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SUMMARY

Glycans modify lipids and proteins to mediate inter- and intramolecular interactions across all
domains of life. RNA is not thought to be a major target of glycosylation. Here, we challenge
this view with evidence that mammals use RNA as a third scaffold for glycosylation. Using a
battery of chemical and biochemical approaches, we found that conserved small noncoding RNAs
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bear sialylated glycans. These “glycoRNAs” were present in multiple cell types and mammalian
species, in cultured cells, and /7 vivo. GlycoRNA assembly depends on canonical N-glycan
biosynthetic machinery and results in structures enriched in sialic acid and fucose. Analysis of
living cells revealed that the majority of glycoRNAs were present on the cell surface and can
interact with anti-dsRNA antibodies and members of the Siglec receptor family. Collectively, these
findings suggest the existence of a direct interface between RNA biology and glycobiology, and an
expanded role for RNA in extracellular biology.

In brief

Identification of stable mammalian RNAs decorated with glycan structures opens up a new
dimension for regulatory control of RNA localization and function by post-transcriptional
modification.

Graphical Abstract
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INTRODUCTION

Glycans regulate a myriad of essential cellular functions, especially in the context of

cell surface events. For instance, complex glycans facilitate the folding and purposeful
trafficking of proteins and lipids for secretion or membrane presentation. Thus, many
fundamental processes such as embryogenesis, hostpathogen recognition, and tumor-
immune interactions rely on glycosylation (Reily et al., 2019; Varki and Gagneux, 2015).
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Glycans are present in every cell studied to date across the kingdoms of life (Varki and
Gagneux, 2015) and in mammals, are composed of roughly 10 monomeric carbohydrate
units.

In a traditionally adjacent field of study, RNA represents another biopolymer that is central
to all known life. Although the building blocks of RNA are canonically limited to four bases,
post-transcriptional modifications (PTMs) can dramatically expand the chemical diversity

of RNA, with >100 PTMs having been identified (Machnicka et al., 2013; Nachtergaele

and He, 2017; Frye et al., 2018). It is therefore not surprising that the cellular role for

RNA is more complex than that of a simple messenger. For instance, RNAs function as
scaffolds, molecular decoys, enzymes, and network regulators across the nucleus and cytosol
(Cech and Steitz, 2014; Sharp, 2009; Wang and Chang, 2011). With the exception of a few
monosaccharide-based tRNA modifications (Kasai et al., 1976; Okada et al., 1977), there
has been no evidence so far of a direct linkage between RNA and glycans in nature.

We previously developed methods for unbiased discovery of protein-associated glycans
based on metabolic labeling and bioorthogonal chemistry (Hang et al., 2003; Saxon and
Bertozzi, 2000; Woo et al., 2015). In this strategy, we metabolically label cells or animals
with precursor sugars functionalized with a clickable azide group. Once incorporated into
cellular glycans, the azidosugars enable bioorthogonal reaction with a biotin probe for
enrichment, identification, and visualization. Despite the extensive use of these reporter
sugars, their implementation appears to have exclusively assayed the protein and lipid
compartments of cells. Using an azide-labeled precursor to sialic acid,peracetylated N-
azidoacetylmannosamine (AcsManNAz), we found that azide reactivity was present on
highly purified RNA preparations from labeled cells. Although there was no precedent for a
connection between sialoglycans and RNA, either direct or indirect, the fact that RNA is so
broadly post-transcriptionally modified in cells motivated us to pursue further investigation.

A glycan metabolic reporter is incorporated into cellular RNA

To explore the possible existence of RNA modified with sialoglycans (hereafter referred

to as glycoRNA), we labeled HeLa cells with 100 uM AcgsManNAz for up to 48 h

and then used a rigorous protocol to chemically and enzymatically extract RNA with

high purity: RNA is extracted with warm TRIzol (acid phenol and guanidine salts), then
ethanol precipitated, desalted via silica columns, stripped of protein contamination via high
concentration proteinase K digestion, and repurified over silica columns (Figures 1A and
S1A). To visualize azide-labeled components, copper (Cu) free click chemistry (Agard et
al., 2004) was used by adding RNA samples to dibenzocyclooctyne-biotin (DBCO-biotin)
in denaturing conditions (50% formamide) at 55°C, subsequently separated by denaturing
gel electrophoresis and analyzed by blotting (Figures 1B and S1B). In an Ac;ManNAz-
and time-dependent manner, we observed biotinylated species in the very high (>10 kb)
molecular weight (MW) region. It has recently been reported that high doses of azidosugars
can produce non-enzymatic protein labeling (Qin et al., 2018); however, /n vitro incubation
of total RNA with up to 20 mM AcsManNAz did not produce the previously observed
biotinylated species on RNAs in the high MW region (Figure S1C). Minor background /n
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vitro labeling was apparent on the 28S rRNA, which can also be seen more variably in some
AcsManNAz-labeled cellular RNA experiments (e.g., Figure 1B), but no such background
labeling was observed in the putative glycoRNA species. Further, treatment of RNA from
AcsManNAz-labeled HelL a cells with DNase did not affect the glycoRNA signal, whereas
treatment with an RNase cocktail (A and T1) efficiently digested the total RNA as well as
the biotinylated glycoRNA (Figure S1C and S1D). This effect required RNase enzymatic
activity, because pre-blocking of the RNases with an inhibitor, SUPERaseln, completely
rescued the biotinylated glycoRNA (Figure 1C). Thus, cells treated with AcsManNAz
incorporate the azide label into cellular RNA, which migrates on an agarose gel as a high
MW species.

Using the same metabolic labeling approach, we looked for the presence of glycoRNA in
other cell types and in animals. Human embryonic stem cells (H9), a human myelogenous
leukemia line (K562), a human lymphoblastoid cell line (GM12878), a mouse T cell acute
lymphoblastic leukemia cell line (T-ALL 4188), and Chinese hamster ovary cells (CHO) all
showed evidence of the presence of glycoRNA (Figures S1E and S1F). H9 and 4188 cells
showed significantly more labeling with Acs-ManNAz per mass of total RNA than other cell
types (Figures S1E and S1F). Next, we assessed if this labeling could occur /n vivo. To this
end, we performed intraperitoneal injections of AcsManNAz into mice for 2, 4, or 6 days
(Chang et al., 2009). In the liver and spleen, the organs that yielded enough total RNA for
analysis, we observed dose-dependent and RNase-sensitive AcsManNAz labeling of RNAs
in the same MW region as glycoRNAs from cultured cells (Figure 1D). These data suggest
that glycoRNA is not an artifact of tissue culture and occurs broadly across multiple cell and
tissue types and at various abundances.

glycoRNAs are small noncoding RNAs

Across all cell types and organs tested, glycoRNA was found to migrate very slowly by
denaturing agarose gel electrophoresis (Figure 1). We hypothesized that if glycoRNAs

are indeed large RNAs, they would likely be polyadenylated (poly-A). However, we

were consistently unable to purify glycoRNA from extracted RNA via poly-A enrichment
(Figure 2A). This was not due to cleavage or degradation of the glycoRNA during the
poly-A enrichment procedure (Figure S2A). As an alternative enrichment strategy, we

used a commercial fractionation method that leverages length-dependent RNA precipitation
and binding to silica columns to separate out “large” (>200 nt) from “small” (<200 nt)
transcripts (STAR Methods). To our surprise, the glycoRNA fractionated exclusively with
the small RNA population of total RNA (Figure 2B). To validate this observation with

an independent fractionation strategy, we applied Acs;ManNAz-labeled RNA to a sucrose
gradient and analyzed the distribution of total RNA via SYBR Gold staining and glycoRNA.
The sucrose gradient robustly separated the major visible RNAs such as small RNAS/tRNA,
18S rRNA, and 28S rRNA (Figures 2C and S2B). The glycoRNA fractionated with the small
RNAs but still demonstrated extremely slow migration (high apparent MW) in the agarose
gel (Figure 2C). We speculate that glycoRNA’s anomalous migratory behavior is caused by
its associated glycans.
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A common set of transcripts are glycosylated across diverse cell types

To identify the glycoRNA transcripts, we leveraged the sucrose gradients to isolate only

the small RNA fractions from AcsManNAz-labeled H9 and HeLa cells. RNA sequencing
libraries were generated from small RNAs (input) as well as glycoRNAs that were

enriched after streptavidin pulldown. Biological replicates showed high concordance across
samples and the bulk of the reads mapped to small, non-polyadenylated RNAs, as expected
(Figures S2C and S2D; Table S1). We next asked what RNAs were selectively labeled by
AcgManNAz treatment. Input expression of tRNA and non-tRNA transcripts were positively
correlated between HelLa and H9 cells (Figure S2E). We found a set of Y RNA, small
nuclear RNA (snRNA), rRNA, small nucleolar RNAs (snoRNAs), and tRNAs enriched in
both H9 and HeLa cells (Figures S2F and S2G). The enrichment values of HeLa and H9 cell
glycoRNAs showed strong positive correlation, despite the different lineages of these cell
types (Figures 2D and S2H). Thus, Acs;ManNAz enrichment defines 193 RNA transcripts as
candidate glycoRNAs (Table S2).

The RNAs we found to be modified have many well-established and critical cellular roles.
The Y RNA family stood out, because their binding proteins and ribonucleoproteins (RNPs)
(among some other glycoRNAs transcripts identified) are known to be antigens associated
with autoimmune diseases such as systemic lupus erythematosus (SLE) (Boccitto and
Wolin, 2019; Marshak-Rothstein and Rifkin, 2007). These RNAs are highly conserved in
vertebrates and are thought to contribute to cytosolic RNP surveillance, particularly for

the 5S rRNA (Kd&hn et al., 2013; Kowalski and Krude, 2015). Given these features, we
sought to validate Y5 as a glycoRNA by gene knockout (KO) via CRISPR/Cas9. A 293T
Y5 KO cell line was generated using two single-guide RNAs (sgRNAS) that targeted the
5" and 3’ regions of the Y5 genomic locus (Figure S3A). Single-cell clones were isolated
and a KO was selected for characterization: PCR amplification of the Y5 locus yielded
two amplicons corresponding to two different insertion/deletions (Figures S3B and S3C).
The KO generated no observable Y5 transcript and had no gross growth defects, consistent
with previous reports of Y RNA redundancy (Figures S3D and S3E) (Christov et al., 2006;
Gardiner et al., 2009). Acy;ManNAz-labeling of the Y5 KO cells resulted in a significant
(~30%, p = 0.033) decrease in the amount of biotin signal compared to wild-type (WT)
cells, without any apparent MW changes (Figure 2E). The reduction of glycoRNA signal
was consistent with the sequencing data, which identified Y5 as strongly enriched, but
among a pool of other candidate glycoRNAs.

Label and label-free detection of sialic acid in glycoRNA

Next, we sought to define the glycan structures on glycoRNAs. The major pathway for
AcsManNAz metabolism in human cells entails conversion to sialic acid, then to CMP-sialic
acid, and finally addition to the termini of glycans (Luchansky et al., 2004). To exclude

the possibility that AcsManNAz is shunted into unexpected metabolic pathways, we used
9-azido sialic acid (9Az-sialic acid), which is directly converted into CMP-sialic acid (Kosa
et al., 1993) as a metabolic label. Consistent with AcsManNAz labeling, 9Az-sialic acid
produced a similar time-dependent labeling of slowly migrating cellular RNA (Figure 3A).
Treatment of Acy;ManNAz-labeled cellular RNA with Vibrio cholerae sialidase (VC-Sia)
completely abolished the biotin signal without impacting the integrity of the RNA sample,
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while a heat-inactivated (HI) VC-Sia was unable to reduce the signal (Figure 3B). We
assessed the contribution of canonical sialic acid biosynthesis enzymes through the use of
P-3Fax-Neu5Ac, a cell-permeable metabolic inhibitor of sialoside biosynthesis (Rillahan
etal., 2012). Treatment of HeLa cells with P-3Fax-Neu5Ac resulted in a dose-dependent
reduction in total glycoRNA signal and a concomitant shift toward higher apparent MW on
the blot (Figure 3C). This reduced mobility (appearing higher in the gel) of the glycoRNA
likely results from less sialic acid, and thus less negative charge per glycoRNA molecule, as
has been observed for proteins (Gahmberg and Andersson, 1982).

To confirm that glycoRNAs are sialylated, we used an independent method not relying on
metabolic reporters. The fluorogenic 1,2-diamino-4,5-methylenedioxybenzene (DMB) probe
is used to derivatize free sialic acids for detection and quantitation by high-performance
liquid chromatography (HPLC)-fluorescence (Bond et al., 2011). We subjected native, total
RNA from HeLa, H9, and 4188 cells to the DMB labeling procedure (Figure S3F) and
observed the presence of two forms of sialic acid commonly found in animals, NeuSAc

and Neu5Gc (Figures 3D and S3G). These peaks disappeared when the samples were
pretreated with VVC-Sia or RNase, reinforcing the notion that glycoRNA is modified with
sialic acid containing glycans. Notably, we were unable to detect any sialic acid liberated
from genomic DNA using the DMB assay (Figure S3H).

Quantitatively, we found that H9, HeLa, and 4,188 cells have approximately 40, 20, and 20
pmol of total sialic acid per pg of total RNA, respectively (Figure 3E). GlycoRNA from
4,188 cells contained more Neu5Gc, whereas H9 cells contained mostly Neu5Ac, and Hela
cells had similar levels of Neu5sAc and Neu5Gc (Figure 3E). Importantly, this quantitative
analysis is consistent, with the observed difference in AcsManNAz labeling intensity we
observed across these cell lines (Figures S1E and S1F). Human cells lack a functional
CMAH gene that is responsible for converting NeuSAc to NeubGc, while this pathway
exists in mouse cells (Chou et al., 2002). Correspondingly, we found higher Neu5Gc levels
in glycoRNA from mouse 4,188 cells as compared to HeLa or H9 cells (Figure 3E). The
presence of Neu5Gc in HeLa glycoRNA likely comes from bovine serum in the growth
media; H9 cells were grown in serum-free media.

Canonical N-glycan biosynthetic machinery contributes to glycoRNA production

There are two main classes of glycans on proteins, N- and O-glycans, and both can

be sialylated. To determine whether glyco-RNA structures were related to glycoprotein-
associated glycan structures, we used a combination of genetic, pharmacological, and
enzymatic methods. The /d/D mutant CHO cell line lacks the ability to interconvert UDP-
glucose(Glc)/GIcNAc into UDP-galactose (Gal)/GalNAc (Figure S4A) (Kingsley et al.,
1986). Thus, in minimal growth media, glycoproteins from /a/D CHO cells have stunted
N- and O-glycans because the cells cannot produce UDP-Gal (required for N-glycan
elongation) and UDP-GalNAc (required to initiate O-glycosylation). We observed very little
glycoRNA labeling in AcsManNAz-treated /d/D CHO cells (Figure 4A) grown in minimal
media. However, supplementation of the media with galactose, but not GalNAc, restored
glycoRNA labeling, and supplementation with both galactose and GalNAc further boosted
labeling intensity (Figure 4A). This result was reproduced using a human K562 cell line
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with a CRISPR-Cas9 targeted KO of UDP-galactose-4-epimerase (GALE) (Schumann et al.,
2019), which mimics the phenotype of the /d/D CHO cell line (Figure S4B). The pattern of
these results were similar to that observed when labeling glycoproteins in these cell types
(Mockl et al., 2019), suggesting that glycoRNA glycans are structurally related to those
found on proteins.

We next tested the effects of glycosylation inhibitors on glyco-RNA biosynthesis.
Oligosaccharyltransferase (OST) mediates protein N-glycosylation by transferring a 14-
sugar glycan to asparagine residues on nascent polypeptides during their translocation
through the Sec/translocon (Figure S4C) (Mohorko et al., 2011). We tested the effect of
NGI-1, a specific and potent small molecule inhibitor of OST (Lopez-Sambrooks et al.,
2016), on glycoRNA production. Such treatment caused a dose-dependent loss of glycoRNA
labeling with AcsManNAz (Figure 4B), suggesting that OST is involved in biosynthesis

of glycoRNA-associated glycans. We also perturbed downstream N-glycan processing

steps with kifunensine and swainsonine, inhibitors of the N-glycan trimming enzymes
a-mannosidase | and Il, respectively (Elbein et al., 1990; Tulsiani et al., 1982) (Figure S4C).
These treatments also caused a dose-dependent loss of azidosugar labeling (Figures 4C and
S4D) accompanied by an increase in apparent MW of the glycoRNA at higher doses, akin
to the results seen with P-3Fax-Neu5Ac. We hypothesize that disruption of high-mannose
glycan processing produces hyposialylated glycoRNASs with less net negative charge and,
therefore, reduced mobility.

To further define the glycan structures on glycoRNA, we employed a panel of
endoglycosidases. Purified RNA from Acs-ManNAz-labeled HeLa cells was first exposed
to each enzyme and then reacted with biotin for visualization (Figures 4D and S4E).
Treatment of glycoRNA with PNGase F, which cleaves the asparagine side chain amide
bond between proteins and N-glycans (Tarentino and Plummer, 1994), strongly abrogated
signal from AcysManNAz labeling. Endo F2 preferentially cleaves biantennary and high
mannose structures, whereas Endo F3 preferentially cleaves fucosylated bi- and triantennary
structures, both within the chitobiose core of the glycan (Tarentino and Plummer, 1994).
Treatment of glycoRNA with either Endo F2 or F3 resulted in a partial loss of Ac;ManNAz
labeling. However, Endo Hf, which is more selective for high-mannose structures, did not
affect AcuManNAz signal (Figures 4D and S4E). In contrast to these N-glycan digesting
enzymes, O-glycosidase (targeting core 1 and core 3 O-glycans) (Koutsioulis et al., 2008)
or mucinase (Stck) (Malaker et al., 2019) treatment had no effect on AcsManNAz labeling
intensity (Figures 4D, S4E, and S4F). As in previous experiments, VC-Sia completely
removed the AcysManNAz-dependent label (Figures 4D and S4E).

Mass spectrometry defines distinct compositions of glycans on RNA

The above data suggest that glycoRNA are modified with complex-type N-glycans with at
least one terminal sialic acid residue. To develop a more precise view of the glycoforms
associated with RNA, we optimized a workflow based on PNGaseF-mediated release of
glycans from pools of small RNAs, followed by analysis of those glycans by a porous
graphitized carbon-based liquid chromatography MS strategy (PGC-LC-MS) (Figure 4D).
Glycans were released from small RNA pools from 293T, H9, and HeL a cells and in

Cell. Author manuscript; available in PMC 2022 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Flynn et al.

Page 8

parallel, peptide samples were similarly processed to compare the glycan profile on the
cellular proteins. Two biological replicates were performed for each sample. We found 107
unique glycans present in both replicates in at least one of the six sample types (Figure

4E; STAR Methods) (for all 260 confidently identified glycan, see Table S3). Hierarchical
clustering of identified glycans and principal component analysis revealed that glycans
released from peptides clustered differentially when compared to those released from RNA.
Further, the set of unique glycans found on RNA was smaller and more constrained relative
to those on peptides (Figures 4F and 4G). When examining the features that distinguished
RNA glycans from peptide glycans, we noticed that both 293T and H9 cells had a higher
fraction of glycans modified with fucose on RNA as compared to the peptides from these
same cells (Figure 4H). In contrast, glycoRNA glycans from HeLa cells were more likely
to contain sialic acid modifications compared to the peptide glycans from HeLa cells
(Figure 4H). Overall, the PGC-LC-MS data of PNGaseF-released glycans are in line with
Ac,sManNAz labeling and DMB probe experiments. Importantly, because the MS-based
approach does not require sialic acid for enrichment or visualization, we were able to
reveal an expanded set of glycan compositions that are often fucosylated and sometimes
asialylated.

glycoRNAs are associated with cellular membrane

Finally, we assessed the subcellular localization of glycoRNA. The biogenesis of sialylated
glycans occurs across many subcellular compartments including the cytosol (processing

of ManNAc to Neu5Ac), the nucleus (charging of NeuSAc with CMP), and the secretory
pathway (where sialyltransferases add sialic acid to the termini of glycans) (Varki and
Schauer, 2009). The localization of Y RNAs has been reported to be mainly cytoplasmic
with a minor fraction in the nucleus (Koéhn et al., 2013). Other major classes of glycoRNA
transcripts such as tRNAs and sn/snoRNAs are classically localized to the soluble cytosol
and nucleus, respectively. To determine where glycoRNAS are distributed inside cells, we
used two biochemical strategies: one that isolates nuclei away from membranous organelles
and the cytosol (Gagnon et al., 2014) and a second that separates the soluble cytosolic
compartment away from membranous organelles (STAR Methods). Nuclear RNA from
AcsManNAz-labeled HeLa cells yielded no detectable azide-labeled species whereas the
membrane fraction exclusively contained the glycoRNA (Figures 5A and 5B). This suggests
that glycoRNAs are closely associated with membrane organelles.

Because membrane organelles have precise topological configurations, we next assessed if
there was a clear topological organization of glycoRNA with respect to the membranes

we isolated. Crude cellular membranes and membrane-bound organelles were isolated
from AcsManNAz-labeled 293T cells and subjected to VC-Sia digestion with or without
pre-treatment with Triton X-100 to permeabilize membrane compartments (Figure S5A). If
glycoRNAs were topologically confined to the luminal spaces of membrane compartments,
VC-Sia would only have access to these species after the addition of Triton X-100. We
found that the majority of the glycoRNA signal was sensitive to VC-Sia without Triton
X-100, whereas a small but reproducible pool was accessible only after permeabilization
(Figure S5B). Thus, although a portion of glycoRNAS appears to reside within the luminal
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space of membranous organelles, the vast majority seems accessible, or on the surface of
membranes in this assay.

glycoRNAs gain access to the surface of living cells

The accessibility to VC-Sia in the experiment above suggests that glycoRNAs do not
accumulate in the lumen of intracellular vesicles or membrane organelles, however, it does
not precisely define on which membrane surface glycoRNAs may be present. Given the
canonical trafficking and localization of glycopolymers, we hypothesized that glycosylation
of RNA may afford it the ability to be trafficked to the plasma membrane and be present

on the extracellular surface of living cells. We addressed this hypothesis through two
orthogonal and complementary approaches.

We first leveraged the robust and specific activity of VC-Sia to cleave sialic acid (including
those on glycoRNAS) and its established ability to cleave sialic acids selectively off the
surface of living cells (Gray et al., 2020; Xiao et al., 2016). We assayed for changes in
Ac4ManNAz signal after adding VVC-Sia to culture media on living HeLa cells and in as
little as 20 min saw a reduction in the glycoRNA levels (Figures 5C and S5C). Replicating
this experiment at 60 min, where the most robust difference was observed (Figure 5D), and
performing it on both adherent (HeLa and 293T) and suspension (K562) cells showed that
in all cases VVC-Sia was able to significantly reduce the levels of glyco-RNA. These data
indicate that in a short time frame and in an environment with an intact plasma membrane,
V/C-Sia has access to >50% of the bulk of glycoRNA purified from cells.

To validate the observation that glycoRNAs localize to live cell surfaces, we required a
labeling workflow independent of AcsManNAz metabolic incorporation. To achieve this,
we combined the Rhee et al. (2013) peroxidase-catalyzed proximity labeling technique with
the observation that biotin-aniline has significantly increased reactivity toward RNA relative
to biotin phenol, which is favored for protein labeling (Zhou et al., 2019). We took a
non-genetic strategy (Bar et al., 2018), leveraging lectins as cell surface affinity tools to bind
live cells that could then recruit a peroxidase and deposit biotin-aniline on RNASs near to the
bound glycan (Figure 5E). Despite the wide use of lectins as general cell-surface binding
reagents, they have specific glycoform binding features and we therefore selected a lectin
which, based on our data from Figures 3 and 4, should not bind near glycoRNAs (ConA,
specific for high mannose structures) and lectins that should bind directly to glycoRNASs
(MAAII, sialic acids; WGA, N-glycans =+ sialic acid) (Gao et al., 2019).

Initially we benchmarked this assay against live HeLa cell surface proteins. As expected,

all three lectins were capable of recruiting streptavidin-HRP, activating biotin-aniline, and
producing specific labeling patterns of cell surface proteins, whereas streptavidin-HRP alone
was unable to generate robust labeling (Figure S5D). This and all subsequent experiments
were conducted strictly at 4°C to reduce or eliminate vesicular trafficking, membrane
recycling, or uptake of extracellular components. We next assayed the RNA from these

cells and found specific labeling of a high molecular weight band generated when cells were
stained with MAAII or WGA, but not ConA. The signal was partially RNase-sensitive (89%
loss) (Figure 5F). On treatment of the purified RNA material with sialidase, we observed a
nearly quantitative shift in the biotin signal into the well of the gel without strong reduction
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in the amount of signal (Figure 5F). This supports the view that biotin-aniline covalently
modifies the RNA directly and that the glycan, in particular the sialic acid, contributes to
glycoRNA'’s dramatically abnormal migration in agarose gels.

Repeating the proximity ligation assay in cell lysate rather than on live cells showed

that, without an impermeable (to the activated nitrene radical of biotin-aniline) plasma
membrane, MAAII and WGA still labeled glycoRNA. However, all three lectins weakly,
but consistently labeled rRNA bands (Figure 5G). The absence of these rRNA bands in the
live cell experiment and their intensity relative to the high MW glycoRNA bands suggest
once more that the majority of cellular glycoRNAs are on cell surfaces. We note that total
RNA exposed to the biotin-aniline label was not fully digested with RNase (Figures 5F and
5G, left, 5th lanes), possibly due to covalent modification of the RNA by the aniline probe
or other species. We suggest this as a possible reason that full RNase-sensitivity was not
observed in these experiments. In sum, proximity-based labeling of RNAs near complex
N-glycans on the surface of living cells detects glycoRNA, consistent with our chemical,
genetic, and mass spectrometry results describing RNA glycans (Figures 3 and 4).

Siglec receptors and anti-RNA antibodies recognize cell surface glycoRNAs

Biopolymers localized to the cell surface often participate in molecular interactions with
binding partners in cisor in trans at cell-cell junctions. Because glycoRNAS are present
on cell surfaces, we hypothesized that they too could engage in these types of interactions.
We assessed if existing reagents to study the biology of cell surfaces, such antibody or
recombinant protein-based affinity reagents, might interact with cell surface glycoRNA
(Figure 6A).

Antibodies targeting RNA have been associated with systemic lupus erythematosus (SLE)
(Blanco et al., 1991). Additionally, anti-RNA antibodies are used as research tools; for
example, the J2 anti-double-stranded RNA (dsRNA) antibody has specificity for ds-regions
of RNA (Bonin et al., 2000) (with no cross-reactivity with dsDNA) and is often used to
identify cells infected with RNA viruses (Mateer et al., 2019). The J2 antibody is reported
to bind dsRNA with a minimum length of ~40 bp (Schénborn et al., 1991). GlycoRNAs
are predicted to have duplex RNA regions, however, these are generally <40 bp in length.
Nonetheless, we tested whether J2 could bind a small RNA that we find enriched by
AcgManNAz sequencing (Figure 2), such as the Y5 RNA, using electrophoretic mobility
shift assays. As shown in Figure S6A, the J2 antibody was able to shift free Y5 RNA /n
vitro. This shift was specific to J2 and was not observed using an isotype control antibody.
Furthermore, the shift induced by J2 was abrogated in the presence of competing poly-(1:C),
which mimics long dsRNA (Figure S6A).

Having confirmed that J2 can bind the RNA component of glycoRNAs like Y5, we

next established a flow cytometry assay to probe cell surface RNA. We carried out all
experiments on live cells, fixing only after antibodies were bound and background washed
away for experimental workflow flexibility. On a technical note, it was critical to use
recombinant sources of cell dissociation enzymes. For example, commonly used crude
preparations of trypsin contain significant RNase-activity and thus rapidly destroy RNA
(Figures S6B and S6C; STAR Methods).
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Approximately 20% of a population of cultured HeLa cells showed positivity with J2
staining (Figure 6B). This binding was robustly abrogated by pre-treatment of cells with
RNase A and was recovered by adding a specific protein inhibitor to the RNase A to

block activity (Figure 6B). Similar results were observed using 293T (adherent) and K562
(suspension) cells (Figure S6D). To confirm the distribution of J2 staining the cell surface,
we performed confocal imaging of HeLa cells stained with J2 that demonstrated signal in
the peripheral edges of cells that was sensitive to RNase A treatment (Figure S6E). We next
asked if J2 was detecting glycoRNA on the cell surface by perturbing OST as we previously
did in Figure 4. We treated HelL a cells with the OST inhibitor NGI-1 for 12 h and observed a
dose-dependent loss of J2 binding to the cell surface (Figure 6C). This is consistent with our
whole-cell RNA blotting experiment (Figure 4) and suggests that much of the cell surface
RNA recognized by the J2 antibody relies on N-glycosylation for its surface localization.

Finally, we sought to determine whether glycoRNAs can interact with glycan-binding
receptors whose ligands have been assumed, based on convention, to be cell-surface
glycoproteins and glycolipids. As described above, the N-glycans associated with
glycoRNAs are highly sialylated. Thus, we asked whether members of the sialic acid
binding-immunoglobulin lectin-type (Siglec) receptor family could recognize glycoRNAs.
Notably, with 14 members distributed on all classes of immune cells, the Siglecs are the
largest family of sialoside-binding proteins in humans (Duan and Paulson, 2020; Fraschilla
and Pillai, 2017). Their roles in immune modulation are well established and include host-
pathogen interactions (Chang and Nizet, 2020; Macauley et al., 2014), cancer immune
evasion (Barkal et al., 2019; Hudak et al., 2014; Jandus et al., 2014; Stanczak et al., 2018;
Xiao et al., 2016), and genetic associations with autoimmune disease (Angata, 2014; Flores
et al., 2019). Physiological ligands of individual Siglec family members have been identified
in a few settings (Barkal et al., 2019; L&ubli et al., 2014), but for the most part, the
glycoconjugates that support Siglec binding at immune synapses are not well characterized.
All efforts to do so have assumed that Siglec ligands are glycoproteins or glycolipids.

To determine whether human Siglec receptors can bind cell surface glycoRNA, we used
soluble Siglec-Fc reagents and probed their binding to cells by flow cytometry. We first
determined that 9 of 12 commercial Siglec-Fc reagents were able to bind above background
to HeLa cells (Figure S6F). Of these nine, the binding of two Siglec-Fc reagents, Siglec-11
and Siglec-14, was sensitive to RNase A treatment (Figures 6D and S6G). These data
support the hypothesis that cell surface glyco-RNAs could be direct Siglec receptor ligands.

DISCUSSION

We found that sialylated N-glycans produced by canonical endoplasmic reticulum (ER)/
Golgi-lumen biosynthetic machinery are attached to specific mammalian small noncoding
RNAs. These RNAs are consistently modified across several cell types and organisms. This
work provides several lines of evidence for the existence of glycoRNA species present at

the cell surface. Overall, these findings point to a common strategy for modifying RNA with
glycans in mammals. Our discovery opens up further research into the function and chemical
structure of these glycoconjugates.
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Chemical linkage of RNA to glycan

Cell surface

GlycoRNA was sufficiently robust to withstand stringent protocols to separate RNA from
lipids and proteins, including organic phase separation, proteinase K treatment, silica-based
RNA purification, and heating in high concentrations of formamide. Although the precise
nature of the glycan-RNA linkage has not yet been determined, we speculate that direct
glycosylation of native RNA bases is unlikely. The observed sensitivity to PNGase F,

which cleaves the glycosidic linkage between asparagine and the proximal GIcNAc of
N-glycans, implies an amide bond-containing linker that native nucleobases lack. It is
possible that a precursor guanosine modification is necessary to establish an asparagine-like
functionality capable of modification by OST, or that a preassembled N-glycan carrier
moiety is attached to nucleobases by some other chemistry. These possibilities are consistent
with sedimentation of glycoRNAs in the sucrose gradient, which suggests a linker with a
relatively small molecular weight.

Precisely defining the chemical and structural features of this linkage will be critical

in future studies. A playbook for this endeavor might be found in the process by

which multiple laboratories defined the chemical structure of the unusual a-dystroglycan
glycans that are associated with various muscular dystrophies (Inamori et al., 2012;
Yoshida-Moriguchi et al., 2013; Praissman et al., 2014; Willer et al., 2014; Praissman
etal., 2016; Manya et al., 2016). In that story, a combination of analytical approaches,
powered by insights from human genetics, ultimately led to the identification of a glycan
comprising previously unknown building blocks. Likewise, defining the chemical structure
of glycoRNA will benefit from modern genetic tools that might uncover its biosynthetic
enzymes.

Regarding glycan structures, our mass spectrometry study provided compositional
information and from this we assigned putative structures (Figure S5E). Although future
studies will provide unambiguous assignment of these structures, it is interesting to consider
the terminal sialyl-Lewis A/X motifs as well as core fucosylation because these are

well known to regulate leukocyte trafficking, cancer cell metastasis, and early steps in
fertilization (Schneider et al., 2017).

glycoRNAs

Glycosylation of proteins and lipids affords these substrate biopolymers novel functions,
structures, and localizations. Thus, one might predict a glycan on RNA might similarly
control functional aspects of the RNA polymers they modify. A particular hallmark of
glycoconjugates is their trafficking through the secretory system for direct secretion or
presentation on the cell surface. Our results provide multiple orthogonal lines of evidence
that glycoRNAs share this profile. This observation is intriguing because it highlights
potentially novel interactions and functions for this class of modified nucleic acids.

We found the majority of cellular glycoRNA is present on the cell surface. However, a
number of open and critical questions remain. One concerns the mechanism by which
small RNA substrates might gain access to luminal compartments in the secretory pathway.
There is precedent for transport of intact RNA transcripts across membranes, such as the C.
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elegans transporter SID-1 that imports dSRNA for RNA interference (Feinberg and Hunter,
2003) and evidence for similar activity has been found in Drosophila (Saleh et al., 2006).
Interestingly, mammals have two SID-1 orthologs that are thought to transport RNAs across
intracellular membranes (Aizawa et al., 2016; Nguyen et al., 2019). It is possible that related
trafficking systems exist on the ER membrane that would enable N-glycan modification of
appropriately functionalized RNA.

Another important question is how glycoRNAs are stably associated with the membranes
and in what configuration, and whether these mechanisms are unique to glycoRNA. A
recent report has suggested that fragments of specific long coding and noncoding RNAs

are present on the surface of cells (Huang et al., 2020). The pathways by which those long
RNAs are trafficked and presented on the cell surface have not been established. In our
lectin-HRP-aniline experiment (Figure 5), which used lectins with broad glycoform affinities
(e.g., ConA and WGA), we detected an entirely non-overlapping set of RNA transcripts,
namely small, highly conserved RNAs that are characteristic of glycoRNAs. Examination of
the expanding list of proteins which have no canonical RNA-binding domain but are able

to directly bind cellular RNAs (Baltz et al., 2012; Beckmann et al., 2015; Castello et al.,
2012), some of which are membrane proteins, may provide insights into the mechanism(s)
by which (glyco)RNAs localizes to mammalian cell surfaces.

Regulatory implications of cell surface glycoRNAs

The identification of glycoRNA and its localization to the cell surface connects aspects

of both glycobiology and RNA biology that had remained isolated from one another. For
example, it is interesting to consider disease mechanisms which have classically been
connected to RNA but were conceptually incompatible with intact cells. There are a number
of RNA and RNA-associated autoantigens associated with autoimmune diseases (Ahlin et
al., 2012; Han et al., 2014). However, canonically, cell death is required for these antigens
to gain access to the extracellular space (Casciola-Rosen et al., 1994; Golan et al., 1992).
Intriguingly, the glycoRNAs we found on HeLa and H9 cells strongly overlap with the
small RNAs associated with autoimmune diseases. We speculate that glycosylation is linked
to these RNA’s special exposure to the extracellular space and, therefore, to the immune
system. Notably, humans have eight secreted RNase A family members that are classically
associated with host-defense mechanisms (Koczera et al., 2016; Sorrentino, 2010). There
may be an expanded role for these RNases in the metabolism of host-encoded glycoRNAs.

Once a glycoRNA is positioned on the cell surface, direct engagement with and regulation
of cell surface receptors is possible. Our exploration of the RNase-sensitivity of Siglec
binding to cell surfaces suggests that the ligands of Siglec-11 and Siglec-14 are composed
in part of glycoRNAs. Siglecs have been functionally associated with diseases such as
autoimmunity and cancer (Eakin et al., 2016; Macauley et al., 2014; Muller et al., 2015).
Several Siglec family members function as immune checkpoint receptors that signal through
cytosolic immunoreceptor tyrosine-based inhibitory motifs (ITIMs), analogous to the T cell
checkpoint receptor PD-1 (Riley, 2009). Intriguingly, monocyte Siglec-14 expression has
been correlated with disease severity in SLE patients (Thornhill et al., 2017). Defining the
potential intersection of Siglec biology with glycoRNA is an important future pursuit.
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In sum, the framework in which glycobiology is presently understood excludes RNA as

a substrate for N-glycosylation. Our discovery of glycoRNA suggests the current view is
incomplete and points to a new axis of RNA glycobiology, including as of yet undiscovered
biosynthetic and trafficking mechanisms. Further, it highlights the possibility that cell
surface glycoconjugates, which mediate and regulate important inter-cellular interactions,
may now have an expanded template base to include RNA.

Limitations of study

A major focus of the work presented leverages selective metabolic labeling of sialic acid
with AcgsManNAz. Because not all glycans contain sialic acid, it is possible that glycoforms
beyond those reported here may also be conjugated to RNAs. Optimization of other

glycan labeling strategies is needed to render them compatible with RNA, ideally allowing
detection of native, unlabeled RNA-glycan conjugates. Additionally, the precise linkage
between the RNA template and carbohydrate remains unknown. Sensitivity to PNGaseF
provides hints of the linker’s chemical nature, and sedimentation of glycoRNAs in the
sucrose gradient points to a linker with a small molecular weight. However, definitive
characterization using unbiased approaches is important to fully define this conjugate, and
moreover, may help to map its biosynthetic pathway.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents
should be directed to and will be fulfilled by the Lead Contact, Ryan Flynn
(ryan.flynn@childrens.harvard.edu).

Materials availability—All unique/stable reagents generated in this study are available
from the Lead Contact with a completed Materials Transfer Agreement.

Data and code availability—All sequencing data have been deposited on the

Gene Expression Omnibus (GSE136967; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE136967). Sequencing data were analyzed with the FAST-iCLIP pipeline which can
be found here (https://github.com/ChangLab/FAST-iCLIP/tree/lite). Glycan release samples
were analyzed with GlycoNote (https://github.com/GlycoNote/GlycoNote).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mammalian cell culture—All cells were grown at 37°C and 5% CO,. HeLa and
HEK?293T cells were cultured in DMEM media supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (P/S). GM12878, K562, K562CALE~/~ (Schumann et
al., 2019), and MYC T- ALL 4188 cells were cultured in RPMI-1640 media with glutamine
supplemented with 10% FBS and 1% P/S. CHO and /d/D-CHO cells were cultured in 1:1
DMEM:F12 media with 3% FBS and 1% P/S. The H9 human embryonic stem cell line was
cultured on Matrigel matrix (Corning) coated plates with mTeSR 1 (StemCell Technologies)
media.
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METHOD DETAILS

Metabolic chemical reporters and inhibitors—Stocks of azide-labeled sugars
N-Acetyl-9-azido-9-deoxy-neuraminic acid (9Az sialic acid, Carbosynth) and N-
azidoacetylmannosamine-tetraacylated (AcsManNAz, Click Chemistry Tools) were made
to 500 mM in sterile dimethyl sulfoxide (DMSO). Stocks of unlabeled sugars N-Acetyl-D-
galactosamine (GalNAc, Sigma) and D-(+)-Galactose (Gal, Sigma) were made to 500 mM
and 50 mM, respectively, in sterile water. In cell experiments ManNAz was used at a final
concentration of 100 uM. /n vitro experiments with ManNAz used 0, 2, or 20 mM ManNAz
(up to 200x% the in-cell concentrations) for 2 h at 37°C. The in-cell experiments with 9Az
sialic acid used a 1.75 mM final concentration for between 6 and 48 h. Gal and GalNAc
were used as media supplements at 10 uM and 100 uM, respectively, and were added
simultaneously with ManNAz for labeling.

Working stocks of glycan-biosynthesis inhibitors were all made in DMSO at the following
concentrations and stored at —80°C: 10 mM NGI-1 (Sigma), 10 mM Kifunensine (Kif,
Sigma), 10 mM Swainsonine (Swain, Sigma), 50 mM P-3Fax-Neu5Ac (Tocris). All
compounds were used on cells for 24 h and added simultaneously with ManNAz for
labeling.

Metabolic reporters in mouse models—All experiments were performed according
to guidelines established by the Stanford University Administrative Panel on Laboratory
Animal Care. C57BL/6 mice were crossed and bred in house. ManNAz was prepared

by dissolving 100 mg ManNAz in 830 uL 70% DMSO in phosphate buffered saline

(PBS), warming to 37°C for 5 min, and then sterile filtering using 0.22 pm Ultrafree MC
Centrifugal Filter units (Fisher Scientific); this solution was stored at —20°C. Male C57BL/6
mice (8-12 weeks old) were injected once-daily, intraperitoneally with 100 uL of ManNAz
(dosed to 300 mg ManNAz/kg/day), while control mice received the vehicle alone. At 2, 4,
and 6 days, mice were euthanized, and their livers and spleens were harvested. The organs
were pressed through a nylon cell strainer and resuspended with PBS to create a single cell
suspension. RNA was collected as described below.

RNA extraction and purification strategies—A specific series of steps were taken

to ensure that RNA analyzed throughout this study was as pure as possible. First TRIzol
reagent (Thermo Fisher Scientific) was used as a first step to lyse and denature cells or
tissues. After homogenization in TRIzol by pipetting, samples were incubated at 37°C to
further denature non-covalent interactions. Phase separation was initiated by adding 0.2x
volumes of 100% chloroform, vortexing to mix, and finally spinning at 12,000x g for 15 min
at 4°C. The aqueous phase was carefully removed, transferred to a fresh tube and mixed with
2x volumes of 100% ethanol (EtOH). This solution was purified over a Zymo RNA clean
and concentrator column (Zymo Research): sample solution was added to Zymo columns
and spun at 10,000x g for 20 s and the flow through always discarded. Three separate
washes were performed, 1x 400 pL of RNA Prep Buffer (Zymo Research) and 2x 400uL
RNA Wash Buffer (Zymo Research) and spun at 10,000x g for 20 s. To elute RNAs, two
volumes of pure water were used. Next RNA was subjected to protein digestion by adding 1
ug of Proteinase K (PK, Thermo Fisher Scientific) to 25 ug of purified RNA and incubating

Cell. Author manuscript; available in PMC 2022 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Flynn et al.

Page 16

it at 37°C for 45 min. After PK digestion, RNA was purified again with a Zymo RNA clean
and concentrator as described above. All RNA samples generated in this study were purified
at least by these two steps first, with subsequent enzymatic or RNA fractionations occurring
in addition to these first two purifications. We found that Zymo-Spin IC and I111CG columns
bind up to ~50 and 350 g of total RNA, respectively; columns in each experiment were
selected based on the amount of RNA needed to be purified.

For differential-precipitation of small versus large RNAs, the Zymo RNA clean and
concentrator protocol was used as described. Briefly, RNA in an aqueous solution was
mixed with 1x volumes of 50% RNA Binding Buffer in 100% EtOH. This mix was applied
to the Zymo silica column; the flow through contained small RNAs while the column
retained large RNAs. The flow through was mixed with 1x volumes of 100% EtOH, bound
to a new Zymo column and purified as described above.

To enrich for poly-adenylated RNA species, RNA initially purified as above was used as the
input for the Poly(A)Purist MAG Kit (Thermo Fisher Scientific). Oligo(dT) MagBeads were
aliquoted and washed twice in Wash Solution 1. RNA (15 ug total RNA) was brought to
600 ng/uL in 1x Binding Solution, added to washed beads, and heated to 70°C for 5 min.
Samples were cooled to 25°C for 60 min, applied to a magnet, supernatant removed, and
washed twice with Wash Solution 1 and once with Wash Solution 2. Poly-A enriched RNA
was eluted by adding RNA Storage Solution to the beads and heating the samples to 70°C.
The elution step was performed twice and the resulting poly-A RNA was cleaned up via the
Zymo RNA clean and concentrator as described above.

Enzymatic treatment of RNA samples and cells—\Various endo- and exonucleases
and glycosidases were used to digest RNA, DNA, or glycans. All digestions were performed
on 20 ug of total RNA in a 20 L at 37°C for 60 min. To digest RNA the following was
used: 1 uL of RNase cocktail (0.5U/uL RNaseA and 20U/uL RNase T1, Thermo Fisher
Scientific) with 20 mM Tris-HCI (pH 8.0), 100 mM KCI and 0.1 mM MgCls,. To block

the RNase activity of the RNase Cocktail, 1 uL. of RNase Cocktail was pre-mixed with 8

pL of SUPERaseln (20U/uL, Thermo Fisher Scientific) for 15 min at 25°C before adding

to the RNA solution. To digest DNA, 2 pL of TURBO DNase (2U/uL, Thermo Fisher
Scientific) with 1x TURBO DNase buffer (composition not provided by manufacture). To
digest glycans: 2 pL of a.2-3,6,8 Neuraminidase (50U/uL, New England Biolabs, NEB)
with GlycoBuffer 1 (NEB), or 2 pL of Endo-Hf (1,000U/uL, NEB) with GlycoBuffer 3
(NEB), or 2 uL of PNGase F (500U/uL, NEB) with GlycoBuffer 2 (NEB), or 2 mL of
Endo-F2 (8U/uL, NEB) with GlycoBuffer 3 (NEB), or 2 mL of Endo-F3 (8U/uL, NEB) with
GlycoBuffer 4 (NEB), or 2 uL of O-Glycosidase (40,000U/uL, NEB) with GlycoBuffer 2
(NEB), or 1 uL of StcE (Malaker et al., 2019) at 0.5 pug/uL with or without 20 mM EDTA.
For live cell treatments, VVC-Sia was expressed and purified as previously described (Gray
et al., 2019) and added to cells at 150 nM final concentration in complete growth media for
between 20 and 60 min at 37°C.

Copper-free click conjugation to RNA—Copper-free conditions were used in all

experiments to avoid copper in solution during the conjugate of biotin to the azido sugars
(ManNAz and 9Az-Sia). All experiments used dibenzocyclooctyne-PEG4-biotin (DBCO-
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biotin, Sigma) as the alkyne half of the cycloaddition. To perform the SPAAC, RNA in

pure water was mixed with 1x volumes of “dye-free” Gel Loading Buffer Il (df-GLBII,
95% Formamide, 18mM EDTA, and 0.025% SDS) and 500 uM DBCO-biotin. Typically,
these reactions were 10 pL df-GLBII, 9 uL RNA, 1 pL 10mM stock of the DBCO reagent.
Samples were conjugated at 55°C for 10 min to denature the RNA and any other possible
contaminants. Reactions were stopped by adding 80 pL water, then 2x volumes (200 pL) of
RNA Binding Buffer (Zymo), vortexing, and finally adding 3x volumes (300 pL) of 100%
EtOH and vortexing. This binding reaction was purified over the Zymo column as described
above and analyzed by gel electrophoresis as described below.

RNA gel electrophoresis, blotting, and imaging—Blotting analysis of ManNAz-
labeled RNA was performed conceptually similar to a Northern Blot with the following
modifications. RNA purified, enriched, or enzymatically digested and conjugated to

a DBCO-biotin reagent as a described above was lyophilized dry and subsequently
resuspended in 15 pL df-GLBII with 1x SybrGold (Thermo Fisher Scientific). To denature,
RNA was incubated at 55°C for 10 min and crashed on ice for 3 min. Samples were then
loaded into a 1% agarose-formaldehyde denaturing gel (Northern Max Kit, Thermo Fisher
Scientific) and electrophoresed at 110V for 45 min. Total RNA was then visualized in the
gel using a UV gel imager. RNA transfer occurred as per the Northern Max protocol for 2

h at 25°C, except 0.45 um nitrocellulose membrane (NC, GE Life Sciences) was used. This
is critical for downstream imaging as most positively charged nylon membranes have strong
background in the infrared (IR) spectra. After transfer, RNA was crosslinked to the NC
using UV-C light (0.18 J/cm2). NC membranes were then blocked with Odyssey Blocking
Buffer, PBS (Li-Cor Biosciences) for 45 min at 25°C. Note that the blocking buffer made
with TBS or PBS, both sold from Li-Cor Biosciences, work similarly for this step. After
blocking, Streptavidin-IR800 (Li-Cor Biosciences) was diluted to 1:10,000 in Odyssey
Blocking Buffer and stained the NC membrane for 30 min at 25°C. Excess streptavidin-
IR800 was washed from the membranes by three, serial washes of 0.1% Tween-20 (Sigma)
in 1x PBS for 5 min each at 25°C. NC membranes were briefly rinsed in 1x PBS to remove
the Tween-20 before scanning on an Odyssey Li-Cor CLx scanner (Li-Cor Biosciences) with
the software set to auto-detect the signal intensity for both the 700 and 800 channels. After
scanning, images were quantified with the Li-Cor software (when appropriate) in the 800
channel and exported.

DMB assay for sialic acid detection—Unless otherwise noted, all chemicals were
supplied by Sigma. Native sialic acids on RNA or DNA were derivatized with 4,5-
Methylenedioxy-1,2-phenylenediamine dihydrochloride (DMB) and detected via reverse
phase high-performance liquid chromatography (HPLC) according to established methods
(Bond et al., 2011). In brief, RNA samples were lyophilized, and 100 pug (or otherwise
noted in specific figures) of each sample was dissolved in 2 M acetic acid. Sialic acids
were hydrolyzed by incubation at 80°C for 2 h, and then cooled to room temperature
before the addition of DMB buffer (7 mM DMB, 0.75 M p-mercaptoethanol, 18 mM
NaySOy, 1.4 M acetic acid). Derivatization was performed at 50°C for 2 h. Following the
addition of 0.2 M NaOH, samples were filtered through 10 kDa MWCO filters (Millipore)
by centrifugation and stored in the dark at —20°C until use. Separation was performed
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via reverse phase HPLC using a Poroshell 120 EC-C18 column (Agilent) with a gradient

of acetonitrile in water: T(0 min) 2%; T(2 min) 2%; T(5 min) 5%; T(25 min) 10%;

T(30 min) 50%; T(31 min) 100%; T(40 min) 100%; T(41 min) 2%; T(45 min) 2%. DMB-
derivatized sialic acids were detected by excitation at 373 nm and monitoring emission

at 448 nm. Sialic acids standards included N-acetylneuraminic acid (Neu5SAc; Jilich

Fine Chemicals), N-glycolylneuraminic acid (Neu5Gc; Carbosynth), 3-deoxy-D-glycero-D-
galacto-2-nonulosonic acid (KDN; Carbosynth), and the Glyko Sialic Acid Reference Panel
(Prozyme).

Subcellular fractionation

Isolation of highly pure nuclei: Nuclei are intricately entwined with the ER, posing a
challenge to biochemically separate nuclei cleanly from the ER without mixing. Gagnon et
al. (2014) describe a protocol which cleanly recovers mammalian nuclei after processing
without significant residual ER membrane attached. We performed this protocol on adherent
ManNAz-labeled HeLa cells without modification to the step-by-step instructions published.
Due to the stringent isolation of the nuclei, some fraction of nuclei themselves lyse

during the process, contaminating the non-nuclear fraction. Therefore, when examining the
fractionation results of this protocol, we consider only the signal left in the nucleus. Signal
in the supernatant will be partially mixed ER, Golgi, cytosol, some nuclei, as well as other
cellular compartments. After fractionation as per the protocol, TRIzol was used to extract
and process the RNA.

Isolation of cytosol and crude membrane fractions—The ProteoExtract® Native
Membrane Protein Extraction Kit (EMD Millipore) was used on adherent ManNAz-labeled
HeLa cells. This kit uses serial lysis steps: first to gently release soluble cytosol proteins

and RNA and second to rupture membranous organelles such as the plasma membrane,
Golgi, and ER. Because the lysis buffers are gentle, residual ER/Golgi are left on the nuclear
fraction and thus analysis of samples generated from this kit was limited to the efficiently
separated soluble cytosolic fractions compared to the membranous fractions. Specifically,
cultured HeLa cells first had growth media removed and cells were then washed twice

with ice-cold Wash Buffer. Extraction Buffer | (supplemented with protease inhibitor) was
added to culture plates and incubated on the cells for 10 min at 4°C, rocking. After the
incubation, this buffer was collected as “cytoplasm.” Extraction Buffer 1l (supplemented
with protease inhibitor) was subsequently added to the cells for 30 min at 4°C, rocking. This
buffer was collected as “ER/membrane.” These fractions were then extracted with TRIzol
and processed as described above.

Membrane protection assay—Large-scale crude membranes were isolated using the
Plasma Membrane Protein Extraction Kit (ab65400, Abcam): cultured cells first had growth
media removed and cells were then washed twice with ice-cold 1x PBS. In the second

PBS wash, cells were scraped off the plate and spun down at 400x g for 4 min at 4°C.

Cell pellets were resuspended in 2 mL of Homogenize Buffer Mix per 3x 15cm plates

of 80% confluent 293T cells. Cell suspension was Dounce Homogenized on ice for 55
strokes, and this was repeated until all the cell suspension volume was similarly processed.
Homogenate was then spun at 700x g for 10 min at 4°C. This pellet was the nuclear fraction
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and supernatants were transferred to new tubes and spun again at 10,000x g for 30 min

at 4°C. The pellets generated from this spin were crude membranes and the supernatant
was soluble cytosol. For the protection assay, typically 10x 15cm plates were used for each
biological replicate. Crude membranes pellets were resuspended in 800 uL KPBS (136 mM
KCI, 10 mM KHyPQOy, pH 7.25 was adjusted with KOH) (Abu-Remaileh et al., 2017), 125
mM sucrose, and 2 mM MgCly, split into 4 reactions, and incubated at 37°C for 1 h with
or without 0.1% Triton X-100 or 150 nM VC-Sia (homemade as per above). RNA was
extracted with TRIzol and processed as described above for DMB analysis of sialic acid
levels.

Protein affinity tools: antibodies and lectins—The following were used for blotting
on nitrocellulose membranes at the indicated concentrations: 1:1000 GAPHD (A300-
641A, Bethyl), 1:3000 p-tubulin (ab15568, Abcam), 1:5000 H3K4me3 (ab8580, Abcam),
1:1000 RPN1 (A305-026A, Bethyl), 1:1000 Sec63 (A305-084A, Bethyl). Appropriate
secondary antibodies conjugated to Li-Cor IR dyes (Li-Cor Biosciences) and used at a
final concentration of 0.1 ng/uL. All lectins were bought biotinylated from Vector labs:
biotin-wheat germ agglutinin (WGA), biotin-concanavalin A (ConA), and biotin-Maackia
Amurensis Lectin I1 (MAAII). Pierce High Sensitivity Streptavidin-HRP (Strep-HRP,
Thermo Fisher Scientific) was used for aniline labeling experiments.

Sucrose gradient fractionation of RNA—RNA used as input for sucrose gradient
fractionation was previously extracted, PK treated, and clicked to DBCO-biotin as described
above. RNA was sedimented through 15%-30% sucrose gradients following McConkey’s
method (McConkey, 1967). Typically, 250-500 ug total RNA was lyophilized and then
dissolved in 500 pL buffer containing 50 mM NaCl and 100 mM sodium acetate (pH

5.5). Linear 15%-30% sucrose gradients were prepared in 1x3.5 inch polypropylene tubes
(Beckman) using a BioComp 107 Gradient Master. Dissolved RNA was layered on top

of pre-chilled gradients, which were then centrifuged using a SW32 Ti rotor at 80,000

g (25,000 rpm) for 18 h in a Beckman Coulter Optima L70-K Ultracentrifuge at 4°C.
Gradients were fractionated using a Brandel gradient fractionation system, collecting 0.75
mL fractions. Fractionated RNA was subsequently extracted from the sucrose solution using
TRIzol as described above and analyzed by agarose gel electrophoresis or deep sequencing.

Enrichment, deep sequencing, and analysis of ManNAz-labeled RNA—Two
rounds of selection performed on RNA samples before sequence analysis to identify
transcripts modified with ManNAz-containing glycans. Total RNA from ManNAz-labeled
H9 or HeLa cells was extracted, purified, and conjugated to DBCO-biotin as described
above. Biological duplicates, at the cell culture level (different passage number), were
generated for the purposes of the sequencing experiments. The first enrichment was
achieved by sucrose gradient fractionation; after centrifugation fractions containing small
RNAs were pooled and TRIzol extracted. The second enrichment was achieved by selective
affinity to streptavidin beads as previously published (Duffy and Simon, 2016) with the
following specific steps: 10 uL of MyOne C1 Streptavidin beads (Thermo Fisher Scientific),
per reaction were blocked with 50 ng/uL glycogen (Thermo Fisher Scientific) in Biotin
Wash Buffer (10 mM Tris HCI pH 7.5, 1 mM EDTA, 100 mM NacCl, 0.05% Tween-20) for
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1 h at 25°C. Biotinylated small RNAs from H9 and HeLa cells were thawed and 150 ng of
each were saved for input library construction. Next, 25 g of the biotinylated small RNAs
were diluted in 750 pL Biotin Wash Buffer (final concentration of ~33 ng/uL) and mixed
with the blocked MyOne C1 beads for 2 h at 4°C. Beads were washed to remove non-bound
RNAs: twice with 1 mL of ChIRP Wash Buffer (2x SSC, 0.5% SDS), twice with 1 mL of
Biotin Wash Buffer, and twice with NT2 Buffer (50 mM Tris HCI, pH 7.5, 150 mM NacCl, 1
mM MgCl,, 0.005% NP-40), all at 25°C for 3 min each.

To construct deep sequencing libraries two approaches were taken using the same enzymes
with different steps for the input (Flynn et al., 2016) versus bead-enriched (Zarnegar et al.,
2016) samples given that the latter were already conjugated to a bead-support.

Input libraries—The 150 ng of small RNAs isolated before MyOne C1 capture were
lyophilized dry and then T4 PNK mix (2 pL 5x buffer (500 mM Tris HCI pH 6.8,

50 mM MgCl,, 50 mM DTT), 1 uL T4 PNK (NEB), 1 pL FastAP (Thermo Fisher
Scientific), 0.5 pL SUPERaseln, and 5.5 uL water) was added for 45 min at 37°C. Next, a
pre-adenylated-3’linker was ligated by adding 3 Ligation Mix (1 pL of 3 uM L3-Bio_Linker
(Flynn et al., 2016), 1 uL RNA Ligase | (NEB), 1 uL 100 mM DTT, 1 pL 10x RNA Ligase
Buffer (NEB) and 6 puL 50% PEG8000 (NEB)) to the T4 PNK reaction and incubating for
4 h at 25°C. Unligated L3-Bio_Linker was digested by adding 2 pL of RecJ (NEB), 1.5

uL 5" Deadenylase (NEB), 3 uL of 10x NEBuffer 1 (NEB) and incubating the reaction at
37°C for 60 min. Ligated RNA was purified with Zymo columns as described above and
lyophilized dry. cDNA synthesis, enrichment of cDNA:RNA hybrids, cDNA elution, cDNA
circularization, cDNA cleanup, first-step PCR, PAGE purification, and second-step PCR
took place exactly as previously describe (Zarnegar et al., 2016).

Bead-enriched libraries—Washed MyOne C1 beads bounded to ManNAz-labeled

small RNAs were processed as described before (Flynn et al., 2016) with the following
modifications. For the on-bead ligation step, a non-biotinylated 3’ linker oligo was used
(L3-Linker) (Flynn et al., 2016) such that all RNAs captured on the beads would be included
in the sequencing library. After completing the second-step PCR for both the input and
bead-enriched samples, the dsDNA libraries were quantified on a High Sensitivity DNA
Bioanalyzer chip (Agilent) and sequenced on a NextSeq 500 instrument (Illumina).

Data analysis—Sequencing data were processed largely as described previously with a
pipeline designed to analyze infrared CLIP data (Zarnegar et al., 2016). The specific version
of the pipeline used in this work can be found here (https://github.com/ChangLab/FAST-
iCLIP/tree/lite). Specifically, the raw reads were removed of PCR duplicates and adaptor
sequences trimmed. Next, to address reads mapping to tRNA loci reads were first mapped
to a mature tRNA reference using bowtie2 (Langmead and Salzberg, 2012). Mature tRNA
reference were obtained from GtRNAdb (Chan and Lowe, 2009) and converted to DNA
sequenced in FASTA format. Identical sequences were removed and CCA was added to the
3’ end of each tRNA sequence. Uniquely-mapped reads were extracted using the values of
the NM and XS fields of the resulting SAM file (grep -E “@|NM”: *.sam|grep -v “XS”:)
(Marchand et al., 2017). Next, reads were mapped to custom sequence indexes of human
repetitive RNAs (such as snRNAs and rRNASs) and finally to the human genome reference
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(GCRh38) (Zarnegar et al., 2016). The number of unique reads for each RNA transcript
(e.g., tRNAs, snRNAs, Y RNAs, etc) from each of the two biological replicates was used

to calculate fold change between input and enriched samples (ManNAz or EDC capture
methods) with the DESeq?2 (Love et al., 2014) tool. Statistical analysis was performed using
R, and plots generated using ggplot2 (Wickham, 2009) (https://ggplot2.tidyverse.org).

CRISPR/Cas9 knockout of Y5 and characterization—CRISPR gRNA sequences
were designed using the CHOPCHOP online webtool (http://chopchop.cbu.uib.no/
index.php) (Labun et al., 2016). Guides that flank the Y5 locus were selected (Table S4).
Corresponding oligos were ordered from IDT. Oligos were cloned into the Zhang lab
generated Cas9 expressing pX458 guide RNA plasmid (Addgene) as previously described
(Ran et al., 2013) using Gibson assembly reaction (NEB). Two sgRNAs flanking the human
Y5 locus encoded in the pX458 plasmids were co-transfected using Lipofectamine 3000
(Thermo Fisher Scientific) in a 6-well format. Transfected cells were single cell sorted based
on GFP expression into 96-well plates using BD influx cell sorter (Stanford FACS facility).
Clonal cell lines were allowed to expand, and genomic DNA was isolated for sequenced
based genotyping of targeted allele. For this, a 300-500 base-pair region that encompassed
the gRNA-targeted site was amplified and the PCR product was Sanger sequenced. Clones
with editing events causing large deletions were selected for subsequent experiments and
KO loss of expression was confirmed by Northern blotting (below). To evaluate doubling
time, 293 WT and KO cells were cultured as described above, initially seeding 20,000 cells
per 12-well plate in triplicate. At 24-hour intervals cells were trypsinized and counted using
a Countess Il FL Automated Cell Counter (Thermo Fisher Scientific).

Small RNA Northern blotting—Detection of small RNAs was achieved by conventional
Northern blotting and detection via radiolabeled locked-nucleic acids (LNAS). LNASs
(QIAGEN) complementary to the Y5 RNA or 5S rRNA (Table S3) were ordered and 5 end
labeled: 200 pmol LNA was added to 3 pL of T4 PNK (NEB), 7 pL 10x T4 PNK buffer,

and 1 uL of ATP, [y=32P]- 3000 Ci/mmol 10 mCi/ml (y-ATP, Perkin Elmer) in a 70 uL
reaction. LNAs were incubated at 37°C for 3 h after which free -y-ATP was purified away
using Micro Bio-Spin 6 (Bio-Rad) columns. Columns were brough to 25°C, pre-packed
buffer spun out at 1000x g for 2 min. Samples were applied to the dried column matrix and
purified by spinning at 1000x g for 4 min. A 12% Urea-PAGE gel (National Diagnostics)
was poured and pre-run at 10W for 15 min, after which 2 pg of total RNA from various cell
types was separated by running the gel at 15W. After electrophoresis, RNA was transferred
to HyBond N+ (GE Life Sciences) using a Semi-Dry transfer apparatus (Bio-Rad) with 0.5x
Tris/Borate/EDTA (TBE, Thermo Fisher Scientific) buffer at a constant power of 18V for 90
min at 4°C. Next, RNA was crosslinked to the membrane, and pre-hybridized at 65°C for 60
min in 2 mL of PerfectHyb Plus (Sigma) buffer. Labeled LNA probes were then added to
the PerfectHyb Plus buffer (typically 25% of the labeled LNA probe was used for any single
membrane hybridization) and incubated at 65°C for 3—-16 h (no change in results with longer
or shorter hybridizations). Membranes were rinsed 2x 2.5 mL of Low Stringency Northern
Buffer (0.1% SDS, 2x SSC (Saline-sodium citrate)) and then washed at 37°C for 2x 5 min
in 2.5 mL of High Stringency Northern Buffer (0.1% SDS, 0.5x SSC). Wash membranes
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were exposed to storage phosphor screens and finally imaged with a GE Typhoon 9410
scanner.

Glycan release from RNA samples—Small RNAs were isolated as described above.
RNA samples were sequentially digested with two glycosidases. Typically for experimental
samples, 25 pg of small RNA from H9 ES, HeLa, or 293FT cells was resuspended in 10

pL of 1x GlycoBuffer 2 (NEB), 7.5 pL PNGaseF (NEB) and to a final reaction volume of
100 pL with water. PNGaseF cleavage occurred overnight at 37°C. After digestion, released
glycans were desalted using PGC SPE columns (Thermo Fisher Scientific). SPE columns
were first washed 5x with 80% acetonitrile (ACN) + 0.1% Trifluoroacetic acid (TFA) and
then 0.1% TFA. Samples were brought to 500 uL with water and passed over the column
twice. SPEs were washed once with 0.1% TFA and finally eluted sequentially in 15% ACN
in 0.1% TFA, 35% ACN in 0.1% TFA. ACN was pulled off with a SpeedVac (Labconco),
elutions pooled, and dried by lyophilization. After drying, samples were resuspended in 5 uL
LC-MS grade water (Thermo Fisher Scientific) for MS analysis.

Glycan release from peptide samples—Peptides were generated from total cell lysate
material from H9 ES, HeLa, or 293FT cells. Specifically, 100 ug of protein lysate was
processed into tryptic peptides using an S-trap mini column (Protifi). Lysate solutions were
brought to 5% SDS and 5 mM DTT final concentration, heated to 95°C for 5 min, cooled

to 25°C for 5 min, and then added 25 mM iodoacetamide (Sigma) for alkylation at 25°C for
30 min in the dark. Samples were next acidified by adding phosphoric acid (Sigma) to 1.2%
final concentration and then adding 8x volumes of binding buffer (100 mM triethylamonium
bicarbonate (TEAB) in 90% methanol), vortexing to mix. Protein samples were next bound
the S-trap columns by centrifugation at 4000% g for 10 sections, spins were repeated until
all the sample volume had passed over the column matrix. Three washes with binding
buffer were performed to rinse the column. Peptides were generated by applying Trypsin
(Promega) solution to the column matrix in 50 mM ammonium bicarbonate (Sigma) at a
ratio of 1 pg Trypsin to 20 pg protein lysate. Digestion proceeded for 90 min at 47°C.
Peptides were eluted by sequentially applying 0.1% formic acid in 50 mM ammonium
bicarbonate and 0.1% formic acid in 50% acetonitrile. N-glycans were liberated from the
peptide samples as described above for the RNA. After PNGaseF digestion, deglycosylated
peptides were removed by bringing the peptide mixture to 500 pL in 0.2% formic acid and
passing them over a 10 mg polymeric C-18 SPE (Strata-X) column: free glycans will flow
through and were saved. The free glycans were desalted in parallel to the RNA samples with
a PGC SPE and finally samples were resuspended in 5 uL LC-MS grade water (Thermo
Fisher Scientific) for MS analysis.

Mass Spectrometry

Chromatography: Mass spectrometric data were acquired using the following conditions.
Each dried sample was reconstituted in 10 uL of 5 mM ammonium formate and 3 L of
sample were injected onto an UltiMate 3000 RSLCnano UPLC (Thermo Fisher Scientific)
system equipped with a 5 pL injection loop. Separation was performed with a capillary
column (100 pm ID, 18 cm length) created by hand packing a commercially available fused-
silica column (IntegraFrit, New Objective, Woburn, MA) with 5 um porous graphitic carbon
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(Hypercarb, PGC, Thermo Fisher Scientific, Waltham, MA) connected to stainless steel
emitter (30 um ID, Thermo Fisher Scientific). Mobile phases used were 5 mM ammonium
formate (A) and 2:1 isopropanol: acetonitrile (B). The flow rate was 1000 nL/min for 5.5
min at 100% A, then decreased to 300 nL/min over 0.5 min followed by a linear gradient of
15%/min over 1 min., 1.4%/min over 25 min, 6.25%/min over 8 min then followed by a 2
min hold at 100% B, with re-equilibrated at 100% A for 5 min. at 1000 nL/min (including
injection time for subsequent injection). The injection valve was switched at the 5.5 min
point of the run to remove the sample loop from the flow path during the gradient.

Mass spectrometer—All mass spectrometric data were acquired with a Lumos Orbitrap
mass spectrometer (Thermo Fisher Scientific). Positive mode electrospray ionization was
performed under nanospray conditions (300 nL/min) using a Thermo Fisher Scientific
Nanoflex ion source with a source voltage of 2.2 kV applied to a stainless-steel emitter

(30 um ID, Thermo Fisher Scientific), and the capillary temperature was 300°C. The S-Lens
RF level setting was 60%.

Free-glycan untargeted screening—Data-dependent fragmentation was performed
with full scan (/2500 2500) Orbitrap detection at a resolution setting of 120,000,
normalized AGC target of 250%, and a maximum ion injection time setting of 50 ms.

MS? spectra were acquired with quadrupole isolation width of 7/z1.6, HCD fragmentation
of 25%, Orbitrap detection at a resolution setting of 15000, normalized AGC target of 400%,
and maximum ion injection time of 22 ms. Data-dependent parameters were as follows:
intensity threshold 2.5 x 104, repeat count of 3 within 30 s, exclusion duration of 20 s, and
exclusion mass width of £ 5 ppm with isotopes excluded. A mass exclusion list consisting of
previously published endogenous RNA adducts and their 13C isotopologues was used (Table
S4). A cycle time of 3 s was used, and data collection was in profile mode.

Analysis—Glycan release samples were analyzed with GlycoNote (https://github.com/
MinggiLiu/GlycoNote). Briefly, .raw files were converted to .mgf files and loaded into
the GlyoNote GUI. The parameters (Table S5) were used for all glycan release files.
GlycoNote output files contained glycan structures and annotated spectra, which were
validated manually.

Lectin-proximity labeling of RNA with biotin-aniline

Live Cell Labeling: HelL a cells were cultured as above typically in 10 cm plates. Cells
were rinsed twice in ice-cold 1x PBS, discarding after each wash, and blocked in Lectin
Blocking Buffer (LBB, 20 mM HEPES, 150 mM NaCl, 1 mM MgCl,, 1 mM MnCl,, 1
mM CaCl,, 2.5% FBS) for 15 min at 4°C. Blocking buffer was then discarded and replaced
with LBB+Lectin+Strep-HRP. Typically, 4 mL of this was prepared at a concentration of

5 pg/mL biotinylated lectin and 6 pg/mL Strep-HRP, these components were first mixed
together on ice for 30 min prior to the addition of LBB. LBB+Lectin+Strep-HRP staining
occurred for 45 min at 4°C, after which the cells were rinsed twice in ice-cold 1x PBS +

1 mM CaCl;, + 1 mM MgCl, (PBS++). Immediately after this 3 mL of PBS++ with 350
UM biotin-aniline (Iris Biotech GMBH) was added to each plate and incubated on ice for 1
min. Plates were then moved to the bench top and H,O5 was added to a final concentration
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of 1 mM. This reaction occurred for precisely 2 min, after which plates were brought back
on ice, PBS++/biotin-aniline/H,05 was aspirated, and cells were quickly but gently rinsed
twice in Quenching Buffer: 5 mM Trolox, 10 mM sodium ascorbate and 10 mM sodium
azide in PBS++ (as described in Fazal et al., 2019). After removing the Quenching Buffer,
TRIzol was added directly to the plate and RNA extracted and processed as described above
for enzymatic digestions as well as blotting.

In Lysate Labeling: HelLa cells were grown and washed as for the Live Cell Labeling
protocol. Cell lysates were generated by adding 500 uL ice-cold 50 mM Tris pH 8 with
cOmplete protease inhibitor cocktail (Roche) per 10 cm plate, scraping cells, and pipetting
up and down 10 times on ice. Lysate from each 10 cm plate was then incubated with the
same pre-complexed ratio of biotinylated lectin and Strep-HRP for 45 min on ice. Lysates
were subsequently warmed to 25°C for 2 min, 350 mM biotin-aniline was added to each
tube at 25°C for 1 min and then 1 mM H,0, was added to initiate the reaction. Each
reaction was allowed to proceed for exactly 2 min before directly adding 5 mM Trolox, 10
mM sodium ascorbate and 10 mM sodium azide. RNA was extracted from the labeled lysate
samples with TRIzol LS (Thermo Fisher Scientific) and processes in parallel with the Live
Cell samples.

Optimization of cell-lifting reagents—In the course of establishing a FACS protocol
for cell surface glycoRNAs (below), we noticed that standard cell lifting strategies using
trypsin resulted in near total destruction of cellular RNA. To understand why this was
happening and find an RNA-safe strategy we performed the following quality control
experiments:

First, total protein analysis of Trypsin and TrypLE reagents used for tissue culture. Stock
Trypsin products from GE Healthcare, Sigma, Stem Cell Technologies, ATCC, and Thermo
Fischer Scientific were purchase, separated on an SDS-PAGE gel, stained with Acquastain
Protein Gel Stain (Bulldog Bio) and scanned on a Li-Cor to visualize any proteinaceous
components of these reagents (Figure S6B). All Trypsin products contained a band that
corresponded to the full-length trypsin protein at about 25 kDa, however, every stock also
contained a series of lower molecular weight bands of unknown identity.

Second, TrypLE, from the Thermo Fischer Scientific website is an “animal origin-free,
recombinant enzyme” that because of its “exceptional purity increases specificity and
reduces damage to cells that can be caused by other enzymes present in some trypsin
extracts.” We found that TrypLE runs at a very similar molecular weight as trypsin, however,
it contains none of these low molecular weight bands (Figure S6B).

Third, we assessed the relative damage these reagents cause to cellular RNA. HeLa cells
were grown in 6-well plates as described above, rinsed with 1x PBS, and then incubated at
37°C for 5 min in 250 pL of 1x PBS, Trypsin (GE Healthcare), or TrypLE (Thermo Fischer
Scientific). After this incubation, samples were either directly lysed with 750 uL TRIzol LS
or resuspended in 750 pL 1x PBS, spun at 300x g for 5 min, supernatant discarded, and
then the cell pellet was lysed in TRIzol LS. The results of this experiment are in Figure
S6C and show that while PBS and TrypLE cause no RNA degradation, the Trypsin solution
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completely destroys the RNA if cells are not pre-washed with PBS, and if they are, there is
still massive degradation of cellular RNA, even when extracted with TRIzol.

Therefore, it is critical to use TrypLE or other reagents that have been carefully tested for
RNase contamination when performing experiments to assay for cell surface glycoRNAs.

Fluorescence-activated cell sorting (FACS) analysis—Cells were grown as
described above and if adherent, lifted with TrypLE (Thermo Fisher Scientific) for 4 min at
37°C. Cells were resuspended in FACS Buffer (0.5% bovine serum albumen (Thermo Fisher
Scientific) in 1x PBS), counted, and aliquoted to 200,000 cells per 100 uL FACS Buffer,
incubating on ice for 30 min to blocking. For RNase digestions, RNase A (Sigma) was
added to the blocking buffer at indicated concentrations (typically 2 uM). After blocking,
cells were brought to 25°C for 5 min, then spun for 5 min at 4°C and 350x% g. Cells were
washed once with 150 pL. FACS Buffer and spun as above. Two similar approaches were
taken to stain for cell surface RNA (1) or cell surface sialic acids (2). In assaying for (1),
cells were resuspended in 10 ug/mL anti-J2 antibody (Scicons) in 100 uL. FACS Buffer for
30 min on ice, spun as above and washed once as above. Cells were then stained with 8
pg/mL Goat, anti-Mouse-IR680 antibody (Li-Cor Bioscience) in 100 uL. FACS Buffer for
30 min on ice and in the dark, spun as above and washed once as above. Finally, cells were
fix in 100 pL of FluoroFix Buffer (BioLegend) for 30 min at 25°C in the dark. Cells were
finally washed once as above and stored in FACS Buffer at 4°C for analysis. In assaying
for (2), recombinant human Siglec-Fc proteins (R&D Systems) were pre-complexed to
Alexa Fluor-647 AffiniPure Donkey Anti-Human IgG, Fcy fragment specific (Jackson
Laboratories) both at 1.5 ug/mL in FACS Buffer on ice for 1 h. Cells were resuspended

in 100 pL of the pre-complexed Siglec-Fc-Secondary solution and incubated on ice in the
dark for 30 min, washed once, and proceeded directly to fixation as described above. FACS
data were analyzed and visualized with FloJo software.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq statistics were determined by R package ‘DESeq2.’

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Synthetic, clickable sugars that label glycoproteins and glycolipids also label
RNAs

RNA-glycan conjugates, glycoRNAs, are conserved, small, noncoding RNAs
GlycoRNAs possess N-glycans that are highly sialylated and fucosylated

GlycoRNAs are displayed on the cell surface and can bind Siglec receptors

Cell. Author manuscript; available in PMC 2022 June 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Flynn et al. Page 33

i - + — — TurboDNase
gsa THSE il HelLa cellular RNA _ 4 +  RNase Cocktail
Living mice 0 6 12 24 36 48 AcManNAz (hrs) — — — + SUPERaseln

glycoRNA

glycoRNA

*

Strep Strep

Trizol at 37°C
(column cleanup)
fo
Yiep "
Q p é kb Sybr kb

Sybr

D liver spleen in vivo RNA source
Prot.K at 37°C m 2 4 6 6 m 2 4 6 6 DaysofAc,ManNAz
- — —- - + — — — — + RNase Cocktail

(column cleanup)

£ .
glycoRNA
9\_ ®

N

P,

2/-
DBCO-PEG4-biotin in 1f
50% formamide at 55°C 05
kb
(column cleanup) Strep
|
Denature in 95% formamide at 55°C, 5
Denaturing formaldehyde agrose gel, 1
Streptavidin imaging on LiCor scanner kb Sybr

Figure 1. AcsManNAz, a glycan reporter, incorporates into mammalian cellular RNA
(A) Schematic of RNA extraction protocol. AcsManNAz, peracetylated N-

azidoacetylmannosamine; Prot.K, proteinase K; DBCO, dibenzocyclooctyne.

(B) RNA blotting of RNA from HeLa cells treated with 100 uM AcsManNAz for the
indicated amount of time. After RNA purification, AcsManNAz was conjugated to DBCO-
biotin, visualized with streptavidin-IR800 (Strep), and imaged on an infrared scanner. Before
RNA transfer to the membrane, total RNA was stained and imaged with SYBR Gold (Sybr)
to interrogate quality and loading. All subsequent blots were prepared in this manner, and
AcgManNAz is always used at 100 pM. The regions where glycoRNAs are present (red text)
and non-specific labeling (*) is noted.

(C) RNA Blot of AcsManNAz-labeled HeLL.a RNA treated /7 vitro with Turbo DNase or
RNase cocktail (A/T1) +/- SUPERaseln (RNase inhibitor).

(D) RNA Blot of murine RNA after /n vivo AcsManNAz delivery via intraperitoneal
injection on indicated days at 300 mg AcsManNAz/kg/day. RNA from the liver and spleen
were analyzed. Mock (m) mice were injected with DMSO only. RNase treatment was
performed on extracted RNA.

See also Figure S1.
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Figure 2. Small, non-polyadenylated, and conserved transcripts comprise the pool of cellular
glycoRNA

(A) Blotting of total or poly-adenylated (poly-A) enriched RNA from HeLa cells treated
with AcgsManNAz.

(B) Blotting of total RNA from HeLa cells treated with AcsManNAz after differential
precipitation fractionation using silica-based columns.

(C) Blotting of total RNA from H9 human embryonic stem cells (H9) treated with
Ac4ManNAz after sucrose density gradient (15%-30% sucrose) fractionation. An input
profile is displayed to the right of the gradient.
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(D) Scatterplot analysis AcsManNAz-enriched RNAs purified from the small RNA fractions
of (C) from HeLa and H9 cells. Reads mapping to ShRNA, snoRNAs, and Y RNAs are
shown. Significance scores (-logig(adjusted p value) are overlaid for HeLa cells as the size
of each data point and for H9 cells as the color of each data point.

(E) Representative blot of total RNA from wild-type (WT) or Y5 knockout (KO) 293T cells
treated with AcsManNAz. Inset: quantification of the blot in (E) from biological triplicates.
p value calculated by a paired, two-tailed t test.

See also Figures S2 and S3 and Tables S1 and S2.
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Figure 3. Glycans modifying RNA contain sialic acid
(A) Blotting of RNA from HeLa cells treated with 1.75 mM 9-azido sialic acid for indicated

times.

(B) Blotting of AcsManNAz-labeled HeLa cell RNA treated with Vibrio cholerae (VC)
sialidase or heat-inactivated sialidase (VVC-sialidase-HlI).

(C) Blotting of RNA from HeLa cells treated with AcsManNAz and the indicated
concentrations of P-3Fax-NeuSAc.

(D) Unlabeled total RNA from H9 cells was isolated, reacted with the indicated enzyme (no
enzymes, RNase cocktail, or Sialidase treatment), cleaned up to remove cleaved metabolites,
and processed with the fluorogenic 1,2-diamino-4,5-methylenedioxybenzene (DMB) probe.
HPLC analysis quantified the presence and abundance of specific sialic acids. Inset, Sybr
gel image of the total RNA for each condition. The main sialic acid peaks are 2 and 3. The
identity of peak 1 is unknown, but it is RNase-sensitive.

(E) Quantification of DMB results (D) from 4,188, H9, and HeL a cells from four biological
replicates.

See also Figure S3.
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Figure 4. A distinct set of N-glycans are enriched with glycoRNAs
(A) Blotting of RNA from /d/D CHO cells labeled with Ac;ManNAz, Galactose (Gal, 10

uUM), N-acetylgalactosamine (GalNAc, 100 uM), or all for 24 h.

(B) Blotting of RNA from HelLa cells treated with AcsManNAz and indicated
concentrations of NGI-1, an inhibitor of OST, for 24 h.

(C) Blotting as in (B) but with the indicated concentrations of kifunensine.

(D) Quantification of AcyManNAz signal after treatment of AcsManNAz-labeled HeLa cell
RNA with the indicated enzymes /n vitro each for 1 h at 37°C in biological triplicate.
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(E) Schematic of the method used to release glycans from RNA samples and subsequently
purify free glycans for mass spectrometry analysis.

(F) Unsupervised clustering analysis of glycans (rows) released from peptide and RNA
fractions (columns) of 293, H9, or HeLa cells via PNGaseF cleavage. Glycans had to be
found biological replicates of at least one of the six samples to be included.

(G) Principal component analysis of peptide- and RNA PNGaseF-release glycans.

(H) Bar plots of the fraction of glycans containing fucose (red) or sialic acid (purple)
modifications that were released from peptides or RNA samples. Numbers below are the
absolute numbers of glycans found with each of the modifications from a given dataset.
See also Figure S4 and Table S3.
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Figure 5. glycoRNAs are on the external surface of living cells
(A) Blotting of RNA and proteins after subcellular fractionation designed to robustly

purify nuclei. Non-nuclear proteins GAPDH and B-tubulin and nuclear histone 3 lysine
4 trimethylation (H3K4me3) are visualized by western blot.
(B) Blotting of RNA and proteins after subcellular fractionation designed to separate
soluble cytosol from membranous organelles. Membrane proteins RPN1, Sec63, and soluble
B-tubulin are visualized by western blot.
(C) Blotting of RNA from HeLa cells labeled with 100 uM AcsManNAz for 24 h and then
exposed to fresh media containing 100 uM AcsManNAz with or without 150 nM VC-Sia for

60 min at 37°C
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(D) Quantification of the experiment in (C) across biological triplicates and from 293T or
K562 cells treated in the same manner. p value calculated by a paired, two-tailed t test.

(E) Schematic of the lectin-based proximity labeling of RNA on cell surfaces. Living cells
are stained with a biotinylated lectin that recruits streptavidin-HRP that is in turn able to
generate nitrene radicals from biotin-aniline after the addition of hydrogen peroxide. RNA
from these cells is then extracted and analyzed for biotin labeling that reveals if that RNA
was in proximity to the lectin.

(F) Blotting of total RNA samples generated as described in (E). Lanes 5 and 6 were
processed /n vitro (after purifying RNA) with RNase cocktail or VVC-Sia to demonstrate any
sensitivity of the biotin-aniline signal to these enzymes.

(G) Blotting of total RNA samples similar to (F) however cells were first lysed in a
hypotonic buffer, destroying cellular membranes that are normally impermeable to nitrene
radicals. Labeling of rRNA is evident here but not in (F).

See also Figure Sb.
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Figure 6. Cell surface glycoRNAs contribute to the binding of select Siglec proteins
(A) Cartoon model of a glycoRNA on the cells surface depicted with two glycans identified

in the PNGaseF release experiment. Prediction locations of binding for the anti-dsSRNA
antibody (J2) and Siglec-Fc proteins are highlighted.

(B) Fluorescence-activated cell sorting (FACS) analysis of single HeLa cells pre-treated with
the indicated enzymes or inhibitors and then stained with the J2 antibody. Gated region
(orange) indicates the population shifted toward high J2 binding.

(C) FACS analysis of single HelLa cells pre-treated with the OST inhibitor NGI-1 for 12 h at
the indicated concentrations. Dashed vertical line denotes a J2-high population, and for each
sample, the fraction of cells within this region is shown as a percentage.

(D) FACS analysis of single HeLa cells pre-treated with RNase then stained with the
indicated Siglec-Fc reagents.

See also Figure S6.
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