalized
primary bone Mouse Bone marrow - Suspension
marrow
progenitors
Primary bone

marrow

. Mouse Bone marrow - Suspension
derived mouse
neutrophils
A549 Human Lung Pulmonary carcinoma Adherent
OCI-AML3 Human PBMC Acute myeloid Suspension
leukemia
H :
HUH7 Human Liver epatocyte derived Adherent
carcinoma
hroni 1
HAP1 Human Bone marrow Chronic mye ogenous Adherent
leukemia
Pri D19+
rimary C Human PBMC - Suspension
B cells
i +
Primary CD3 Human PBMC - Suspension
T cells
Pri D14
rimary CD14+ Human PBMC - Suspension
monocytes
Pri D16+
rimary C . 6 Human PBMC - Suspension
neutrophils

Together, these transcriptomic analyses point towards a model in which RNA sequences are
selected for glycosylation by a mechanism that is conserved across different species and tissues. The
exact nature of this mechanism is still unknown, but is speculated to work based on abundance, hence
the enrichment of common, abundant classes of non-coding RNA such as rRNA and tRNA. This is
supported by data showing that a few common transcripts can make up significant fractions of the
glycoRNA transcriptome. In primary mouse neutrophils, two fragments of the 455 rRNA compose
over 25% of glycoRNA transcripts, and in HEK293T cells, knockout of the Y5 RNA can abrogate up
to 30% of glycoRNA content [3,24].

Sequencing datasets are limited at the moment, prohibiting further insights into differential
expression at the transcript level. The majority of measurements have been recorded using bulk
means to assess the large-scale abundance of glycoRNA. However, important observations about
glycoRNA abundance across cell types have been noted through these methods.

Changes in bulk glycoRNA expression have been associated with differentiation in innate
immune cells. In Ma et al, 2023, glycoRNA levels on THP-1 and HL-60 leukemic cell lines were
monitored during differentiation into resting macrophages and neutrophil-like cells, respectively.
Expression was assessed using ARPLA targeting the U1, U35a, and Y5 transcripts, as well as in bulk
through Ac4-ManNAz labeling. A trend was seen across all methods that glycoRNA expression was
reduced after differentiation compared to the progenitor states, effecting both resting macrophages
and neutrophil-like cells. Expanding on this experiment to study the effects of pathogen exposure,
resting macrophages were activated with E. coli derived lipopolysaccharides. Activated
macrophages had greater glycoRNA expression than both resting macrophages and the THP-1
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progenitor cell line [24]. These results show that glycoRNA expression is regulated in response to
differentiation and activation of innate immune cells.

The increase in macrophage glycoRNA expression after activation is notable, particularly when
considering the molecules’” importance in neutrophil recruitment. Upregulation of glycoRNA may
assist innate immune cells in extravasating at sites of inflammation, restricting this behavior to only
cells in an activated state. Selp, the protein involved in neutrophil recruitment via glycoRNA, is also
known to help recruit macrophages, further suggesting the same mechanism of action could be at
play in this cell type [47]. The reliance of Ac4-ManNAz metabolic labeling and ARPLA on sialic acid
incorporation into glycans also restricts these findings to sialoglycoRNA. This presents the possibility
that overall quantities of glycoRNA are not changing on the cell surface, but that the glycoconjugates
are reducing their sialic acid content, thereby differentially expressing the glycan rather than the RNA
component.

glycoRNA expression is sensitive not only to healthy changes in cellular state, but also to
changes brought on by disease. Dysregulated glycosylation is a hallmark of many pathologies, from
metabolic to neurological conditions. Cancer in particular is known to leverage glycosylation, with
one of the most frequent changes being hypersialylation, or the overexpression of sialic acid [48]. The
relationship between glycoRNA expression and hypersialylation was recently studied in the context
of breast cancer. Cell lines representing benign, malignant, and metastatic progressions were assessed
for both broad sialic acid and sialoglycoRNA expression. Surprisingly, while cells exhibited the
expected hypersialylation associated with greater progression, sialoglycoRNA content was found to
decrease with more advanced states [24]. Hypersialylation is thought to benefit cancer progression
by recruiting anti-inflammatory immune cells and assisting the release of circulating metastatic cells
[49]. Future functional studies may help clarify whether glycoRNA is deliberately downregulated to
similarly promote tumor progression, or if its loss is a byproduct of other cellular changes.

To assist future studies of glycoRNA, we have collated a list of high confidence glycosylated
transcripts identified from existing sequencing analyses (Figure 1). These high confidence sequences
have been identified through Ac4-ManNAz labeling and enrichment in both HeLa and H9 cell lines,
and exhibit a fold change >2 over total RNA samples from each cell line [3]. Adding further utility,
sequences were pruned to include only those transcripts found in a separate experiment, identifying
RNAs enriched in the ER lumen of HEK293T cells to the same fold change threshold [30]. These
criteria were chosen to highlight glycoRNA sequences confirmed to be found at multiple steps of
trafficking and presentation, making them ideal for a wide array of possible experiments.

A. B.
RNA
SNORD13

U1

U4

U6

u12

Y1

Y3

Y4

7SK

rRNA 5.8s

H9 Ac4-ManNAz
Enriched (111)

HEK293T ER Lumen
Enriched (1424)

eLa Ac4-ManNAz
Enriched (117)

Figure 1. Transcripts enriched in sialoglycoRNA and ER lumen sequencing data. (A) Venn diagram
detailing the number of transcripts enriched through sequencing of ER lumen localized RNA and
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Ac4-ManNAz enriched RNA. Statistics refer to number of transcripts in each data set with
log2FoldChange > 1 compared to control RNA libraries, and adjusted p-value < 0.05, as reported in
original supplemental data. Venn diagram groups not to scale; (B) List of all 10 significantly enriched
transcripts found in all three sequencing datasets.

7. Key Challenges

Since its discovery in 2021, glycoRNA has progressed from an oddity of glycobiology to a field
of its own. Much about the biochemical properties and production of glycoRNA have already been
elucidated, with new discoveries into its function and pathological significance emerging every day.
This rapid pace of research, while encouraging, is still hindered by a number of key challenges to its
progression. To expand as a field, glycoRNA research must overcome these challenges, which can
largely be binned into those stemming from gaps in technology, and from gaps in theory.

At the forefront of technological challenges is the lack of ability to broadly detect glycoRNA
regardless of glycan composition or transcript sequence. The majority of recent studies have
employed click chemistry-based Ac4-ManNAz metabolic labeling for bulk glycoRNA detection.
Studies often extrapolate the conclusions taken from this method as effecting global glycoRNA
populations, when in fact only sialoglycoRNAs have been assayed. Mass spectrometry of glycans
released from RNA isolates reveals that a large portion of glycoRNAs do not contain sialic acid,
leaving many transcripts unstudied by this method [3,13].

Metabolic labeling also affects all sialylated polymers, making it unsuitable for microscopy due
to cross-labeling on sialoglycoproteins. The development of ARPLA has addressed some of the
weaknesses of metabolic labeling by requiring the dual presence of the glycan and RNA moieties in
close proximity. However, ARPLA faces its own challenge by limiting glycoRNA detection to pre-
determined transcripts with antisense sequences to a RISH probe. Depending on the purity of one’s
RNA isolation method, metabolic labeling’s nonspecificity also increases the possibility of protein
contamination. A recent method developed for isolation of sialoglycoRNAs found RNA isolates to
be partially susceptible to mucinase digestion [46]. Mucin proteins are heavily glycosylated, making
them a troublesome contaminant while isolating non-protein glycoconjugates [50]. Mucin
contamination would particularly influence results based on the glycan moiety of glycoRNA, such as
blotting for metabolic labels or mass spectrometry. This underscores the importance of proper quality
control measures during glycoRNA experimentation.

The technological challenges facing glycoRNA are not wholly unique to this field, but are
inherited from difficulties faced across glycobiology. Carbohydrates currently stand as the last
biopolymer without specific methods of detection. Immunolabeling, one of the most widely used
techniques for detection of proteins and small molecules, falls short against glycans. The binding
domain of an antibody is only large enough to accommodate roughly 2 to 6 linear residues of a glycan,
making specificity against individual glycan structures difficult to achieve [51]. The enzymatic
synthesis of glycans also presents challenges to validating antibody specificity, as individual glycans
cannot be knocked out or overexpressed in vitro as proteins can. Illustrating this challenge, a recently
compiled database of 1120 glycan-binding antibodies was found to recognize only 247 unique glycans
out of roughly 7000 possible sequences in the mammalian glycome [52]. Aptamers present a
promising avenue to overcome this obstacle, as the DNA-based binding reagents can be rapidly
generated and screened in large combinatorial libraries [53].

The field also shares difficulties faced by small RNA researchers, particularly in sequencing.
During library preparation, small RNA such as glycoRNA are more prone to over- or under-
representation that long RNA, due to bias in adapter ligation [54]. Additionally, small RNA are often
repetitive or mobile within the genome, making standard alignment indices and assembly scaffolds
unsuitable for mapping reads [55]. Resources such as library preparation methods with reduced bias
and specialized small RNA analysis pipelines are already being developed to address these
challenges [56,57]. By adopting these methods and establishing standards for glycoRNA sequencing
analysis, future sequencing efforts may more accurately capture the glycosylated transcriptome, and
enable greater comparability between studies.
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Despite technical challenges, modern techniques in molecular and cellular biology have enabled
the development of a working model for glycoRNA production, presentation, and function. As
discussed here, small RNA transcripts containing modified ribonucleosides are glycosylated in the
endoplasmic reticulum, followed by transport and display on the cell surface. The next phase of
glycoRNA research must expand and validate this model.

One of the most pressing questions that must be answered to complete the glycoRNA model is
how does glycoRNA attach to the cell surface? Broadly speaking, there are two possible methods for
this attachment: glycoRNA is either bound by proxy of another component of the cell surface or
directly integrated into the plasma membrane. Precedence exists for both methods. Cell surface
attachment by proxy is commonly employed by proteins to localize to the cell surface, such as beta-
2-microglobulin (B2M). A component of the MHC Class I complex, B2M lacks a transmembrane
domain, but achieves cell surface localization by non-covalently binding the MHC I alpha chain [58].
glycoRNA is already known to cluster with autonomously produced csRBPs on the cell surface,
providing support for a proxy model of attachment, although few csRBPs contain a transmembrane
domain or GPI anchor [40]. Additional mechanics would have to be involved for glycoRNA to attach
via csRBPs.

Small RNA sequences have also been synthetically generated with phospholipid binding
activity, as would be necessary for direct integration of glycoRNA into the plasma membrane.
Analysis of these synthetic transcripts reveals no single conserved epitope responsible for lipid
binding, but multiple transcripts contain poly-G stretches with increased local hydrophobicity, a
necessary trait to integrate with the hydrophobic interior of the plasma membrane. The predicted
structure of some transcripts also share structural features of common non-coding transcripts found
in glycoRNA, such as hairpin regions, rigid double-helix stems, and single-stranded loops [59].

Equally important to completing the glycoRNA model is the question of how the polymer relates
to cell surface RNA as a whole. Like glycoRNA, cell surface RNA is growing into a nascent field, and
preliminary research has unveiled several distinct or shared traits between the two molecules.
glycoRNA and cell surface RNA differ when examining transcriptomic data. While glycoRNA is
composed of small, non-coding RNAs, cell surface RNA sequencing data shows a preference for
fragments of long coding and non-coding transcripts [17-19]. Cell surface RNA expression is also
more restricted than glycoRNA. Sequencing of cell surface RNA from PBMCs revealed strong
expression on antigen-presenting cells, with much weaker expression on adaptive immune cells [17].
Comparatively, glycoRNA has been found on almost every cell type yet tested.

The primary shared features between the two molecules include their localization to the cell
surface and their observed function in immune cell adhesion. These traits have led some researchers
to ask whether glycoRNA and cell surface RNA are separate observations of the same phenomenon.
Studies focusing on cell surface RNA often fail to assess whether observed transcripts are
glycosylated, leaving open the possibility that glycoRNA are in fact being studied. Similarly, many
studies on glycoRNA employ extracellular RNase to remove the biopolymer from the cell surface,
which affects all cell surface RNA regardless of glycosylation. Evidence that glycosylation machinery
is necessary to detect RNA on the cell surface also contradicts the assertion that unmodified RNA
exist in this environment [3]. Experiments to more selectively probe the cell surface transcriptome
will be needed to deconvolute past findings, explicitly asking whether cell surface RNA is an
observation of glycoRNA. Making this distinction will be a crucial step toward a complete theory of
glycoRNA.

8. Conclusions

The culmination of the research highlighted here is an early model of glycoRNA. In this model,
small non-coding RNAs incorporate modified ribonucleosides over the course of normal synthesis
[15]. These transcripts are transported by an as-of-yet unidentified mechanism into the endoplasmic
reticulum lumen, where oligosaccharyltransferase and other canonical glycosylation machinery
contributes to the covalent attachment of glycan structures at modified bases [3,30]. Once modified,
glycosylated transcripts are packaged and transported to the cell surface using vesicular trafficking
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[24]. glycoRNA localizes to lipid rafts once on the cell surface, and is protected from extracellular
RNase degradation by cell surface RNA binding proteins [12,24,40]. These transcripts go on to
interact with the extracellular environment, binding with siglec and selectin receptors through its
glycan moiety to facilitate recruitment of immune cells, and acting as an entry point for cell-
penetrating peptides [3] [12,40]. Finally, cells regulate these activities by differentially expressing
glycoRNA, as observed during immune differentiation and cancer progression [3,12,24].

This model represents the limits of our current knowledge on glycoRNA, and with its
development, it is an exciting time to consider the future of the field. Work within the field has so far
been dominated by basic discovery research, driven by the question of what is glycoRNA and how
does it function. With a model to base future studies around, research can expand to understand how
the novel glycoconjugate impacts existing biological systems, and if it can be leveraged
therapeutically.

We have highlighted several specific questions, hypotheses, and technical developments that
are of immediate importance to expanding the model of glycoRNA, but several fields are also ripe
for cross-disciplinary research. Cancer is one such area. Transcriptomic profiling has become a
common tool to identify changes in gene expression during the growth and progression of cancers
[60]. By generating more diverse glycoRNA sequencing datasets from cancerous tissues and cell lines,
these insights can be expanded to include changes to glycosylated transcripts. Changes in glycoRNA
expression found in breast cancer bolster this possibility [24].

Autoimmunity is another excellent candidate for cross-disciplinary research.
Ribonucleoproteins (RNPs) are prominent autoantigens, illiciting an immune response in disorders
such as systemic lupus erethematosus [27]. The appearance of glycoRNA in complex with csRBPs
presents a new class of RNPs, one that is presumably accessible to immune surveillance due to their
topology on the cell surface [40]. The roles of glycoRNA in neutrophil recruitment and macrophage
differentiation also present a possible link with autoimmunity, as many disorders originate from
disregulation of innate immune cells [12,24,61].

Finally, glycoRNA stands to benefit from studying its evolutionary biology. The glycoconjugate
has been found in cell lines originating from human, mouse, and Chinese hamster tissues, indicating
a common origin among these mammals and likely beyond [3,12]. The modified ribonucleosides
through which glycans can covalently attach to RNA are also found in bacteria, making glycoRNA a
possibility outside the animal kingdom [16]. By identifying glycosylated transcripts in a more diverse
set of species, future research may seek out the origins of glycoRNA, and expose what key functions
drove its evolution.

These questions and more offer exciting avenues for future investigation. By presenting the
current model of glycoRNA and providing resources on glycoRNA expression by cell line and
transcript, we hope to have accelerated this research, and introduced new minds to this expanding
field.
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