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1 | INTRODUCTION

Sarah Ressel®

| Thi Tran Ngoc Minh"* | Amy H. Buck®

Abstract

Cells can communicate via the release and uptake of extracellular vesicles (EVs),
which are nano-sized membrane vesicles that can transfer protein and RNA cargo
between cells. EVs contain microRNAs and various other types of non-coding RNA,
of which Y RNA is among the most abundant types. Studies on how RNAs and their
binding proteins are sorted into EVs have mainly focused on comparing intracellular
(cytoplasmic) levels of these RNAs to the extracellular levels in EVs. Besides overall
transcriptional levels that may regulate sorting of RNAs into EVs, the process may
also be driven by local intracellular changes in RNA/RBP concentrations. Changes
in extracellular Y RNA have been linked to cancer and cardiovascular diseases.
Although the loading of RNA cargo into EVs is generally thought to be influenced by
cellular stimuli and regulated by RNA binding proteins (RBP), little is known about
Y RNA shuttling into EVs. We previously reported that immune stimulation alters
the levels of Y RNA in EVs independently of cytosolic Y RNA levels. This suggests
that Y RNA binding proteins, and/or changes in the local Y RNA concentration at
EV biogenesis sites, may affect Y RNA incorporation into EVs. Here, we investigated
the subcellular distribution of Y RNA and Y RNA binding proteins in activated and
non-activated THP1 macrophages. We demonstrate that Y RNA and its main bind-
ing protein Ro60 abundantly co-fractionate in organelles involved in EV biogenesis
and in EVs. Cellular activation led to an increase in Y RNA concentration at EV bio-
genesis sites and this correlated with increased EV-associated levels of Y RNA and
Ro60. These results suggest that Y RNA incorporation into EV's may be controlled by
local intracellular changes in the concentration of Y RNA and their protein binding
partners.
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Extracellular vesicles (EVs) are ~50-500 nm sized membrane-enclosed vesicles that are released by virtually all cells. EVs are
formed either by budding from the plasma membrane (‘microvesicles’) or through inward budding of the endosomal membrane
and fusion of the resulting multivesicular-endosomes with the plasma membrane (‘exosomes’) (van Niel et al., 2018). EVs play a
role in intercellular communication by transferring protein and RNA cargo between cells (de Jong et al., 2020; Ridder et al., 2015;
Valadi et al., 2007; Zomer et al., 2015). Various classes of small non-coding RNA (ncRNA) have been detected in EVs (Bellingham
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etal., 2012; Nolte-’t Hoen et al., 2012). Of these RNA classes, miRNA have been most intensively investigated because of their well-
established modulatory effects on mRNA levels (He & Hannon, 2004). Besides miRNA, EV's contain various other ncRNA classes,
such as Y RNA, 7SL (SRP-RNA), tRNA and snRNA (Bellingham et al., 2012; Nolte-’t Hoen et al., 2012). Inside of cells, many of
these ncRNAs are known to function as structural components of RNA-protein complexes involved in housekeeping processes,
such as mRNA splicing, RNA quality control and protein translation (Akopian et al., 2013; Anderson & Ivanov, 2014; Boccitto
& Wolin, 2019; Matera & Wang, 2014). It is largely unknown whether these ncRNA types play additional roles in cell-to-cell
signalling via EVs.

Y RNA is one of the most abundant ncRNA types in EVs based on multiple studies using various cell types and body fluids
(reviewed in (Driedonks & Nolte-"t Hoen, 2019)). This family of polymerase III transcribed stem-loop RNAs is conserved among
mammals (Pruijn et al., 1993), with four Y RNA subtypes in the human genome (Y1, Y3, Y4, Y5) and two subtypes in the mouse
genome (Y1 and Y3). In cells, Y RNA serves as a scaffold for several RNA binding proteins (RBPs) and regulates various cellular
processes (Kohn et al., 2015; Leng et al., 2020). Ro60 (also known as SSA) and La (also known as SBB) are the most intensely
studied Y RNA binding proteins. Binding of Y RNA affects the localisation and activity of its protein partners, while these proteins
influence the stability and function of Y RNA. Ro60 binds the stem-motif and is required for cytoplasmic stability of Y RNA
(Chen et al., 2003), while La binds the 3’ oligo-uridine motif of Y RNA and protects it from exonucleolytic degradation (Wolin
& Cedervall, 2002). Furthermore, La binding shields the 5’ triphosphate nucleotide of Y RNA, which may otherwise activate the
innate immune receptor RIG-I (Hornung et al., 2006). Ro60 can shuttle between nucleus and cytoplasm, but is retained in the
cytoplasm when Y RNA is bound (Leng et al., 2020; Sim et al., 2009). Furthermore, Y RNA binding to Ro60 prevents the binding
of misfolded ncRNAs to its central cavity, thereby regulating RNA degradation (Fuchs et al., 2006; Stein et al., 2005). In addition
to these well-studied Y RNA binding proteins, several other RBPs, such as hnRNP K (Fabini et al., 2001), HuR (Scheckel et al.,
2016; Tebaldi et al., 2018) and ZBP1 (Sim et al., 2012), interact with the oligopyrimidine loop region of Y RNA, which may regulate
their activity or localisation. For example, Y3 RNA can scavenge an enhancer protein, HuD (ELAVL4), away from the 3'UTRs
of mRNAs, thereby affecting mRNA translation in the context of neuronal differentiation (Tebaldi et al., 2018).

While Y RNA is one of the most abundant EV-associated ncRNAs, the functions of extracellular Y RNA are not well under-
stood. It is emerging that changes in extracellular Y RNA levels correlate with various diseases and immune-related processes
(reviewed in Driedonks and Nolte-’t Hoen (2019)). For example, increased levels of extracellular Y RNA and Y RNA fragments
have been reported in the plasma of various types of cancer patients (Dhahbi et al., 2013; Haderk et al., 2017; Lovisa et al., 2020).
Additionally, plasma of coronary artery disease patients contained increased levels of Y RNA fragments (Repetto et al., 2015). Fur-
thermore, we have shown that systemic inflammation altered the ratios between Y RNA subtypes in human plasma (Driedonks
et al,, 2020). Besides these disease-associated changes in extracellular Y RNA levels in plasma, we have shown that cellular acti-
vation in vitro changed the incorporation of Y RNA into EVs (Driedonks et al., 2018). These data indicate a relation between
the activation/differentiation/transformation status of cells and Y RNA release via EVs. However, how environmental stimuli or
disease status impact Y RNA incorporation into EV's and their extracellular release is largely unknown.

A large number of studies have addressed how ncRNA types other than Y RNA, mainly miRNAs, are incorporated into EVs.
It is known that changes in the cytoplasmic abundance of ncRNAs influence their incorporation into EVs (Gambaro et al., 2019).
Additionally, several different RBPs have been suggested to regulate incorporation of specific miRNAs into EV's (Cha et al., 2015;
Lee et al., 2019; Mukherjee et al., 2016; Santangelo et al., 2016; Shurtleff et al., 2016; Statello et al., 2018; Temoche-Diaz et al., 2019;
Villarroya-Beltri et al., 2013), presumably by recruiting these miRNAs to EV biogenesis sites, such as multivesicular endosomes
(MVE) (Mateescu et al., 2017). Other proteins, such as hnRNP U, may selectively retain specific miRNAs in cells (Zietzer et al.,
2020). Much less is known about how incorporation of the other (non-miRNA) classes of extracellular RNA is regulated. In
one study, knockout of the RNA binding protein YBX1 decreased the incorporation of Y RNA and tRNA in CD63-positive EVs,
while increasing cellular levels of Y RNA and tRNA (Shurtleff et al., 2017). Furthermore, we previously reported that activation of
immune cells changed the abundance of EV-associated Y RNA independently of cellular Y RNA levels (Driedonks et al., 2018).
This suggests that Y RNA binding proteins, and/or changes in the local Y RNA concentration at cellular compartments where
EVs are formed, may regulate the incorporation of Y RNA into EVs.

Here, we aimed to connect activation-induced extracellular release of Y RNA in EVs to its intracellular localisation. We
determined the subcellular distribution of Y RNA and Y RNA binding proteins, and assessed how cellular activation affects
the abundance of Y RNA and/or Y RNA binding proteins in cellular compartments involved in EV biogenesis. We used THP1
macrophages, stimulated or not with a Toll-like receptor (TLR) 1/2 agonist, and employed a subcellular fractionation protocol
that enabled parallel quantification of both proteins and ncRNA in various cellular organelles. We demonstrate that Y RNA and
its main binding protein Ro60 abundantly co-fractionate in organelles involved in EV biogenesis and in EVs in a cell activation-
dependent manner. The results suggest that Y RNA incorporation into EVs may be controlled intracellularly by local changes in
the concentration of Y RNA.
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2 | MATERIALS AND METHODS

2.1 | Cells and EV production

The human monocytic cell line THP1 was a kind gift from M. Boes at UMC Utrecht and was maintained in IMDM (Gibco,
Paisley, UK) supplemented with 10% FCS (Bodinco, Alkmaar, The Netherlands), 2 mM ultraglutamine and 100 U/mL peni-
cillin/streptomycin (Gibco, Paisley, UK). EV-depleted medium was prepared as described previously (Driedonks et al., 2018).
In brief, FCS was pre-diluted to 30% in IMDM and ultracentrifuged at 100,000 X g in a SW28 rotor overnight (k-factor 334.2).
EV-depleted FCS was pipetted from the ultracentrifuge tubes and used at 10% final concentration in IMDM, supplemented with
2 mM ultraglutamine and 100 U/mL pen/strep. Cells were sub-cultured by dilution twice per week. For all experiments, cells
were seeded at 0.5 million cells/mL. The time-course experiment was done in 6-well dishes, all other experiments were done in
T75 and T175 flasks. Cells were differentiated into a macrophage phenotype by treatment with 10 ng/mL phorbol-12-myristate-
13-acetate (PMA, Sigma, St. Louis, MO) for 24 h. Medium was removed, after which cells were washed with 3 mL PBS (Gibco,
Paisley, UK) and replenished with EV-depleted medium. Where indicated, cells were stimulated with 5 ©g/mL Pam3CSK4 (EMC
Microcollections, Tiibingen, Germany). Subcellular fractionation was done after 4 h of culture, the culturing times of the time
course experiment are indicated in Figure 1g. Cells were cultured for 20-24 h for EV production. Viability of cells was checked
by Trypan Blue (Sigma, Sigma, St. Louis, MO) exclusion and was above 95% for all experiments.

2.2 | EV purification

EVs were purified by differential ultracentrifugation as described before (Driedonks et al., 2018). In brief, supernatant was col-
lected and centrifuged at 4°C for 2 X 10 min at 200 X g, 2 X 10 min at 500 X g and 1 X 30 min at 10,000 X g. Supernatant was
carefully removed by pipetting, not disturbing the 10,000 X g pellet, and EVs were pelleted from this supernatant by centrifu-
gation at 100,000 X g,.x for 65 min in a SW28 (k-factor 334.2) or SW40 (k-factor 280.3) rotor. EV pellets were resuspended in
20 uL PBS + 0.2% BSA (previously depleted of particles by overnight centrifugation at 100,000 X g;,,..), and labelled with 1.5 uL
fluorescent dye PKH67 in 100 4L diluent C (Sigma, St. Louis, MO). Labelled EVs were mixed with 2.5 M sucrose, overlaid with
a sucrose density gradient (2.0-0.4 M sucrose in PBS) and centrifuged 15-18 h at 192,000 X g, in a SW40 rotor (k-factor 144.5).
The densities of sucrose fractions were determined by measuring 10 uL of each fraction on an Abbe refractometer (Atago, Japan).
EVs in sucrose fractions were quantified using high-resolution flow cytometry, or were pelleted from the fractions with densities
of 1.11-1.18 g/mL by dilution in PBS + 0.2% BSA followed by centrifugation for 65 min at 192,000 X g, in a SW40 rotor (k-factor
144.5).

2.3 | High-resolution flow-cytometry

Sucrose density fractions were diluted 20x in PBS just before flow-cytometric quantification on a BD Influx (BD Biosciences, San
Jose, CA) with an optimised configuration for small particle detection (Nolte-’t Hoen et al., 2012; van der Vlist et al., 2012). In brief,
fluorescence based threshold triggering was applied, and forward-scatter (FSC) was detected at a 15-25 degree collection angle.
Fluorescent 100 and 200 nm polystyrene beads (Fluospheres, Invitrogen, Carlsbad, CA) were used to calibrate the instrument
before measurement. Fluorescent events were collected in a 30 s timeframe for all samples and were measured at event rates
below 10,000 events/s, which is below the limit of the electronic pulse processing of the BD Influx (Groot Kormelink et al., 2016).
Thus, relative EV concentrations were defined as ‘events per 30 seconds’

2.4 | Subcellular fractionation

For the time course experiment, stimulated and unstimulated cells were washed and detached with PBS + 2 mM EDTA at the
timepoints indicated in Figure 1g. Cells were pelleted 1 min at 10,000 X g, lysed in 50 uL PBS + 1% Triton-X100 for 5 min on
ice, after which nuclei were spun down 5 min at 16,000 X g at 4°C. Supernatant was collected, centrifuged again to remove any
residual nuclei, mixed with 700 uL Qiazol and stored at —80°C until RNA isolation.

Subcellular fractionation was performed using a protocol based on Gibbings (2011) and Gibbings et al. (2009). Four hours after
activation with Pam3CSK4, cells were harvested from flasks using a rubber cell scraper. Five million cells per condition were pel-
leted at 200 X g for 10 min at 4°C, washed in ice-cold PBS and incubated for 10 min in ice-cold hypotonic homogenisation buffer
(0.083 M sucrose, 10 mM HEPES, 1 mM EGTA) supplemented with the following inhibitors: Complete Mini protease inhibitor
cocktail (Roche, Basel, Switzerland), 200 uM MG132 proteasome inhibitor (Calbiochem, Darmstadt Germany), 8 mM vanadyl
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FIGURE 1

Pam3CSK4 stimulation of THPI cells increases the release of EV-associated Y RNA. THP1 macrophages cultured in EV-depleted medium

were stimulated with Pam3CSK4 or left unstimulated. After overnight incubation, EVs were purified by differential ultracentrifugation, labelled with PKH67
fluorescent dye, and floated into a sucrose density gradient. (a) Y RNA subtypes were quantified by RT-qPCR in EV's (fractions 1.11-1.18 g/mL) released by
unstimulated THP1 cells, n = 4 experiments. No significant differences in Y RNA subtype abundance, one-way ANOVA with Tukey’s post-hoc test. (b) High
resolution flow cytometry based quantification of EVs in the different sucrose density fractions. EV concentration in each fraction was measured in a 30 s
timeframe, expressed as ‘EV counts / 30 sec. Event counts in each fraction were normalised to the total number of events in all fractions of the unstimulated
condition. Data from #n = 3 experiments. (c) Relative difference in EV numbers (fractions 1.11-1.18 g/mL) released by unstimulated and Pam3CSK-stimulated

(Continues)
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FIGURE 1 (Continued)

THP1 cells. *p < 0.05, Student’s paired f test, two tailed, n = 3 experiments. (d) Western blot analysis of EVs isolated from equal numbers of stimulated and
unstimulated THP1 cells, representative for n = 4 (CD9) or n = 2 (CD81 and CD63) experiments. (¢) RT-qPCR quantification of Y RNA subtypes and
endotoxin responsive miR-146a in equal amounts of EV RNA released in 24 h under stimulated/unstimulated conditions. Data are shown as log2 fold
differences, using U6 RNA levels for normalisation. *p < 0.05, Student’s paired t test, two tailed, n = 4 experiments. (f) RT-qPCR quantification of Y RNA
subtypes and endotoxin responsive miR-146a in intracellular RNA in stimulated/unstimulated conditions. Data are shown as log2 fold differences, using U6
RNA levels for normalisation. *p < 0.05, Student’s paired f test, two tailed, n = 3 experiments. (g) Schematic overview of time course experiment. THP1
macrophages were stimulated with Pam3CSK4 or left untreated. Two hours later (t = 0), culture medium was exchanged for EV depleted medium, cytoplasmic
RNA was isolated at the indicated time points. (h) RT-qPCR based quantification of cytoplasmic Y RNA subtypes and miR-146a during the time course. Log2
fold changes in RNA expression were calculated relative to the RNA abundance at the beginning of the time course (f = —2). Black line: unstimulated, red line:
Pam3CSK4 stimulated. *p < 0.05, Student’s paired ¢ test, two-tailed, n = 3 independent experiments.

ribonucleoside (New England Biolabs, Ipswitch, MA), 8 uL RNAse Out (Invitrogen, Carlsbad, CA). Cells were homogenised by
40 passages through a 26G needle using a1 mL syringe. Trypan blue exclusion was performed on the homogenates to ensure com-
parable numbers of cells were disrupted, typically >95%. Nuclei and large cell debris were removed by centrifugation for 5 min
at 1000 X g at 4°C, after which the supernatant was subjected to a second centrifugation step to ensure all debris was removed.
The supernatant (post-nuclear cytosolic fraction) was loaded on top of a 5%-40% Optiprep (Axis-Shield, Dundee, UK) gradient
in 78 mM KCl, 4 mM MgCl,, 8.4 mM CaCl,, 10 mM EGTA, 50 mM HEPES-NaOH pH 7.0 prepared in SW60 tubes. Tubes
were spun in a SW60 rotor at 100,000 X g, (32,000 rpm k-factor 159.6) for 18-20 h at 4°C to separate the subcellular organelles
according to their buoyant density. Subsequently, 300 uL fractions were collected. The densities of sucrose fractions were deter-
mined by measuring 10 uL of each fraction on an Abbe refractometer (Atago, Japan). Of these fractions 50 uL aliquots were
pooled for RNA isolation (fractions 14243, 445, 6+7, 849 and 104+11+12). The remaining 250 uL was pooled for TCA precipi-
tation using the following protocol: sodium-deoxycholate (Sigma, St. Louis, MO) was added to the fractions at 125 ug/mlL, after
which 10% tricholoroacetic acid (final concentration) was added. Samples were incubated on ice for 15 min, protein precipitates
were pelleted for 10 min at 16,000 X g at 4°C. Supernatant was removed gently, after which 0.5 mL —20°C acetone was added to
the pellets. Samples were incubated at —20°C for 10 min followed by centrifugation for 10 min at 16,000 X g at 4°C. Supernatant
was removed and 0.5 mL —20°C acetone was added to the pellets followed by centrifugation for 10 min at 16,000 X g at 4°C to
wash. Supernatant was taken off, pellets were left to dry to the air until all acetone had evaporated. Pellets were resuspended in
30 uL 2x SDS sample buffer and 5 uL 1 M Tris pH 8.8 was added to adjust the pH.

2.5 | Western blot

Protein samples were denatured for 3 min at 100°C in 2x SDS sample buffer and separated on a 10% SDS-PAGE gel, followed by
protein transfer onto 0.45 um Immobilon-P PVDF membranes (Millipore, Cork, Ireland). After blocking for >1 h in blocking
buffer (0.5% Cold Fish Skin Gelatin (Sigma-Aldrich, St. Louis, MO) in PBS + 0.05% Tween-20), blots were incubated overnight
at 4°C with primary antibodies rabbit-anti-YBX1 (Cell Signaling, 4202, 1:1000), rabbit-anti-Lamp-1 (SantaCruz, sc-5571, 1:1000),
mouse-anti-hnRNP K (SantaCruz, sc-28380, 1:5000), mouse-anti-Calnexin (Transduction Labs, clone 37, 1:1000), mouse-anti-
HuR (SantaCruz, sc-5261, 1:1000), mouse-anti-Ro60 (a kind gift from S.L. Wolin, 1:50), rabbit-anti-La (Cell Signaling, 5034,
1:1000), mouse-anti-CD9 (BioLegend, HI9a, 1:1000), mouse-anti-CD63 (Abcam, ab59479, 1:1000), rabbit-anti-Histone-H3 (Cell
Signaling, 9715, 1:1000), mouse-anti-CD81 (SantaCruz, clone B-11, 1:1000) in blocking buffer. Blots were washed and incubated
for 1-2 h with HRP-coupled secondary antibodies (Dako, cat P0450 and P0448, 1:5000). ECL solution (ThermoScientific, Super-
Signal West Dura Extended Duration Substrate, cat. 34075) was used for detection on a Chemidoc imager (BioRad, Hercules,
CA). Images were analyzed by Image Lab software (BioRad, Hercules, CA).

2.6 | RNA isolation, cDNA synthesis and RT-qPCR

mRNA was isolated from cell pellets 4 h after stimulation using the Nucleospin RNA kit (Macherey-Nagel, Diiren, Germany)
according to the manufacturer’s instructions, including DNase treatment. cDNA was prepared using the RevertAid cDNA kit
(ThermoScientific) following the manufacturer’s instructions and using random hexamer primers.

Small ncRNA was isolated from pelleted cells, EVs, or from pooled subcellular fractions using the miRNeasy micro kit (Qiagen,
Hilden, Germany). 700 uL Qiazol was added to pellets or to 150 uL pooled Optiprep fractions, after which the manufacturer’s
instructions were followed. Quantification of the eluted RNA was done by Bioanalyzer Pico 6000 (Agilent, Waldbronn, Ger-
many). cDNA synthesis was done using the miScript RT II kit (Qiagen, Hilden, Germany) using HiFlex buffer, according to the
manufacturer’s instructions, RNA input was normalised according to the concentration of 20-300 nt small RNA. For qPCR,
cDNA was pre-diluted 10x in MQ water, and 2 uL diluted cDNA template was used for amplification of target RNAs with 0.8 uM
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TABLE 1 PCR primers used in this study.

No Primer name Sequence (5'-3")

1 Y1 loop-F GATCGAACTCCTTGTTCTACTC

2 Y3 loop-F AGATTTCTTTGTTCCTTCTCCACTC
3 Y4 loop-F GTGTCACTAAAGTTGGTATACAAC
4 Y5 loop-F GTTAAGTTGATTTAACATTGTCTC
5 miR-146a TGAGAACTGAATTCCATGGGT

6 U6-F CTCGCTTCGGCAGCACA

7 7SL-F GGAGTTCTGGGCTGTAGTGC

8 Y RNA fl-F GGCTGGTCCGATGGTAGTG

9 Y RNA fl-R AAAGCCAGTCAAATTTAGCAGTG
10 5S-F TCTACGGCCATACCACCCTGA

11 58-R GCCTACAGCACCCGGTATTCC

12 18S-F CGCGGTTCTATTTTGTTGGT

13 18S-R AGTCGGCATCGTTTATGGTT

14 hActin-F CCTTCCTGGGCATGGAGTCCTG

15 hActin-R GGAGCAATGATCTTGATCTTC

16 hIL-6-F AACCTGAACCTTCCAAAGATGG
17 hIL-6-R TCTGGCTTGTTCCTCACTACT

18 hTNFa-F ATGAGCACTGAAAGCATGATCC

19 hTNFa-R GAGGGCTGATTAGAGAGAGGTC

TABLE 2 Northern blot oligos used in this study.

No Primer name Sequence (5'-3')

1 Y1_loop_compl GGGGGGAAAGAGTAGAACAAGGAGTTCG
2 Y3_loop_compl GCAGTGGGAGTGGAGAAGGAACAAAG

3 Y4_loop_compl GGGGGGTTGTATACCAACTTTAGTGACAC
4 5S AAG CCT ACA GCA CCC GGT ATT C

primers (IDT, Leuven, Belgium) in SensiMix PCR master mix (BioLine, UK). The following PCR program was used for ampli-
fication of mRNA: 95°C 10 min, followed by 40 cycles of 10 s at 95°C, 20 s at 60°C and 45 s at 72°C. For small RNA we used
the following PCR program: 95°C 10 min, followed by 50 cycles of 10 s at 95°C, 20 s at 57°C and 30 s at 72°C. Melt curves were
run from 65 to 95°C after each PCR. All qPCRs were performed on a Biorad CFX96 or CFX384 machine (BioRad, Hercules,
CA). Normalisation of small RNA qPCR data was done relative to U6 snRNA in line with earlier studies (Squadrito et al., 2014,
Driedonks et al., 2018), and to beta-actin for mRNA qPCR data.

The following PCR primers were used (Table 1). Primers 1-7 were used in combination with the miScript universal reverse
primer, primers 8-19 were used as pairs of specific forward and reverse primers:

2.7 | Northern blot

Total cellular RNA or RNA from subcellular fractions (6-10 ng per lane) was denatured in gel loading buffer II (Invitrogen)
for 2 min at 70°C and snap-cooled on ice before loading on a denaturing 10% PAGE gel (National Diagnostics, Nottingham,
United Kingdom), run for 1.5 h at 125 V. RNA was transferred onto a Hybond-N Nylon membrane (Amersham Pharmacia
Biotech, GE Healthcare Bio-Sciences, Pasching, Austria) and chemically crosslinked with 1-ethyl-3-(3-dimethylaminopropyl)
carbodimide (Sigma) at 55°C for 2 h (Pall & Hamilton, 2008). 32P-labelled DNA oligo probes perfectly complementary to specific
regions of each RNA species (Table 2) were hybridised overnight at 42°C in PerfectHyb (Sigma) solution. Blots were analysed by
phosphorimaging using a Typhoon Scanner (GE Healthcare).
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2.8 | Microscopy

Microscopic images were taken on an Olympus CK2 light microscope with a Leica camera at 200x magnification.

2.9 | Statistical analysis

Statistical analyses (One-way ANOVA, Student’s t test, paired t test, or one sample ¢ test, as indicated in the Figure legends), were
done in SPSS v24, p-values <0.05 were considered statistically significant.

2.10 | Data availability

We have submitted all relevant data of our experiments to the EV-TRACK knowledgebase (EV-TRACK ID: EV210336) (Van
Deun et al., 2017).

3 | RESULTS
3.1 | EV-associated Y RNA levels are affected by stimulation of THP1 macrophages

We first confirmed the presence of Y RNA subtypes in EVs released by macrophage-differentiated THPI cells. EVs were iso-
lated from culture supernatant by sucrose density gradient centrifugation, and subjected to RNA isolation. We used primers
directed against the variable loop region of Y RNA (Driedonks et al., 2020) to specifically detect Y RNA subtypes Y1, Y3, Y4
and Y5 by RT-qPCR (Figure 1a). Y RNA subtypes Y1, Y3 and Y4 were more abundantly detected in EVs than Y5, consistent
with previous publications (reviewed in (Driedonks & Nolte-’t Hoen, 2019)), but did not reach significance. Our previous work
revealed that immune activation changed Y RNA levels in EVs from mouse dendritic cells (Driedonks et al., 2018). Here, we
investigated whether activation of human THPI1-derived macrophages cells would also change the release of EV-associated Y
RNA. THPI macrophages were stimulated with TLR2/1 ligand Pam3CSK4, and their activated phenotype was confirmed based
on morphological changes (van Helden et al., 2008) (Figure SIA) and increased production of the inflammatory cytokines IL-6
and TNF« (Figure S1B). Pam3CSK4-stimulated cells released over twofold more EVs than unstimulated cells, as measured by
high-resolution flow cytometry, while their buoyant density was comparable (Figure 1b,c). In line with the higher number of EVs,
increased amounts of the common EV-associated proteins CD9, CD63 and CD81 were detected in EV isolates of Pam3CSK4-
stimulated cells (Figure 1d,e). EVs from Pam3CSK4-stimulated THP-1 macrophages contained increased amounts of Y1, Y3 and
Y4 relative to the total EV RNA input, while stimulation did not affect intracellular Y RNA levels (Figure le,f). This was different
from the levels of miR-146a, which were upregulated in both cells and EVs, as also shown previously (Driedonks et al., 2018;
Taganov et al., 2006). These data indicate that EV-associated levels of Y1, Y3 and Y4, but not Y5, are affected by cell-activating
stimuli. The lack of activation-induced effects on intracellular abundance suggests that the incorporation of these Y RNA sub-
types into EVs is regulated by a cellular sorting process. We next aimed to exclude that the observed increase in EV-associated Y1,
Y3 and Y4 after TLR stimulation was caused by a transient upregulation in cytoplasmic Y RNA, which could occur shortly after
activation and be resolved through Y RNA release via EVs. We isolated cytoplasmic RNA at different timepoints after activation
(Figure 1g), and quantified the levels of Y1, Y3 and Y4 and miR-146a (control) by RT-qPCR (Figure 1h). Throughout the time
course, cytoplasmic Y RNA levels did not significantly change in response to Pam3CSK4-stimulation, in line with Figure 1f. In
contrast, the cytoplasmic levels of miR-146a were significantly increased at timepoint zero (2 h after activation), and increased
steadily for the following 24 h (in line with (Mann et al., 2017; Taganov et al., 2006)). The increase in cytoplasmic miR-146a
levels was similar to the increase observed in EVs isolated after 20-24 h (Figure le). Thus, activation-dependent changes in
EV-associated Y1, Y3 and Y4 RNA cannot be explained by changes in their cytoplasmic abundance. Based on these data we
considered the TLR-stimulated THP1 cells as a suitable model system to further investigate shuttling of Y1, Y3 and Y4 into EVs.

3.2 | Subcellular fractionation allows parallel quantification of RNA and RNA binding proteins

Incorporation of specific RNAs into EVs is thought to mediated by RNA binding proteins (RBPs) that may recruit RNAs to sites of
EV biogenesis (Mateescu et al., 2017; van Niel et al., 2018). To study whether Y RNA and Y RNA binding proteins are abundantly
present at sites of EV biogenesis, we set up a method that allows parallel analysis of RNA and RNA-binding proteins in cellu-
lar organelles, adapted from Gibbings (2011) and Gibbings et al. (2009). This method separates cytosolic organelles by density
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FIGURE 2  Subcellular fractionation reveals the distribution of ncRNA species over different organelle fractions. Organelles of unstimulated THP1
macrophages were separated on an Optiprep density gradient and analyzed by Western blot and RT-qPCR. (a) Western blot detection of protein markers for
ER (Calnexin), Golgi (Gm130), lysosomal/late endosomal (Lamp-1, CD63) and endosomal compartments (EEAL, Tsgl01). (b) RT-qPCR based detection of
small non-coding RNAs 18S, 5S, 7SL and U6 in the distinct density fractions. Data from n = 3 experiments are shown.

gradient centrifugation, followed by downstream analysis of both proteins and RNA. We first validated the subcellular distribu-
tion of various organelle-specific proteins and RNAs. Post-nuclear cytosol of unstimulated THP1 macrophages, devoid of nuclear
protein Histone H3 (Figure S2A), was fractionated overnight on a 5%—40% Optiprep gradient. The different density fractions
were analysed for the presence of marker proteins for endoplasmic reticulum (ER), Golgi apparatus, early endosomes, and multi-
vesicular endosome (MVE) (Figures 2a and S3). The ER-associated protein Calnexin and Golgi marker Gm130 were detected
in high-density fractions. The endolysosome-associated proteins CD63 and Lamp-1 (Huotari & Helenius, 2011; Kobayashi et al.,
2013) were enriched in intermediate density fractions, consistent with earlier reports (Huotari et al., 2012; Squadrito et al., 2014).
The endosomal markers EEA1 and Tsgl01 (ESCRT-I) were expectedly enriched in low density fractions (Huotari et al., 2012;
McKenzie et al., 2016). Small cytosolic proteins not associated to membrane-bound organelles likely remained in the least dense
fraction (1.03 g/mL). Next, we evaluated the presence of specific ncRNA types known to be associated with the different organelles.
Bioanalyzer measurement indicated that peaks of large ribosomal RNAs (18S and 28S) were most abundant in the high-density
fractions (1.20-1.13 g/mL), while most small RNAs were found in intermediate and low-density fractions (<1.09 g/mL) (Figure
S2B). By RT-qPCR analysis (Figure 2b), we confirmed that the ribosomal 185 RNA, which is often excluded from EVs, was mainly
present in the high-density ER fractions. The ribosomal 5S RNA and the signal-recognition particle complex associated 7SL-RNA
(Akopian et al., 2013), which are associated to ribosomes but are often detected in EVs, were present in both the ER and MVE
fractions. Small nuclear RNA U6 was predominantly detected in the lighter fractions enriched in endosomal and endolysoso-
mal markers. Besides its predominant nuclear localisation, this snRNA has been detected in cytoplasmic RNP complexes called
U-bodies (Liu & Gall, 2007), and is abundantly present in EVs (Crossland et al., 2016; Driedonks et al., 2018; Lasser et al., 2017;
Mosbach et al., 2021; Nolte-’t Hoen et al., 2012; Tosar et al., 2015). These data confirmed that our fractionation approach separates
organelles and associated ncRNAs to distinct density fractions. Moreover, this confirmed that RNA types known to be present
in EVs co-fractionated with MVE markers. This can be either due to their presence in intraluminal vesicles or because the RNAs
have been recruited to the limiting membrane of these compartments. This confirmed the suitability of our method to study
intracellular sorting of RNAs and RBPs at endosomal compartments in relation to RNAs and RBPs incorporated into released
EVs.

3.3 | The presence of Y RNAs and Y RNA binding proteins in subcellular compartments and EVs

Next, we determined the distribution of Y RNA over the subcellular fractions. We quantified the abundance of Y RNA using
primers against the 5" and 3’ stem regions to detect all Y RNA, and primers against the variable loop regions to detect individual
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FIGURE 3  Detection of Y RNA and Y RNA binding proteins in subcellular compartments and EVs. Organelles of unstimulated THP1 macrophages were
separated on an Optiprep density gradient and analysed by Western blot, RT-qPCR and Northern blot. (a) RT-qPCR based quantification of total Y RNA and
individual Y RNA subtypes in the distinct density fractions. Data from n = 3 experiments are shown. (b) Northern blot validation of the RT-qPCR data from
(), using 10 ng of RNA per lane. Detection with Y RNA loop probes and 5S probe. Ladder indicates RNA band sizes in lanes containing cellular RNA and
subcellular fractions. (c) Y RNA binding proteins Ro60, La, HuR, hnRNP K and YBXI were detected in the different subcellular fractions by Western blot. Data
are representative of n = 3 independent experiments. (d) Quantification of band intensities from (a). The relative abundance of each protein was calculated as a
percentage of the total band intensity over all fractions per condition. Data from n = 3 experiments are shown. (e) EVs were purified from the conditioned
supernatant of unstimulated THPI cells by density gradient centrifugation. Western blot analysis was performed for Y RNA binding proteins Ro60, La, HuR,
hnRNP K and YBXI, as well as for the EV-enriched proteins CD9 and CD8I. Cell lysates were run alongside as positive control. Data are representative for

n = 3 experiments.

Y1, Y3 and Y4 subtypes (Figure 3a). Y RNA was most abundantly detected in the fractions enriched in Lamp-1/CD63 (1.09 g/mL),
and in Tsgl01/EEAI1 (1.05 g/mL). Y1, Y3 and Y4 subtypes were similarly distributed over the fractions. The distribution of Y RNAs
differed from the distribution of endotoxin responsive miR-146a, which spread more equally over the different fractions and was
relatively low in abundance (Figure S2C). We validated the distribution of Y RNA subtypes Y1, Y3 and Y4 in the subcellular frac-
tions by Northern blot (Figure 3b and S4). In agreement with our RT-qPCR data, full-length Y1, Y3, and Y4 were predominantly
detected in the 1.05-1.09 g/mL endolysosomal fractions, whereas 5, included as a control, was predominantly detected in high-
density fractions. Additionally, smaller-sized bands of 45-70 nt were observed in fraction 1.09 g/mL (Figure S4), which might
be lysosomal Y RNA degradation products. These results indicate that Y RNAs are associated to membranous compartments in
the cytosol and co-fractionate with early and late endosomal compartments.
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To identify candidate proteins that may facilitate Y RNA sorting into EVs, we assessed the distribution of Y RNA binding
proteins in the subcellular fractions. We selected Y RNA binding proteins that were previously detected in EVs by western blot-
ting: Ro60, La, hnRNP K, YBX1 and HuR (Driedonks & Nolte-’t Hoen, 2019). First, we assessed which of these Y RNA binding
proteins co-fractionated with Y RNA (Figures 3c,d and S3). The distribution of Ro60 and La overlapped with the distribution of
Y RNAs and showed strong enrichment in the endolysosomal fractions. These proteins had a distinct localisation pattern com-
pared to HuR and hnRNP K, which fractionated primarily between the 1.20-1.09 g/mL density range, partly co-fractionating
with Y RNAs. In contrast, YBX1 was predominantly found in high density fractions and did not overlap with Y RNA. Overall,
these data indicated that Y RNAs and the Y RNA binding proteins Ro60, La, HuR and hnRNP K (partly) co-fractionated with
the endosomal/MVE-proteins CD63 and Tsgl01. This suggests that Y RNAs and several of their protein binding partners may
localise to endosomal sites of EV biogenesis. Next, we assessed by western blot which of the Y RNA binding proteins were incor-
porated into EVs, using cytosolic cell lysates as positive controls (Figure 3e). While all of the selected Y RNA binding proteins
were abundantly detected in cell lysates, only Ro60 was detected in EV's. Even at longer exposure times, up to 50 min, La, HuR,
hnRNP K and YBXI could not be detected in EVs (Figure S5). Thus, both Y RNA and Ro60 were incorporated into EVs, while
other Y RNA binding proteins were not, or to a much lesser extent. The observed high abundance of both Y RNA and Ro60 at
sites of EV biogenesis may underlie their incorporation into EVs.

3.4 | Stimulation of THPI cells increases the local Y RNA concentration at EV biogenesis sites

We hypothesised that changes in the local Y RNA concentration at EV biogenesis sites may influence the incorporation of Y RNA
into EVs. To test this, we compared the relative abundance of Y RNA in subcellular fractions of THP1 macrophages four hours
after stimulation. We first confirmed that TLR activation did not affect the distribution of the organelle markers over the fractions
(Figure S6A-B). Next, we quantified the relative abundance of Y RNA subtypes, and miR-146a, in the subcellular fractions of
stimulated or non-stimulated cells (Figure 4a). Indeed, we observed a small enrichment of Y1 and Y3 in the 1.05 g/mL fraction
during stimulation. In contrast, miR-146a was robustly upregulated in all subcellular fractions of activated cells, most prominently
in the lowest density fractions (1.03-1.05 g/mL). We then tested whether the local change in intracellular Y RNA concentration
coincided with changes in the amount of Y RNA binding proteins in the different organelle fractions and EV's (Figure 4b,c). The
amounts of Ro60 and other Y RNA binding proteins in the subcellular fractions were not significantly altered in response to
TLR stimulation. Then, we assessed whether the increase in EV-associated Y RNA coincided with an increase in EV-associated
Y RNA binding proteins. Y RNA binding proteins were quantified in isolates containing equal numbers of EV's (particle counts
were normalised based on high-resolution flow cytometry data; Figure 1c). We detected an increased amount of Ro60 in EV's from
Pam3CSK4-stimulated cells (Figure 4d,e) while CD9, used as loading control, confirmed that equal EV amounts were loaded.
The other Y RNA binding proteins could not be detected in EVs upon cell stimulation, as observed previously (Figure 3e).
Thus, cellular activation increased the amount of Ro60 and Y RNA per EV. This corresponded with increased local Y RNA
concentrations in fractions that contained EV biogenesis markers, suggesting that the local Y RNA concentration may influence
its incorporation efliciency.

4 | DISCUSSION

We used parallel analysis of RNA and RBP in fractionated cellular organelles and EVs to study the intracellular sorting of Y
RNA and proteins involved in recruitment of Y RNA into EVs. With this biochemical approach, we have shown that the dis-
tribution of cytoplasmic Y RNA over subcellular fractions differs from that of other small ncRNA types such as 5S and specific
miRNAs. We observed that cytoplasmic Y RNA co-fractionated with specific organelles that were enriched for proteins with
known involvement in EV biogenesis. Furthermore, we have shown that various Y RNA binding proteins co-fractionated with
these organelles. Of these proteins, Ro60 was the only Y RNA binding protein that was detectably incorporated into EVs. Cellu-
lar activation, induced by TLR-stimulation, increased EV-associated Y RNA levels. This increase in extracellular Y RNA release
coincided with increased Y RNA abundance in a fraction enriched for endosomal markers Tsgl01 and EEA1, suggesting that the
local concentration of Y RNA in EV-generating compartments may drive its incorporation into EVs.

4.1 | Subcellular localisation of Y RNA may regulate its incorporation in EVs

To date, the localisation of Y RNA has mainly been studied in terms of its distribution between the nucleus and cytosol (Matera
etal., 1995; Sim et al., 2009; Simons et al., 1996). Ro60 is required for nucleo-cytoplasmic translocation of Y RNA (Simons et al.,
1996), and for stabilisation of Y RNA in the cytosol (Labbé et al., 1999; Xue et al., 2003). In line with these findings, Y RNA and
Ro60 have been observed in close proximity in the cytosol by electron microscopy (Farris et al., 1997). To further delineate the
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subcellular density fractions were quantified by RT-qPCR. For each fraction, we calculated the delta Cq between stimulated and unstimulated conditions (log2
fold change), which are shown in the graph. Deviation from zero (n = 3 experiments) was tested by one-sample ¢ test, *p < 0.05 was considered significant. (b)
Western blot detection of Y RNA binding proteins in subcellular fractions of Pam3CSK4 stimulated and unstimulated THP1 cells. Blots are representative for

n = 3 experiments. (c) Quantification of the band intensities in (b). The band intensity per fraction is expressed as percentage of the total band intensity in all
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FIGURE 4 (Continued)

to EV counts measured by high resolution flow cytometry (Figure Ic). Blots are representative for n = 3 experiments. (¢) Quantification of EV-assoBiociated
Ro60 and CD9 levels on the blots in (b). The fold difference in band intensity was expressed relative to the unstimulated condition. *p < 0.05, Student’s paired ¢
test, two tailed, n = 3 experiments.

subcellular distribution of Y RNA over different subcellular compartments, we employed fractionation of cytosolic organelles.
This method has been frequently used to study changes in protein localisation within cells (Gibbings et al., 2009; Huotari et al.,
2012; Matarrese et al., 2008; McKenzie et al., 2016; Santangelo et al., 2016; Squadrito et al., 2014). Relatively few studies have used
it to determine the subcellular distribution of ncRNA. These studies mainly focused on miRNA, but not on other ncRNA types
such as Y RNA (Gibbings et al., 2009; Squadrito et al., 2014). We observed that Y RNA was highly abundant in (late) endosomal
fractions characterised by the presence of Lamp-1, CD63, Tsgl01 and EEAL In contrast, the endotoxin-responsive microRNA
miR-146a did not preferentially localise to a specific subcellular fraction (Figure S2C). Importantly, we found that stimulation
of cells changed the abundance of Y RNA in the endosomal fractions independent from cytoplasmic Y RNA abundance, and
that these changes were reflected by changes in the abundance of Y RNA in EVs. This suggests that the local abundance of Y
RNA at these sites may aid its incorporation into EVs. In contrast, miR-146a levels in EVs corresponded with overall changes in
miR-146a in all organelle fractions, suggesting incorporation by passive diffusion.

Although co-fractionation of RNA, proteins and organelles does not fully prove their close proximity or physical interaction,
our data suggest that the abundance of RNAs at EV biogenesis sites may affect their incorporation into EVs. Similar to our
findings, Squadrito et al. showed that overexpression of miR-511-3p increased its abundance in subcellular fractions enriched
for EV-marker CD8I, which was reflected by increased levels of this miRNA in EVs (Squadrito et al., 2014). Conversely, over-
expressing the 3'UTR target sequences for miR-511-3p sequestered this miRNA into P-bodies found in low-density fractions,
simultaneously decreasing the levels of this miRNA in EVs (Squadrito et al., 2014). A different study showed that reduced
co-fractionation between Ago2 and EV-biogenesis protein Rab7, in cells with mutant oncogene KRAS, resulted in diminished
Ago2 and miRNA incorporation into EVs (Cha et al., 2015; McKenzie et al., 2016). These studies support the idea that the local
abundance of Y RNA at EV biogenesis sites may contribute to the abundance of this RNA in EVs.

4.2 | Notall previously identified Y RNA binding proteins are detectable in highly purified EV

For our current study, we specifically selected Y RNA binding proteins that were previously detected in EV preparations
(Driedonks & Nolte-'t Hoen, 2019). However, only one out of the five tested Y RNA binding proteins was detected in our density
gradient purified EVs. This discrepancy may be attributed to differences in EV source and/or purification method. The stud-
ies that reported these Y RNA binding proteins in EVs were performed with a variety of biological samples (i.e., seminal fluid
(Vojtech et al., 2014)), glioblastoma cells (Wei et al., 2017), bladder cancer cells (Welton et al., 2010), macrophages (Frye et al.,
2009), mesenchymal stem cells (Collino et al., 2010) and liver cells (Mukherjee et al., 2016)). EVs from different cell types vary
in molecular composition, and may therefore also differ in the type of Y RNA binding proteins they contain. The differences in
findings may also be caused by differences in EV isolation protocols. In most previous studies, EVs were isolated by differential
centrifugation and successive pelleting by ultracentrifugation. This method enriches for EVs, but additionally co-isolates many
non-EV associated proteins (Colombo et al., 2014). To remove these contaminants, we included a density gradient step for EV
purification. Previous studies have demonstrated that RBP presumed to be EV-associated, such as YBXI, were absent in density-
gradient purified EVs from multiple cell lines (Jeppesen et al., 2019). The same may be the case for other Y RNA binding proteins
that were detected in EVs previously, but were non-detectable in our gradient purified EVs.

4.3 | EVscontain Y RNA and Ro60 but not La

Ro60 was the only Y RNA binding protein that was detectable in EVs, and cellular activation led to a parallel increase in the
abundance of both Ro60 and Y RNA in EVs. Whether all Y RNA in EVs was associated to Ro60, and whether all Ro60 in EV's
was bound to Y RNA remains to be investigated, as the stoichiometry of Y RNA and Ro60 is not fully understood. The absence
of La, the other main Y RNA binding protein, in EVs was remarkable since La also aids in the stabilisation of cytoplasmic Y RNA
(Labbé et al., 1999; Wolin & Cedervall, 2002; Xue et al., 2003). Interestingly, La shields oft the 5’ triphosphate nucleotide of Y RNA
(Wolin & Cedervall, 2002), which is a ligand for RIG-I, an innate immune receptor for detection of viral RNA (Hornung et al.,
2006). Unshielded triphosphorylated Y RNA can activate RIG-I in recipient cells, which may occur after fusion of EVs with the
endosomal membrane or plasma membrane. Whether changes in triphosphorylation of Y RNA plays a role in their release into
EVs has not been studied. Although HuR and hnRNP K were not detected in EVs, they were abundant in the cytosolic density
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fractions enriched for Y RNA and EV biogenesis markers. It is possible that these proteins deliver Y RNA to EV generating
compartments, but are not incorporated into EVs themselves.

4.4 | Application of subcellular fractionation in EV research

Research on sorting of RNA and their binding proteins into EVs has mainly focused on comparing total (cytoplasmic) cellular
levels of these molecules of interest to the levels in EVs. However, many RNAs and RBPs are non-equally distributed over the
cell and their activity may depend on their localisation to specific cellular compartments (Engel et al., 2020; Turner & Diaz-
Muiloz, 2018). This holds true not only for mRNAs, but also for Y RNA and miRNAs (Olejniczak et al., 2015; Tebaldi et al., 2018).
Y3 RNA, for example, regulates gene expression by scavenging the enhancer protein HuD away from the mRNAs stabilised
by this protein during translation at polysomes (Tebaldi et al., 2018). For EV research, analysis of local intracellular changes in
RNA/RBP concentrations is relevant as this is a second parameter besides overall transcriptional levels that can influence sorting
of RNAs into EVs. While mRNA can be studied at subcellular resolution via imaging techniques, for example, via aptamer-
based approaches (Boersma et al.,, 2020; Yoon et al., 2016), this is less feasible for many ncRNAs due to their short lengths.
Our subcellular fractionation approach enables parallel quantification of ncRNA and proteins, and may be combined with other
techniques such as ChIP-seq to further interrogate protein-RNA interactions with subcellular resolution (Grawe et al., 2021).

5 | CONCLUSION

Y RNAs are abundantly present in EV's and are increasingly identified as biomarker for diseases such as cancer, atherosclerosis
and inflammatory conditions (Haderk et al., 2017; Lovisa et al., 2020; Repetto et al., 2015). Our results demonstrate how Y RNAs
and their protein interaction partners are distributed over cellular compartments and EVs, and provide insight for further studies
on how incorporation of Y RNA into EVs is controlled.
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