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1 | INTRODUCTION

Biological fluids such as blood and urine carry several types of extracellular vesicles, including the spherical vesicles of 40-150-
nm diameter called exosomes (Shah et al., 2018). Recent studies have uncovered intercellular communication roles played by
exosomes in a variety of normal and disease processes, ranging from body patterning and immune responses to tissue repair and
tumour development (Bobrie et al., 2011; Lakkaraju & Rodriguez-Boulan, 2008). Packed in exosomes as cargos, select proteins
and ribonucleic acids (RNAs) are thought to deliver donor cell information to recipient cells (Pastuzyn et al., 2018). Distinct
cargo molecule compositions appropriate to the biological context are presumed to account for the diverse exosome-mediated
responses. Better understanding of the biological roles of exosomes, therefore, requires a precise indexing of the exosome
contents.

Exosomes appear to develop through a vesicle trafficking in cells. Maturation of the late endosomes into multivesicular endo-
somes (MVEs; also known as multivesicular bodies, MVBs) lies at the heart of exosome biogenesis (Hessvik & Llorente, 2018;
Schoneberg et al.,, 2017). Invaginating and pinching off the limiting membrane of the late endosomes are known to gener-
ate MVEs, the interior of which is laden with intraluminal vesicles (ILVs) as a result (Hessvik & Llorente, 2018; Schéneberg
et al,, 2017). During the vesicle trafficking, cargo proteins and RNAs are loaded into ILVs inside MVEs (Baietti et al., 2012;
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Shurtleff et al., 2016). When the MVE membrane is fused to the plasma membrane, ILVs will be secreted into the extracellular
milieu as exosomes charged with a specific set of proteins and RNAs (Bebelman et al., 2020).

Several biochemical methods such as differential and density gradient centrifugations, size exclusion chromatography and
polymer-mediated precipitation have been utilized to isolate exosomes (Bding et al., 2014; Jeppesen et al., 2019). Varying
viscosity of biological fluids, adhesiveness of the exosome surface and variable macromolecule compositions of exosomes,
however, could hinder us from preparing exosomes with consistent quality (Jeppesen et al., 2019; Momen-Heravi et al,,
2012; Yuana et al., 2014). Exosome preparation through these methods typically takes long processing time and requires spe-
cial equipment as well. Notably, these inherent difficulties associated with the existing exosome isolation methods might
also complicate the ensuing cargo identification with inadequately discriminating exosomes from other types of extracellular
vesicles.

We here take an alternative approach for exosome cargo molecule identification. We reasoned that a genetically engineered,
chemical labelling of exosome cargo molecules in situ specifically either in ILVs or in secreted exosomes could bypass the exosome
isolation steps. The resultant chemically modified molecules would subsequently be harvested by compatible affinity capturing. A
recently developed, proximity-dependent protein biotinylation method using the engineered ascorbate peroxidase APEX could
serve the purpose (Martell et al., 2012). The catalytic activity of APEX converts exogenously added biotin-phenol (also called
biotinyl tyramide) in the presence of hydrogen peroxide into the highly reactive, labile biotin-phenolic radical, which in turn
conjugates promiscuously to proteins in its vicinity (Martell et al., 2012). After expressing an APEX variant fused to a peptide or
protein that directs a particular subcellular localization, biotinylation reaction can be induced for a short period of time, typically
for around 1-2 min, and subsequently quenched, resulting in a high-confident, snapshot labelling of the proteins that exist in the
subcellular location (Martell et al., 2017). The efficient, stringent affinity capturing with Streptavidin matrix following the APEX
biotinylation has proven its utility in defining several subcellular-level proteomes (Lam et al., 2015).

We have thus sought to deliver an APEX variant specifically to exosomes by expressing it in the exosome biogenesis vesicle
trafficking. Recent studies by others have similarly engineered either APEX (Del Olmo et al., 2019; Lobingier et al., 2017) or
another promiscuous biotin ligase BirA* (Leidal et al., 2020; Rider et al., 2018), demonstrating biotinylation of extracellular
vesicle-related proteins inside the cells. Our current study has thus first examined an APEX variant for the ability of specifically
localizing to the exosome-generating ILVs, inducing biotinylation of the proteins that are going to be released in exosomes
(intracellular labelling). We have then investigated whether the newly established exosome-targetable APEX of ours can induce
proximate protein biotinylation in a cell-free condition, specifically in secreted exosomes present in the conditioned culture
medium (extracellular labelling). Combining extracellular labelling with mass spectrometry analysis of the captured biotinylated
proteins in secreted exosomes, we further show how oxidative stress alters exosome cargo protein contents by using a kidney
proximal tubule-derived cultured cell model.

2 | MATERIALS AND METHODS
2.1 | Cell culture

HeLa (ATCC) and BUMPT (a gift from Dr. Zheng Dong, Medical College of Georgia, Augusta University) cells (Table S1) were
cultured in Dulbecco’s Modified Eagle’s Medium (Thermo Fisher Scientific) supplemented with 5% foetal bovine serum (FBS)
(Gemini), 100-U/ml penicillin, and 100-mg/ml streptomycin (Thermo Fisher Scientific) at 37°C in humidified atmosphere con-
taining 5% CO,. Mycoplasma contamination was examined every 4 months by using the LookOut Mycoplasma PCR detection
kit (Millipore Sigma). Plasmids harbouring an APEX2 expression construct were transfected using polyethylenimine (PEI) with
the DNA to PEI ratio (w/w) of 3. To establish stable cell lines, the CD63-APEX2-expressing plasmid constructed in the lentiviral
vector pLX304 was packaged in HEK293T cells by using the Vira Power expression system kit (Thermo Fisher Scientific). The
recipient HeLa and BUMPT cells were infected with the HEK293T cell culture medium laden with the lentiviral particles for
16 h, followed by selection with blasticidin.

2.2 | DNA constructs

DNA fragments encoding the CD63 coding sequence (CDS) with a 5 flanked upstream open reading frame (uORF)
(Ramanathan et al,, 2018) and the C-terminally HA-tagged APEX2 CDS were individually PCR amplified using the Q5 High-
Fidelity DNA polymerase (New England Biolabs) and subsequently assembled with the HiFi DNA assembly kit (New England
Biolabs) to make the fusion cassette of uORF-CD63-APEX2-HA. Using the In-Fusion HD cloning kit (Takara), the fusion
cassette as an insert was cloned into the pAAV-CMYV vector (Takara). To make a lentiviral version of the CD63-APEX2-HA
expression vector, DNA sequence between Ndel and Nhel of pLX304 was replaced by the assembled DNA fragment encod-
ing CD63-APEX2-HA by using the In-Fusion HD cloning kit (Takara). A version of CD63-APEX2-HA expression construct
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that lacks uORF was also prepared by site-specific mutagenesis using the In-Fusion HD cloning kit. All constructs were veri-
fied by Sanger DNA sequencing analysis. Information on plasmid vectors and DNA recombination regents is summarized in
Table S1.

2.3 | Exosome preparation via ultracentrifugation

In preparing exosomes via ultracentrifugation, cells were incubated with a freshly replaced serum-free medium to minimize
the contamination of FBS-originated exosomes. After 30-h incubation, the conditioned medium was centrifuged at 500 X g
for 20 min. The supernatant was then treated with 1 U/ml of Benzonase (Millipore Sigma) for 15 min at room temperature
and subsequently centrifuged at 2000 X g for 20 min at 25°C. The resulting supernatant was further centrifuged at 10,000 X g
for 1 h at 25°C followed by filtration through 0.2-um asymmetric polyethersulfone (PES) membrane (Millipore Sigma). The
filtered supernatant was subjected to tangential flow filtration, using the 500-kDa cutoff Biomax cassette (Millipore Sigma). The
feeding rate was controlled at 4-5 ml/min, using a poly pump (Buchler) to maintain the inlet and operation pressures at <10 and
<3.5 psi, respectively. Retained particles were washed with Dulbecco’s phosphate buffer saline (DPBS, Thermo Fisher Scientific).
The final processed sample volume was typically 10- to 15-fold concentrated. The retentate fraction containing exosomes was
then centrifuged at 200,000 X g for 1 h at 4°C. After resuspending the pellet with DPBS, isolated extracellular vesicles containing
exosomes were stored at —80°C until use.

2.4 | Nanoparticle tracking analysis

Nanoparticles in the conditioned culture medium were subjected to size and concentration measurement by either the light
scattering-based Zetaview (Particle Matrix) or the tunable resistive pulse sensing-based qNano Gold (Izon). The nanopore
NP150 was used in the tunable resistive pulse sensing. Before measurement, the equipment was calibrated with polystyrene
reference standards to determine the optimal settings of size and concentration. Immediately before sample injection, sam-
ples were filtered through 0.2-um nylon or PES syringes to disengage aggregated particles. Captured video clips from Zetaview
were analysed by the ZetaView software 8.04.02.SP3 while current pulse signals were analysed with Izon Control Suite
3.3.2.2001.

2.5 | Intracellular labelling of exosome proteins with APEX-induced biotinylation

HeLa cells were pre-incubated with 500-uM biotin-phenol (Millipore Sigma) for 30 min and treated with 1-mM hydrogen per-
oxide for 1- 2 min to initiate biotinylation reaction (Martell et al., 2017) (Table S1). The biotinylation reaction was quenched by
adding 10-mM sodium ascorbate, 10-mM sodium azide, and 5-mM Trolox (Martell et al., 2017).

2.6 | Extracellular labelling of exosome proteins with APEX-induced biotinylation

After culturing either HeLa or BUMPT cells in a freshly replaced 5% (v/v) FBS-containing medium for 30 h, the conditioned
medium was spun at 500 X g for 20 min to collect the supernatant. In case of BUMPT cell experiments, cells were treated
with or without 0.5-mM hydrogen peroxide (H,0,) for 1 h to induce oxidative stress, followed by incubating with a newly
replaced medium for collecting the conditioned medium for 30 h, prior to the initial spinning of the conditioned medium.
After a second centrifugation at 2000 X g for 20 min, the resulting supernatant was concentrated, and buffer exchanged
to DPBS, using either an Amicon centrifugal concentrator (100-kDa cutoff) or a Biomax filter (500-kDa cutoff) (Millipore
Sigma), depending on sample size and scale. The optimum condition for 500-uM biotin-phenol pre-incubation with the con-
centrated, buffer-exchanged conditioned medium (retentate fraction) was determined by comparing 4°C/16 h; 25°C/16 h;
37°C/3 h and 37°C/16 h. While all four conditions were capable of inducing APEX-dependent biotinylation, the biotin-phenol
loading at 25°C for 16 h led to the most efficient labelling. Therefore, the extracellular labelling experiments for mass spec-
trometry analysis employed the condition of 500-uM biotin-phenol pre-incubation for 16 h at 25°C for the maximum-level
labelling. the extracellular labelling for orthogonal validation, on the other hand, adopted the condition of 500-uM biotin-
phenol pre-incubation for 3 h at 37°C for the convenience of the experiment. The biotin-phenol pre-incubated conditioned
medium was subsequently treated with 1-mM hydrogen peroxide treatment for 1-2 min to initiate biotinylation reaction
(Martell et al., 2017). The reaction was quenched by adding 10-mM sodium ascorbate, 10-mM sodium azide and 5-mM Trolox
(Martell et al., 2017).
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2.7 | Streptavidin affinity capturing of proteins biotinylated with extracellular labelling

Samples containing proteins biotinylated with extracellular labelling were prepared by subjecting the conditioned medium
to tangential flow filtration, using the 500-kDa cutoff Biomax cassette (Millipore Sigma) with the feeding rate controlled at
4-5 ml/min, using a poly pump (Buchler) to maintain the inlet and operation pressures at <10 and <3.5 psi, respectively. The
concentrated, buffer-exchanged conditioned medium (retentate fraction) was then incubated with Streptavidin beads to elimi-
nate unconjugated biotin-phenol and non-specific biotinylated proteins. The resulting precleared retentate fraction was treated
with 0.2% (w/v) SDS to permeabilize membranous particles and vesicles. Both intracellular and extracellular labelling samples
were then incubated for 2 h at room temperature with Streptavidin-conjugated agarose beads (Thermo Fisher Scientific), which
had been pre-blocked with bovine serum albumin (BSA) and equilibrated with 0.2% SDS in DPBS. The beads were subsequently
washed extensively with 0.2% SDS and 500-mM sodium chloride. After the final washing with DPBS, the beads were boiled for
10 min with LDS sample buffer supplemented with 25-mM D-biotin to elute the biotinylated proteins. For mass spectrometry
analysis, the Streptavidin beads capturing the biotinylated proteins were subjected to on-bead trypsin digestion in the Augusta
University Proteomics core.

2.8 | Density gradient centrifugation

After washing with DPBS, cells were homogenized in 20-mM HEPES (pH 7.4), I-mM EDTA, 120-mM NaCl and protease
inhibitor cocktail (Thermo Fisher Scientific). The homogenate was spun at 500 X g for 15 min to remove unbroken cells, cell
debris and nuclei. The supernatant was serially centrifuged first at 2000 X g for 20 min at 4°C and then at 200,000 X g for 1 h
at 4°C. The resulting pellet was resuspended with the homogenization buffer supplemented with 10% sucrose. A continuous
10%-40% (w/w) sucrose gradient was prepared, using a gradient mixer. The resuspended pellet fraction was loaded on top of
the gradient and then spun at 200,000 X g at 4°C for 14 h. Eleven fractions were collected, and one-tenth of each fraction was
subjected to SDS-PAGE analysis.

2.9 | Western blot analysis

Cells were washed with ice-cold DPBS and then lysed in ice-cold RIPA bufter (25-mM Tris-HCI, pH 7.6, 150-mM NaCl, 0.1%
SDS, 1% NP-40 and 1% sodium deoxycholate) supplemented with protease inhibitor cocktail (Thermo Fisher Scientific) on
ice for 30 min. Cell lysates were spun at 10,000 X g for 20 min at 4°C and then sonicated. The protein concentration of the
cleared lysates was measured using the BCA protein assay kit (Pierce). Fifteen micrograms of proteins per lane mixed with
LDS sample buffer were run on 4%-12% Bis-Tris SDS-PAGE gel (Thermo Fisher Scientific). For exosome marker analysis,
proteins from the equal volume of conditioned medium collected from either the same number of cells or the equal number
of nanoparticles were run on SDS-PAGE gel. Proteins on the gel were transferred to nitrocellulose membrane and blocked
with the Blocker™ BSA in PBS (Thermo Fisher Scientific) for 1 h. The membrane was then incubated with the indicated
primary antibodies overnight and HRP-conjugated secondary antibodies in the blocking buffer for 1 h. We strictly followed
manufactures’ instructions on handling these antibodies and protocols for performing Western blot analysis (Table SI). Unsat-
urated chemiluminescence signals were captured and analysed by using the iBright FL1500 Imaging System (Thermo Fisher
Scientific).

2.10 | Immunofluorescence microscopy

Cells were washed quickly with ice-cold DPBS containing 1-mM CaCl, and 0.5-mM MgCl,, fixed with 4% paraformaldehyde
(Electron Microscopy Sciences) for 20 min and blocked with 0.7% fish skin gelatin and 0.025% saponin in DPBS for more than
3 h. Primary antibodies were incubated in the blocking solution at 4°C overnight. After washed with DPBS, cells were incu-
bated with fluorescent-conjugated secondary antibodies or Streptavidin in the blocking solution. Samples were then washed
with DPBS, followed by slide mounting. We strictly followed manufactures’ instructions on handling these antibodies and pro-
tocols for performing immunofluorescence microscopy (Table SI). For confocal microscopy, digital images magnified with a
Plan-Apochromat 63x1.4 NA oil lens were captured with a Zeiss LSM 780 with GaAsP spectral detector. To analyse the distribu-
tion of APEX2 fusion proteins from the limiting membrane to the intraluminal space of endosomes, mCherry signal was used
to define the area of interest, which represents the limiting endosome membrane. Image] was used to measure pixel intensities
over the area defined by the mCherry signal.
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2.11 | Immunogold transmission electron microscopy

Cell pellets were fixed in 4% paraformaldehyde and 0.2% glutaraldehyde in 0.1-M cacodylate buffer, pH 7.4 and processed through
a graded series of ethanol (25%, 50%, 70%, 80% and 95%). After the cells were embedded in the LR White Resin (Electron
Microscopy Sciences), 75-nm-thick sections were collected on 200 mesh nickel grids. Grids were baked in a 60°C oven for
5 min, floated with the section side down on drops of etching solution (5% sodium metaperiodate in PBS) for 5 min, and washed
with PBS. Aldehydes were quenched for 30 min with 1-M ammonium chloride in PBS. Grids were then blocked in the Aurion
Blocking Solution (Electron Microscopy Sciences) for 2 h at room temperature, floated on drops of primary antibodies diluted
in the Aurion BSA-c buffer (Electron Microscopy Sciences) and incubated overnight at 4°C. Following washing in PBS, grids
were floated on drops of nanogold-conjugated secondary antibodies (Nanoprobes) diluted 1:1000 in the Aurion BSA-c buffer for
2 h at room temperature. Nanogold particles were silver enhanced for 12 min using HQ Silver™ (Nanoprobes) and washed in
ice-cold DI H,O to halt enhancement. Grids were stained with 2% aqueous uranyl acetate to increase contrast and observed in
a JEM 1230 transmission electron microscope (JEOL) at 110 kV. Images were acquired with an UltraScan 4000 CCD camera and
a First Light Digital Camera Controller (Gatan).

2.12 | Proteinase K susceptibility

Exosome pellets were prepared as described above except that the final spin was done at 100,000 X gto avoid potential damaging of
exosomes. The pellet was carefully resuspended in 30-mM Tris-HCI (pH 8.0) and 100-mM NaCl using pipette action with wide-
bore tips. Proteinase K (New England Biolabs) was added to a final concentration of 18 ug/ml and incubated on ice for 40 min.
The reaction was stopped by the addition of 5-mM PMSF (Thermo Fisher Scientific) and 2x LDS sample buffer (Thermo Fisher
Scientific) supplemented with 200-mM dithiothreitol and incubated at 95°C for 10 min before SDS-PAGE analysis.

2.13 | Mass spectrometry analysis

Captured proteins were digested overnight directly on beads with sequence-grade trypsin after denaturation with 8-M urea in
50-mM Tris-HCI, pH 8.0, reduction with dithiothreitol, alkylation using iodoacetamide. Digested peptides were cleaned using
a CI8 spin column (Harvard Apparatus #744101) and then lyophilized. Digested peptide samples were analysed on an Orbitrap
Fusion tribrid mass spectrometer (Thermo Fisher Scientific), to which an Ultimate 3000 nano-UHPLC system (Thermo Fisher
Scientific) is connected. The peptide samples were first trapped on a Pepmapl00 CI8 peptide trap (5 um, 0.3 X 5 mm) and then
washed at 20 ul/min using 2% acetonitrile with 0.1% formic acid for 10 min. Next, the cleaned peptides were washed off the trap
and further separated on a Pepman 100 RSLC C18 column (2.0 um, 75 um X 150 mm) at 40°C using a gradient of between 2%
and 40% acetonitrile with 0.1% formic acid over 40 min at a flow rate of 300 nl/min. Eluted peptides were introduced into the
mass spectrometer via nano-electrospray ionization, and the mass spectrometry analysis was performed using data-dependent
acquisition in positive mode with the Orbitrap MS analyzer for precursor scans at 120,000 FWHM from 300 to 1500 m/z and
the ion-trap MS analyzer for MS/MS scans at top-speed mode (3-s cycle time). Collision-induced dissociation method was used
to fragment the precursor peptides with a normalized energy level of 30%. Raw MS and MS/MS spectrum for each sample were
filtered and processed using the Proteome Discoverer software v1.4 (Thermo Fisher Scientific) and then submitted to SequestHT
search algorithm against the Uniprot mouse database (10 ppm precursor ion mass tolerance: 10ppm, product ion mass tolerance:
0.6 Da, with static Carbamidomethylation of +57.021 Da and dynamic oxidation of methionine (4+15.995 Da). Perculator PSM
validator algorithm was used for peptide spectrum matching validation and false discovery rate estimation.

2.14 | Identification of biotinylated proteins and data quality assessment

The number of peptide spectrum matched (PSMs) was normalized using total PSM counts over comparison groups. The quality
of datasets was evaluated, using Pearson’s correlation analysis and the residual plot of PSM values. Principal component analysis
(PCA) of PSM values was utilized to characterize protein expression profiles of each experimental group. Biotinylated proteins
were obtained by removing proteins found in no CD63-APEX2 expression control samples as an exclusion list. The listed proteins
were mapped to Entrez gene ID, using a genome-wide annotation tool for the mouse, the org.Mm.eg.db package, and enrichment
analysis of the specific biotinylated proteins was then performed with linear models for microarray data, the limma package
(Ritchie et al., 2015) and GO enrichment analysis, the GO summaries (Kolde & Vilo, 2015). All the analyses were performed
using the R statistical language 3.6.0.
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FIGURE 1 An insitu strategy for labelling exosome proteins by using the engineered ascorbate peroxidase APEX. An APEX2 variant with an annexed
exosome-targeting signal is expected to localize to the key exosome biogenesis subcellular structure, namely ILVs inside MVEs, and eventually to be released in
exosomes. When biotin-phenol and hydrogen peroxide are added to live cells, the APEX variant could induce biotinylation of proximate proteins specifically in
ILVs (intracellular labelling). Alternatively, APEX2-mediated biotinylation could also be induced in the collected conditioned medium of the APEX-producing
cell culture (extracellular labelling). The resulting biotinylated proteins would be captured with Streptavidin affinity matrix under a denaturing condition and
identified with mass spectrometry analysis. The exosome-targetable APEX variants were delivered to cells by transducing either recombinant adeno-associated
viral or lentiviral vectors in this study.

3 | RESULTS
3.1 | Anin situ strategy for labelling exosome proteins

APEX would be able to biotinylate exosome proteins if transported to the key subcellular location in exosome biogenesis, namely
ILVs within MVEs. Construction of an APEX variant with an annexed ILV localization signal would enable such localization
when the fusion construct is expressed in cells. We chose the catalytically improved APEX2 variant for our study (Lam et al.,
2015). Expression of an exogenous construct at a low level often helps it targeted to the desired subcellular location. We thus
included an uORF (Ramanathan et al., 2018; Wethmar, 2014) in our construct to dampen the translation of the exosome-targetable
APEX from the downstream main open reading frame (Figure 1). The resulting APEX catalytic activity localized in the exosome-
generating subcellular structure would enable a specific labelling of exosome-related proteins in situ in response to biotin-phenol
and hydrogen peroxide. We have here applied this approach of proximity-dependent labelling of exosome proteins both to live
cells (Figure 1, intracellular labelling) and to the conditioned culture medium (Figure 1, extracellular labelling). Intracellular
labelling would give rise to the accumulation of biotinylated proteins specifically in ILVs, which can subsequently be purified
from cell lysates (Figure 1). The proteins biotinylated by intracellular labelling as well as the exosome-targetable APEX could
eventually be released in exosomes. If so, the biotinylated proteins by intracellular labelling will also be purified from the con-
ditioned medium and identified subsequently (Figure 1). On the other hand, if the catalytic activity of the exosome-targetable
APEX is preserved and accessible after its release in exosomes, we would also be able to induce extracellular labelling in the
collected conditioned culture medium, allowing more direct determination of the cargo protein contents of secreted exosomes
(Figure 1).

3.2 |

Establishing an exosome-targetable APEX variant, CD63-APEX2

We first tested whether the peptide called XPack (XP) (Yim et al., 2016) would be appropriate for establishing an exosome-
targetable APEX variant. The XP peptide had previously been shown to confer the ability of exosomal secretion upon Green
Fluorescence Protein (GFP) (Yim et al., 2016). We thus ligated an XP-tagged GFP amino (N)-terminally to the APEX2 cod-
ing sequence (CDS) (Figure Sla). Since GFP tends to localize to the nucleus, we also included a nucleus export signal at the
C-terminus of the fusion construct to increase its expression in the cytosol (Figure Sla), where the exosome biogenesis vesicle
trafficking occurs (Hessvik & Llorente, 2018; Schoneberg et al., 2017). When the resultant XP-GFP-APEX2 was expressed in
HelLa cells, biotinylated proteins arose in response to biotin-phenol and hydrogen peroxide (Figure Sla, lower right), indicating
that the APEX catalytic activity remains intact in this construct. We also noted that the proteins biotinylated by XP-GFP-APEX2
emerged in the conditioned medium 30 h after a pulse APEX labelling and subsequent quenching (Figure SIb). The expression
of XP-GFP-APEX2 did not considerably alter the number and size of nanoparticles in the culture medium (Figure Slc).
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Immunofluorescence microscopy, however, showed little endosomal localization of XP-GFP-APEX2, which instead accu-
mulated near the cell surface (Figure S1d). XP-GFP-APEX2 did not appear to co-localize significantly with the late endosome
marker LAMP?2 (Figure S1d), which is en route to exosomal release and routinely used for identifying MVEs in the exosome field
(Lietal., 2013). Immunogold transmission electron microscopy confirmed the limited association between XP-GFP-APEX2 and
MVEs (Figure Sle). To better visualize MVEs, we expressed a constitutively active (CA) form of the small GTPase Rab5 (Rab5Q),
which is known to enlarge endosomes (Kwon et al., 2014). When analysed by confocal immunofluorescence microscopy,
XP-GFP-APEX2 was less represented on the endosomal membrane than the mCherry-conjugated Rab52" (Figure SIf). Since
an exosome protein typically shows high-level localization in MVE:s at the steady state, reflecting the MVE origin of exosomes,
XP-GFP-APEX2 appears to fall short of becoming an exosome-targetable APEX variant.

Looking for an alternative means to localize APEX to exosomes, we next employed the well-characterized exosome cargo
protein CD63 (Baietti et al., 2012). We made an expression construct named CD63-APEX2 by tandemly arranging the CD63 CDS,
the APEX2 CDS and the HA epitope from the amino (N)- to the Carboxy (C)- termini (Figure 2a). The tetra-transmembrane
protein CD63 protrudes both the N- and the C-termini to the cytosolic side and is known to maintain protein topology during
exosome biogenesis (Cvjetkovic et al., 2016). ILV's are thought to form by invaginating and pinching off the limiting membrane
of the late endosome, converting the cytosolic side of the late endosome membrane to the lumen side of ILVs. Thus, if targeted as
desired, CD63-APEX2 would insert its four transmembrane domains into the ILV membrane; expose the N- and the C-termini
to the lumen side of ILVs and induce biotinylation of the proteins in the luminal space bounded by the ILV membrane in response
to biotin-phenol and hydrogen peroxide.

As expected from the use of uORE, CD63-APEX2 proteins were expressed at a much- reduced level relative to endogenous
CD63, as shown by Western blot analysis with an anti-CD63 antibody (Figure 2b, anti-CD63). Western blotting with an anti-HA
antibody confirmed the expression of CD63-APEX2, which migrated slower in SDS-PAGE than endogenous CD63 (Figure 2b,
anti-HA). Posttranslational modifications such as glycosylation occurring during the biosynthetic secretory vesicle trafficking
through the endoplasmic reticulum and the Golgi apparatus might account for the smeared resolution in SDS-PAGE of both
CD63-APEX2 and endogenous CD63 (Figures 2b, 3¢ and S2a).

Streptavidin blotting further showed that biotinylated proteins arose from the CD63-APEX2-expressing cells after both biotin-
phenol and hydrogen peroxide had been added (Figure 2c¢), indicating that APEX2 is catalytically intact in the fusion construct.
We next examined whether the proteins biotinylated by CD63-APEX2 could be released into the culture medium. Streptavidin
blotting showed that 30 h after a pulse labelling and subsequent quenching, little biotinylated proteins were left at a detectable
level inside the cells (Figure 2d, cell lysates). The biotinylated proteins were instead recovered from the conditioned medium,
after large particulates had centrifugally been removed as pellets (Figure 2d, 15K X g supernatant of serum-free (s.f.) conditioned
media), indicating that most of the biotinylated proteins had been released out to the medium. Nanoparticles released from
the CD63-APEX2-expressing cells displayed statistically comparable distributions in size and number to those of the control
GFP-expressing cells (Figures 2e and 2f).

In contrast to XP-GFP-APEX2, CD63-APEX2 was co-localized significantly with the late endosome marker LAMP2 in
confocal immunofluorescence microscopy (Figure 2g). To confirm this co-localization biochemically, cell homogenates were
fractionated by density gradient centrifugation. CD63-APEX2 was co-segregated with the late-endosome marker LAMP2 (Li
et al.,, 2013) but not with the early endosome marker EEA1 (Wilson et al., 2000) (Figure S2a). The segregation pattern of CD63-
APEX2 was indistinguishable from that of endogenous CD63 (Figure S2a), which is known to travel through LAMP2-positive
MVEs towards exosomal release (Poeter et al., 2014). Notably, CD63-APEX2 appears to accumulate specifically inside MVEs, as
revealed by transmission electron microscopy of the cells stained with a gold-conjugated-anti-HA antibody (Figure 2h). Confo-
cal Immunofluorescence analysis further confirmed this spatial specificity when endosomes were enlarged by expressing the CA
Rab5?: both CD63-APEX2 and the mCherry-conjugated Rab5 accumulated on the MVE membrane and its luminal space
(Figure 2i). We, therefore, classify CD63-APEX2 as an exosome-targetable APEX variant.

3.3 | Intracellular biotinylation labelling of exosomal proteins with CD63-APEX2

As we noted above, CD63-APEX2 in the presence of biotin-phenol and hydrogen peroxide can induce biotinylation of proteins in
cells and their subsequent release into the culture medium (Figures 2c and 2d). We thus asked whether the accumulation of CD63-
APEX2 in MVEs is associated with the release of the biotinylated proteins (Figures 2c and 2d). When CD63-APEX2-expressing
cells were stained with an anti-HA antibody for CD63-APEX2 and Streptavidin for biotinylated proteins, Streptavidin-positive
signals, which co-localized with CD63-APEX2, emerged after biotin-phenol and hydrogen peroxide had been added together
(Figure S2b), demonstrating the specificity of the APEX biotinylation. At a higher resolution with Airyscan, the CD63-APEX2
staining in endosomes appeared to surround the Streptavidin staining, presumably in the ILV lumen (Figure 2j), consistent
with the proposed topology of CD63-APEX2 with the APEX2 portion protruding to the ILV lumen. The ILV membrane may
limit the diffusion of the biotin-phenolic radical produced by CD63-APEX2, thereby confining protein biotinylation to the ILV
interior. Of note, the Streptavidin staining appears to be sparser than that of CD63-APEX2 (Figures 2j and S2b), suggesting
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FIGURE 2 Intracellular labelling inducible by CD63-APEX2. (a) Schematic drawing of the recombinant CD63-APEX2 expression construct. uORF,
upstream open reading frame to dampen translation (Ramanathan et al., 2018; Wethmar, 2014). (b) Western blot analysis for CD63-APEX2 expression as
revealed by Western blot analysis with an anti-CD63 antibody (left) and an anti-HA antibody (right). Note that expression of CD63-APEX2 was lower than that
of endogenous CD63 in the anti-CD63 Western blot (left) due to the use of uORFE. Smeared bands of both CD63-APEX2 and endogenous CD63 might
represent posttranslational modifications such as glycosylation that happen in the biosynthetic secretory pathway through the ER and Golgi apparatus. GFP, an
expression control. Actin, a loading control. (c) Western blot analysis for proteins biotinylated by CD63-APEX2 in live cells. APEX biotinylation occurs in
CD63-APEX2-expressing cells after biotin-phenol and hydrogen peroxide (H,O,) were added (+biotin-phenol, +H,0,). Strep-HRP, Western blotting with a
horseradish peroxidase (HRP)-conjugated Streptavidin. —biotin-phenol & +H,0,, a mock APEX biotinylation. GFP, an expression control. Actin, a loading
control. (d) Western blot analysis of biotinylated proteins in the culture conditioned medium and cell lyases after a pulse in vivo biotinylation by CD63-APEX2
and the following 30-h chase. A serum-free (s.f.) medium was used to minimize endogenous biotinylated proteins potentially present in serum. The
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rather a low accessibility of either biotin-phenol or hydrogen peroxide or both across several membranous structures to the ILV
interior.

The spatially restricted co-localization of CD63-APEX2 and biotinylated proteins at last demonstrates an approach of intra-
cellular labelling of exosome proteins as proposed in Figure 1, which is inducible by the exosome-targetable APEX variant,
CD63-APEX2. Streptavidin pull-down of the cell lysates containing CD63-APEX2 and its APEX-mediated biotinylation reaction
products would enrich a set of proteins involved in exosome biogenesis and loaded in exosomes as cargos. Moreover, the pro-
teins biotinylated by the intracellular labelling can also be collected by their affinity to Streptavidin from the conditioned medium
after these proteins have been secreted from the cells. Thus, the intracellular labelling of exosome proteins by exosome-targetable
APEX variants such as CD63-APEX2 will have broad utility.

3.4 | Extracellular biotinylation labelling of exosomal proteins with CD63-APEX2

Most APEX studies thus far have focused on the proteins in intracellular organelles. Recent studies utilizing either APEX (Del
Olmo et al., 2019; Lobingier et al., 2017) or another promiscuous biotin ligase BirA* (Leidal et al., 2020; Rider et al., 2018) for
extracellular vesicle studies have thus induced biotinylation inside the cells. In addition to intracellular labelling, however, APEX
has also proven useful in analysing proteins existing in the synaptic cleft, an open, extracellular side of the cell surface (Cijsouw
et al,, 2018; Loh et al., 2016), demonstrating that the APEX methodology can be extended to studying extracellular proteins. We
thus asked whether extracellular CD63-APEX2, once released in exosomes, can biotinylate proteins in situ when biotin-phenol
and hydrogen peroxide are added to the conditioned medium in a cell-free manner (Figure 1, extracellular labelling). Of note, such
extracellular APEX-mediated biotinylation requires that the ascorbate peroxidase activity of CD63-APEX2 be maintained after
its release in exosomes and that both biotin-phenol and hydrogen peroxide be accessible to CD63-APEX2 across the exosome
membrane. If so, the induction of extracellular labelling would be more direct and efficient than that of intracellular labelling as
biotin-phenol and hydrogen peroxide must cross just a single lipid bilayer to initiate biotinylation inside the exosomes secreted
into the conditioned medium.

Extracellular labelling would further require that the culture medium contain little endogenous peroxidase activity, which
could otherwise interfere with downstream capturing and identification steps. We noted that treating a cell-free, FBS-containing
medium with biotin-phenol and hydrogen peroxide generated a substantial quantity of biotinylated proteins in proportion to
the added amount of FBS (Figure 3a), indicating an endogenous peroxidase activity present in FBS. A previous study indeed
reported a similar activity in human serum, which would be reducible by zinc chloride via an unknown mechanism (Takahashi
etal., 1987). We were likewise able to decrease to some degree the peroxidase activity from the FBS-containing medium by adding
zinc chloride (Figure 3b, ZnCl). To better eliminate the endogenous peroxidase activity, we subjected the FBS-containing medium
to filtration through a 500-kDa cutoff membrane. To our surprise, the peroxidase activity was predominantly partitioned into the
filtrate fraction while left little in the retentate fraction (Figure 3b, compare 500-kDa filtrate and retentate), suggesting that the
retentate fraction could be used for inducing extracellular labelling with CD63-APEX2 and capturing the biotinylated proteins
subsequently.

We examined whether the 500-kDa retentate fraction of the conditioned medium could contain the exosome-targetable APEX
variant CD63-APEX2. Western blot analysis with an anti-HA antibody revealed that CD63-APEX2 is recoverable not only from
the 100,000 X g pellet fraction of conventional ultracentrifugation (Figure 3c, 100k X g pellets) but also from the 500-kDa retentate
fraction of filtration (Figure 3c, 500-kDa retentate), both of which had been obtained from the conditioned medium of CD63-
APEX2-expressing cells. Since previous reports showed that both the 100,000 X g pellet and the 500-kDa retentate fractions
contain exosomes (Busatto et al., 2018; Jeppesen et al., 2014), the CD63-APEX2 proteins partitioned into the 500-kDa retentate
fraction (Figure 3c) would be enclosed in exosomes. Consistently, a substantial quantity of known exosome cargo proteins such
as ALIX, Flotillin 1 and SDCBP (Ghossoub et al., 2014) was recovered from the 500-kDa retentate fraction, while these proteins

conditioned medium was spun at 15,000 X g (15k X g) to pellet down large particulates. (e) Nanoparticle tracking analysis of the medium of cells expressing
CD63-APEX2 or the control GFP. The Kolmogorov-Smirnov test did not detect a noticeable difference between the two groups. (f) Multiple measurements of
particle numbers by nanoparticle tracking analysis of the medium of cells expressing CD63-APEX2 or the control GFP. The Kolmogorov-Smirnov test did not
detect a noticeable difference between the two groups. (g) Confocal immunofluorescence micrographs of CD63-APEX2-expressing cells show endosome
localization of CD63-APEX2 as revealed by staining with an anti-HA antibody. LAMP2, an endosome marker. Scale bar, 5 um. (h) Transmission electron
micrographs of CD63-APEX2-expressing cells labelled with a gold-conjugated anti-GFP (left, a control for background) and anti-HA (right, CD63-APEX2)
antibodies. Scale bar, 1 um. (i) Confocal immunofluorescence micrographs of the endosomes expressing an mCherry-fused constitutively active form of Rab5
(CA Rab5-mCherry). Signal intensities along the white line connecting two endosomes (yellow open arrowheads) in a deconvoluted image were quantified
(right). LS, the lumenal space of endosomes. Scale bar, 1 um. (j) Confocal immunofluorescence micrographs of CD63-APEX2-expressing cells after APEX
biotinylation induction. Cells were fixed 30 min after the biotinylation induction and quenching to allow diffusion of biotinylated proteins. CD63-APEX2,
green (Alexa 488). Biotinylated proteins, red (Alexa 647-Strep). The dotted red rectangle in the lower left micrograph was enlarged to the upper right. Signal
intensities along the white line in the lower left micrograph were quantified in the right plot. LS, the lumenal space of endosomes. Scale bar, 5 um
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FIGURE 3

Extracellular labelling inducible by CD63-APEX2. (a) Western blot analysis of cell-free media supplemented with a titration series of FBS.

Strep-HRP, Western blotting with an HRP-conjugated Streptavidin. Note that Streptavidin-reactive biotinylated proteins emerge in response to biotin-phenol
and H,0,. (b) Western blot analysis of proteins captured by Streptavidin-conjugated agarose resin (PD: Strep-agarose) to detect Streptavidin-reactive
biotinylated proteins (IB: Strep-HRP) induced by biotin-phenol and H,O, in FBS. Medium containing 4% (v/v) FBS was either treated with 5-mM ZnCl or
filtered through a 500-kDa cutoff membrane. Note biotinylated proteins were predominantly fractionated into the filtrate fraction while an undetectable level
left in the retained material (Retentate). (c) Western blot analysis to detect CD63-APEX2 (anti-HA) in cell lysates and in the conditioned medium of cells
expressing either CD63-APEX2 or the GFP control. 100k X g pellet, pelleted material in the conditioned medium after 100,000 X g centrifugation. 500-kDa
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also exist in the filtrate fraction of the conditioned medium (Figure 3d), warranting the use of the 500-kDa retentate fraction in
inducing extracellular biotinylation labelling of exosome proteins with CD63-APEX2.

Adding biotin-phenol and hydrogen peroxide to the 500-kDa retentate fraction induced biotinylation of a wide mass range of
proteins (Figure 3e, IB: strep-HRP), demonstrating an approach of extracellular biotinylation labelling inducible by the exosome-
targetable APEX variant CD63-APEX2 with coupled filtration. The biotinylated proteins in the 500-kDa retentate fraction
contained known exosome cargo proteins such as Flotilin-1and SDCBP (Ghossoub et al., 2014) as shown by Western blot analysis
of Streptavidin-captured materials (Figures 3e and 3f). Of note, the biotinylated Flotilin-1 and SDCBP proteins were recovered
not only from the 500-kDa retentate fraction but also from the filtrate fraction, which would have a high level of background
biotinylation caused by FBS as shown above (Figures 3a and 3b). This observation suggests either that a subset of extracellular
CD63-APEX2 be present in the filtrate fraction or that Flotilin-1 and SDCBP be biotinylated by the peroxidase activity present
in FBS rather than by CD63-APEX2. Whereas the biotinylated SDCBP proteins were mostly recovered from the filtrate fraction,
biotinylated Flotilin-1 proteins were retrieved largely from the retentate fraction (Figure 3f, left and bottom), representing uneven
biotinylation profiles induced by CD63-APEX2 in the 500-kDa retentate and the filtrate fractions.

We further demonstrated that the extracellular labelling by CD63-APEX2 can be induced in a serum-free conditioned medium,
as revealed by Western blot analysis of Streptavidin-captured, biotinylated Flotillin-1 proteins, which again displayed dispropor-
tionate partitioning into the 500-kDa retentate fraction (Figure 3f, right). Since our extracellular labelling procedure incubates
cells in the collecting medium for a long period of time (i.e., 30 h; see Materials and Methods), however, the biotinylation pro-
file obtained from the serum-free conditioned medium might report unwanted physiological alterations of the cultured cells.
Therefore, we henceforth focused on analysing the conditioned culture medium that contained FBS, which would be subjected
to filtration to reduce the FBS-inherent background biotinylation before inducing biotinylation.

A component of the RNA-induced silencing complex, Ago2 is known to be secreted via an unclear mechanism (Jeppesen
etal, 2019; Melo et al., 2014). We were not able to capture Ago2 with Streptavidin matrix as a protein biotinylated by extracellu-
lar labelling with CD63-APEX2 in the 500-kDa retentate fraction of the conditioned medium of CD63-APEX2-expressing cells
(Figure 3g, the Bound blot of Strep agarose pull down), suggesting that Ago2 be either unreactive to the biotin-phenolic radical
or absent in the CD63-APEX2-containing exosomes. On the other hand, the conditioned medium per se contained a substantial
quantity of Ago2 proteins, as revealed by Western blot analysis of the proteins that had not been captured by Streptavidin matrix
(Figure 3g, the Unbound blot of Strep agarose pull down). Detergent addition to the conditioned medium followed by extra-
cellular labelling induction, however, caused Ago2 to be biotinylated (Figure 3h, the Bound blot of Strep agarose pull down).
CD63-APEX2 released from the exosomes that had been dissolved in response to the added detergent might account for the
Ago2 biotinylation. These results suggest that Ago2 be secreted into the cell culture medium via a mechanism other than the
release in the CD63-APEX2-containing exosomes.

To summarize, the retrieval of SDCBP and Flotilin-1 (Figures 3e and 3f) but not Ago2 in the absence of added detergent
(Figures 3g and 3h) from the Streptavidin-captured proteins demonstrate that extracellular labelling can be induced specifically
in the interior of the membrane-bound, CD63-APEX2-containing exosomes, rather than non-specifically in the conditioned
culture medium. We noted that XP-GFP-APEX2-expressing cells also produced Streptavidin-reactive biotinylated proteins in
the conditioned medium in response to biotin-phenol and hydrogen peroxide (Figure S3). However, these biotinylated proteins
did not include a detectable level of Flotilin-1and SDCBP (Figure S3), again ruling out the use of XP-GFP-APEX2 as an exosome-
targetable APEX variant.

3.5 | Protein content indexing of the CD63-APEX2-containing exosomes derived from the
conditioned medium of mouse proximal tubule-derived cells

We next applied the CD63-APEX2-induced extracellular labelling strategy to indexing exosome protein contents through
mass spectrometry analysis of the biotinylated proteins. In doing so, we further sought to extend our extracellular labelling

retentate, 500-kDa filter-retained material of the conditioned medium. (d) Western blot analysis of the 500-kDa filtrated (filtrate) and infiltrated (retentate)
fractions of the conditioned medium for the known exosome marker proteins, ALIX (left), Flotillin-1 (middle), and SDCBP (right). (e) Western blot analysis of
the proteins biotinylated in response to biotin-phenol and H, O, in the 500-kDa infiltrated material (500-kDa retentate) of the conditioned medium of cells
expressing either CD63-APEX2 or the GFP control, demonstrating an extracellular labelling inducible by CD63-APEX2. Biotinylated proteins were captured
with Streptavidin agarose matrix (PD) and then subjected to Western blot analysis (IB) with the indicated antibodies. (f) Western blot analysis of biotinylated
exosome cargo proteins in the filter-fractionated conditioned medium of CD63-APEX2-expressing cells. Cells were incubated either in a 5% (v/v)
FBS-containing medium (left and bottom) or in a serum-free medium (right) for 30 h. The conditioned medium was then filtered through 500-kDa cutoff
membrane. The filtrate and retentate fractions were subsequently treated with biotin-phenol and H,O,. Biotinylated proteins were captured with Streptavidin
agarose matrix (PD) and then subjected to western analysis (IB) with the indicated antibodies. (g and h) Western blot analysis to examine the presence of Ago2
in the biotinylated proteins induced by extracellular labelling of the 500-kDa-retentate conditioned medium fraction. (g) Bound: proteins pull-downed by
Streptavidin agarose matrix. Unbound: proteins not pull-downed by Streptavidin agarose matrix. (h) 0.2% (v/v) Triton X-100 was added to the conditioned
medium before inducing extracellular labelling to release CD63-APEX2 from extracellular vesicles.
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methodology established above in HeLa cells to another cell line and to a physiological setting as well. The kidney proximal
tubules are known to be exposed to a variety of oxidative insults (Chevalier, 2016; Ratliff et al., 2016). We, therefore, chose the
mouse kidney proximal tubule-originated BUMPT cells (Ma et al., 2020) to stably express CD63-APEX2. Three independent
lines each of the control parental BUMPT cells and CD63-APEX2-expressing cells were either treated with 0.5-mM hydrogen
peroxide (H,0,) for 1 h to induce oxidative stress or left untreated, followed by incubation of the cells with newly replaced culture
media that lacked hydrogen peroxide for the following 30 h (Figure 4a). Extracellular labelling was then induced in the 500-kDa
retentate fractions of the collected conditioned media. The resulting biotinylated proteins captured on the Streptavidin matrix
were released as peptides by on-bead trypsin digestion. Subsequent mass spectrometry analysis called the proteins specifically
biotinylated by CD63-APEX2 after excluding those also found in the control groups (Table S2a).

We noted that levels of biotinylation, as revealed by distributions of peptide-to-spectrum matched (PSM), were comparable
not only among the replicates of a given treatment but also regardless of the oxidative stress treatment (Figure S4a). However,
the extracellular labelling of the stressed cell medium showed less species of biotinylated proteins than that of the unstressed
cell medium (Figure S4b), indicating that the oxidative stress somehow reduced the number of the protein species biotinylated
by CD63-APEX2. We noted that the proteins identified by the CD63-APEX2-induced extracellular labelling approach showed a
high-degree correlation when any two biological replicates of a given treatment were compared (Figure S4c), demonstrating the
reproducibility and robustness of our mass spectrometry approach in combination with the CD63-APEX2-induced extracellular
labelling.

Analysis of the BUMPT cell data identified a high-confident set of 287 proteins, which shared 56 proteins with the set of
the top 100 proteins in the Exocarta database (Keerthikumar et al., 2016) (Figure S4d). The remainder 44 proteins in the top
100 protein set of the Exocarta database were not detected in our method, however. The CD63-APEX2-induced extracellular
labelling dataset, on the other hand, contained 231 proteins that were absent in the Exocarta top 100 protein set (Figure S4d
and Table S2b). Different cell origins and varying mass spectrometry data depths between our dataset and the Exocarta dataset
might account for the limited overlap between the two protein sets. Of note, since the CD63-induced extracellular labelling can
induce biotinylation in a CD63-APEX2-containing subpopulation of exosomes present in the 500-kDa retentate fraction, the
44 proteins recovered only from the Exocarta top 100 protein set might represent such proteins as could be contained in the
other exosome subpopulations.

Comparisons between the stressed and the unstressed BUMPT cell data gave rise to lesser correlation values than those
between biological replicates of the same treatment (Figure S4c), suggesting that specific sets of proteins be enriched per each
treatment group. Indeed, fold change analysis revealed proteins that were differentially enriched in the stressed and the unstressed
cell groups (Figure 4b and Table S2c). Thbsl and Hsp90, for example, were recovered more from the conditioned medium of
the unstressed cells (Figure 4b and Table S2c), which were confirmed by two independent orthogonal extracellular labelling
experiments (Figure 4d).

The proteins uniquely identified from the stressed cell medium included various components of both the large and
small subunits of the ribosome, including Rps6, Rpll3, Rps9, Rpll9 and so on (Figure 4b and Table S2c). Consistent
with this result, functional enrichment analysis of the stressed cell dataset revealed that protein production-related gene
ontology (GO) terms (Ashburner et al., 2000) ranked high among those of various biological processes and molecular
functions (Figure 4c, up-regulated and Table S2d). Two independent orthogonal extracellular labelling experiments con-
firmed the specific enrichment of the ribosomal small subunit protein Rps6 in the conditioned medium of the stressed cells
(Figure 4d).

A recent study showed that conditioned culture media of various cell types contain extracellular vesicle-free ribosomes (Tosar
etal,, 2020). We thus examined whether Rps6 and other ribosomal proteins could be co-purifying, non-exosomal bystander pro-
teins. Consistent with the above extracellular labelling data (Figure 4b-d and Table S2), exosomes prepared by the conventional
ultracentrifugation method also contained Rps6, the level of which increased in response to oxidative stress (Figure 4e, left).
Proteinase K treatment of the isolated exosomes slightly lowered the level of Rps6 from both the stressed and the unstressed
cell exosomes, while leaving the majority of Rps6 protein unaffected (Figure 4e, left). The Proteinase K catalysis in our assay
condition appeared to be active, as shown by the efficient hydrolysis of the control substrate BSA (Figure 4e, right). Thus, while
extracellular Rps6 and other ribosomal components can exist to some extent unbounded by vesicles as shown previously (Tosar
etal., 2020), a substantial share of these proteins appears bounded by vesicles, which shield their interior from proteolysis by Pro-
teinase K. Moreover, supporting our observation using the CD63-APEX2-induced extracellular labelling (Figure 4b—d and Table
§2), the ultracentrifugation-mediated exosome preparation also shows that the level of the ribosomal protein Rps6 in exosomes
increases in response to oxidative stress contained (Figure 4e).

To conclude, we have demonstrated that the CD63-APEX2-induced extracellular labelling in combination with mass spec-
trometry can define a reliable set of proteins released in the exosomes that harbour CD63-APEX2. We have further shown that
the CD63-APEX2-induced extracellular labelling can be executed in diverse cell types and physiological settings, indicating the
broad utility of our approach. Our data also revealed that kidney proximal tubule-derived cells can accumulate ribosomal proteins
in exosomes in response to oxidative stress, suggesting that these proteins in exosomes may either report on cellular oxidative
stress or mediate an appropriate intercellular communication.
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Indexing of protein contents of the CD63-APEX2-containing exosomes in BUMPT cells in response to oxidative stress. (a) Experimental

schemes showing BUMPT cells of the mouse kidney proximal tubule origin and oxidative stress treatment. Extracellular labelling was induced in the
500-kDa-retentate fraction of conditioned media of BUMPT cells stably expressing CD63-APEX2 and control cells after having treated the cells with 0.5-mM
H, 0, for 1h (+oxidative stress) or not (—oxidative stress). Biotinylated proteins were captured by Streptavidin affinity matrix from three biological replicates
of each treatment group and subsequently analysed by mass spectrometry. (b) A volcano plot showing the distribution of identified proteins by fold change
(FC, +oxidative stress/—oxidative stress, x axis) and p value (y axis). Each dot represents individual protein species. Red, protein species enriched by oxidative
stress treatment replicates. Blue, protein species enriched in no oxidative stress treatment replicates. (c) Functional enrichment analysis of the oxidative stress
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4 | DISCUSSION

Existing methods for probing exosome contents rely on a prior exosome isolation procedure, which utilizes biophysical prop-
erties of exosomes (Jeppesen et al., 2019; Momen-Heravi et al., 2012; Yuana et al., 2014). These isolation methods fractionate
various extracellular vesicles by density, shapes or surface charges and monitor such fractions that harbour select molecules
known to co-segregate with exosomes (Jeppesen et al., 2019; Momen-Heravi et al., 2012; Yuana et al., 2014). These methods
usually employ such equipment as ultracentrifuges and liquid chromatography systems. Recent studies have uncovered a grow-
ing list of novel classes of extracellular vesicles and subclasses of exosomes as well (Jeppesen et al., 2019; Zhang & Schekman,
2013; Zhang et al., 2018). Accordingly, the resolution of the existing methods might not suffice to delineate and discern all these
heterogeneous vesicle types, and the ensuing cargo identification steps could unveil ambiguous, non-selective lists of exosome
constituents.

Our alternative in situ labelling approach using APEX-dependent proximate protein biotinylation to determine exosome
contents bypasses the requirement of exosome isolation. Targeted expression of the APEX variant CD63-APEX2 either in
exosome-generating ILVs in live cells (intracellular labelling) or in secreted exosomes in the conditioned culture medium (extra-
cellular labelling) is the prerequisite for executing this in situ labelling. Proximate protein biotinylation can then be induced
inside the CD63-APEX2-residing vesicles by treating hydrogen peroxide for a short period of time (1-2 min) in the presence of
biotin-phenol, enabling a subpopulation-level exosome cargo labelling and subsequent identification.

Several attempts have recently been made to utilize proximity labelling proteomics to profile exosome protein contents by
inducing protein biotinylation in live cells, including studies using APEX2-fused RAB (Del Olmo et al.,, 2019) and GPCR
(Lobingier et al,, 2017); and BirA*-fused LMP1 (Rider et al,, 2018) and LC3 (Leidal et al., 2020). Our intracellular labelling
approach using CD63-APEX2 adds a dimension to the repertoire of toolkits for labelling exosome proteins in live cells. These
multiple live intracellular labelling methods will lead us to a better understanding of how various, ever-growing classes of
extracellular vesicles are made in cells and how specific, distinct sets of cargo molecules are loaded into each type of these
vesicles.

In developing such a means for labelling exosomal proteins with covalent biotin adducts, one should carefully characterize the
intracellular trafficking trajectory and the subsequent exosomal release of the protein or peptide variant fused to either APEX
or BirA*. Moreover, the profiles of the resultant biotinylated proteins should be meticulously examined whether these contain
previously known exosomal proteins. We initiated our study by utilizing the peptide called XPack (XP) (Yim et al,, 2016) to
establish an exosome-targetable APEX variant. However, we ruled out the use of the XP-fused APEX variant by finding that it
did neither traffic along the secretory pathway towards exosomal release (Figure S1) nor biotinylate known exosomal proteins
(Figure S3). Using the same principle, however, we established that another APEX variant, CD63-APEX2 fulfils the requirements
to be an exosome-targetable APEX variant (Figures 2 and S2), representing a prototypical development of exosomal protein
biotinylation.

A crucial addition by our current study to the exosome protein profiling field should be the development of the “extracellu-
lar labelling” approach for elucidating exosome contents. In our CD63-APEX2-induced extracellular labelling, the conditioned
medium of the cells expressing CD63-APEX2 is collected and processed to remove an unwanted endogenous peroxidase activ-
ity through simple filtration (Figure 3). The resulting materials will subsequently be subjected to APEX biotinylation, leading
to labelling of proteins in the vesicles in which the catalytically active CD63-APEX2 resides (Figure 3). This extracellular
labelling procedure is to be executed without separating exosomes out of the complex extracellular vesicle and particle pop-
ulation. Moreover, our extracellular labelling strategy with CD63-APEX2 could complement shortcomings of other exosome
profiling methodologies. For example, the CD63-APEX2 approach could circumvent the difficulty frequently encountered in
using exosome-capturing antibodies, for biological fluids contain numerous substances that interfere with antibody-antigen
interaction, such as massive levels of immunoglobulins and albumin in serum.

In setting up the CD63-APEX2-induced extracellular labelling, potential complications from contaminating cells and medium-
originated components other than the CD63-APEX2-harbouring exosomes were carefully minimized. That is, (1) unbroken
cells in the conditioned medium were removed by centrifugation and filtration; and (2) unreacted biotin-phenol and non-
specific biotinylated proteins remaining in the medium were precleared with Streptavidin matrix before lysing the vesicles

cell dataset revealing that protein production-related gene ontology (GO) terms (Ashburner et al., 2000) rank high among various biological processes and
molecular functions. (d) Western blot analysis of select proteins identified by CD63-APEX2-mediated extracellular labelling in BUMPT cells with (oxidative
stress) or without (Control) oxidative stress treatment. Note that while Thbsl and Hsp90 were more enriched in the samples obtained without oxidative stress,
the ribosomal component Rps6 is recovered more from oxidative stress-treated samples. Results of two independent experiments are presented. (e) (Left)
Western blot analysis of Rps6 in exosomes isolated by the conventional ultracentrifugation method from the conditioned medium of BUMPT cells. The media
were subjected to Proteinase K digestion before the Western blot analysis. Note that Rps6 was recovered more from the medium of oxidative stress-treated cells
(oxidative stress) than that of untreated cells (Control). Proteinase K treatment slightly decreased the level of Rps6, suggesting that the majority of Rps6 is
enclosed in Proteinase K-inaccessible structures such as exosomes. (Right) Ponceau S staining of SDS-PAGE-resolved bovine serum albumin (BSA) on
nitrocellulose membrane with or without prior Proteinase K digestion. Note degradation products of BSA (+Proteinase K), demonstrating that Proteinase K is
enzymatically active.
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(see Materials and Methods). Moreover, spatial specificity of biotinylation by the CD63-APEX2-induced extracellular labelling
was also confirmed. For example, when extracellular vesicles had been lysed before inducing the APEX biotinylation, CD63-
APEX2 became able to biotinylate Ago2, which would otherwise remain unbiotinylated (Figures 3g and 3f), indicating that the
catalytic activity of CD63-APEX2 is confined to the interior of the exosomes.

We have demonstrated that mass spectrometry analysis following Streptavidin affinity capturing of the proteins biotinylated
by the CD63-APEX2-induced extracellular labelling can identify a reliable set of proteins secreted together with CD63-APEX2
in exosomes (Figures 4, S4 and Table S2). In doing so, we have shown that the CD63-APEX2-induced extracellular labelling
approach, initially developed in HeLa cells (Figure 3), can be applied to another cell line, namely the mouse kidney proximal
tubule-derived BUMPT cells (Figures 4, S4 and Table S2), implying that this methodology can be applied to any cell type. We
identified a set of 287 proteins from the CD63-APEX2-induced extracellular labelling of the conditioned medium of BUMPT cells
(Figures 4, S4 and Table S2). These 287 proteins may constitute a parsimonious set of proteins present in an exosome subpopula-
tion, in which CD63-APEX2 also resides. Fifty-six out of the 287 proteins were also found in the Exocarta database top 100 protein
set, which had been defined from multiple types of cells and biological fluids; under various physiological conditions; and through
a variety of conventional exosome isolation methods (Figure S4d and Table S2b). Forty-four proteins in the Exocarta database
top 100 protein set were not recovered in the protein set of the CD63-APEX2-induced extracellular labelling. These 44 proteins
might include such constituents as could be housed in exosome subpopulations other than the CD63-APEX2-containing one;
and as could be identified under other physiological settings (Figure S4d and Table S2b). On the other hand, the 231 (287 minus
56) proteins recovered only from the CD63-APEX2-induced extracellular labelling of the BUMPT cell medium might include
proteins pertaining to the physiology of the kidney proximal tubule as well as those existing in the CD63-APEX2-containing
exosome subpopulation (Figure S4d and Table S2b).

Since the kidney proximal tubule is often exposed to oxidative insults (Chevalier, 2016; Ratliff et al., 2016), we performed
the CD63-APEX2-induced extracellular labelling of exosome proteins in BUMPT cells that had received oxidative stress or
not (Figures 4 and S4). Mass spectrometry analysis of the biotinylated proteins revealed a specific alteration in exosome pro-
tein contents induced by oxidative stress. Most strikingly, we noted that cells that had received oxidative stress specifically
accumulated components of both the ribosomal large and small subunit components as a distinguished molecular class in
secreted exosomes (Figures 4b-e, S4d and Table S2). Whether these ribosomal proteins secreted in exosomes relay donor
cell information to the recipient cells, or they just play a role as stress biomarkers on exosomes remains as a subject to study
further.

Although APEX promiscuously biotinylates proximate proteins and Streptavidin affinity matrix efficiently captures the resul-
tant biotinylated proteins (Lam et al., 2015), an APEX approach, in general, may only incomprehensively reveal constituents
of a target proteome. The highly reactive, labile biotin-phenolic radical, which is converted from biotin-phenol in response to
hydrogen peroxide (Martell et al., 2012) is thought to conjugate to proximate proteins through chemically permissive, electron-
rich amino acid side chains (Martell et al., 2017). Thus, not all the proteins available in the vicinity of a given APEX protein
such as CD63-APEX2 could be biotinylated. Moreover, the optimum biotin-phenol pre-incubation condition should be deter-
mined empirically as the extent of its diffusion across various biological membranes likely varies depending on the experimental
system. After testing several conditions, our current CD63-APEX2-induced extracellular labelling approach chose to pre-
incubate the filter-retained conditioned media (the 500-kDa retentate fraction) with 500-uM biotin-phenol at 25°C for 16 h,
followed by treatment with hydrogen peroxide for 1-2 min, which in our system produced the highest level of biotinylation
(see Materials and Methods). While this condition worked in the current study, there may remain a room to improve further
to reach a greater coverage in identifying proteins released in the CD63-APEX2-containing exosomes. Therefore, these inherent
properties of the APEX method may introduce a considerable bias in the make-up of the protein list identified by the CD63-
APEX2-mediated extracellular labelling. However, our CD63-APEX2-induced extracellular labelling approach may have merits
in analysing constituents of an exosome subpopulation, while validating results of various, complementary exosome profiling
methods.

Notably, to induce “extracellular” labelling with CD63-APEX2, the APEX substrate biotin-phenol must cross just a single
lipid bilayer to induce biotinylation in the CD63-APEX2-harbouring exosomes present in the conditioned medium. By contrast,
“intracellular” labelling with CD63-APEX2 requires the APEX substrate to diffuse through multiple membranous structures to
reach the interior of the ILVs, in which CD63-APEX2 is localized before its secretion into exosomes. We indeed observed that
the labelling efficiency of extracellular labelling is superior to that of intracellular labelling, the former requiring lesser amount of
cell culture than the latter to achieve a comparable level of biotinylation by CD63-APEX2. The issue of labelling efficiency aside,
the two labelling approaches with CD63-APEX2 may provide us with distinct opportunities for identifying exosome-relevant
factors. That is, extracellular labelling with CD63-APEX2 likely identifies, for the most part, proteins that have been secreted
into the interior of exosomes as cargos. On the other hand, we envision that intracellular labelling with CD63-APEX2 may also
uncover proteins that are involved in exosome biogenesis and other exosome-pertinent intracellular procedures, in addition to
those that are going to be released as exosome cargos.

We speculate that our APEX-induced exosome protein labelling approach can trace the dynamics of exosome content com-
positions over time. Importantly, the APEX-induced exosome protein labelling can take snapshots of exosome contents in a
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temporal sequence in response to a certain treatment. Moreover, the APEX-induced exosome protein labelling would allow us
to compare exosome contents from different cell types using a chosen exosome-targetable APEX variant such as CD63-APEX2,
which would explain how much cell origins of exosomes influence the molecular makeups of exosomes. Likewise, an exosome-
targetable APEX variant can also be expressed in a subset of the culture to label exosome components secreted specifically
from the APEX-expressing cells, enabling finer analysis of the exosome-mediated intercellular interaction in a heterogenous
cell population. Moreover, developing and characterizing additional APEX variants would lead us to better appreciate the het-
erogeneity of the population of exosomes and other extracellular vesicles secreted from a given cell type or tissue. Since APEX
has recently been shown to label not only proximate proteins but also RNAs (Fazal et al., 2019), our approach could further be
extended to analysing the exosome RNA contents, which are presumed to be equally important as the protein contents in exo-
some biology. Finally, future studies would be able to utilize an animal model for APEX-induced labelling of exosome contents.
We would benefit from such an animal model to discover better biomarkers with advanced information on kinetics and cell
origins.
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