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Extracellular vesicles (EVs) are involved in cell-to-cell communication. Following
uptake, EV cargo molecules, including DNA, RNA, lipids, and proteins, influence
gene expression and molecular signaling in recipient cells. Although various
studies have identified disease-specific EV molecules, further research into
their biogenesis and secretion mechanisms is needed for clinical application.
Here, we investigated the role of UPF2 in regulating the biogenesis and
components of EVs. Notably, UPF2 promoted the expression of CD81, a
membrane protein marker of EVs, as UPF2 silencing decreased CD81 levels in
EVs, both inside the cell and secreted. In contrast, the expression levels of
CD63 increased, without altering the size or numbers of EVs. In addition,
reducing UPF2 levels did not affect the total number of EVs but lowered
production of CD81-positive EVs and reduced the efficiency of uptake by
recipient cells. Collectively, our findings uncover a novel function for UPF2 in
regulating the production of CD81 and changing EV properties.
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Introduction

Most cells secrete EVs that contain a variety of molecules, including proteins, DNA,
RNA, and bioactive lipids. Secreted EVs can be taken up by recipient cells, where they can
alter signaling cascades and modify gene expression programs (Chen et al., 2018; Kim et al.,
2017; Ratajczak et al., 2006). EVs are classified in different ways according to size and
genesis; traditionally, they have been divided into exosomes, microvesicles, and apoptotic
bodies (Borges et al., 2013; Kim et al., 2017). The formation and secretion of exosomes
require the cooperation of several molecules, including Rab proteins, the endosomal sorting
complex required for transport (ESCRT), tetraspanins, and sphingomyelinases
(Chairoungdua et al., 2010; Gerber et al., 2015; Gould et al., 2003; Henne et al., 2011;
Hsu et al., 2010; Ostrowski et al., 2010; Perez-Hernandez et al., 2013; Radulovic and
Stenmark, 2018; Savina et al., 2002; Van Niel et al., 2011; Verweij et al., 2011). In this study,
we mainly examined exosomes derived from multivesicular bodies (MVBs). CD81, CD63,
and CD9 proteins primarily accumulate in EVs and are used as representative EV markers
(Escola et al., 1998; Thery et al., 1999). However, some studies suggest that isolated EVs are
quite heterogeneous, with different levels of surface proteins that alter EV properties (Kowal
et al., 2016; Meng et al., 2023). For example, CD9 and CD63 proteins are known to have
different plasma membrane localization and internalization kinetics (Fan et al., 2023;
Mathieu et al., 2021).
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EVs can be detected in various body fluids, including blood,
urine, breast milk, lymph, and saliva (Dai et al., 2020; Xu et al., 2016;
Zlotogorski-Hurvitz et al., 2015). Moreover, EVs containing disease-
specific molecules have been obtained from patients with diseases
such as cancer, hypertension, and cardiovascular pathologies (Zhou
et al., 2020). Because EVs can be easily collected from the blood of
patients, they are being actively studied for their value in the
diagnosis and prognosis of diseases. Indeed, reports of disease
diagnosis using EVs have been increasing over the past decade
(Zhou et al., 2020). For example, Melo et al. (2015) found increased
glypican-1 (GPC1) levels in EVs isolated from the blood of patients
with early-stage pancreatic cancer, and proposed that circulating
GPC1+ exosome levels could predict the stage of pancreatic cancer
(Melo et al., 2015). EVs have a bilayer structure that allows them to
safely transport their cargo over long distances. Therefore, scientists
are attempting to exploit them as drug delivery vehicles. Yim et al.
(2016) reported the successful loading of target proteins into EVs
using an optically reversible protein–protein interaction module
based on plant proteins that respond to blue light (Yim et al., 2016).
This and other studies underscore the notion that understanding the
properties of EVs is necessary to exploit their full potential as
therapeutic vehicles. Unfortunately, the mechanisms of EV
biogenesis, secretion, organ-specific targeting, and uptake are
poorly understood.

Recently, Notaras et al. (2020) found that knockdown of UPF2 in
neurons decreased the levels of Glutamate Receptor 1 levels and also
reduced its surface localization. This discovery raised the possibility that
UPF2 may affect the level or localization of plasma membrane proteins
(Notaras et al., 2020). Unlike CD63, CD81 and CD9 are tetraspanin
proteins that mostly translocate to the plasma membrane and are
heavily included in EVs formed by budding (Mathieu et al., 2021).
UPF2 plays an important role in nonsense-mediated mRNA decay
(NMD), a mechanism that removes abnormal mRNA containing
premature termination codons (PTCs). NMD is one of the
mechanisms by which the quality of mRNA is tightly controlled
within a cell to prevent the production of defective or potentially
toxic proteins (Arraiano and Maquat, 2003; Behm-Ansmant et al.,
2007; Doma and Parker, 2007). UPF2 is one of the protein constituents
of the exon junction complex that binds upstream of the exon–exon
junctions after RNA splicing; it binds UPF1 and plays an important role
in recognizing mRNAs containing PTCs (Arraiano and Maquat, 2003;
Behm-Ansmant et al., 2007; Cheng and Maquat, 1993; Doma and
Parker, 2007; He and Jacobson, 2015;Maquat, 2004). Here, we set out to
investigate the link betweenUPF2 and EV surface proteins and find that
silencing UPF2 reduces CD81 expression. Interestingly, EVs derived
from UPF2-silenced HeLa cells were less efficiently taken up by
recipient cells due to the absence of CD81. We propose that
UPF2 modulates EV surface markers and EV function.

Materials and methods

Cell culture and transfection

WI-38 human diploid fibroblasts (HDFs) were obtained from
Coriell Cell Repositories (NJ, United States), and human cervical
carcinoma HeLa cells were from ATCC (VA, United States). HeLa
and WI-38 cells were cultured in Dulbecco’s modified Eagle’s

medium (Welgene, Gyeongsan, South Korea) supplemented with
10% fetal bovine serum (Gibco, MA, United States) and 1%
antibiotic-antimycotic solution (Anti-Anti, Gibco). WI-38 cells
were additionally cultured in the presence of 1% non-essential
amino acids (Gibco; BD Biosciences) and used with a population
doubling level (PDL) of 25. For specific silencing experiments, HeLa
cells were transfected with 50nM of small interfering RNA (siRNA)
using Lipofectamine 2000 (Invitrogen, CA, United States). After
72 h of incubation, cells were harvested and assays were performed.
The gene-specific siRNA sequences are shown in Table 1. For
human CD81 overexpression, HeLa cells were transfected with
pCMV6-Entry or pCMV6-Entry-Myc-DDK-CD81 plasmid
RC217508 (OriGene Technologies, Inc., MD, United States) using
Lipofectamine 2000. After 48 h, cells were harvested and assays
were performed.

Cell lysates preparation and Western
blot analysis

Whole-cell lysates were prepared using M-PER™ Mammalian
Protein Extraction Reagent (Thermo Fisher Scientific, MA,
United States) supplemented with Halt™ Protease and
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific).
Subsequently, NuPAGE™ LDS Sample Buffer (Thermo Fisher
Scientific) supplemented with 5% 2-Mercaptoethanol (Sigma-
Aldrich, MO, United States) was added; 2-Mercaptoethanol was
not added to the samples used to detect CD63 and CD81 proteins by
Western blotting. The same amount of lysates were electrophoresed
in NuPAGE™ 4%–12%, Bis-Tris Mini protein Gel (Invitrogen) or
Novex™ WedgeWell™ 6%, Tris-Glycine Mini Protein Gel
(Invitrogen). Subsequently, the gels were transferred to a
nitrocellulose membrane using iBlot™ 2 Transfer Stacks
(Invitrogen). For EV samples, the membranes with transferred
proteins were then stained with Ponceau S (Sigma-Aldrich) to
monitor the evenness in loading and transfer of samples. After
blocking with 5% skim milk, membranes were incubated with
primary antibodies recognizing UPF2 (Abcam, United Kingdom),
CD81 (Santa Cruz Biotechnology), CD63 (Santa Cruz
Biotechnology), HSP90 (Santa Cruz Biotechnology), GAPDH
(Santa Cruz Biotechnology), ACTB (Santa Cruz Biotechnology),
FLAG (Sigma-Aldrich), or UPF1 (Cell Signaling Technology).
Following incubation with the respective secondary antibodies
(Sigma-Aldrich), protein signals were visualized using enhanced
chemiluminescence (Thermo Fisher Scientific) and a KwikQuant
Imager (Kindle Biosciences, LLC).

TABLE 1 Sequence of specific siRNAs.

Target Gene siRNA sequence (5’ to 3’)

Control UUCUCCGAACGUGUCACGU

UPF2 #1 GCAACGAAGUGGUGAAUCU

UPF2 #2 CAAGAAGUGGAUGAGAAUA

UPF1 GAUGCAGUUCCGCUCCAUU

CD81 CACGUCGCCUUCAACUGUA
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Isolation of total EVs, measurement of EV
size and concentration

For EV isolation, HeLa cells were cultured in exosome-depleted
medium for 24 h before harvesting: Dulbecco’s modified Eagle’s
medium (Welgene) supplemented with 10% exosome-depleted
fetal bovine serum (Gibco) and 1% antibiotic-antimycotic solution
(Gibco). Total EV samples were then isolated from conditioned
medium using ExoQuick-TC (System Biosciences, CA,
United States) according to the manufacturer’s instructions. Briefly,
conditioned medium was centrifuged at 3,000 × g for 15 min to
remove cell debris, after which it was filtered using a Millex-GV
Syringe Filter Unit (0.22 μm, Millipore, MA, United States) and
concentrated using an Amicon® Ultra-15 Centrifugal Filter Unit
(10 KDa cutoff, Millipore). Thereafter, an appropriate volume of
ExoQuick-TC was added to the samples, which were then incubated
at 4°C for ≥12 h and centrifuged at 3,400 × g for 20 min at 4°C. Next,
Dulbecco’s phosphate-buffered saline (DPBS; filtered using a 0.22 μm
filter) was added to the EV pellet. NuPAGE™ LDS Sample Buffer was
then added for western blotting. For size and concentration analysis of
EVs, isolated EVs were diluted with a total volume of 1 mL DPBS
(filtered using a 0.22-μm filter) and analyzed using a NanoSight
NS300 instrument (Malvern Panalytical, United Kingdom) or
ZetaView PMX 430 (Particle Metrix, Germany).

EV staining with PKH26 dye

For experiments on EV uptake by recipient cells, same number
of EVs in each sample were stained using PKH26GL Red Fluorescent
Cell Linker Kits for General Cell Membrane labeling (Sigma-
Aldrich) according to the manufacturer’s instructions. EVs were
incubated with Diluent C and PKH26 dye for 5 min in a dark
chamber. Next, 1% bovine serum albumin was added to stop the
staining reaction. The samples were then loaded onto an Amicon®

Ultra-15 Centrifugal Filter Unit (10 KDa cutoff, Millipore) and
centrifuged. The unlabeled dye that passed through the filter was
removed, and only the EVs retained on the filter were used. Next, the
labeled EVs were diluted with exosome-depleted medium. After
adding the labeled EVs to the cells, they were incubated at 4°C in the
dark for 30 min, washed with DPBS, incubated with exosome-
depleted medium for 1 h at 37°C in a CO2 incubator, and fixed with
4% paraformaldehyde. Nuclei were stained with ProLong® Gold
Antifade reagent and DAPI (Invitrogen). Images were acquired
using an EVOS M5000 Imaging System (Invitrogen), LSM
880 with Airyscan (Carl Zeiss, Germany), or K1-Fluo
(Nanoscope Systems, South Korea). The mean fluorescence
intensity (MFI) for the PKH26 dye signal was calculated
using ImageJ.

RNA isolation, reverse transcription, and
quantitative real time PCR

Total RNA was extracted using the TRI™ Reagent solution
(Invitrogen). After ethanol precipitation, the samples were treated
with DNase I (Thermo Fisher Scientific) at 37°C for 30 min to
remove DNA. cDNA was synthesized using Random Hexamer

Primer (Thermo Fisher Scientific) and RevertAid Reverse
Transcriptase (Thermo Fisher Scientific). RT-qPCR analysis was
performed using gene-specific primers, KAPA SYBR® FAST (Kapa
Biosystems, United Kingdom), and QuantStudio Real-Time PCR
instrument (Applied Biosystems, United States). The sequences of
the specific primers used for qPCR are in .

Statistical analysis

Experimental results were expressed as means ± SEM. The
Student’s two-tailed t-test and one-way analysis of variance with
Tukey’s post hoc test were performed using GraphPad Prism
8 software (GraphPad, San Diego, United States).

Results

UPF2 silencing decreases CD81 and
increases CD63 in EVs

Recent reports have shown that UPF2 regulates the levels and
localization of plasma membrane proteins (Notaras et al., 2020). We
thus hypothesized that the expression of CD81, a surface protein and
marker of EVs, might be regulated by UPF2. To investigate this
possibility, we reduced UPF1 and UPF2 levels in HeLa cells using
specific siRNAs. While silencing UPF1 did not alter
CD81 expression levels, we unexpectedly found that silencing
UPF2 lowered the levels of CD81 protein in HeLa cell
(Supplementary Figure S1A, left). Using siRNAs targeting
different regions of UPF2 (UPF2 #2 siRNA), we confirmed the
decrease in CD81 protein levels (Supplementary Figure S1A, right).
This finding suggested that UPF2 regulates the levels of CD81 by
mechanisms independent of the NMD pathway.

We focused on investigating the role of UPF2 in regulating
CD81 expression on EV membranes. First, using western blot
analysis, we investigated whether UPF2 knockdown affected the
levels of CD81 and CD63, another EVmembrane marker. As shown,
silencing UPF2 markedly reduced the levels of intracellular
CD81 protein, while the levels of CD63 remained unchanged
(Figure 1A). To further assess the impact of UPF2 silencing, we
prepared cytosolic and membrane proteins to examine the
expression levels of CD81, a cell surface-localized tetraspanin
protein. Notably, both cytosolic and membrane fractions showed
decreased CD81 levels after UPF2 silencing (Supplementary Figure
S1B). To investigate whether the decrease in CD81 protein by
UPF2 silencing was the result of a decrease in CD81 mRNA, we
used RT-qPCR analysis to assess the steady-state levels of CD81
mRNA; as shown, the levels of CD81 mRNA remained unchanged
after UPF2 silencing (Supplementary Figure S1C). We then
investigated whether changing intracellular CD81 levels by
UPF2 influenced EV biogenesis and secretion; as shown,
silencing UPF2 decreased CD81 protein levels on EVs while the
levels of CD63 increased (Figure 1B). Notably, nanoparticle tracking
analysis revealed no substantial change in the total number of EVs
released by the different silencing groups (Figures 1C, D).

EVs secreted by cells are highly heterogeneous, with each EV
containing different levels of CD81 and CD63 (Kowal et al., 2016;
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Mathieu et al., 2021). To investigate if there were different numbers
of EVs containing CD81 or CD63 in the general cell population, we
separated total EVs into CD81-positive and CD81-negative EVs by

magnetic separation. The results show that CD81-positive EVs
contained both CD81 and CD63 proteins, whereas CD81-
negative EVs contained CD63 only (Supplementary Figure S2A).

FIGURE 1
UPF2 silencing reduces CD81 protein in cells and extracellular vesicles (EVs). (A–D) HeLa cells were transfected with control or UPF2 siRNA.
Afterwards, cells and EVs were harvested 72 h later. (A) CD81 expression levels were assessed in whole-cell lysates (WCL) by western blotting using an
antibody recognizing CD81 (Left). CD81 and CD63 signals were quantified and normalized to HSP90 signals (Right). (B) EVs were isolated from HeLa cells
transfected with control or UPF2 siRNA using ExoQuick-TC. The same amounts of EV proteins were loaded, and CD81 and CD63 expression levels
were assessed in EVs by western blotting (Left). The quantification of CD81 and CD63 signals was normalized to the Ponceau S signal (Right). (C) The size
distribution of isolated EVs was assessed using a Nanosight instrument (Malvern Panalytical). (D) Total EV concentration was plotted as a bar graph;
HSP90, loading control. Data in (A, B) represent the mean ± S.E.M. of three independent experiments. *P ≤ 0.05, **P ≤ 0.01.
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We then determined whether UPF2 silencing alters the population
of secreted EVs. As anticipated, UPF2 knockdown increased the
population of CD81-negative EVs and decreased the CD81-positive
EV population (Supplementary Figure S2B). Taken together, these
findings show that silencing UPF2 reduces CD81 protein levels in
cells and EVs without affecting the overall number and size of
secreted EVs, suggesting that CD81-negative EVs increase
proportionately.

UPF2 silencing lowers CD81 production,
CD81-containing EVs, and EV
uptake efficiency

Silencing UPF2 reduces the levels of CD81, a membrane protein
constituent of EVs. On this basis, we hypothesized that the decline in
CD81 levels on EVs membrane could affect the characteristics of
EVs, particularly the efficiency of EV uptake by recipient cells. We

FIGURE 2
Extracellular vesicles (EVs) secreted fromUPF2 silencedHeLa cells have different characteristics. (A) Schematic illustrating the investigation of the EV
uptake efficiency of recipient cells. EVs were isolated from HeLa cells transfected with control (EVs_Control siRNA) or UPF2 siRNA (EVs_UPF2 siRNA).
Then, the same number of EVs were stained using PKH26 dye. The stained EVs were incubated with WI-38 or HeLa cells and examined for uptake into
recipient cells by fluorescence microscopy. (B) Fluorescence microscopy images of WI-38 cells. Red signals indicate EVs taken up by WI-38 cells,
and blue signals represent DAPI. Below are enlarged images of the fields indicated by the white squares (Left). Quantification of red fluorescence intensity
normalized to the number of nuclei (Right). Scale bar = 50 μm. (C) Images showing the uptake of PKH26-stained EVs into HeLa cells (Left). These images
were taken using a confocal microscope (Carl Zeiss). Scale bar = 20 μm. Quantification of red fluorescence signals normalized to the number of nuclei
(Right). Mean fluorescence intensity (MFI) was calculated using Image J. **P ≤ 0.01, ****P ≤ 0.0001.
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first isolated EVs from HeLa cells in control and UPF2-silenced
populations, and labeled the isolated EVs with PKH26, a red
fluorescent linker. The fluorescently labeled EVs were then
incubated with HeLa cells or human WI-38 lung fibroblasts for
30 min to determine their uptake by recipient cells (Figure 2A).
Notably, incubation with EVs derived from HeLa cells in which
UPF2 was silenced (EVs_UPF2 siRNA) caused significantly reduced
fluorescence (reduced uptake) in WI-38 (Figure 2B) and HeLa cells
(Figure 2C) compared with incubations with those EVs derived from
control (EVs_Control siRNA), which is due to reduced EV uptake
by recipient cells. These results indicate that EVs secreted from
UPF2-silenced cells impair overall uptake of EVs by recipient cells.

In light of earlier evidence that co-culture of cells, EVs, and
CD81 antibodies reduced EV uptake by bone marrow dendritic cells
(Morelli et al., 2004), we hypothesized that the presence of CD81 on
EVsmay be important for their delivery to recipient cells. To test this
hypothesis, we silenced CD81 and measured EV uptake efficiency.
Western blot analysis revealed that CD81 knockdown reduced
CD81 expression in both cells and EVs, without affecting
CD63 expression levels (Figure 3A). Interestingly, silencing
CD81 in HeLa cells did not significantly affect EV particle
number or size (Figures 3B, C). To investigate the uptake
capacity of EVs derived from HeLa cells in which CD81 was
silenced, we co-cultured the isolated EVs with WI-38 cells. As
observed, EVs from CD81-silenced cells (EVs_CD81 siRNA)
showed lower uptake efficiency compared with that of control
EVs (EVs_Control siRNA) (Figure 3D). These results suggest
that the presence of CD81 on EVs is important for uptake by
recipient cells, and that CD81-negative EVs have lower uptake
efficiency than CD81-positive EVs.

CD81 overexpression contributes to an
increase in the number of EVs and their
uptake capacity

To gain further information regarding the importance of CD81 in
EV uptake capacity, we overexpressed CD81 in HeLa cells to generate
CD81-overexpressing EVs. As observed after silencing CD81,
overexpressing CD81 did not induce significant changes in
CD63 levels in HeLa cells or HeLa-derived EVs (Figure 4A).
However, unexpectedly, CD81-overexpressing cells released more
than twice as many EVs than control cells (Figures 4B, C),
suggesting that CD81 may contribute to generating and releasing
EVs. To investigate whether CD81 overexpression enhances EV
uptake capacity, we treated HeLa cells with EVs obtained from
control or CD81-overexpressing cells. As shown, EVs from CD81-
overexpressing cells were more efficiently taken up by recipient cells
(Figure 4D). Collectively, these data suggest that CD81, which is present
on the EV membrane, is an essential protein for uptake by recipient
cells. Taken together, our study indicates that UPF2 can promote uptake
efficiency at least in part by elevating CD81 levels.

Discussion

In recent years, EVs have been investigated as diagnostic and
therapeutic agents, and their promising role in clinical applications

has been highlighted (Zhou et al., 2020). In addition, efforts are
ongoing to increase EV productivity and improve their delivery
efficiency through engineering approaches to maximize their
utilization (Boussadia et al., 2018; Fukuta et al., 2020; Nakase and
Futaki, 2015; Rocha et al., 2019). However, the molecular
mechanisms underlying the production and secretion of EVs
with different characteristics are still poorly understood. A
comprehensive understanding of the physiological biology of EVs
is crucial for successfully developing and applying therapeutics
utilizing EVs. Specifically, in the present study, we identified the
novel functions of UPF2 in regulating EV production and secretion.

Analysis of the potential relationship between UPF2 and EV
function, revealed that silencing UPF2 (but not silencing UPF1)
significantly reduced the levels of the major EV protein CD81
(Supplementary Figure S1). This finding was unexpected, given that
silencing UPF2 increases expression of mRNAs regulated by NMD,
suggesting that the rise in CD81 production was not directly related to
NMD-related activities of UPF2. Silencing UPF2 led to the secretion of
many CD81-negative EVs (Figure 1B; Supplementary Figure S2), while
the levels of CD63 in cells did not significantly change (Figure 1A).
These findings support the classification of EVs into subtypes based on
specific markers such as CD81 and CD63 (Kowal et al., 2016) and agree
with previous studies (Mathieu et al., 2021) showing that EVs carrying
tetraspanins, such as CD9, CD81, and small amounts of CD63 protein,
primarily originated from the plasmamembrane, whereas those bearing
CD63 and small amounts of CD9 were mainly derived from
intraluminal vesicles. Furthermore, CD81− or CD9-positive EVs
were found to be smaller thanCD63-positive EVs (Mathieu et al., 2021).

Given that most CD81-positive EVs are formed through
membrane budding, we hypothesize that UPF2 prevents the
internalization of CD81 at the plasma membrane and the
generation of CD81-positive EVs. This possibility supports a
novel function of UPF2 that does not involve NMD, since
UPF2 silencing reduces CD81 abundance in the cell. Given that
CD81 protein is known to be a specific EV marker released through
an ESCRT-independent pathway, while CD63 protein is considered
a common EV marker regardless of the ESCRT complex (Xu et al.,
2016), UPF2 appears implicated in maintaining the balance of
specific EV subtypes. Furthermore, the absence of differences in
the number of EVs released in conditions of reduced UPF2 levels
strongly supports the hypothesis that UPF2 functions as a qualitative
switch rather than a quantitative regulator. Further studies are
necessary to test this hypothesis.

The pathways by which EVs are internalized into recipient cells
are highly cell type-dependent, making it difficult to conclude that
EV uptake occurs exclusively through target-specific (e.g., receptor-
dependent endocytosis) or non-specific pathways (e.g., pinocytosis)
(Bonsergent et al., 2021; Costa Verdera et al., 2017; Mulcahy et al.,
2014; Svensson et al., 2013). However, in the present study, we found
that CD81-positive EVs elicit higher uptake. Additionally, the
reduction of UPF2 in cells decreased the release of CD81-positive
EVs, resulting in a decrease in uptake efficiency despite the secretion
of a similar number of EVs with a comparable size distribution
(Figures 2, 3). Similarly, EVs containing more CD81 had higher
uptake efficiency despite the same number of particles (Figure 4),
suggesting that, at least in HeLa cells, the released EVs are
predominantly taken up by recipient cells through a target-
specific rather than a non-specific pathway (Figure 5). CD81 on
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FIGURE 3
Absence of CD81 in extracellular vesicles (EVs) decreases uptake efficiency. (A) Protein expression levels in CD81 silenced cells and EVs were
analyzed by western blotting by loading equal amount of protein. (B) Size distribution of EVs derived from control and CD81 silenced cells was assessed
using nanoparticle tracking analysis (NTA). (C)Concentration of total EVs secreted from control or CD81 siRNA-treated cells. (D) The same number of EVs
were stained using PKH26 dye and incubated with WI-38 cells. The red signal of EVs taken up by WI-38 cells was measured by fluorescence
microscopy (Left). Scale bar = 50 μm. Red intensity was normalized to the number of nuclei (Right). Mean fluorescence intensity (MFI) was calculated
using Image J. The experiments in (A) were performed in duplicate. **p ≤ 0.01.
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FIGURE 4
CD81-overexpressing extracellular vesicles (EVs) have increased uptake by recipient cells. (A) FLAG and CD81 expression levels in the CD81-
overexpressing cells and EVs were analyzed by western blotting. The same amount of protein was loaded for western blotting. (B) The size distribution of
EVs derived from CD81-overexpressing cells was assessed using a ZetaView instrument (Particle Metrix). (C) Concentration of total EVs secreted from
control or CD81-overexpressing cells. (D) The same number of EVs were stained using PKH26 dye. The uptake efficiency of EVs into HeLa cells was
evaluated using confocal microscopy (Nanoscope Systems) (Left). Scale bar = 50 μm. Red fluorescence intensity was normalized to the number of nuclei
(Right). Mean fluorescence intensity (MFI) was calculated using Image J. The experiments in (A, B) were performed in triplicate. Data in (C) represent the
mean ± S.E.M. of three independent experiments. **P ≤ 0.01, ***P ≤ 0.001.
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EVs may act as a ligand or receptor to initiate the uptake pathway;
nevertheless, evidence supporting this hypothesis is still limited and
requires further study.

In closing, we report that UPF2 influences EV biology. Although
the mechanisms where by UPF2 promotes CD81 expression and EV
function were not elucidated in the current study, we hypothesize
that molecules interacting with UPF2, such as other RNAs or RNA-
binding proteins, may indirectly regulate the production of CD81,
and hence its inclusion in cell membrane and subsequently in EVs.
Furthermore, our study supports the notion that the specific
composition of EVs is regulated individually. Gaining further
insight into the biogenesis and secretion of EVs will set the stage
for further understanding the biology of EVs and leveraging its
diagnostic, prognostic, and therapeutic potential.
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SUPPLEMENTARY FIGURE S1
Effect of NMD factor deficiency on CD81 expression in HeLa cells. (A) HeLa
cells were transfected with control, UPF2 #1 (targeting the open reading
frame region of UPF2, left), UPF2 #2 (targeting the 3’ untranslated region of
UPF2, right) or UPF1 siRNAs, and EVs markers were assessed using Western
blot analysis. (B) The expression levels of CD81 were assessed in cytosolic
and membrane lysates using Western blot analysis. (C) Steady-state levels
ofCD81mRNAwere quantified by RT-qPCR analysis and normalized to ACTB
mRNA levels; UPF2 and UPF1, NMD factors; CD81 and CD63, EVs markers;
GAPDH, a loading control or cytosolic marker; SC35 1.6 kb and GADD45A
mRNA, NMD substrates; GAPDH mRNA, a negative control. Data in (C)
represent the mean ± S.E.M. of three independent experiments. *P ≤ 0.05.

SUPPLEMENTARY FIGURE S2
Knockdown of UPF2 decreases the secretion of CD81-positive EVs and
increases the secretion of CD81-negative EVs. (A) Total EVs were separated
into CD81-positive and -negative EVs using MACS, and the expression
levels of CD81 and CD63 were analyzed by Western blot analysis. (B) Total
EVs derived from Control or UPF2 knockdown HeLa cells were separated as
CD81-positive and -negative EVs using MACS. The separated EVs were
loaded with same amounts of protein and the expression levels of CD81 and
CD63 in separated EVs were determined by Western blot analysis.
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