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Abstract

Background: Small extracellular vesicles (sEVs) mediate intercellular communication by transferring RNA, proteins,
and lipids to recipient cells. These cargo molecules are selectively loaded into sEVs and mirror the physiological state
of the donor cells. Given that sEVs can cross the blood—-brain barrier and their composition can change in neurologi-
cal disorders, the molecular signatures of sEVs in circulation can be potential disease biomarkers. Characterizing the
molecular composition of sEVs from different cell types is an important first step in determining which donor cells
contribute to the circulating sEVs.

Methods: Cell culture supernatants from primary mouse cortical neurons and astrocytes were used to purify sEVs by
differential ultracentrifugation and sEVs were characterized using nanoparticle tracking analysis, transmission electron
microscopy and western blot. RNA sequencing was used to determine differential expression and loading patterns

of miRNAs in sEVs released by primary neurons and astrocytes. Motif analysis was conducted on enriched miRNAs in
sEVs and their respective donor cells.

Results: Sequencing total cellular RNA, and miRNAs from sEVs isolated from culture media of postnatal mouse corti-
cal neurons and astrocytes revealed a distinct profile between sEVs and their corresponding cells. Though the total
number of detected miRNAs in astrocytes was greater than neurons, neurons expressed more sEV-associated miRNAs
than astrocytes. Only 20.7% of astrocytic miRNAs were loaded into sEVs, while 41.0% of neuronal miRNAs were loaded
into sEVs, suggesting differences in the cellular sorting mechanisms. We identified short RNA sequence motifs, or EXO-
motifs, on the miRNAs that were differentially loaded or excluded from sEVs. A sequence motif GUAC was enriched

in astrocytic sEVs. miRNAs preferably retained in neurons or astrocytes had a similar RNA motif CACACA, suggesting a
cell-type-independent mechanism to maintain cellular miRNAs. mRNAs of five RNA-binding proteins associated with
passive or active RNA sorting into sEVs were differentially expressed between neurons and astrocytes, one of which,
major vault protein was higher in astrocytes than in neurons and detected in astrocytic sEVs.

Conclusions: Our studies suggest differences in RNA sorting into sEVs. These differences in miRNA signatures can be
used for determining the cellular sources of sEVs altered in neurological disorders.
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Background

Extracellular vesicles (EVs) are nanosized membranous
particles that are released by cells into the extracellular
space and detected in bodily fluids [1]. Subtypes of the
EV family, such as exosomes (30—150 nm), microvesicles

+Correspondence: ska>2@drexeledu o (100-1000 nm) and apoptotic bodies (100-5000 nm),
Department of Pharmacology and Physiology, Drexel University College i . . .

of Medicine, 245 North 15th Street, Philadelphia, PA 19102, USA can be differentiated by their size, morphology, and bio-

Fulllist of author information is available at the end of the article genesis [1, 2]. Small EVs (sEVs) describe vesicles that are

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-0822-7037
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12964-021-00757-4&domain=pdf

Luo et al. Cell Commun Signal (2021) 19:75

smaller than 200 nm according to the guidelines provided
by the International Society for Extracellular Vesicles
[3]. sEVs primarily contain proteins, RNA and lipids [4,
5] and promote intercellular communication by transfer-
ring molecular cargoes from donor cells to neighboring
or distal recipient cells [6, 7].

sEVs are stable as their membranous envelope pro-
tects their contents from degradation in the extracellular
environment [8]. SEV cargo composition is determined
by donor cells and their physiological conditions [9].
Thus, specificity of the donor cells or stimuli impacting
cellular physiology can affect sEVs composition [4, 10].
Additionally, sEVs may be able to selectively capture cell-
specific proteins, RNAs and lipids, contributing to the
cargo signature. The mechanisms that control loading
of RNAs into extracellular vesicles for secretion remain
largely unknown. Studies have shown that unique sub-
sets of RNAs are governed by various loading systems.
Non-templated nucleotide additions on the 3’ end of
defined miRNA species such as 3’ end adenylation or 3’
end uridylation shifts the relative accumulation of these
species in cellular or exosome compartments respectively
[11]. Several studies investigating RNA loading into sEVs
have focused on RNA-binding proteins (RBPs) [12]. For
miRNAs, both a non-selective secretion model [13] and
preferential or selective mechanisms of sorting into sEVs
have been reported [14-16].

sEVs can cross the blood-brain barrier and deliver
cargo with crucial roles in many neurological disorders
[17-23]. However, selective isolation of neuron-derived
sEVs using peripheral biofluids is currently not feasible
because of the lack of a neuron-specific biomarker [24].
Studies have shown that EVs circulating in the periph-
eral blood are enriched for L1 cell adhesion molecule
(LICAM), a protein found primarily in the nervous sys-
tem and is used as a neuronal marker [25, 26] and astro-
cyte-specific glutamine aspartate transporter (GLAST)
[27, 28]. Central nervous system (CNS) neuron- and
oligodendrocyte-derived exosomes in human peripheral
blood have been captured by employing an array of cell-
type specific antibodies via surface plasmon resonance
imaging [29]. However, it remains difficult to draw defini-
tive conclusions on how brain status can alter the compo-
sition of peripheral sEVs cargo.

Information on sEV composition, specifically miR-
NAs, can be used to predict the cellular source that
predominantly contributes to sEVs in circulation. Previ-
ous studies of miRNAs in cells and their secreted sEVs
have shown significant differences between the popula-
tions of miRNAs; certain miRNAs are selectively sorted
into sEVs thereby lowering their expression levels in the
cells secreting them, while other miRNAs are selectively
retained by cells [30, 31]. Proteins and RNAs are sorted
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in a cell type-specific manner and can provide valuable
information as donor cell signatures. We hypothesized
that only a subset of cellular miRNAs is sorted into sEVs
secreted by neurons and astrocytes, and some of the
miRNAs packaged will have cell-specific expression. We
isolated sEVs from primary mouse cortical neuronal and
astrocytic cultures and refer to them as neuronal sEVs
and astrocytic sEVs. RNA sequencing of sEVs and their
respective cells was used to elucidate the differences
between vesicular and cellular miRNA composition and
compare the expression levels of miRNAs between neu-
ronal sEVs and astrocytic sEVs to determine cell-type-
specific signatures. Our studies indicate differentially
expressed miRNAs encapsulated in sEVs could be used as
cell-type-specific signatures for neurons and astrocytes.

Methods

Mice

All procedures were conducted in accordance with the
NIH Guide for the Care and Use of Laboratory Ani-
mals and approved by the Institutional Animal Care &
Use Committee of Drexel University College of Medi-
cine. Timed-pregnant CD-1 mice were purchased from
Charles River Laboratories (Charles River, NY, USA). All
dams were received 13—15 days after impregnation.

Primary cultures

Primary neuronal and glial cultures were prepared from
cortex of pups born the same day or postnatal day one
(PO-P1) for neurons, and P2—P4 for astrocytes. In brief,
cortices were dissected and incubated at 37 °C for 20 min
in Hanks Balanced Salt Solution (HBSS, Corning, VA,
USA) containing 10 mM HEPES (Gibco, NY, USA), 7.5
U/mL papain (Worthington Biochemical Corporation,
NJ, USA) and 0.1 mg/mL Deoxyribonuclease I (Sigma-
Aldrich, MO, USA), followed by gentle trituration with a
fire-polished Pasteur pipette. Dissociated neurons were
plated in pre-coated T75 flasks or on pre-coated 18-mm
coverslips with neurobasal A plating medium (Gibco)
containing B-27 Plus (Gibco), 2% (v/v) heat-inactivated
fetal bovine serum (FBS, Corning), 2% (v/v) heat-inacti-
vated horse serum (Sigma-Aldrich), GlutaMAX (Gibco)
and 50 pg/mL gentamicin (Sigma-Aldrich).

Flasks or coverslips for primary neurons were coated
with 0.05% poly-D-lysine (Gibco) (room temperature
for 30 min) and 0.05% laminin (Sigma-Aldrich) (37 °C
for at least 2 h). Cell plating density was in the range
of 800-1000 cells/mm?. Plating medium was replaced
with 15 mL of neurobasal A maintenance medium sup-
plemented with B-27 Plus, GlutaMAX and 50 pg/mL
gentamicin four h to overnight after seeding. Half of
the conditioned medium was collected every 24 h and
replaced with same volume of fresh warm maintenance
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medium. On the third day after replacing plating
medium, the whole medium was collected. Cells were
then washed with phosphate-buffered saline (PBS, Corn-
ing), trypsinized with TrypLE Express (Gibco), and
pelleted.

For astrocytic cultures, disassociated cells were incu-
bated in Dulbecco’s modified eagle media (DMEM,
Corning) containing 10% (v/v) FBS and penicillin—
streptomycin (Gibco). After 9-13 days in vitro, flasks
were shaken on an orbital shaker (320 rpm) for 6 h to
detach microglia and oligodendrocytes. The remaining
astrocytes were placed in new flasks for an additional
7-9 days to reach confluency. Then the astrocytes were
subcultured again with approximately 160 cells/mm? in
uncoated flasks or on uncoated 18-mm coverslips. When
confluent, medium was replaced with DMEM contain-
ing 10% (v/v) exosome-depleted FBS (#A27208-01, Life
Technologies) and penicillin—streptomycin. Conditioned
medium and astrocytes were collected 24 h later as men-
tioned above. All cultures were maintained at 37 °C in a
humidified incubator with 5% CO,.

Immunofluorescence

Cells on coverslips were fixed with 4% (w/v) paraform-
aldehyde (Sigma-Aldrich) for 10 min and permeabilized
using 0.1% Triton X-100 (Acros Organics, Belgium) for
15-20 min at room temperature. Non-specific binding
sites were blocked by 5% (w/v) normal goat serum (Vec-
tor Laboratories, CA, USA) for 45 min. Cells were then
incubated with unconjugated mouse anti-MAP2A, 2B
(1:500, #MAB378, Millipore, MA, USA) primary anti-
body overnight at 4 °C. Goat anti-mouse IgGl Alexa
Fluor 546 antibody (1:500, #A-21123, Invitrogen, CA,
USA) was used at room temperature for 2 h. Conjugated
antibodies, Alexa Fluor 647 conjugated mouse anti-GFAP
(1:500, #560298, BD Pharmingen, CA, USA), and FITC-
conjugated rat anti-CD11b (1:500, #ab24878, Abcam,
MA, USA), were used at room temperature for 2 h.

DAPI (1 pg/mL, Sigma-Aldrich) for nuclear staining
was incubated with cells for 10 min at room tempera-
ture. Coverslips were then cured in antifade mountant
(Invitrogen) overnight at room temperature. Images were
acquired with Olympus FluoView FV3000 confocal laser
microscope (Olympus, Tokyo, Japan) and processed with
integrated software Olympus cellSens platform.

Isolation of small extracellular vesicles from cell culture
supernatants

Small extracellular vesicles (sEVs) were purified from
cell culture supernatants of neurons and astrocytes
using differential ultracentrifugation at 4 °C as previ-
ously described [32, 33] with minor modifications.
Briefly, culture supernatants collected were first subject
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to a centrifugation step of 500 x g for 10 min to pellet
cell debris, and the supernatants were stored at -80 °C
until use. Supernatants were centrifuged at 12,000 x g
for 30 min (Sorvall RC-5C Plus centrifuge with Sorvall
SA-600 fixed-angle rotor, Sorvall Corporate, CT, USA)
and passed through a 0.2 pm filter, followed by cen-
trifugation at 110,000 x g for 70 min (Optima LE-80 K
ultracentrifuge with 50.2 Ti fixed-angle titanium rotor,
Beckman Coulter Inc., CA, USA) to pellet sEVs. Pellets
were resuspended in PBS and washed at 110,000 x g for
60 min (Optima TLX ultracentrifuge with TLA 100.4
rotor, Beckman Coulter, Inc.). sEVs were resuspended in
PBS or other solutions specified in each of the following
sections. All sEV suspensions were stored at — 80 °C until
further use.

Nanoparticle tracking analysis (NTA)

Size distribution and concentration of sEVs were visual-
ized using NanoSight LM10 equipped with sCMOS cam-
era and 405 nm laser (Malvern Instruments, MA, USA).
Briefly, samples in PBS were thawed to room temperature
and after a 30 s vortex, diluted to approximately 10® par-
ticles/mL with PBS and injected into sample chamber.
Five replicates of analysis by 60 s for each diluted sam-
ple were captured at 25 °C and processed using NTA 3.3
software.

Transmission electron microscopy (TEM)

Morphology and size of sEVs were characterized as pre-
viously described [34] with minor modifications. All pro-
cedures were conducted at room temperature except for
embedding. sEVs were re-suspended in 2% (w/v) para-
formaldehyde (Electron Microscopy Sciences) in 0.1 M
Sorensen’s phosphate buffer (0.1 MPB, Electron micros-
copy sciences). Ten pl of suspension was placed on each
formvar-coated electron-microscopy grid for 10 min.
Copper grids (Electron Microscopy Sciences) were used
for negative staining. Alternatively, samples for immuno-
labeling were absorbed on nickel grids (Electron Micros-
copy Sciences) and blocked by 5% (w/v) bovine serum
albumin (BSA, AMRESCO, OH, USA) for 10 min, fol-
lowed by incubation with mouse CD81 (1:50, #sc-166029,
Santa Cruz Biotechnology, TX, USA) for 30 min and
10 nm gold-conjugated donkey anti-mouse IgG second-
ary antibody (1: 20, #25815, Electron Microscopy Sci-
ences) for 20 min. Negative-staining or immunolabeling
samples were fixed on the grids using 1% glutaralde-
hyde (Sigma-Aldrich) for 5 min, contrasted on 1% ura-
nyl acetate (Electron Microscopy Sciences) for 2 min.
Samples were then embedded in 0.2% uranyl acetate in
0.16% (w/v) methyl cellulose (Sigma-Aldrich) for 10 min
on ice. Grids were imaged on a JEM-1230 transmission
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electron microscope (JEOL USA, MA, USA) at 80 kV
with 100,000 x magnification.

Western blotting

Cells and sEVs from primary neuronal and astrocytic cul-
tures were re-suspended in RIPA buffer (Sigma-Aldrich)
containing protease inhibitors (Thermo Fisher Scientific,
MA, USA). Protein concentrations were measured using
DC protein assay (Bio-Rad, CA, USA) or Micro BCA
Protein Assay kit (Thermo Scientific) according to the
manufacturer’s instructions. Equal amounts of protein
lysates were resolved on 10% SDS-PAGE gel, transferred
to PVDF membrane, and blocked in Odyssey TBS block-
ing buffer (LICOR Biosciences, NE, USA) or 5% non-fat
dry milk at room temperature for 1 h. Membranes were
incubated with primary antibodies in Tris-Buffered
Saline with 0.1% TWEEN 20 (TBST) containing 10%
(v/v) blocking buffer overnight at 4 °C, then incubated
with secondary antibodies in TBST at room temperature
for 1 h. Prior to imaging, membranes probed with HRP
antibodies were incubated in SuperSignal West Femto
Substrate (Thermo Scientific) for 5 min at room tempera-
ture. Total protein loading was determined using SYPRO
Ruby protein gel stain (Bio-Rad) following manufactur-
er’s instructions. Images were acquired using Odyssey
Fc imaging system (LI-COR Biosciences) or FluorChem
M system (ProteinSimple, CA, USA). Primary anti-
bodies used were as following: rabbit calnexin (1:500, #
ab10286, Abcam), mouse anti-CD81 (1:500, #sc-166029,
Santa Cruz Biotechnology), rabbit anti-Hsp70 (1:2000,
#ab94368, Abcam), CD63 (1:200, #216130, Abcam),
major vault protein (1:500, #16478-1-AP, Proteintech),
annexin A2 (1:500, #sc28385, Santa Cruz Biotechnol-
ogy), beta actin (1:500, #ab8227, Abcam). Secondary
antibodies used were, HRP-conjugated goat anti-mouse
IgG (1:5000, #ab6789, Abcam), donkey anti-rabbit IgG
(1:5000, #ab16284, Abcam), 680RD donkey anti-mouse
IgG (#926-68072, LI-COR Biosciences), and 800CW don-
key anti-rabbit IgG (#926-32213, Li-COR Biosciences).

RNA isolation from cells and small extracellular vesicles

RNA was isolated using the miRVana kit (Life technolo-
gies). Total RNA was isolated from cells and sEVs imme-
diately after the purification of sEVs, according to the
manufacturer’s instructions with the incorporation of
RNAse-free DNAse (Epicentre, WI, USA) treatment [33].
RNA samples obtained from 3 independent experiments
for neurons, astrocytes, and their sEVs, were stored
at—80 °C until shipment to Beijing Genomics Institute
for sequencing. RNA concentration, RIN value, 285/18S
ratio and fragment length distribution for all samples
were validated before sequencing using Agilent RNA
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6000 nano chip on an Agilent 2100 bioanalyzer (Agilent,
CA, USA).

Library construction and RNA sequencing

Enriched mRNA from total RNA via oligo dT selection or
rRNA depletion was reverse transcribed, end-repaired, 3’
adenylated as well as adaptor ligated, and purified. Puri-
fied ¢cDNA was amplified, denatured, and circularized
into single-stranded circular DNA (ssDNA circle) [35].
Small RNA fragments including mature miRNAs and
other regulatory small RNA molecules were purified
from total RNA by separating the 18—30 nucleotide stripe
from a 15% urea-PAGE gel. miRNA fragments were 5’
adenylated, adaptor ligated and reverse transcribed. The
resulting cDNA was amplified, purified from 100-120
base-pair fragments, and circularized into ssDNA circle
[36]. DNA nanoballs generated from ssDNA circle were
sequenced as 50 bp single reads on the BGISEQ-500 plat-
form with patterned nanoarrays, generating an average of
30 million reads per sample.

Statistical and bioinformatics analysis

After sequencing, low quality and adaptor sequences
(3.1% of total reads for mRNAs and 35.61% for miRNAs)
were filtered out to obtain clean reads. Clean reads were
mapped against the reference genome (Rfam12_ncRNA)
using Bowtie2 [37]. Expression levels were calculated
using fragments per kilobase million (FPKM) for mRNA
and transcripts per kilobase million (TPM) for miRNA.
For mRNA data, differentially expressed genes (DEGs)
between neuronal and astrocytic cells were determined
using DESeq2 based on a negative binomial distribu-
tion [38]. DEGs were identified with an absolute fold
change>2 and a positive false discovery rate <0.05.
Enriched Gene Ontology (GO) analyses for mRNA
derived from neurons and astrocytes were performed and
summarized using the Database for Annotation, Visuali-
zation and Integrated Discovery (DAVID) Bioinformatics
Resources 6.7 [39, 40] and REVIGO [41], respectively. For
miRNA data, a presence-absence analysis as well as dif-
ferential expression analysis were performed. The pres-
ence of a miRNA in a group of samples was defined if
the TPM of that miRNA was larger than 0.1 for all sam-
ples of the group [42]. Differentially expressed miRNAs
were determined with an absolute fold change>2 (cal-
culated from the geometric means of TPM values) and
p-value <0.01 from a two-sample t-test of the log2-trans-
formed TPM values.

Purity of cell cultures and protein expression stud-
ies were performed in triplicate. Data are represented
as mean=tstandard deviation. The purity of primary
cultures was determined by the presence of MAP2A™
cells for neurons or GFAP" for astrocytes in the total
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number of cells stained with DAPI. Statistical analysis
was performed using Prism 8.2.1. Protein expressions
between cell types were compared using a two-tailed
unpaired t-test. P-value < 0.05 was considered statistically
significant.

Motif analysis

Analysis of over-represented motifs was conducted on
enriched miRNAs in sEVs and their respective donor
cells using the MEME Suite [43]. A zero or one site per
sequence (ZOOPS) model was used to identify motif site
distribution on miRNAs. All mouse miRNAs annotated
in TargetScan [44] were used as background with a zero-
order Markov model to normalize for biased nucleotide
distribution.

Results

Purity of primary neurons and astrocytes

Before isolating cell specific sEVs, we confirmed the
purity of primary mouse cortical neuronal or astrocytic
cultures using immunofluorescence (Fig. 1) with cell-
specific markers. We stained cultures for the neuronal
marker microtubule associated protein 2 (MAP2) and the
astrocyte marker glial fibrillary acidic protein (GFAP).
To further confirm culture purity, we stained neuronal
cultures for GFAP and stained astrocytic cultures for the
microglial marker CD-11b. Both cultures were enriched
in their specific markers, as shown by confocal micros-
copy (Fig. 1). The neuronal culture had very few astro-
cytes, and similarly, few microglia were observed in the
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astrocytic culture, confirming more than 90% purity for
cultured neurons and astrocytes (Fig. 1c).

Characterization of small extracellular vesicles (sEVs)
isolated from cell culture supernatant

sEVs derived from the media of neuronal and astrocytic
cultures were characterized for size using nanoparti-
cle tracking analysis (NTA). Neuronal sEVs had a mean
diameter of 137.2+2.7 nm (Fig. 2a) and a concentration
of 1.07 x 10'°+8.51 x 10% particles/mL while the con-
centration of astrocytic sEVs was 5.68 x 10° £2.71 x 10®
particles/mL with a mean diameter of 135.6+2.2 nm
(Fig. 2b). Transmission electron microscopy (TEM) con-
firmed that the majority of sEVs had a diameter less than
150 nm, and immunogold labeling showed the presence
of EV protein tetraspanin CD81 on the surface (Fig. 2c).
Western blot analysis showed that the isolated sEVs
were enriched in EV markers HSP70, CD63, in addition
to CD81 (Fig. 2d). We probed for contaminants of EV
preparations using calnexin, an endoplasmic reticulum/
Golgi marker. Calnexin was only present in cell lysates
but absent in sEV preparations (Fig. 2d) confirming the
purity of sEVs preparations.

RNA sequencing and analysis

We sequenced total RNA from cellular and sEV sam-
ples, where each group had three biological replicates.
Before sequencing, we confirmed the integrity and
quality of RNA derived from neurons, astrocytes, and
their respective sEVs. As previously reported, cellular
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Fig. 1 Purity of neuronal and astrocytic cultures. a The purity of the neuronal culture was confirmed using neuronal marker MAP2 (microtubule
associated protein 2) (red) and absence of astrocytic marker GFAP (glial fibrillary acidic protein) (green). Most cells with nuclei marker DAPI (blue)
were also stained with MAP2, while few green GFAP labeled astrocytes were observed. b The astrocytic culture was enriched in GFAP (green)
while the microglial marker CD-11b (red) was almost completely absent, indicating purity of DAPI-stained astrocytes. Scale bars=100 um. c
Quantification of percentage purity of neuronal cultures (MAP2A™T cells, left) and astrocytic cultures (GFAP™T cells, right) in the total number of cells
stained with DAPI. The data represents three independent experiments and are presented as mean =+ standard deviation
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Fig. 2 Characterization of sEVs derived from primary neurons and astrocytes. a Nanoparticle tracking analysis (NTA) of neuronal sEVs showing a
mean diameter of 137.2 4 2.7 nm and a concentration of 1.07 x 10'°4851 x 10 particles/mL. b NTA showing astrocytic sEVs with an average
diameter of 135.6 2.2 nm and concentration of 5.68 x 10°2.71 x 10° particles/mL. ¢ Transmission electron microscopy (TEM) confirmed that
most sEV diameters were to be less than 150 nm and immunogold labeling showed the presence of CD81. Scale bars= 100 nm. d Western blot
analysis of three independent experiments showed that sEVs were enriched in EV markers HSP70, CD63 and CD81. Calnexin, an endoplasmic
reticulum/Golgi marker, was present only in cell lyases but absent in sEV preparations, confirming the purity of sEVs. Ten g of total protein was
loaded per lane. NC: neurons, AC: astrocytes, NE: sEVs from neurons, AE: sEVs from astrocytes

RNA samples had prominent 18S and 28S ribosomal
RNA peaks, which were not observed in SEV RNA sam-
ples [45]. The sEV samples had peaks around 25-200
nucleotides, indicating the presence of small RNAs
(Additional file 1: Figure S2). While we conducted small
RNA sequencing for total RNA from cells and sEVs,
we only performed transcriptome sequencing for cel-
lular RNA. We normalized miRNA expression to tran-
scripts per kilobase million (TPM) and calculated gene
expression levels using fragments per kilobase mil-
lion (FPKM). We performed correlation analysis and

hierarchical clustering using the Pearson correlation
coefficients between pairs of samples from both analy-
ses, showing that the samples from the same cell type
and from cellular versus sEV origin had higher correla-
tions and were clustered together (Fig. 3). The excep-
tion to this was one of the astrocytic sEV samples (AE3,
shown with an asterisk in Fig. 3), which was more sim-
ilar to the neuronal sEVs than to the other astrocytic
sEVs. Note that the correlation analysis and clustering
were done using the overall mRNA and miRNA expres-
sion levels.
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Fig. 4 Number of unique and overlapping miRNAs in neurons,
astrocytes, and their respective sEVs. miRNA profiles in neurons and
astrocytes are distinct in spite of considerable overlap with a total
of 67 miRNAs observed only in neuronal sEVs and neurons, while a
total of 197 miRNAs detected only in astrocytic sEVs and astrocytes.
NC: neurons, AC: astrocytes, NE: sEVs from neurons, AE: sEVs from
astrocytes

Selective incorporation of miRNA in sEVs

Studies have shown that donor cells selectively incorpo-
rate only a certain subset of intracellular miRNAs into
sEVs, and the remaining miRNAs are retained within
the cells [46]. We hypothesized that this phenomenon
would also occur in postnatal cortical cells and their cor-
responding secreted sEVs. The presence-absence analy-
sis showed that 759 miRNAs were present in neurons,
and 889 miRNAs in astrocytes (Fig. 4 and Additional
file 2: Table S1). Sixty-seven miRNAs were exclusively
present in neurons while 197 miRNAs were exclusive to

astrocytes, indicating that miRNA profiles in neurons
and astrocytes are distinct, despite considerable overlap.

As expected, cells had more miRNAs than nanosized
sEVs, and all the miRNAs present in sEVs were also
found in the donor cells, confirming that only a subset
of the cellular miRNAs can be incorporated into sEVs.
Although more miRNAs were detected in astrocytes
than in neurons, neurons expressed more sEV-associated
miRNAs compared to astrocytes. To be specific, only
20.7% of the cellular astrocytic miRNAs were loaded
into sEVs, while 41.0% of the cellular neuronal miRNAs
were loaded into sEVs, suggesting differences in the cel-
lular sorting mechanisms. Interestingly, neuronal sEVs
lacked 11 miRNAs expressed in neurons, astrocytes, and
astrocytic sEVs (Additional file 2: Table S1), implying a
specific regulatory mechanism for packaging these miR-
NAs into astrocytic sEVs instead of neuronal sEVs. Simi-
larly, astrocytic sEVs lacked 136 miRNAs expressed in
neurons, astrocytes and neuronal sEVs (Additional file 2:
Table S1), again suggesting the involvement of selective
incorporation of miRNAs in a cell-specific manner. In
addition, three miRNAs (mmu-miR-7a-2-3p, mmu-miR-
135a-1-3p, and mmu-miR-144-3p) were only found in
neurons and neuronal sEVs while mmu-miR-5119 was
only expressed in astrocytes and their sEVs.

We then explored the differential expression of miR-
NAs between sEVs and their respective donor cells
(Additional file 3: Table S2). There were 14 specifically
enriched as well as 75 specifically diminished miRNAs in
neuronal sEVs compared to total neuronal RNAs (Table 1
and Additional file 3: Table S2). Similarly, nine miRNAs
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Table 1 Differentially expressed miRNAs in neuronal sEVs
compared to neurons

miRNA Fold change (NE/NC) p-value
mmu-miR-122-5p 3356 1.6E—3

mmu-miR-122-3p 364 2.2E-3

mmu-miR-126a-3p 26.6 8.2E—4

mmu-miR-709 247 4.0E-3

mmu-miR-143-3p 24.2 4.1E-6

mmu-miR-365-3p 22.1 19E-3

mmu-miR-145a-3p 203 2.1E-3

mmu-miR-199a-3p 14.7 7.0E—4

mmu-miR-145a-5p 144 3.7E—6

mmu-miR-126a-5p 1.2 2.3E-3

mmu-miR-10a-5p 10.7 9.3E-3

mmu-miR-224-5p 46 2.8E-3

mmu-miR-30d-5p 24 7.0E-3

mmu-miR-135a-1-3p 2.1 9.5E-3

NC, neurons; NE, sEVs from neurons

were significantly enriched in astrocytic sEVs while 168
miRNAs were specifically retained in astrocytes (Table 2
and Additional file 3: Table S2). These two observations
suggest a selective sorting of miRNAs into sEVs that is
more profound in astrocytes than in neurons. Notably,
mmu-miR-122-5p, mmu-miR-126a-3p and mmu-miR-
126a-5p were both enriched in sEVs from neurons and
astrocytes, suggesting a common sorting mechanism for
these three miRNAs. Together, the distinct miRNA pro-
files between sEVs and their respective cells suggest the
sorting of miRNAs into sEVs is precisely regulated and
could be specific to cell types.

We next hypothesized that sEVs secreted by neurons
and astrocytes may also have distinct miRNA signatures
that are unique to the donor cells. Thus, we performed
differential expression analysis for miRNAs derived
from neuronal sEVs and astrocytic sEVs. We observed

Table 2 Differentially expressed miRNAs in astrocytic sEVs
compared to astrocytes

miRNA Fold change (AE/AC) p-value
mmu-miR-150-5p 730.2 14E-3
mmu-miR-122-5p 5982 14E—4
mmu-miR-466i-5p 296.5 1.0E-3
mmu-miR-486a-5p 167.0 34E-3
mmu-miR-126a-3p 1124 24E-3
mmu-miR-126a-5p 289 82E-3
mmu-miR-486b-3p 15.3 22E—4
mmu-let-7a-1-3p 39 34E-3
mmu-miR-25-3p 2.7 7.2E=3
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differential expression of eight miRNAs, six of which had
higher expression in neuronal sEVs compared to astro-
cytic sEVs (Table 3).

Short motifs could be a possible mechanism for shuffling
and retaining cellular miRNAs

We examined sequence motif patterns of 4- to 8-nucle-
otides on differentially expressed miRNAs in secreted
sEVs and their corresponding cells using the MEME Suite
[43]. One motif was identified for each set of specifically
upregulated miRNAs (Fig. 5, Table 4, and Additional
file 4: Table S3). Specifically, five out of nine miRNAs
that were enriched in astrocytic sEVs had a GUAC motif
(E-value=3.7), while nine of 14 differentially upregulated
miRNAs in neuronal sEVs shared a CWGUAR motif.
Highly represented miRNAs in neurons or astrocytes
showed a similar CACACA motif (E-value=40 in neu-
rons and E-value=2.6 in astrocytes), including 11 out of
161 miRNAs in astrocytes and nine out of 73 in neurons.

Differential expression of RNA-binding proteins

Our RNA-seq of neuronal and astrocytic cells showed
that 2446 and 2438 mRNAs were specifically enriched
in neurons and astrocytes, respectively (Additional
file 5: Table S4). Gene Ontology (GO) analysis per-
formed on differentially expressed genes in neurons
and astrocytes was summarized (Additional file 1:
Figure S3), and as expected, biological processes for
upregulated genes in neurons were enriched in nerve
impulse and neurotransmitter processes while enriched
genes in astrocytes were related to tube development
and extracellular matrix organization. Among the dif-
ferentially expressed genes, we specifically focused on
RNA-binding proteins (RBPs) because of their known
role as possible mediators for loading RNA into sEVs
[46]. RBPs can form ribonucleoprotein complexes with
single- or double-stranded RNA through specific inter-
actions. In a previous report, 30 RBPs were identified

Table 3 Cell-type-specific miRNA signatures in neuronal and
astrocytic sEVs

miRNA Fold change (NE/AE) p-value
mmu-miR-5100 39.7 2.1E-3
mmu-miR-135a-2-3p 26.8 1.3E-3
mmu-miR-429-3p 26.7 6.8E—3
mmu-miR-6691-5p 235 4.8E—4
mmu-miR-374b-5p 15.7 29E-3
mmu-miR-450a-5p 56 9.7E-3
mmu-miR-23a-3p —25 9.8E—3
mmu-miR-146a-5p —32 87E-3

AC, astrocytes; AE, sEVs from astrocytes

NE, sEVs from neurons; AE, sEVs from astrocytes



Luo et al. Cell Commun Signal (2021) 19:75

Page 9 of 15

NE

bits

0 -~ N ™ < n ©

AE

AC

bits

0- -~ LNJ ™ < n ©

Fig. 5 Over-represented motifs on miRNAs differentially expressed in neurons, astrocytes, and their respective sEVs. Sequence motif patterns of
4-1o 8-nucleotides on differentially expressed miRNAs in sEVs and their corresponding cells. One motif was identified for each set of specifically
upregulated miRNAs (also see Table 4, and Additional file 4: Table S3). NC: neurons, AC: astrocytes, NE: sEVs from neurons, AE: sEVs from astrocytes

Table 4 RNA sequence motifs over-represented in miRNAs
upregulated in neurons, astrocytes, and their respective sEVs

Group  Motif # of miRNAs Total # of E-value
having the upregulated
motif miRNAs

NE CWGUAR 9 14 7.1

AE GUAC 5 9 3.7

NC MWCACA 9 73 40.0

AC CMCACA 1 161 26

NC, neurons; AC, astrocytes; NE, sEVs from neurons; AE, sEVs from astrocytes

in exosomes in complex with different RNA species in
a cell-free assay, 20 of which were associated with exo-
somal RNAs [46]. This indicates that exosomal RNAs

exist predominantly as RNA-binding protein com-
plexes. Therefore, we compared the mRNA expres-
sion of these RBPs in neurons and astrocytes. We
observed that three RBPs, heterogeneous nuclear ribo-
nucleoprotein H1 (hnRNPHI1), argonaute 1 (AGO1)
and argonaute 4 (AGO4), had higher mRNA expres-
sion in neurons, while annexin A2 (ANXA2) as well
as major vault protein (MVP), were expressed at sig-
nificantly lower levels compared to astrocytes (Table 5
and Additional file 5: Table S4). We further examined
the protein levels of MVP and ANXA2 in neurons and
astrocytes (Fig. 6). MVP demonstrated higher expres-
sion in astrocytes compared to neurons (p<0.0005;
two-tailed unpaired t-test), which is in line with the
mRNA expression. However, there was no statistically
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Table 5 Differential expression of mRNA encoded for RNA-binding proteins (RBPs) in neurons compared to astrocytes

mRNA Up/down (NC/AC) Protein name Reported sorting mechanism
Hnrnph1 Up Heterogeneous nuclear ribonucleoprotein  Passive [46]
H1
Agol Up Argonaute 1 -
Ago4 Up Argonaute 4 -
Mvp Down Major vault protein Passive [46]/active [71]
Anxa2 Down Annexin A2 Passive [72]
NG, neurons; AC, astrocytes; Up, upregulated; down, downregulated
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Fig. 6 Western blot analysis of major vault protein (MVP) and annexin A2 (ANXA2) in primary cortical neurons and astrocytes. a Representative
images of the protein expression of MVP, ANXA2, and loading control 3-actin in neurons and astrocytes. b Quantification of MVP and ANXA2
expression (normalized to the expression of 3-actin) is shown as mean =+ standard deviation. n =3 independent experiments. ***p-value < 0.0005;
ns: not significant; two-tailed unpaired t-test. Twenty ug of total protein was loaded per lane. ¢ Representative images showing the expression

of MVP and ANXA2 in primary cortical neurons, astrocytes, and their sEVs (n=2). Ten ug of total protein was loaded per lane. NC: neurons, AC:

astrocytes, NE: sEVs from neurons, AE: sEVs from astrocytes

significant difference in ANXA2 protein between neu-
rons and astrocytes (Fig. 6b). In addition, MVP was
present in astrocytic sEVs but absent in neuronal sEVs
(Fig. 6¢).

Discussion

Identification of cellular origin of the sEVs in the circu-
lation, specifically from CNS cells such as neurons, has
been challenging due to the absence of specific protein
markers [24]. The two-way communication between
astrocytes and neurons contributes to the maintenance
of brain homeostasis [47]. Astrocytes, a crucial compo-
nent of the blood brain barrier (BBB), protect neurons
by maintaining the highly regulated CNS internal milieu.
Malfunction of the BBB in neurodegenerative diseases
contributes to neuronal damage, synaptic dysfunction
and loss of neuronal connectivity [48]. sEVs can cross
the BBB, and EVs released by both types of cells could

be present in circulation [49]. Thus, identifying miRNAs
that are exclusively expressed in sEVs from distinct donor
cells may enable us to define the cellular origin of the
circulating sEVs [50, 51]. Here, we investigated miRNA
signatures from postnatal mouse cortical neuronal and
astrocytic cultures and their sEVs to better understand
which of the cellular miRNAs were packed into sEVs and
to identify unique miRNAs in sEVs released from the two
different cell types.

We observed both a unique and overlapping presence
of miRNAs in neurons, astrocytes, and their respec-
tive SEVs. The number of miRNAs present in astrocytes
were higher than neurons, with astrocytes expressing 889
miRNAs and neurons expressing 759 miRNAs. sEV-asso-
ciated miRNAs were also different in neuronal sEVs (311
miRNAs) and astrocytic sEVs (184 miRNAs). A previ-
ous study detected a total of 131 distinct miRNAs in EVs
secreted by primary rat cortical astrocyte cell cultures
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[52]. The difference in number could be attributed to
the method used for miRNA profiling and species used.
We used RNA sequencing for mouse sEVs to theoreti-
cally detect any miRNA species while the previous study
used nCounter Rat miRNA expression assay (Nanostring
technologies) that is designed to specifically probe a total
of 423 rat miRNAs [52]. Another study on mouse astro-
cytes has used qPCR with TagMan rodent miRNA arrays
to probe 752 mature miRNA species and identified 168
of these miRNAs present in exosomes, with 54 of these
miRNAs enriched in exosomes compared to astrocytes
[53]. Only three of these miRNAs enriched in exosomes,
mir-25, miR-126-5p (or mmu-miR-126a-5p), and mir-
150, matched the miRNAs that we identified to be differ-
entially enriched in astrocytic sEVs. In a previous study,
miR-135a was specifically enriched in astrocytes as com-
pared to neurons and oligodendrocytes isolated from
neonatal rats [54]; miR-135a was also detected in embry-
onic mouse hippocampal neurons [55]. In our study, we
observed miR-135a (mmu-miR-135a-1-3p) to be present
only in neurons and their sEVs but was absent in astro-
cytes and their sEVs. The differences in our results may
be attributed to the species, the region of the brain the
sEV donor cells were obtained, cell culture growth condi-
tions and the RNA quantification methods.

All miRNAs expressed in sEVs overlapped with those
identified in their corresponding donor cells. This con-
firmed that only a subset of the cellular miRNAs can be
incorporated into sEVs. Only 20.7% of cytosolic miRNAs
in astrocytes were loaded into astrocytic sEVs, while
41.0% of neuronal miRNAs were loaded in neuronal SEVs.
Despite the distinct sEV-associated miRNA profiles, the
different percentage of cellular miRNAs sorted by neu-
rons and astrocytes into respective sEVs implies that the
sorting machineries work differently in these cells, and
the selectivity of miRNAs packaged into sEVs may be
more profound in astrocytes than neurons. For exam-
ple, 11 miRNAs detected in neurons and astrocytes were
expressed in astrocytic sEVs, but 136 miRNAs in both
cells were exclusively expressed in neuronal sEVs but not
astrocytic sEVs. Collectively, this demonstrates a tight
regulation of sorting miRNAs into sEVs in a cell-type-
specific manner. Regardless of the overlapping miRNAs
in both cell types, 139 and 12 miRNAs were unique in
neuronal and astrocytic sEVs respectively. Neuronal sEVs
exclusively expressed three miRNAs (mmu-miR-7a-2-3p,
mmu-miR-135a-1-3p, mmu-miR-144-3p), and astrocytic
sEVs exclusively expressed one miRNA (mmu-miR-5119).
mmu-miR-7a-2-3p [56] and mmu-miR-144-3p [57] were
shown to be downregulated in primary neurons after
oxygen—glucose deprivation (OGD), but overexpression
of these two miRNAs resolved the hypoxia—ischemia-
induced neuronal apoptosis. miR-135a expressed in
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mouse hippocampal neurons was reported to be essential
for the regulation of excitatory neurotransmission [54,
55]. The presence of these miRNAs may help determine
the cellular sources of the sEV-encapsulated miRNAs in
circulation. Of note, these cell-type-specific SEV miR-
NAs were also reported to be present in a variety of cells.
miR-7a is also expressed in sensory neurons of dorsal
root ganglion and plays an important role in the main-
tenance of neuropathic pain [58]. mmu-miR-5119 impli-
cated in enhanced anti-tumor cell immune response, was
also enriched in microglia in developing brain and spleen
dendritic cells [59, 60]. Therefore, additional studies are
needed to assess if other cell types could contribute these
miRNAs in circulation.

Our quantitative demonstration that astrocytes tend
to exclude miRNAs from sEVs suggests they have a more
stringent sorting of miRNAs into sEVs. However, mmu-
miR-122-5p, mmu-miR-126a-3p and mmu-miR-126a-5p
were highly enriched in both types of sEVs, suggesting
that neurons and astrocytes may also share common
mechanisms for loading these three miRNAs into sEVs.
Downregulation of miR-122 was observed in mouse neu-
roblastoma cells after OGD, and inversely, addition of
miR-122 resulted in the resolution of ischemic neuronal
death [61]. miR-126 which is abundant in mouse brain
endothelial cells, is also expressed in astrocyte-derived
exosomes to a lesser extent [62]. Several RNA-binding
proteins have been identified to be associated with selec-
tive packaging of miR-122, including lupus La protein
[63] and human ELAV protein HuR under stress, both
verified in human cell lines [64]. The gene expression
of these two proteins (Ssb for La protein and Elavii for
HuR) were not significantly different between neurons
and astrocytes (Additional file 5: Table S4), suggesting
the highly regulated sorting of mmu-miR-122-5p, mmu-
miR-126a-3p and mmu-miR-126a-5p could be attributed
to La protein and HuR. Further investigation will help us
understand how neurons and astrocytes select cellular
miRNAs into their sEVs and what sorting mechanisms
are unique to neurons and astrocytes.

We also identified six neuron-specific SEV miRNA sig-
natures and two sEV miRNAs unique to astrocytic sEVs
(Table 3). miR-23a-3p, miR-126-3p, miR-146a-5p, and
miR-5100 were identified as some of the most abundant
miRNAs in the temporal lobe neocortex of human brain
[62]. Although the role of miR-5100 remains elusive,
it has been identified as a disease biomarker for cancer
[65] and lupus [66]. miR-23 is involved in neuronal speci-
fication, and miR-146a implicated in the prevention of
neuroligin 1-dependent synaptogenesis, and both were
enriched in astrocytes compared to neurons [54, 67].
Our results are in line with these observations (Addi-
tional file 3: Table S2). Interestingly, mmu-miR-23a-3p
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and mmu-miR-146a-5p, the two miRNAs enriched in
astrocytes, were also highly expressed in in astrocytic
sEVs compared to neuronal sEVs. We and others have
observed miR-146a to have an anti-inflammatory role
[68]. Yet, the uptake of these sEVs in recipient cells and
the contribution of these sEV-encapsulated miRNAs in
gene regulation need to be further elucidated.

RNA packaging into sEVs during biogenesis may be
controlled by RBPs that form complexes with RNA. We
investigated the expression levels of RBPs in neurons and
astrocytes. A previous report showed that 23 of 30 RBPs
discovered in exosomes were in a complex with cellu-
lar miRNAs and/or exosomal RNAs [46]. We examined
the mRNAs of all 30 identified RBPs, and most of them
were not significantly differentially expressed between
neurons and astrocytes. However, the mRNAs for major
vault protein (MVP) and annexin A2 (ANXA2) were
upregulated in astrocytes compared to neurons, while
the mRNA levels for Hurnphl, argonaute 1 (Agol) and
argonaute 4 (Ago4) were lower in astrocytes. A recent
study that characterized sEV cargo proteins derived from
human primary astrocytes showed that MVP was present
in two of the five control sEVs and in all the same sam-
ples after the cells were treated with IL-1f [69]. ANXA2
was detected in all the samples. For the downregulated
genes, hnRNPH1 protein was detected only in one con-
trol sample and both AGO proteins were absent [69].
Furthermore, proteomics analysis of cell preparations
from mouse brain showed that MVP and ANXA2 were
upregulated, whereas hnRNPH1, AGO1 and AGO4 were
downregulated in astrocytes compared to neurons [70].
These results are in agreement with our observations of
the same RBP mRNA levels.

MVP, as a major component of multi-subunit vaults
that are ubiquitously expressed in various types of cells,
is associated with the transport of miRNAs into sEVs.
Under normal conditions, silencing of MVP in cytoplasm
resulted in 50% reduction of RNA shuttled into exosomes
but the total RNA in cells remained unchanged, while
introduction of MVP increased the amount of RNA [46].
MVP knockout colon carcinoma cells led to an accumu-
lation of cytosolic miR-193a and a decrease of miR-193a
in cell-derived exosomes, while no change in miR-126a
was observed [71]. These evidences suggest MVP plays a
crucial role in RNA selection in sEVs. Parallel with RNA-
seq data, astrocytes had higher expression of MVP than
neurons. We also observed the presence of MVP in astro-
cytic sEVs other than neuronal sEVs. The role of MVP in
shuttling RNA in sEVs released by neurons and astro-
cytes remains to be answered.

Annexin A2 (ANXA2) can alter the miRNAs loaded
into sEVs by binding to miRNAs in a sequence-free man-
ner [72]. Silencing ANXA?2 significantly decreased the
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number of miRNAs loaded into sEVs but did not signifi-
cantly change the miRNA profiles compared to controls,
indicating ANXA2 is involved in a passive sorting. In our
study, we found that the expression of ANXA2 was not
significantly different between neurons and astrocytes,
and neurons could incorporate more miRNAs in sEVs
than astrocytes, suggesting a minimal role for ANXAZ2 in
miRNA sorting into sEVs in neurons and astrocytes.

RBPs can bind to transcripts through common RNA
elements or specific sequence motifs. Sumoylated het-
erogeneous nuclear ribonucleoprotein (hnRNPA2B1)
can specifically bind to a short GGAG sequence on miR-
NAs called an EXOmotif and transfer these miRNAs into
exosomes [16]. Another EXOmotif, GGCU, can be bound
by synaptotogmin-binding cytoplasmic RNA-interacting
protein (SYNCRIP) on miRNAs loaded into exosomes
[15]. So far, more than 20 EXOmotifs have been identi-
fied for cargo loading into sEVs [73]. Therefore, we exam-
ined if the miRNAs enriched in sEVs (fold change > 2 and
p-value <0.01) secreted by neurons or astrocytes also
contain such sequence motifs.

We identified two motifs in sEV-encapsulating miR-
NAs, CAGUAG in neuronal sEVs and GUAC in astro-
cytic sEVs. The GUAC motif has been reported in 7SK
small nuclear RNA (7SK) as a part of the 7SK small
nuclear ribonucleoprotein (7SK snRNP). This motif is
required to inactivate the positive transcription elon-
gation factor b in cells by interacting with hexamethyl-
ene bisacetamide-induced protein (HEXIM) 1, which is
also incorporated in 7SK snRNP [74]. Defined synthetic
single-stranded phosphorothioate oligoribonucleotides
expressing the GUAC motif can strongly induce TNF-a
production but not IFN-a through the binding and stim-
ulation of the toll-like receptor 8 on human monocytes
and myeloid dendritic cells but not plasmacytoid den-
dritic cells [75]. Both neurons and astrocytes have a simi-
lar pattern of nucleotides, CACACA, in their enriched
miRNAs compared to their respective secreted sEVs. The
CACACA hexamer can be efficiently bound by hetero-
geneous nuclear ribonucleoproteins (hnRNPs), such as
hnRNP L and hnRNP LL [76-78] but this binding may
require more stringent spacing between the CA repeats.
Additional studies are needed to functionally validate the
role of these motifs and systematically evaluate their role
in sorting into neuronal and astrocytic sEVs.

Conclusions

Our studies investigating miRNAs in sEVs secreted by
primary cortical neurons and astrocytes showed donor
cells selectively incorporate only a subset of cellular
miRNAs into sEVs. Although the number of miRNAs
detected in astrocytes were larger than those detected
in neurons, neurons expressed more sEV-associated
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miRNAs compared to astrocytes. Distinct miRNA pro-
files between sEVs and their respective cells suggest
the sorting of miRNAs into sEVs is precisely regulated
and could be specific to cell types. Short RNA sequence
motifs or EXOmotifs on the miRNAs that are differen-
tially loaded or excluded from sEVs could have a role in
being packaged into sEVs. We identified sequence motif
GUAC to be enriched in astrocytic sEVs. RNA motif
CACACA in miRNAs retained in neurons or astrocytes
suggest a cell-type-independent mechanism to maintain
cellular miRNAs. Presence of common miRNAs sorted
into sEVs by both cell types suggests commonality in
sorting mechanisms. Cellular RNA sequencing showed
that mRNAs of five RNA-binding proteins associated
with passive or active RNA sorting into sEVs were dif-
ferentially expressed between neurons and astrocytes,
of which MVP was highly expressed in astrocytes and
their respective sEVs, while ANXAZ2, absent in sEVs, did
not show differential expression between neurons and
astrocytes. Future studies will determine the role of spe-
cific motifs and the RNA binding proteins in determining
selective sorting of miRNAs into sEVs and how various
stimuli or disorders can impact this packaging. Catalog-
ing of miRNA signatures unique to CNS cells and the
sEVs they release can help further investigations on the
therapeutic or detrimental role of these RNA molecules
in various neurological disorders. Establishing cell spe-
cific signatures, especially for neurological diseases with
altered sEV-encapsulated miRNAs in biofluids, holds
immense potential both as a biomarker and as a thera-
peutic intervention strategy.
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