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Abstract: Studies have shown that the process of extracellular vesicles (EVs) secretion and lysosome
status are linked. When the lysosome is under stress, the cells would secrete more EVs to maintain
cellular homeostasis. However, the process that governs lysosomal activity and EVs secretion remains
poorly defined and we postulated that certain proteins essential for EVs biogenesis are constantly
synthesized and preferentially sorted to the EVs rather than the lysosome. A pulsed stable isotope
labelling of amino acids in cell culture (pSILAC) based quantitative proteomics methodology was
employed to study the preferential localization of the newly synthesized proteins into the EVs over
lysosome in mHypoA 2/28 hypothalamic cell line. Through proteomic analysis, we found numerous
newly synthesized lysosomal enzymes—such as the cathepsin proteins—that preferentially localize
into the EVs over the lysosome. Chemical inhibition against cathepsin D promoted EVs secretion and
a change in the EVs protein composition and therefore indicates its involvement in EVs biogenesis.
In conclusion, we applied a heavy isotope pulse/trace proteomic approach to study EVs biogenesis
in hypothalamic cells. The results demonstrated the regulation of EVs secretion by the cathepsin
proteins that may serve as a potential therapeutic target for a range of neurological disorder associated
with energy homeostasis.

Keywords: extracellular vesicles; extracellular vesicles biogenesis; pulsed-SILAC; hypothalamus;
energy homeostasis; cathepsin

1. Introduction

Cells are known to secrete extracellular vesicles (EVs) into the extracellular milieu that can be
categorized into multivesicular bodies (MVBs)-originated exosomes (30–150 nm), microvesicles (MVs)
(100–1000 nm) that shed from the plasma membrane or apoptotic bodies (>1000 nm) from dying cells [1].
In particular, exosomes and MVs are known to promote intercellular communication in numerous
physiological and pathological settings through the transfer of materials such as proteins, mRNA and
miRNA to the recipient cells [2–4]. Recent findings have suggested a link between lysosome status and
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EVs secretion where inhibition of lysosome activity increases EVs secretion [5–7]. As the outcome of
these processes are vastly different, some studies have been done to understand lysosome and EVs
biogenesis, respectively.

In lysosome-mediated protein degradation, the endosomal sorting complex required for transport
(ESCRT) machinery is crucial for the sequestration of ubiquitinated proteins at the endosomal membrane,
followed by inward budding of the membrane into intraluminal vesicles (iLVs) for degradation [8].
In contrast, formation of EVs seems to involve only a subset of the ESCRT machinery [9] and
non-ubiquitinated proteins can be sorted into the vesicle as well [10]. Other ESCRT-dependent
mechanism such as the interaction between the syntenin-1, Alix and syndecan proteins was able to
promote the biogenesis of CD63+ exosomes [11,12]. Exosome biogenesis can also occur independent
of the ESCRT machinery through the conversion of sphingomyelin to ceramide by the neutral type
II sphingomyelinase (n-SMase) that stimulates negative curvature of the endosomal membrane to
form iLVs [13,14]. A tetraspanin-enriched micro-domain has also been suggested to promote exosome
biogenesis as various tetraspanin knockout mouse model showed either a reduction in exosome
number [15] or change in cargo content [10]. On the other hand, some of the mechanism for MVs
biogenesis are distinctive from exosome biogenesis as molecular cargos are transported to the plasma
membrane for budding and release [16]. The process of MVs biogenesis was shown to require
the action of small GTPase such as ADP-ribosylation factor 6 (ARF6) [17] and Ras-related protein
Rab-22A (RAB22A) [18]. Additionally, formation of MVs requires the activity of acid sphingomyelinase
(a-SMase) rather than n-SMase, as illustrated in P2X7-dependent MVs biogenesis in glial cells [19].
Lastly, arrestin domain-containing protein 1-mediated relocation of TSG101 from the endosome to the
plasma membrane was demonstrated to facilitate ESCRT-dependent MVs biogenesis [20]. However,
the mechanism that regulates the balance between EVs secretion and lysosomal degradation remained
poorly elucidated

Due to the secretory nature of EVs, it is likely that certain proteins essential for EVs biogenesis
should be constantly synthesized to replace those that were secreted out. We postulated that preferential
sorting of actively synthesized proteins into the EVs instead of lysosome may reveal a divergent role of
these proteins in promoting EVs biogenesis. While EVs proteome had been previously characterized
through stable isotope labelling by amino acids in cell culture (SILAC) methodology [21–23], we have
adopted a variant of this approach [24] to profile the protein synthesis rate rather than the protein
concentration of the EVs, lysosome and total cell lysate proteomes of the mHypoA 2/28 adult mouse
hypothalamus cell line. This pulsed SILAC (pSILAC)-based quantitative proteomics strategy will
allows us to study the EVs protein synthesis rate at a proteome-wide level that is not well characterized,
and such information would be pertinent in unravelling novel mechanism on EVs biogenesis. In this
current report, we identify a possible role of newly synthesized cathepsin D on EVs biogenesis in
mHypoA 2/28 hypothalamic cells and these results may provide invaluable insight into the regulation
of the EVs-lysosome axis and their possible effect on energy homeostasis.

2. Materials and Methods

2.1. Cell Culture and pSILAC Treatment

mHypoA 2/28 adult mouse hypothalamus cells (CELLutions Biosystems, Burlington, ON, Canada)
were grown in DMEM containing unlabeled “light” 12C6, 14N2-L-lysine (146 mg/L) and 12C6-L-arginine
(84 mg/L) (GE Hyclone, Logan, UT, USA), supplemented with 5% EVs-depleted fetal bovine serum
(FBS) (Gibco, Waltham, MA, USA) and 1% penicillin/streptomycin (Nacalai Tesque, Kyoto, Japan) at
37 ◦C in a 5% CO2 humidified incubator. EVs-depleted FBS was obtained through ultracentrifugation
at 200,000× g for 18 h at 4 ◦C. For pSILAC treatment, the cells were grown in ‘light media for 24 h and
thereafter the cells were washed with PBS twice and incubated in SILAC-DMEM (Cambridge Isotope
Laboratories, Tewksbury, MA, USA) which contained 5% dialyzed EVs-depleted FBS (Gibco), 1%
penicillin/streptomycin and heavy 13C6-L-Arginine 13C6-Hydrochloride (84 mg/L) and 13C6-L-Lysine
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15N2-hydrochloride (146 mg/L) (Cambridge Isotope Laboratories) for 24 h. The conditioned media
was then collected for EVs isolation, while the mHypoA-2/28 cells were harvested for either total
cell lysate or lysosome isolation. The mHypoA-2/28 cell line was tested negative for mycoplasma
contamination [25].

2.2. EVs Isolation

The EVs isolation protocol was based on our previous published article [26]. For each EVs
isolation, 200 mL of conditioned media was collected from twenty 100 mm culture dishes with a total
of 60 million cells approximately, unless otherwise stated. The conditioned media was centrifuged at
2000× g for 20 min at 4 ◦C to remove cellular debris. The supernatant was then concentrated with a
VivaSpin 20 centrifugal concentrator, 300 kDa MWCO (Sartorius AG, Goettingen, Germany) at 4000× g
at 4 ◦C. The concentrated media were then washed with PBS thrice through the MWCO to remove
any non-EVs materials. Thereafter, the concentrated media was centrifuged at 16,000× g for 30 min at
4 ◦C to remove the larger vesicles. The supernatant was collected and diluted in 3 mL PBS to reduce
the viscosity. The diluted supernatant was ultra-centrifuged at 100,000× g for 16 h at 4 ◦C, in a Ti55
rotor (Beckman Coulter, Brea, CA, USA). The EVs pellet was reconstituted in PBS containing protease
inhibitor for immediate usage or was stored at −20 ◦C.

2.3. Lysosome Enrichment

Lysosome isolation was performed using the lysosome enrichment kit (Thermo Fisher Scientific,
Waltham, MA, USA), as per manufacturer protocol. Briefly, the mHypoA-2/28 cell pellet was
re-suspended in 800 µL buffer A and incubated on ice for 2 min. The cells were then lysed through
probe sonication and mixed with 800 µL Buffer B. The sample was centrifuged at 500× g for 10 min at
4 ◦C to remove cellular debris. 1500 µL of the sample lysate was then added to 500 µL of Optiprep cell
separation media (60%). This solution was overlaid onto a discontinuous Optiprep density gradient
(17%, 20%, 23%, 27% and 30%) and ultra-centrifuged at 145,000× g for 2 h at 4 ◦C. Five equal volumes
were collected, washed, and stored in PBS with protease inhibitor at −20 ◦C till further usage.

2.4. In-solution Digestion and HPLC Fractionation

mHypoA 2/28 cells were lysed with 8M Urea in 100 mM ammonium bicarbonate (ABB), pH
8, supplemented with protease inhibitor. Protein concentration was measured by Bradford assay.
200 µg of protein lysate was reduced in 20 mM dithiothreitol (DTT) for 1 h at room temperature and
followed by alkylation with 55 mM iodoacetamide (IAA) in the dark for 45 min, at room temperature.
The proteins were then digested with sequencing grade modified trypsin (1:50), (Promega, Madison,
WI, USA) overnight at 37 ◦C and the reaction was subsequently quenched with 0.5% acetic acid
(MilliporeSigma, Burlington, MA, USA). The peptides were desalted using the Sep-Pak C18 1cc Vac
Cartridge 50 mg (Waters Corp, Milford, MA, USA) and dried with the Eppendorf Concentrator
plus (Eppendorf, Hamburg, Germany). Subsequently, the dried peptides were reconstituted with
0.02% NH4OH in HPLC water for fractionation. High pH reversed phase high performance liquid
chromatography (RP-HPLC) was performed using the ProminenceTM HPLC system (Shimadzu, Kyoto,
Japan), with the XBridgeTM BEH C18 column (130 Å pore size, 4.6 × 250 mm, 5 µm particle size).
The mobile phase was comprised of 0.02% NH4OH in HPLC water (A) and 0.02% NH4OH in 80%
acetonitrile (ACN) (B). A 60 min HPLC gradient consisting of 5 min of 3–10% (B), 40 min of 10–35%
(B), 5 min of 35–70% (B) and 70–100% (B) was established for peptide separation. 60 fractions were
collected and combined into 16 fractions in a concatenated manner. The fractionated samples were
dried and stored in −20 ◦C prior to LC-MS/MS analysis.

2.5. In Gel Digestion

EVs and lysosomal proteins were extracted in reducing Laemmli sample buffer. 200 µg of protein
samples were resolved in 12% SDS-PAGE at 120 V for 90 min. Protein bands were visualized through
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staining with 0.2% Coomassie blue solution. For each gel sample, the gel lane was cut into five
equal parts and the gel fractions were further diced into 1 mm2 gel pieces. The gel pieces were
washed in alternating buffer consisting of either 100 mM ABB or 50% ACN in 100 mM ABB to remove
impurities. The gel pieces were then dehydrated with 100% ACN and dried in the vacuum concentrator.
The proteins were then reduced in 10 mM of DTT at 60 ◦C for 1 h, followed by alkylation with 55 mM
of IAA at room temperature for 45 min, in the dark. The gel pieces were then subjected to washes
again to remove excess DTT and IAA. After dehydrating with 100% ACN and drying in the vacuum
concentrator, sequencing-grade modified trypsin was added to the gel pieces and protein digestion
was performed at 37 ◦C, overnight. The digested peptides were extracted with 50% ACN and 5% acetic
acid, dried in the vacuum concentrator and stored in −20 ◦C prior to LC-MS/MS analysis.

2.6. LC-MS/MS Analysis

The peptides were reconstituted in 0.1% formic acid (FA) in 3% ACN for LC-MS/MS analysis in
the Q-Exactive Hybrid Quadrupole-Orbitrap mass spectrometer, coupled with the UltiMateTM 3000
RSLCnano System (Thermo Scientific). For each analysis, 2 µg of sample was injected to the system.
The peptides were first concentrated with a Nano-Trap Columns 75–100 µm I.D. x 2 cm (Thermo Fisher
Scientific ) and then separated on a Dionex EASY-Spray 75 µm × 10 cm column packed with PepMap
C18, 3 µm, 100 Å (Thermo Fisher Scientific). The mobile phase buffers used were 0.1% formic acid (A)
and 0.1% formic acid in ACN (B) and a 60 min gradient was used for peptide separation.

The samples were ionized and injected into the Q-Exactive mass spectrometer with an EASY
nanospray source (Thermo Fisher Scientific) at an electrospray potential of 1.5 kV. A full MS scan
(350–1600 m/z range) was acquired at a resolution of 70,000, with a maximum ion accumulation
time of 100 ms. Dynamic exclusion was set as 30 s. The HCD spectral resolution was set to 35,000.
Automatic gain control (AGC) settings of the full MS scan and the MS2 scan were 3 × 106 and 2
× 105, respectively. The top 10 most intense ions above the 5000-count threshold were selected for
fragmentation in higher-energy collisional dissociation (HCD), with a maximum ion accumulation
time of 120 ms. Isolation width of 2 was used for MS2. Single and unassigned charged ions were
excluded from MS/MS. For HCD, the normalized collision energy was set to 28% and the underfill
ratio was defined as 0.3%.

2.7. Database Search

Raw data generated from two biological replicates for each sample were analyzed using the
Proteome Discoverer (PD) 2.2 software (Thermo Fisher Scientific). Protein identification was done
by mapping against the UniProt Knowledgebase (UniProtKB) for mouse proteins (downloaded on
16 Mar 2017, 87,463 sequences and 38,788,886 residues), using the SequestHT and Mascot search engine.
The Proteome Discoverer’s workflow included an automatic target-decoy search tactic along with the
Percolator to score peptide spectral matches from both Mascot and SequestHT searches to estimate the
false discovery rate (FDR). The Percolator parameters were set to maximum delta Cn = 0.05; target
FDR (strict) = 0.01; target FDR (relaxed) = 0.05, validation based on q-value [27].

For SILAC quantitation, the Spectrum Files RC node was used for spectrum recalibration and
the peak feature detection setting in the Minora Feature Detector was set as Minimum Trace Length:
5, Minimum number of isotopic peaks: 2 and Maximum ∆RT of Isotope Pattern Multiplets: 0.2 min.
Feature mapper was set to True for retention time alignment, with a maximum retention time shift
allowed of 10 min and Precursor abundance was based on intensity. The search parameters also
included full trypsin digestion with a maximum of two missed cleavage and precursor mass tolerance
and fragment mass tolerance were set at 10 ppm and 0.02 Da, respectively. Carbamidomethylation
(+57.02) at cysteine was set as fixed modification, oxidation (+15.99) at methionine, deamidation
(+0.98) at asparagine and glutamine and heavy 13C6-L-Arginine 13C6-Hydrochloride (+6.02) and
13C6-L-Lysine 15N2-hydrochloride (+8.01) were set as dynamic modifications. Acetylation (+42.01) at
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protein N-terminus was set as dynamic modification too. Maximum dynamic modifications were set
at 4.

Quantification of the H/L (heavy isotope/light isotope) ratio for each protein is based on precursor
ion quantification. The protein abundance was determined by the MS signal intensities of the heavy
isotope labelled protein over its unlabeled counterpart. With the default setting, PD 2.2 uses the
largest chromatographic peak and quantified the heights of this peak at the apex rather than the
integrated peak area for quantification. The ratio calculation was set as Pairwise ratio based and the
p-value was calculated by ANOVA (background based). The maximum fold change allowed was set
to 100. The reported H/L ratio has a range of 0.01 to 100, in which 0.01 represent proteins with only
non-labelled peptides and 100 represent protein that either contained only labelled peptides or protein
with labelled peptides that has abundance value of more than 100 times of its non-labelled counterpart.
The datasets were manually filtered by selecting for proteins with q-value <0.05 and identified in both
biological replicates. Gene ontology analysis was performed using the DAVID Bioinformatics v6.8 [28].
Pearson correlation coefficient analysis between the proteomics biological replicates was computed
with the R-package; “ggplots2” [29].

2.8. Western Blot Analysis

Protein concentration was quantified using the bicinchoninic acid (BCA) or Bradford assay.
Thereafter, Laemmli sample buffer was added to the protein samples and boiled at 95 ◦C for 10 min.
The protein samples were resolved in a 12% SDS-PAGE and transferred onto a 0.22 µm PVDF membrane.
Subsequently, the membrane was blocked in 5% skimmed milk in TBST and then probed with primary
antibodies overnight at 4 ◦C. The antibodies used included ALIX (#2171), GM130 (#12480), LAMP1
(#9091), EEA1 (#3288), RAB7 (#9367) and RAB11 (#5589) from Cell Signaling Technologies (Danvers,
MA, USA), CD9 (sc-18869), cathepsin D (sc-377124), cathepsin L (sc-390367) and VDAC1 (sc-58649)
from Santa Cruz Biotechnology (Dallas, TX, USA) and cathepsin B (ab214428), CD63 (ab217345) and
CD81 (ab109201) from Abcam (Cambridge, UK).

2.9. Nanoparticle Tracking Analysis

The particle number and size distribution of EVs collected from mHypoA 2/28 cells were
characterized with the Nanosight NS300 (Malvern Panalytical, Worcestershire, UK) equipped with a
488 nm blue laser and a sCMOS camera. The samples were diluted 200-fold with PBS for analysis
using the default protocol as per the manufacturer’s software guide (NanoSight NS300 User Manual).
The instrument parameters were set as follow: camera level 5, slider shutter 100, slider gain 200, FPS
32.5, temperature 24 ◦C, viscosity 0.906–0.910 cP, syringe pump speed 100, capture time 60 s and detect
threshold 3. Calculation of particles quantity and size distribution were based on 3 biological replicates.

2.10. Cathepsin Inhibition Assay

mHypoA 2/28 cells were seeded onto 100 mm dish and upon reaching 80% confluency, the cells
were washed with PBS twice, and treated with 10 µM CA-074Me, C5857 (Sigma Aldrich, St. Louis, MO,
USA), 10 µM cathepsin L Inhibitor II (Santa Cruz Technologies) or 20 µM of pepstatin A (Santa Cruz
Technologies) in 1% exosome-depleted FBS-DMEM for 24 h and the conditioned media was collected
EVs isolation.

2.11. Proteinase K Assay

Fifty µg of EVs was supplemented with 5 mM CaCl2 and incubated in either PBS (control),
10 µg/mL of Proteinase K, 1% Triton X-100 or 10 µg/mL of Proteinase K with 1% Triton X-100 for
1 h at 37 ◦C. The treatment was stopped with the addition of Laemmli buffer supplemented with
β-mercaptoethanol and the sample was heated at 95 ◦C for 15 min prior to immunoblotting.
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2.12. RNA Isolation and RT PCR

Total RNA was isolated using the NucleoSpin® RNA II kit (Macherey-Nagel GmbH, Duren,
Germany). RNA concentration was determined with the NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific). First-strand cDNA was synthesized using the RevertAid RT Reverse Transcription
kit (Thermo Fisher Scientific) as per manufacturer’s protocol. Quantitative PCR (qPCR) reactions were
performed using the CFX Connect™ Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) with the KAPA SYBR® FAST qPCR kit (KAPA Biosystems, Wilmington, MA,
USA) under the following condition; initial denaturation at 95 ◦C for 3 min, followed by 40 cycle of
denaturation at 95 ◦C for 10 s, primer annealing at 60 ◦C for 30 s and final extension at 72 ◦C for 30 s.

Each sample was performed in triplicate and relative quantification was determined using the
∆∆CT method. The primer sequences were RAB11 forward 5′-GAGCTTTTGCA GAGAAGAATGGT-3′,
RAB11 reverse 5′-TTCTGACAGCACTGCACCTT-3′; RAB27A forward 5′-AGAGAGTGGTGTACA
GAGCCA-3′, RAB27A reverse 5′-TTTCACAGTACGCGTGCATC-3′; RAB27B forward 5′-TTGGGACA
CTGCTGGACAAG-3′, RAB27B reverse 5′-TGCCTGCAGTTGACTCATCC-3′; RAB35 forward
5′-CGTCAATGTGGAAGAGATGTTCA-3′, RAB35 reverse 5′- GCAGCAGCGTTTCTTTCGTT-3′.

2.13. Transmission Electron Microscopy

mHypoA 2/28-derived EVs were diluted 20-fold in PBS and 7 µL of the diluted sample was added
onto a glow discharged carbon-coated grid and incubated for 1 min. Thereafter, 2% uranyl acetate was
added to the sample and incubated for 1 min. Excess uranyl acetate was blotted off with filter paper.
The grid was air-dried for 10 min and subsequently imaged using the T12 Icorr transmission electron
microscopy (TEM) at 120 kV (FEI Company, Hillsboro, OR, USA).

3. Results

3.1. Mass Spectrometric Identification and Quantification of Newly Synthesized Proteins in the Sub-proteome of
mHypoA 2/28 Adult Hypothalamus Cell

A pSILAC-based quantitative proteomics methodology was utilized to profile the proteome
of EVs, lysosome and total cell lysate from the mHypoA 2/28 adult hypothalamus cell line for the
identification of novel newly synthesized proteins that are enriched in the EVs over the lysosome. We
postulated that these newly synthesized proteins are important for EVs biogenesis and will further
our understanding in the regulation between EVs secretion and lysosomal activities. As illustrated
in Figure 1A, the adult hypothalamus cell line, mHypoA 2/28, was first grown in light DMEM that
contained unlabeled L-lysine and L-arginine (light) and subsequently exposed to heavy DMEM that
contained stable isotope-labelled L-lysine and L-arginine (heavy) for a period of 24 h. The conditioned
media was collected for EVs enrichment while the labelled cells were harvested for lysosome isolation
and total protein lysate. The samples were then analyzed using high resolution and high mass accuracy
LC-MS/MS for the identification of light and heavy labelled proteins.
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Figure 1. Characterization of lysosomes and EVs isolated from mHypoA 2/28 cells for pSILAC-based
quantitative proteomics. (A) Schematic diagram illustrating the workflow of pSILAC-based quantitative
proteomics analysis of EVs biogenesis through H/L ratio analysis. (B) Lysosome isolation was performed
using density gradient centrifugation and five fractions were obtained. Equal volume from each fraction
were loaded for immunoblotting analysis of lysosomal (LAMP1) and endosomal [EEA-1 (early), RAB7 (late),
RAB11 (recycling)] protein markers. (C) 50 µg of cell lysate (CL) and EVs proteins were used to probe for
known exosomal markers (ALIX and CD9), mitochondrial marker (VDAC) and golgi marker (GM130).
Ponceau S staining showed equal loading of proteins for analysis. (D) Wide field and closed up TEM images
obtained from negative staining of mHypoA 2/28 EVs. The white scale bar represents 500 nm and the
red scale bar represents 200nm. (E) Nanoparticle tracking analysis of mHypoA 2/28 derived EVs a mean
diameter of 158.8 ± 1.3 nm.
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To begin with, crude cell lysate was separated by ultracentrifugation on a discontinuous Optiprep
density gradient for lysosome isolation and immunoblotting analysis of LAMP-1 protein indicated that
majority of the lysosomes were isolated at the top fraction (F1, Figure 1B) while EEA-1 and RAB7 protein
expression analysis indicated that the early and late endosomes were found at the lower fractions
(F3 and F4, Figure 1B). Subsequently, the F1 fraction was subjected to mass spectrometry analysis of
lysosome content. EVs were isolated from conditioned media through a series of ultrafiltration and
ultracentrifugation steps. The presence of exosome-like vesicles was confirmed by the detection of
known exosomal markers such as ALIX and CD9 and there was minimal cellular contamination as
indicated by the absence of VDAC1 (mitochondrial marker) and GM130 (golgi marker) proteins in the
EVs preparation (Figure 1C). Transmission electron microscopy (TEM) imaging of isolated EVs revealed
a cup-shaped morphology that is typical of TEM-imaged exosome due to processing artifact [30].
The size of these vesicles was generally below 200 nm (Figure 1D). Nanoparticle tracking analysis
(NTA) measurement further confirmed that majority of the isolated particles to be within 200 nm and
have a mean size of 158.8 nm, which are the typical size for EVs isolated via ultracentrifugation [31]
(Figure 1E). Furthermore, 24 of the top 25 common exosome proteins in the Exocarta [32] as well as 73
of the top 100 EVs proteins in Vesiclepedia [33] were identified in our EVs proteome dataset, which
further confirmed the enrichment of EVs during sample preparation (Figure S1).

Raw data files generated from 2 biological replicates (three injections) per sample were processed
using the Proteome Discoverer software v2.2, with the Mascot and SequestHT search engine. 545, 1545
and 7327 proteins were identified in the EVs, lysosome and total cell lysate samples respectively (FDR
at peptide level <1%) (Figure S2A). A cut-off value of H/L ratio >1.5 was used to denote proteins with
increased protein synthesis rate. In the cell lysate sample, 3037 proteins have a H/L ratio <1.5 and 3025
proteins have a H/L ratio >1.5, while in the lysosome sample, 620 proteins have a H/L ratio <1.5 and
663 proteins have a H/L ratio >1.5 and lastly, the EVs contained 301 proteins that have a H/L ratio <1.5
and only 90 proteins that have a H/L ratio >1.5 (Figure S2B). Although this data suggests that only 23%
of the EVs proteome had increased synthesis rate, this percentage might have been skewed lower by
possible serum contaminants found within the EVs proteome. 68 proteins were identified as possible
serum contaminants as they had H/L ratio of 0.01 in the EVs proteome and were absent in both the cell
lysate and lysosome proteome, based on cluster analysis. Subsequently, only quantified proteins that
were detected in both the biological replicates were considered for further analysis, unless otherwise
indicated. Pearson’s correlation coefficient between the two biological replicates of the EVs, lysosome
and cell lysate data were 0.896, 0.900 and 0.868 respectively, indicating high reproducibility from the
proteome dataset (Figure S2C–E).

3.2. Extracellular Vesicles Biogenesis is an Active Process that Required Newly Synthesized Protein

One of the main postulation in this study was whether the proteins in the EVs cargo originated from
existing cytosolic protein or was it a regulated process in which the proteins were actively synthesized
by the cells and sorted into the EVs to promote EVs biogenesis and secretion. To evaluate this hypothesis,
gene ontology analysis was carried out on the three-proteome dataset. Based on their H/L ratio (actively
synthesized protein: H/L ratio >1.5; slow turnover protein: H/L ratio <1.5), the respective proteome
dataset were functionally annotated using the DAVID Bioinformatics tool [28] to elucidate the relevant
biological processes associated with EVs biogenesis. In particular, the analysis revealed that a subset of
newly synthesized proteins from the cell lysate and EVs proteome promoted the positive regulation of
exosome secretion (Table 1). In the cell lysate proteome (Table 1A), these newly synthesized proteins
included the vacuolar protein sorting-associated protein 4A (VPS4a), vacuolar protein sorting-associated
protein 4B (VPS4b) and hepatocyte growth factor-regulated tyrosine kinase substrate (HGS) that are
part of the ESCRT machinery involved in MVBs formation [8,34]; ALIX (PDCD6IP), syndecan-1 (SDC1)
and syntenin-1 (SDCBP) proteins that are involved in heparanase-mediated exosome biogenesis [11,12]
and Ras-related protein RAB-7a (RAB7A) that is involved in exosome release [11,35]. Similarly, the EVs
proteome (Table 1B) contained newly synthesized ALIX, RAB7A and syntenin-1 proteins.
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Table 1. Gene ontology analysis identified newly synthesized cell lysate (A) and EVs (B) proteins that
belong to the GO:1903543~positive regulation of exosomal secretion biological process.

(A)
Cell Lysate

Gene Name Protein
Name H/L Ratio Unique Peptide

CHMP2A Charged multivesicular
body protein 2A 5.67 5

HGS Hepatocyte growth factor-regulated
tyrosine kinase substrate 1.84 12

PDCD6IP Alix 1.61 48
RAB7A Ras-related protein RAB-7a 1.55 19
SDC1 Syndecan 1 100 3

SDCBP Syntenin-1 24.62 5
TSG101 Tumor susceptibility gene 101 1.51 10

VPS4A Vacuolar protein sorting-associated
protein 4A 3.2 5

VPS4B Vacuolar protein sorting-associated
protein 4B 2.13 7

(B)
EVs

Gene Name Protein
Name H/L Ratio Unique Peptide

PDCD6IP ALIX 1.64 21
RAB7A Ras-related protein RAB-7a 5.64 5
SDCBP Syntenin-1 2.73 7

Further H/L ratio analyses were done on proteins involved in known lysosomal and EVs biogenesis
pathway to determine if these processes require active protein synthesis to support their function.
The data suggested the ESCRT machinery that support exosome formation and lysosomal degradation
required active protein synthesis. 28 of the 31 ESCRT-related proteins were identified in the mHypoA
2/28 cell lysate, of which 22 of these proteins showed increased protein synthesis (H/L ratio > 0.6 [log
transformed]) (Table 2). Next, mHypoA 2/28 EVs were enriched in proteins from the ESCRT-I complex
(Table 2A) as compared to the other ESCRT complexes (Table 2B–E), with TSG101 and VPS28 showing
increased protein synthesis. The EVs also contained newly synthesized CHMP4B (ESCRT-III) and
ALIX. Taken together, this indicated that only a subset of ESCRT-related proteins is packaged into the
EVs during EVs biogenesis. The Bro1 domain in ALIX binds to CHMP4B [36] while the C-terminus of
ALIX contained a proline-rich region that binds to N-terminus UBC-like and proline-rich domain of
TSG101 [37]. This implied that the ALIX-mediated association of the ESCRT-1 and ESCRT-III complex
is packaged into the EVs during membrane scission [38] and hence the proteins have to be constantly
synthesized to maintain the biogenesis and function of the EVs.

Table 2. H/L ratio analysis of the ESCRT machinery. The ESCRT system consists of 4 protein complexes:
ESCRT-0 (A), I (B), II (C), III (D), and the accessory proteins (E).

(A)
ESCRT-0

EVs Lysosome Cell Lysate
Gene
Name Protein Name H/L

Ratio
Unique
Peptide

H/L
Ratio

Unique
Peptide

H/L
Ratio

Unique
Peptide

HGS

Hepatocyte growth
factor-regulated
tyrosine kinase

substrate

- - 100 2 1.81 12

STAM1 Signal transducing
adapter molecule 1 - - - - 1.45 13
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Table 2. Cont.

(A)
ESCRT-0

EVs Lysosome Cell Lysate
Gene
Name Protein Name H/L

Ratio
Unique
Peptide

H/L
Ratio

Unique
Peptide

H/L
Ratio

Unique
Peptide

STAM2 Signal transducing
adapter molecule 2 - - - - 2.67 12

(B)
ESCRT-I

EVs Lysosome Cell Lysate
Gene
Name Protein Name H/L

Ratio
Unique
Peptide

H/L
Ratio

Unique
Peptide

H/L
Ratio

Unique
Peptide

MVB12A Multivesicular body
subunit 12A 0.01 1 - - 2.93 5

MVB12B Multivesicular body
subunit 12B - - - - 7.76 3

TSG101 *
Tumor

susceptibility gene
101

3.61 1 2.47 5 1.51 10

UBAP1 Ubiquitin-associated
protein 1 - - - - 1.60 11

VPS28
Vacuolar protein

sorting-associated
protein 28

2.61 3 - - 1.25 11

VPS37A
Vacuolar protein

sorting-associated
protein 37A

- - - - 2.03 7

VPS37B
Vacuolar protein

sorting-associated
protein 37B

- - - - 3.40 5

VPS37C
Vacuolar protein

sorting-associated
protein 37C

- - - - 2.19 6

(C)
ESCRT-II

EVs Lysosome Cell Lysate
Gene
Name

Protein
Name

H/L
Ratio

Unique
Peptide

H/L
Ratio

Unique
Peptide

H/L
Ratio

Unique
Peptide

VPS25
Vacuolar protein

sorting-associated
protein 25

- - - - 0.70 9

VPS36
Vacuolar protein

sorting-associated
protein 36

- - - - 2.84 12

(D)
ESCRT-III

EVs Lysosome Cell Lysate
Gene
Name Protein Name H/L

Ratio
Unique
Peptide

H/L
Ratio

Unique
Peptide

H/L
Ratio

Unique
Peptide

CHMP1A
Charged

multivesicular
body protein 1A

- - - - 0.01 2

CHMP1B
Charged

multivesicular
body protein 1B

- - - - 2.11 1

CHMP2A
Charged

multivesicular
body protein 2A

- - - - 5.67 5
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Table 2. Cont.

(D)
ESCRT-III

EVs Lysosome Cell Lysate
Gene
Name Protein Name H/L

Ratio
Unique
Peptide

H/L
Ratio

Unique
Peptide

H/L
Ratio

Unique
Peptide

CHMP2B
Charged

multivesicular
body protein 2B

- - - - 1.18 3

CHMP3
Charged

multivesicular
body protein 3

- - - - 2 4

CHMP4B
Charged

multivesicular
body protein 4B

2.15 1 100 1 1.89 5

CHMP4C
Charged

multivesicular
body protein 4C

- - - - 21.31 4

CHMP5
Charged

multivesicular
body protein 5

- - - - 2.14 7

CHMP6
Charged

multivesicular
body protein 6

- - - - 1.98 3

CHMP7
Charged

multivesicular
body protein 7

- - - - 16.08 2

IST1 IST1 homolog - - 0.48 2 1.59 8
(E)

ESCRT-Accessory Proteins
EVs Lysosome Cell Lysate

Gene
Name

Protein
Name

H/L
Ratio

Unique
Peptide

H/L
Ratio

Unique
Peptide

H/L
Ratio

Unique
Peptide

PDCD6IP ALIX 5.64 21 1.93 23 1.61 48

VPS4A
Vacuolar protein

sorting-associated
protein 4A

- - - - 3.2 5

VPS4B
Vacuolar protein

sorting-associated
protein 4B

- - 9.86 2 2.13 7

VTA1

Vacuolar protein
sorting-associated

protein VTA1
homolog

- - 8.00 4 1.18 7

* EV’s TSG101 is found in one biological replicate only.

Lately, alternative mechanisms for MVBs formation were reported. The syntenin-syndecan-ALIX
complex [11] was recently proposed as an ESCRT-dependent mechanism that facilitate exosome
biogenesis. Heparanase activity in the endosome promotes the trimming of the heparan sulphate
group on the syndecan proteins which in turn facilitates the clustering and sorting of ALIX-ESCRT
complex into the iLVs via syntenin-1 adaptor protein [12]. The dataset revealed that both ALIX and
syntenin-1 to have increased synthesis in the EVs (ALIX: 5.64, syntenin-1: 2.72) and lysosome (ALIX:
1.93, syntenin-1: 10.80) fractions (Table 3A). The syndecan-1 protein is usually cleaved into syndecan-1
C-terminal fragment when inserted into the exosome [12], the truncated form of syndecan-1 may be
the reason why it was not detected in the EVs proteome dataset. Nonetheless, cellular syndecan-1 has
an H/L ratio of 100 which indicated that syndecan-1 underwent active protein synthesis to replenish
the cleaved syndecan-1 that was supporting exosome biogenesis.
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Table 3. H//L analysis of ESCRT dependent and independent mechanism for MVBs formation.
The ALIX-syntenin-syndecan (A), tetraspanins-enriched domain (B) and ceramide-based EVs biogenesis
(C) are alternate mode of MVBs formation.

(A)
ALIX-Syntenin-Syndecan Axis

EVs Lysosome Cell Lysate
Gene
Name Protein Name H/L

Ratio
Unique
Peptide

H/L
Ratio

Unique
Peptide

H/L
Ratio

Unique
Peptide

PDCD6IP ALIX 5.64 21 1.93 23 1.61 48
SSDCBP Syntenin-1 2.73 7 10.8 7 24.62 5

SDC1 Syndecan 1 - - - - 100 3
(B)

Tetraspanin-enriched Domain
EVs Lysosome Cell Lysate

Gene
Name Protein Name H/L

Ratio
Unique
Peptide

H/L
Ratio

Unique
Peptide

H/L
Ratio

Unique
Peptide

CD9 CD9 2.40 2 3.41 3 2.13 4
CD63 CD63 0.19 1 0.73 5 1.53 4
CD81 CD81 10.34 3 30.61 2 7.43 3

(C)
Ceramide-based EVs Biogenesis

EVs Lysosome Cell Lysate
Gene
Name Protein Name H/L

Ratio
Unique
Peptide

H/L
Ratio

Unique
Peptide

H/L
Ratio

Unique
Peptide

SMPD1 Sphingomyelin
phosphodiesterase 0.01 1 - - 16.24 1

SMPD2 Sphingomyelin
phosphodiesterase 2 - - - - 1.56 7

SMPD3 Sphingomyelin
phosphodiesterase 3 - - - - 0.88 1

Next, the tetraspanin proteins (CD9, CD63 and CD81) were also shown to promote
ESCRT-dependent and -independent MVBs formation [10,39–41]. Analysis of their protein synthesis
ratio revealed that both CD9 and CD81 were actively synthesized in the ribosome and sorted into
the EVs cargo (CD9: 2.40, CD81: 10.34) and lysosome (CD9: 3.41, CD81: 30.61) fractions whereas
CD63 had a lower synthesis rate (CD63 in EVs: 0.19, CD63 in lysosome: 0.73) (Table 3B). As CD63 is
enriched at the MVBs while CD9 and CD81 are localized at the plasma membrane [31], this suggested
that plasma membrane-associated EVs (CD9/CD81) may have a higher secretion rate as compared to
MVBs-associated EVs (CD63). In support of this view, a recent study demonstrated that both CD9+

and CD81+ EVs displayed a much higher budding rate than CD63+ EVs [42].
Lastly, both acid and neutral sphingomyelinases were reported to promote EVs biogenesis and

secretion through the enzymatic cleavage of sphingomyelin into ceramide at its optimal pH [14,19].
The mHypoA-2/28 cells contained all three sphingomyelinase, SMPD1, 2 and 3 (Table 3C). SMPD1 was
found in the EVs fraction and SMPD3 was found in the lysosome fraction respectively (Table 3C). Taken
together, initial pSILAC-based quantitative proteomics analysis established that proteins involved in
EVs biogenesis are actively synthesized to maintain its function.

3.3. Hierarchical Clustering Analysis Revealed the Preferential Localization of Newly Synthesized Cathepsin
Proteins into the EVs

We postulated that the preferential localization of newly synthesized proteins into the EVs rather
than the lysosome and total cell lysate may indicate their divergent role toward EVs biogenesis.
To identify these proteins, hierarchical clustering analysis was applied on the three-proteome dataset.
Clustering analysis was done based on proteins identified in the EVs proteome and together with
the corresponding proteins in the other two datasets and 12 clusters were identified with differential
expression profile (Figure 2A). 18 proteins were identified in cluster 11 (Figure 2B) that had newly
synthesized proteins preferentially localized to the EVs rather than the lysosome and cell lysate. Most of
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these proteins are localized to the extracellular exosome (GO: 0070062) (17 proteins) and lysosome (GO:
0005764) (14 proteins) (Figure 2C) and they are mostly lysosome-associated enzymes that functioned in
hydrolase activity (GO: 0016787), peptide binding (GO:0042277) and peptidase activity (GO: 0008233).
They are also involved in biological processes such as proteolysis (GO: 0006508), glycosaminoglycan
metabolic process (GO:0030203), lysosome organization (GO:0007040) and carbohydrate metabolic
process (GO:0005975). Although these proteins are found in both EVs and lysosome, the preferential
enrichment of these newly synthesized proteins in only the EVs fraction suggested their prospective
role in EVs biogenesis and further investigation into these proteins may unravel novel mechanism that
helps in delineating EVs biogenesis from lysosome degradation pathway.

Figure 2. Hierarchical clustering analysis revealed preferential localization of actively synthesized
lysosomal-associated proteins in the mHypoA 2/28 EVs. (A) Heatmap of the log2 fold change of the
mHypoA 2/28 EVs proteome against their counterpart proteins in the lysosome and total cell lysate
dataset was plotted with Complex Heatmap [43]. (B) Cluster 11 contained 18 proteins that had actively
synthesized proteins preferentially localized to the EVs. (C) Gene ontology analysis of proteins from
Cluster 11. Orange bar represents the biological process, green bar specifies the cellular component
and purple bar denotes the molecular function (Enrichment score: p-value <0.05).

Several cathepsin proteins such as cathepsin A (CTSA), cathepsin B (CTSB) cathepsin D
(CTSDCTSD) and cathepsin Z (CTSD) were identified in cluster 11 while cathepsin L (CTSL), which
had a different expression profile, was identified and sorted to cluster 12 (Figure 3A). The cathepsin
proteins are lysosomal proteinases that function mainly towards protein degradation and recycling
and they are classified based on the key catalytic group within its active site [44,45]. On the other
hand, cathepsin proteins have also been identified in EVs samples as well [26,46]. Functional role of
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EVs cathepsin was previously established when presence of CTSB in R3/1 exosomes, stimulated by
oxidative stress, promoted RAGE protein expression in recipient cells that is associated with pulmonary
fibrosis [47]. Furthermore, elevated level of CTSD expression in neural-derived plasma exosome has
been identified in Alzheimer’s patients [48]. Taken together, newly synthesized cathepsins that get
preferentially sorted into the EVs may have a functional role in EVs biology.

Figure 3. Actively synthesized cathepsin proteins are sorted into mHypoA 2/28 EVs. (A) List of
cathepsin proteins identified in the three proteomic datasets. (B) Location of CTSB, CTSD and
CTSL along the endo-lysosomal compartment. mHypoA 2/28 cell lysate was separated on a density
gradient (based on Figure 1B) and five fractions were collected. 20 µl from each fraction was used
for immunoblotting analysis. (C) Proteinase K protection assay was performed to determine the
distribution of cathepsin proteins on the EVs. Intact mHypoA 2/28-derived EVs were incubated in
either PBS, 10 µg/mL of Proteinase K, 1% Triton X-100 or 10 µg/mL of proteinase K with 1% Triton
X-100 for 1 h at 37 ◦C. Immunoblotting analysis revealed the localization of CTSB, CTSD and CTSL on
the EVs. ALIX is a marker for luminal EVs protein while CD9 is a membrane bound EVs protein.

Interestingly, our dataset revealed that the EVs contain only newly synthesized CTSD while there
is a mixture of newly synthesized and pre-existing CTSD proteins in the lysosome and cell lysate
(Figure 3A). On the other hand, lysosome-derived CTSL proteins are newly synthesized whereas the
EVs and cell lysate contained a mixture of newly synthesized and pre-existing CTSL. The preferential
enrichment of these newly synthesized cathepsin proteins into the respective organelle suggest their
differential functions toward EVs biogenesis and lysosomal degradation. Further investigation was
done to elucidate the role of CTSB, CTSD and CTSL in EVs biogenesis. The intracellular localization
of the cathepsin proteins were determined through immunoblotting analysis of organelles obtained
from the lysosomal separation density gradient that was established in Figure 1B. Both mature and
pro-CTSB were found in all five fractions with mature CTSB having the highest expression in F1
(corresponding to the lysosomal fraction) (Figure 3B). Pro-CTSL was also found in all fraction but
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mature CTSL was particularly enriched in F1. Lastly, only mature CTSD was identified in the gradient
and it was enriched in F3 and F4 which corresponded to the early and late endosome fractions. While
the lysosome is thought to be the terminal storage site for acid hydrolase, certain cathepsins such as
CTSD was shown to accumulate in the endosome which correlate with the finding [49]. Moreover,
mature CTSD found in the endosome are known to mediate proteolytic activities, indicating that they
are not just transiently transported across the endosome compartment [50].

Next, to investigate the localization of the cathepsin proteins within the EVs, proteinase K
protection assay was conducted on intact mHypoA 2/28 derived EVs (Figure 3C). The EVs membrane
protects EVs luminal proteins against proteinase K digestion and this protection is lost when the
membrane is solubilized by detergent prior to enzyme digestion. Membranous EVs proteins are
digested by proteinase K even in the absence of detergent. ALIX was used as the control for EVs lumen
protein while CD9 as the control for EVs membrane protein. The digestion profile confirmed that both
CTSB and CTSD are EVs luminal proteins as they had similar expression profile as ALIX.

On the other hand, only pro-CTSL was identified in the EVs and similar to the CD9 protein,
pro-CTSL was sensitive to proteinase K digestion even in the absence of Triton X-100, indicating that
it is an EVs membrane protein. The assortment of M6PR dependent and independent mechanism
for sorting cathepsins into the endosomal compartment may explain the differential localization of
CTSB, CTSD and pro-CTSL in the EVs. The type 1 transmembrane protein SEZ6L2 was identified as
a M6PR-independent receptor that facilitated CTSD transportation to the endosome [51]. Another
mechanism involving the LDL receptor and LDL receptor-related protein 1 (Lrp1) was established in
the transportation of non-phosphorylated CTSB and CTSD to the lysosome in a secretion-recapture
manner [52]. On the other hand, pro-CTSL was found to co-localize with CD63 in MVBs and could
self-aggregate at the membrane of dense vesicle for secretion [53,54]. Taken together, the preferential
enrichment of CTSD in the EVs as well as their enrichment in the endosome indicated a differential
role of CTSD from CTSB and CTSL in EVs biogenesis.

3.4. Chemical Inhibition of Cathepsin D Promote EVs Secretion and Alter EVs Content

Small molecule inhibitors against cathepsin proteolytic activities have been widely used to
understand their various functions in physiological and pathological settings [55]. Here, three different
inhibitors were utilized to study the role of CTSB, CTSD and CTSL in EVs biogenesis. The inhibition
study was conducted by treating mHypoA 2/28 with media containing 10 µM of CA-074 Me, 10 µM of
CTSL-i or 20 µM of Pep-A for 24 h and thereafter both cell lysate and conditioned media were collected
for further analysis.

RAB GTPases regulate both ESCRT-dependent and ESCRT-independent EVs biogenesis and
secretion [56]. RAB7 is involved in late endocytic vesicle trafficking [57] and vesicle secretion in a
ESCRT-dependent [12] or independent manner [58]. While RAB11 regulates the movement of vesicles
from recycling endosomes to the plasma membrane for exocytosis [59], RAB27a and RAB27b are
involved in ESCRT-dependent EVs secretion [60]. Finally, Rab35 is involved in fast endosome recycling
pathway [61] as well as tethering late endosome to the plasma membrane in an ESCRT-independent
manner [14]. Therefore, gene expression analysis on these five Rab GTPases were conducted to
understand whether cathepsin inhibition affects EVs secretion in mHypoA 2/28 cells. RT-qPCR analysis
of cathepsin-inhibited mHypoA 2/28 cells revealed that CTSB inhibition increased the expression
of RAB7 and RAB27b; CTSL inhibition resulted in increased RAB7 expression; and CTSD inhibition
resulted in an increase of RAB7, RAB27b and RAB35 expression (Figure 4A). These results suggested
two things: (1) The increased in Rab GTPases expression upon cathepsin inhibition indicated increased
EVs secretion. (2) Each cathepsin may regulate different subpopulation of vesicles for secretion.
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Figure 4. Chemical inhibition of cathepsin D modulate the EVs content. (A) Gene expression analysis of
RAB GTPases after chemical inhibition of cathepsin proteolytic activities. mHypoA 2/28 cells were incubated
in media containing 10 µM of CTSB inhibitor (CA-074 Me), 20 µM of CTSD inhibitor (pepstatin A (Pep-A))
or 10 µM CTSL inhibitor II (CTSL-i) for 24 h and collected for gene expression analysis of RAB proteins.
β-actin was used as the reference gene and fold change was calculated using the ∆∆CT method. Error bars
indicate S.E.M of three biological replicates (Student T-test, * p < 0.05; ** p < 0.01). (B) Box plots showing
EVs concentration from control, CA-074 Me, CTSL-i and Pep-A treated mHypoA 2/28 cells as measured
through nanoparticle tracking analysis (NTA). EVs were quantified by particle count that was normalized
against total cell count for each condition. Red dot represents the mean particle count for each treatment.
Error bars indicate S.E.M of three biological replicates (One-way ANOVA, ** p < 0.01). (C) Comparison of
the size distribution of EVs from the various treatment, Bin size is 50 nm. Number of particles in each bin
size is normalized against total cell count. Error bars indicate S.E.M of three biological replicates (Two-way
ANOVA, * p < 0.05, ** p < 0.01). (D) Western blot analysis of known EVs marker ALIX, CD63, CD81 and
syntenin-1 following 24 h of chemical inhibition against CTSB, CTSD, and CTSL in mHypoA2/28 cells. (CL:
Cell lysate; EVs: Extracellular Vesicles; Red arrow indicate the band of interest.).

Subsequently, nanoparticle tracking analysis (NTA) was utilized to determine whether the
increased in Rab GTPases expression resulted in an actual increase in EVs secretion. A box and whisker
plot were constructed and NTA measurement revealed that CTSL-i and Pep-A treatment on mHypoA
2/28 cells significantly increased EVs secretion (Figure 4B).

The EVs particle count per non-treated mHypoA 2/28 cell had a mean value of 1657 and the lower
quantile (Q1), median (Q2) and upper quantile (Q3) were 1012, 1326 and 2801 respectively, while the
EVs particle count from CTSB-inhibited mHypoA 2/28 had similar value with a mean of 1352 and
the Q1, Q2 and Q3 were 1096, 1363 and 1572. The EVs particle count was higher in the two other
conditions and the mean, Q1, Q2 and Q3 value were 2890, 2060, 2402 and 3929 for the EVs derived
from CTSL-inhibited mHypoA 2/28 cells and 2714, 1687, 3023 and 3277 for the EVs derived from
CTSD-inhibited mHypoA 2/28 cells.

Further analysis was done to profile the size distribution of the EVs isolated from the
cathepsin-inhibited mHypoA 2/28 cells and the higher particle count from CTSL and CTSD inhibited
cells were attributed to the increased secretion of particles between the size of 100–150 nm (Figure 4C).
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Subsequently, Western blot analysis on known EVs markers such as ALIX, CD63, CD81 and syntenin-1
was conducted on cathepsin-inhibited mHypoA 2/28 EVs to examine if the treatment resulted in a
change in EVs subpopulation (Figure 4D). Interestingly, when treated with either CTSL-I or Pep-A,
mHypoA secreted EVs that are enriched in CD63, while inhibition of CTSB, CTSD or CTSL resulted in
a decrease of CD81 expression in EVs. CTSD inhibition also resulted in a decreased in cellular CD81
expression. The EVs and cellular expression of ALIX and syntenin-1 remained largely unchanged after
cathepsin inhibition.

4. Discussion

The exponential growth in EVs research in the last two decades highlighted their importance
in the intercellular communication. Encapsulated by a lipid bilayer, the EVs act as protective
carrier and transport a wide repertoire of biological molecules such as proteins, RNA, and lipids
across the lymphatic and circulatory system and mediate biological responses at distant site [1,62].
Previously, our lab had also established the role of EVs in hypoxia-induced cancer progression,
neurodegenerative disease and cardiovascular disease [3,26,63,64]. Despite the growing knowledge
of EVs functions, the mechanism and regulation of their biogenesis and secretion remained poorly
understood. Nonetheless, recent studies have shown the intricate link between lysosomal activities
and EVs secretion. In this study, we established a pSILAC-based quantitative proteomic methodology
for the study of EVs biogenesis. Through profiling of the newly synthesized proteome of the EVs,
lysosome and total cell lysate from mHypoA 2/28 adult hypothalamus cell line, the spatial distribution
of these newly synthesized proteins were analyzed and we demonstrated that newly synthesized
protein that preferentially sorted into the EVs is involved in EVs biogenesis and secretion. Firstly,
gene ontology analysis indicated that regulation of EVs biogenesis and secretion is an active process
that required constant synthesis of the involved proteins such as ESCRT proteins CHMP2A, TSG101,
VPS4A, VPS4B, HGS and ALIX; proteins involved in MVBs formation, syntenin-1 and syndecan; and
RAB7A that is involved in exosome secretion were actively synthesized by the mHypoA 2/28 cells.
This finding indicated that the application of pSILAC-based quantitative proteomics in the study of
EVs biogenesis was appropriate.

Next, hierarchical cluster analysis on the three sub-proteome datasets identified a group of
cathepsin proteins that were actively synthesized and sorted into the EVs of which CTSB and CTSD
was subjected to further analysis to elucidate their role in EVs biogenesis and they was compared
to CTSL, which has a higher protein synthesis ratio in the lysosome. Based on the data, CTSD may
play a greater role in EVs biogenesis when compared with CTSB and CTSL. The reason being that
CTSL is predominantly localized to the lysosome fraction, and pro-CTSL but not mature CTSL are
enriched in the EVs. Pro-CTSL possessed minimal proteolytic activity and secreted pro-CTSL are
only active in the presence of glycosaminoglycan at the extracellular matrix [65] indicating that the
pro-CTSL in the EVs are not likely to be functionally active prior to secretion. The increase in EVs
secretion and RAB7 gene expression from CTSL inhibition may be attributed to the perturbation of the
lysosome status. Recent studies have shown that the inhibition of lysosome activities with chemical
compound such as Bafilomycin A resulted in the perturbed cells relying on EVs secretion pathway
as an alternative method for cellular waste disposal [66]. As an essential protease in the lysosomal
system [67], the inhibition of CTSL likely resulted in dysregulation of lysosomal activity and hence the
increase in EVs secretion could be a coping mechanism by the cells to remove accumulated cellular
waste. On the other hand, CTSB inhibition in mHypoA 2/28 cells caused an increase in cellular RAB7
and RAB27B gene expression but this did not translate into an increase in EVs secretion. The inhibition
may have resulted in lysosomal dysregulation such as lysosome enlargement and accumulation of
lysosome in the cytosol [68,69] rather than affecting the EVs secretion rate.

Lastly, our data indicated newly synthesized CTSD may play a possible role in EVs biogenesis.
Firstly, mature CTSD are enriched in the endosome rather than the lysosome of the mHypoA 2/28 cells
and the mHypoA 2/28 EVs contained only newly synthesized CTSD while pre-existing CTSD together
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with its newly synthesized counterpart are found in the lysosome instead. This suggested that actively
synthesized CTSD are sorted into the EVs while the lysosome is the storage site for CTSD to perform
housekeeping activities as such pre-existing CTSD proteins are found in the lysosome. Next, both
pro-CTSD and mature CTSD were identified in the EVs samples and it is plausible that they may have
differential role in EV biology. The matured CTSD is likely to be involved in EV biogenesis as indicated
by our data, while the pro-CTSD may have other functional role upon vesicle uptake by the recipient
cells through endocytosis. As the engulfed EVs travelled through the endo-lysosomal system of the
recipient cell, the acidification of the endosome can result in the activation of the pro-CTSD into CTSD
in the recipient cell to exert its cellular proteolytic functions.

Subsequently, we demonstrated that, chemical inhibition of CTSD activity increased the cellular
gene expression of RAB7, RAB27b and RAB35. These RAB GTPases are involved in the trafficking of
mature MVBs, which typically contain CD63, to the plasma membrane for EVs secretion [12,14,58,60].
In addition, enhanced secretion of CD63 and Rab35-containing EVs were associated with neurological
disorder such as Down syndrome which was suggested as a mean for the cells to alleviate endosomal
pathology through EVs secretion [70]. We also found that the increased RAB GTPases gene expression
in our dataset coincide with enhanced secretion of EVs between the size of 100–150 nm upon
CTSD inhibition. This observation in turn could be contributed by the presence of CD63-containing
EVs as CTSD inhibition also altered the EVs composition by releasing more endosomal-associated
CD63-containing EVs but reducing plasma membrane-associated CD81-containing EVs secretion
as indicated by western blot analysis. Taken together, this would suggest that CTSD play a role in
modulating the type of EVs to be secreted out into the extracellular milieu. Future study on the protein
cargoes in the respective EVs subtypes would facilitate the understanding of the biological role of CTSD
in EVs biology and cellular homeostasis. On the other hand, CTSB and CTSL inhibition were found to
also affect the EVs expression of CD63 and CD81. This observation maybe due to the secondary effect
mediated by the absence of CTSB and CTSL activities as both CTSB and CTSL were demonstrated to
be involved in CTSD processing [71]. Therefore, CTSB and CTSL inhibition may have impeded the
activity of CTSD.

The reduction in CD81-containing EVs from CTSD chemical inhibition suggest that CTSD may
be involved in EVs biogenesis that is localized to the plasma membrane. EVs biogenesis along the
plasma membrane is dependent on a lipid-based mechanism [19]. Several proteins that are involved in
sphingolipid metabolism were also found in our EVs proteome dataset and this included prosaposin
(PSAP), acid ceramidase (ASAH1) and acid sphingomyelinase (SMPD1) (Table S1). PSAP is a precursor
to the sphingolipid activator proteins (saposins) that are involved in the hydrolysis of sphingolipid [72]
and it binds and forms complexes with Pro-CTSD in the endoplasmic reticulum [73]. Under acidic
condition, PSAP catalyzed the activation of pro-CTSD to CTSD and the activated CTSD in turn
processed PSAP into saposin, with saposin D being the dominant form [74]. Saposin D acts as a cofactor
in acid ceramidase (ASAH1)-mediated degradation of ceramide into sphingosine [75] and also in acid
sphingomyelinase(SMPD1)-mediated hydrolysis of sphingomyelin into ceramide [76]. Furthermore,
SMPD1-derived ceramide is an intracellular binding partner of CTSD and enhances the proteolytic
activity of CTSD [77]. Therefore, it is plausible that the association of CTSD with PSAP, ASAH1 and
SMPD1 could regulate sphingolipid metabolism related to EVs biogenesis.

Given that neurons are terminally differentiated, they are particularly sensitive to stress from
lysosome dysregulation and cellular waste accumulation. This is evident in neurological disease
such as Alzheimer’s and Parkinson disease. Future studies should seek to understand the functions
of CTSD in sphingolipid metabolism during EVs biogenesis in both physiological and pathology
settings as this would help to delineate CTSD-mediated EVs functions toward cellular homeostasis and
lysosomal status. On the other hand, the mHypoA 2/28 cell originated from the pro-opiomelanocortin
(POMC) neuron that is a gateway between the nervous system and the endocrine system, therefore
mHypoA 2/28-derived EVs may have a prospective role in regulating energy homeostasis and stress.
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It would also be valuable to study the functional role of CTSD-regulated EVs secretion pertaining to
hypothalamic stress due to over-nutrition, energy homeostasis regulation and stress response.
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associated with sphingolipid metabolism.

Author Contributions: Conceptualization, S.K.S.; Formal analysis, C.F.T.; Funding acquisition, S.K.S.;
Investigation, C.F.T., H.S.T., J.E.P., B.D. and S.W.T.; Methodology, C.F.T., H.S.T., J.E.P., B.D., S.W.T. and S.K.S.;
Project administration, S.K.S.; Resources, M.K.-S.L. and W.W.; Supervision, S.K.S.; Writing—Original draft, C.F.T.;
Writing—Review & editing, S.K.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work is in part supported by grants from the Singapore Ministry of Education (MOE2018-T1-001-078
and MOE2016-T2-2-018) and the National Medical Research Council of Singapore (NMRC-OF-IRG-0003-2016).

Acknowledgments: We would like to acknowledge and thank Andrew Wong for his help with the transmission
electron microscopy imaging and the usage of the microscopy facilities at the NTU Institute of Structural
Biology, Singapore.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013,
200, 373–383. [CrossRef] [PubMed]

2. Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, J.J.; Lotvall, J.O. Exosome-mediated transfer of
mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007,
9, 654–659. [CrossRef] [PubMed]

3. Park, J.E.; Tan, H.S.; Datta, A.; Lai, R.C.; Zhang, H.; Meng, W.; Lim, S.K.; Sze, S.K. Hypoxic Tumor Cell
Modulates Its Microenvironment to Enhance Angiogenic and Metastatic Potential by Secretion of Proteins
and Exosomes. Mol. Cell. Proteomics 2010, 9, 1085–1099. [CrossRef] [PubMed]

4. Raposo, G.; Nijman, H.W.; Stoorvogel, W.; Liejendekker, R.; Harding, C.V.; Melief, C.J.; Geuze, H.J. B
lymphocytes secrete antigen-presenting vesicles. J. Exp. Med. 1996, 183, 1161–1172. [CrossRef] [PubMed]

5. Eitan, E.; Suire, C.; Zhang, S.; Mattson, M.P. Impact of lysosome status on extracellular vesicle content and
release. Ageing Res. Rev. 2016, 32, 65–74. [CrossRef]

6. Miranda, A.M.; Lasiecka, Z.M.; Xu, Y.; Neufeld, J.; Shahriar, S.; Simoes, S.; Chan, R.B.; Oliveira, T.G.;
Small, S.A.; Di Paolo, G. Neuronal lysosomal dysfunction releases exosomes harboring APP C-terminal
fragments and unique lipid signatures. Nat. Commun. 2018, 9, 291. [CrossRef]

7. Palmulli, R.; van Niel, G. To be or not to be... Secreted as exosomes, a balance finely tuned by the mechanisms
of biogenesis. Essays Biochem. 2018, 62, 177–191. [CrossRef]

8. Raiborg, C.; Stenmark, H. The ESCRT machinery in endosomal sorting of ubiquitylated membrane proteins.
Nature 2009, 458, 445–452. [CrossRef]

9. Colombo, M.; Moita, C.; van Niel, G.; Kowal, J.; Vigneron, J.; Benaroch, P.; Manel, N.; Moita, L.F.; Thery, C.;
Raposo, G. Analysis of ESCRT functions in exosome biogenesis, composition and secretion highlights the
heterogeneity of extracellular vesicles. J. Cell Sci. 2013, 126, 5553–5565. [CrossRef]

10. Buschow, S.I.; Nolte-’t Hoen, E.N.M.; Van Niel, G.; Pols, M.S.; Ten Broeke, T.; Lauwen, M.; Ossendorp, F.;
Melief, C.J.M.; Raposo, G.; Wubbolts, R.; et al. MHC II in Dendritic Cells is Targeted to Lysosomes or T
Cell-Induced Exosomes Via Distinct Multivesicular Body Pathways. Traffic 2009, 10, 1528–1542. [CrossRef]

11. Baietti, M.F.; Zhang, Z.; Mortier, E.; Melchior, A.; Degeest, G.; Geeraerts, A.; Ivarsson, Y.; Depoortere, F.; Coomans, C.;
Vermeiren, E.; et al. Syndecan-syntenin-ALIX regulates the biogenesis of exosomes. Nat. Cell. Biol. 2012, 14,
677–685. [CrossRef] [PubMed]

12. Roucourt, B.; Meeussen, S.; Bao, J.; Zimmermann, P.; David, G. Heparanase activates the
syndecan-syntenin-ALIX exosome pathway. Cell Res. 2015, 25, 412. [CrossRef] [PubMed]

13. Stuffers, S.; Sem Wegner, C.; Stenmark, H.; Brech, A. Multivesicular endosome biogenesis in the absence of
ESCRTs. Traffic 2009, 10, 925–937. [CrossRef] [PubMed]

http://www.mdpi.com/2073-4409/9/5/1320/s1
http://dx.doi.org/10.1083/jcb.201211138
http://www.ncbi.nlm.nih.gov/pubmed/23420871
http://dx.doi.org/10.1038/ncb1596
http://www.ncbi.nlm.nih.gov/pubmed/17486113
http://dx.doi.org/10.1074/mcp.M900381-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/20124223
http://dx.doi.org/10.1084/jem.183.3.1161
http://www.ncbi.nlm.nih.gov/pubmed/8642258
http://dx.doi.org/10.1016/j.arr.2016.05.001
http://dx.doi.org/10.1038/s41467-017-02533-w
http://dx.doi.org/10.1042/EBC20170076
http://dx.doi.org/10.1038/nature07961
http://dx.doi.org/10.1242/jcs.128868
http://dx.doi.org/10.1111/j.1600-0854.2009.00963.x
http://dx.doi.org/10.1038/ncb2502
http://www.ncbi.nlm.nih.gov/pubmed/22660413
http://dx.doi.org/10.1038/cr.2015.29
http://www.ncbi.nlm.nih.gov/pubmed/25732677
http://dx.doi.org/10.1111/j.1600-0854.2009.00920.x
http://www.ncbi.nlm.nih.gov/pubmed/19490536


Cells 2020, 9, 1320 20 of 22

14. Trajkovic, K.; Hsu, C.; Chiantia, S.; Rajendran, L.; Wenzel, D.; Wieland, F.; Schwille, P.; Brugger, B.; Simons, M.
Ceramide triggers budding of exosome vesicles into multivesicular endosomes. Science 2008, 319, 1244–1247.
[CrossRef]

15. Chairoungdua, A.; Smith, D.L.; Pochard, P.; Hull, M.; Caplan, M.J. Exosome release of beta-catenin: A novel
mechanism that antagonizes Wnt signaling. J. Cell Biol. 2010, 190, 1079–1091. [CrossRef]

16. Tricarico, C.; Clancy, J.; D’Souza-Schorey, C. Biology and biogenesis of shed microvesicles. Small GTPases
2016, 8, 220–232. [CrossRef]

17. Muralidharan-Chari, V.; Clancy, J.; Plou, C.; Romao, M.; Chavrier, P.; Raposo, G.; D’Souza-Schorey, C.
ARF6-regulated shedding of tumor cell-derived plasma membrane microvesicles. Curr. Biol. 2009,
19, 1875–1885. [CrossRef]

18. Wang, T.; Gilkes, D.M.; Takano, N.; Xiang, L.; Luo, W.; Bishop, C.J.; Chaturvedi, P.; Green, J.J.; Semenza, G.L.
Hypoxia-inducible factors and RAB22A mediate formation of microvesicles that stimulate breast cancer
invasion and metastasis. Proc. Natl. Acad. Sci. USA 2014, 111, E3234–E3242. [CrossRef]

19. Bianco, F.; Perrotta, C.; Novellino, L.; Francolini, M.; Riganti, L.; Menna, E.; Saglietti, L.; Schuchman, E.H.;
Furlan, R.; Clementi, E.; et al. Acid sphingomyelinase activity triggers microparticle release from glial cells.
EMBO J. 2009, 28, 1043–1054. [CrossRef]

20. Nabhan, J.F.; Hu, R.; Oh, R.S.; Cohen, S.N.; Lu, Q. Formation and release of arrestin domain-containing
protein 1-mediated microvesicles (ARMMs) at plasma membrane by recruitment of TSG101 protein. Proc.
Natl. Acad. Sci. USA 2012, 109, 4146–4151. [CrossRef]

21. Li, M.; Ramratnam, B. Proteomic Characterization of Exosomes from HIV-1-Infected Cells. Methods Mol. Biol.
2016, 1354, 311–326. [CrossRef] [PubMed]

22. Whitham, M.; Parker, B.L.; Friedrichsen, M.; Hingst, J.R.; Hjorth, M.; Hughes, W.E.; Egan, C.L.; Cron, L.;
Watt, K.I.; Kuchel, R.P.; et al. Extracellular Vesicles Provide a Means for Tissue Crosstalk during Exercise.
Cell. Metab. 2018, 27, 237–251. [CrossRef] [PubMed]

23. Palmisano, G.; Jensen, S.S.; Le Bihan, M.C.; Laine, J.; McGuire, J.N.; Pociot, F.; Larsen, M.R. Characterization
of membrane-shed microvesicles from cytokine-stimulated beta-cells using proteomics strategies. Mol. Cell.
Proteomics 2012, 11, 230–243. [CrossRef] [PubMed]

24. Schwanhausser, B.; Gossen, M.; Dittmar, G.; Selbach, M. Global analysis of cellular protein translation by
pulsed SILAC. Proteomics 2009, 9, 205–209. [CrossRef]

25. Young, L.; Sung, J.; Stacey, G.; Masters, J.R. Detection of Mycoplasma in cell cultures. Nat. Protocol. 2010,
5, 929–934. [CrossRef]

26. Park, J.E.; Dutta, B.; Tse, S.W.; Gupta, N.; Tan, C.F.; Low, J.K.; Yeoh, K.W.; Kon, O.L.; Tam, J.P.; Sze, S.K.
Hypoxia-induced tumor exosomes promote M2-like macrophage polarization of infiltrating myeloid cells
and microRNA-mediated metabolic shift. Oncogene 2019, 38, 5158–5173. [CrossRef]

27. Kall, L.; Canterbury, J.D.; Weston, J.; Noble, W.S.; MacCoss, M.J. Semi-supervised learning for peptide
identification from shotgun proteomics datasets. Nat. Methods 2007, 4, 923–925. [CrossRef]

28. Huang da, W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using
DAVID bioinformatics resources. Nat. Protoc. 2009, 4, 44–57. [CrossRef]

29. Wickham, H. ggplot2: Elegant Graphics for Data Analysis, 2 ed.; Springer: Cham, Switzerland, 2016.
30. Willms, E.; Johansson, H.J.; Mäger, I.; Lee, Y.; Blomberg, K.E.M.; Sadik, M.; Alaarg, A.; Smith, C.I.E.; Lehtiö, J.;

El Andaloussi, S.; et al. Cells release subpopulations of exosomes with distinct molecular and biological
properties. Sci. Rep. 2016, 6, 22519. [CrossRef]

31. Kowal, J.; Arras, G.; Colombo, M.; Jouve, M.; Morath, J.P.; Primdal-Bengtson, B.; Dingli, F.; Loew, D.;
Tkach, M.; Théry, C. Proteomic comparison defines novel markers to characterize heterogeneous populations
of extracellular vesicle subtypes. Proc. Natl. Acad. Sci. USA 2016, 113, E968–E977. [CrossRef]

32. Keerthikumar, S.; Chisanga, D.; Ariyaratne, D.; Al Saffar, H.; Anand, S.; Zhao, K.; Samuel, M.; Pathan, M.;
Jois, M.; Chilamkurti, N.; et al. ExoCarta: A Web-Based Compendium of Exosomal Cargo. J. Biol. 2016,
428, 688–692. [CrossRef] [PubMed]

33. Kalra, H.; Simpson, R.J.; Ji, H.; Aikawa, E.; Altevogt, P.; Askenase, P.; Bond, V.C.; Borras, F.E.; Breakefield, X.;
Budnik, V.; et al. Vesiclepedia: A compendium for extracellular vesicles with continuous community
annotation. PLoS Biol. 2012, 10, e1001450. [CrossRef] [PubMed]

34. Metcalf, D.; Isaacs, A.M. The role of ESCRT proteins in fusion events involving lysosomes, endosomes and
autophagosomes. Biochem. Soc. Trans. 2010, 38, 1469–1473. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1153124
http://dx.doi.org/10.1083/jcb.201002049
http://dx.doi.org/10.1080/21541248.2016.1215283
http://dx.doi.org/10.1016/j.cub.2009.09.059
http://dx.doi.org/10.1073/pnas.1410041111
http://dx.doi.org/10.1038/emboj.2009.45
http://dx.doi.org/10.1073/pnas.1200448109
http://dx.doi.org/10.1007/978-1-4939-3046-3_21
http://www.ncbi.nlm.nih.gov/pubmed/26714721
http://dx.doi.org/10.1016/j.cmet.2017.12.001
http://www.ncbi.nlm.nih.gov/pubmed/29320704
http://dx.doi.org/10.1074/mcp.M111.012732
http://www.ncbi.nlm.nih.gov/pubmed/22345510
http://dx.doi.org/10.1002/pmic.200800275
http://dx.doi.org/10.1038/nprot.2010.43
http://dx.doi.org/10.1038/s41388-019-0782-x
http://dx.doi.org/10.1038/nmeth1113
http://dx.doi.org/10.1038/nprot.2008.211
http://dx.doi.org/10.1038/srep22519
http://dx.doi.org/10.1073/pnas.1521230113
http://dx.doi.org/10.1016/j.jmb.2015.09.019
http://www.ncbi.nlm.nih.gov/pubmed/26434508
http://dx.doi.org/10.1371/journal.pbio.1001450
http://www.ncbi.nlm.nih.gov/pubmed/23271954
http://dx.doi.org/10.1042/BST0381469
http://www.ncbi.nlm.nih.gov/pubmed/21118109


Cells 2020, 9, 1320 21 of 22

35. Jae, N.; McEwan, D.G.; Manavski, Y.; Boon, R.A.; Dimmeler, S. Rab7a and Rab27b control secretion of
endothelial microRNA through extracellular vesicles. FEBS Lett. 2015, 589, 3182–3188. [CrossRef]

36. Katoh, K.; Shibata, H.; Suzuki, H.; Nara, A.; Ishidoh, K.; Kominami, E.; Yoshimori, T.; Maki, M.
The ALG-2-interacting protein Alix associates with CHMP4b, a human homologue of yeast Snf7 that
is involved in multivesicular body sorting. J. Biol. Chem. 2003, 278, 39104–39113. [CrossRef]

37. Martin-Serrano, J.; Yarovoy, A.; Perez-Caballero, D.; Bieniasz, P.D. Divergent retroviral late-budding
domains recruit vacuolar protein sorting factors by using alternative adaptor proteins. PNAS USA 2003,
100, 12414–12419. [CrossRef]

38. Christ, L.; Raiborg, C.; Wenzel, E.M.; Campsteijn, C.; Stenmark, H. Cellular Functions and Molecular
Mechanisms of the ESCRT Membrane-Scission Machinery. Trends Biochem. Sci. 2017, 42, 42–56. [CrossRef]

39. van Niel, G.; Charrin, S.; Simoes, S.; Romao, M.; Rochin, L.; Saftig, P.; Marks, M.S.; Rubinstein, E.;
Raposo, G. The tetraspanin CD63 regulates ESCRT-independent and -dependent endosomal sorting during
melanogenesis. Develop. Cell 2011, 21, 708–721. [CrossRef]

40. Andreu, Z.; Yáñez-Mó, M. Tetraspanins in extracellular vesicle formation and function. Front. Immunol.
2014, 5, 442. [CrossRef]

41. Perez-Hernandez, D.; Gutierrez-Vazquez, C.; Jorge, I.; Lopez-Martin, S.; Ursa, A.; Sanchez-Madrid, F.;
Vazquez, J.; Yanez-Mo, M. The intracellular interactome of tetraspanin-enriched microdomains reveals their
function as sorting machineries toward exosomes. J. Biol. Chem. 2013, 288, 11649–11661. [CrossRef]

42. Gould, S.; Fordjour, F.K.; Daaboul, G. A shared pathway of exosome biogenesis operates at plasma and
endosome membranes. bioRxiv 2019. [CrossRef]

43. Gu, Z.; Eils, R.; Schlesner, M. Complex heatmaps reveal patterns and correlations in multidimensional
genomic data. Bioinformatics 2016, 32, 2847–2849. [CrossRef] [PubMed]

44. Brix, K. Lysosomal Proteases. In Lysosomes; Saftig, P., Ed.; Springer US: Boston, MA, USA, 2005; pp. 50–59. [CrossRef]
45. Sanman, L.E.; Bogyo, M. Activity-based profiling of proteases. Annu. Rev. Biochem. 2014, 83, 249–273. [CrossRef]

[PubMed]
46. Sun, Y.; Huo, C.; Qiao, Z.; Shang, Z.; Uzzaman, A.; Liu, S.; Jiang, X.; Fan, L.Y.; Ji, L.; Guan, X.; et al.

Comparative Proteomic Analysis of Exosomes and Microvesicles in Human Saliva for Lung Cancer. J.
Proteome. Res. 2018, 17, 1101–1107. [CrossRef]

47. Downs, C.A.; Dang, V.D.; Johnson, N.M.; Denslow, N.D.; Alli, A.A. Hydrogen Peroxide Stimulates Exosomal
Cathepsin B Regulation of the Receptor for Advanced Glycation End-Products (RAGE). J. Cell Biochem. 2018,
119, 599–606. [CrossRef]

48. Urbanelli, L.; Magini, A.; Buratta, S.; Brozzi, A.; Sagini, K.; Polchi, A.; Tancini, B.; Emiliani, C. Signaling
pathways in exosomes biogenesis, secretion and fate. Genes 2013, 4, 152–170. [CrossRef]

49. Araki, N.; Yokota, S.; Takashima, Y.; Ogawa, K. The distribution of cathepsin D in two types of lysosomal or
endosomal profiles of rat hepatocytes as revealed by combined immunocytochemistry and acid phosphatase
enzyme cytochemistry. Exp. Cell Res. 1995, 217, 469–476. [CrossRef]

50. Pillay, C.S.; Elliott, E.; Dennison, C. Endolysosomal proteolysis and its regulation. Biochem. J. 2002,
363, 417–429. [CrossRef]

51. Boonen, M.; Staudt, C.; Gilis, F.; Oorschot, V.; Klumperman, J.; Jadot, M. Cathepsin D and its newly identified
transport receptor SEZ6L2 can modulate neurite outgrowth. J. Cell Sci. 2016, 129, 557–568. [CrossRef]

52. Markmann, S.; Thelen, M.; Cornils, K.; Schweizer, M.; Brocke-Ahmadinejad, N.; Willnow, T.; Heeren, J.;
Gieselmann, V.; Braulke, T.; Kollmann, K. Lrp1/LDL Receptor Play Critical Roles in Mannose
6-Phosphate-Independent Lysosomal Enzyme Targeting. Traffic 2015, 16, 743–759. [CrossRef]

53. Ahn, K.; Yeyeodu, S.; Collette, J.; Madden, V.; Arthur, J.; Li, L.; Erickson, A.H. An alternate targeting pathway
for procathepsin L in mouse fibroblasts. Traffic 2002, 3, 147–159. [CrossRef] [PubMed]

54. Yeyeodu, S.; Ahn, K.; Madden, V.; Chapman, R.; Song, L.; Erickson, A.H. Procathepsin L self-association as a
mechanism for selective secretion. Traffic 2000, 1, 724–737. [CrossRef] [PubMed]

55. Katunuma, N. Structure-based development of specific inhibitors for individual cathepsins and their medical
applications. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2011, 87, 29–39. [CrossRef] [PubMed]

56. Blanc, L.; Vidal, M. New insights into the function of Rab GTPases in the context of exosomal secretion. Small
GTPases 2018, 9, 95–106. [CrossRef]

57. Vitelli, R.; Santillo, M.; Lattero, D.; Chiariello, M.; Bifulco, M.; Bruni, C.B.; Bucci, C. Role of the small GTPase
Rab7 in the late endocytic pathway. J. Biol. Chem. 1997, 272, 4391–4397. [CrossRef]

http://dx.doi.org/10.1016/j.febslet.2015.08.040
http://dx.doi.org/10.1074/jbc.M301604200
http://dx.doi.org/10.1073/pnas.2133846100
http://dx.doi.org/10.1016/j.tibs.2016.08.016
http://dx.doi.org/10.1016/j.devcel.2011.08.019
http://dx.doi.org/10.3389/fimmu.2014.00442
http://dx.doi.org/10.1074/jbc.M112.445304
http://dx.doi.org/10.1101/545228
http://dx.doi.org/10.1093/bioinformatics/btw313
http://www.ncbi.nlm.nih.gov/pubmed/27207943
http://dx.doi.org/10.1007/0-387-28957-7_5
http://dx.doi.org/10.1146/annurev-biochem-060713-035352
http://www.ncbi.nlm.nih.gov/pubmed/24905783
http://dx.doi.org/10.1021/acs.jproteome.7b00770
http://dx.doi.org/10.1002/jcb.26219
http://dx.doi.org/10.3390/genes4020152
http://dx.doi.org/10.1006/excr.1995.1111
http://dx.doi.org/10.1042/bj3630417
http://dx.doi.org/10.1242/jcs.179374
http://dx.doi.org/10.1111/tra.12284
http://dx.doi.org/10.1034/j.1600-0854.2002.030207.x
http://www.ncbi.nlm.nih.gov/pubmed/11929604
http://dx.doi.org/10.1034/j.1600-0854.2000.010905.x
http://www.ncbi.nlm.nih.gov/pubmed/11208160
http://dx.doi.org/10.2183/pjab.87.29
http://www.ncbi.nlm.nih.gov/pubmed/21321479
http://dx.doi.org/10.1080/21541248.2016.1264352
http://dx.doi.org/10.1074/jbc.272.7.4391


Cells 2020, 9, 1320 22 of 22

58. Greening, D.W.; Xu, R.; Gopal, S.K.; Rai, A.; Simpson, R.J. Proteomic insights into extracellular vesicle
biology—defining exosomes and shed microvesicles. Expert Rev. Proteomics 2017, 14, 69–95. [CrossRef]

59. Takahashi, S.; Kubo, K.; Waguri, S.; Yabashi, A.; Shin, H.W.; Katoh, Y.; Nakayama, K. Rab11 regulates
exocytosis of recycling vesicles at the plasma membrane. J. Cell Sci. 2012, 125, 4049–4057. [CrossRef]

60. Ostrowski, M.; Carmo, N.B.; Krumeich, S.; Fanget, I.; Raposo, G.; Savina, A.; Moita, C.F.; Schauer, K.;
Hume, A.N.; Freitas, R.P.; et al. Rab27a and Rab27b control different steps of the exosome secretion pathway.
Nat. Cell Biol. 2010, 12, 19–30. [CrossRef]

61. Sato, M.; Sato, K.; Liou, W.; Pant, S.; Harada, A.; Grant, B.D. Regulation of endocytic recycling by C. elegans
Rab35 and its regulator RME-4, a coated-pit protein. EMBO J. 2008, 27, 1183–1196. [CrossRef]

62. Colombo, M.; Raposo, G.; Thery, C. Biogenesis, secretion, and intercellular interactions of exosomes and
other extracellular vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255–289. [CrossRef]

63. Gallart-Palau, X.; Serra, A.; Hase, Y.; Tan, C.F.; Chen, C.P.; Kalaria, R.N.; Sze, S.K. Brain-derived and circulating
vesicle profiles indicate neurovascular unit dysfunction in early Alzheimer’s disease. Brain Pathol. 2019. [CrossRef]
[PubMed]

64. Cheow, E.S.; Cheng, W.C.; Lee, C.N.; de Kleijn, D.; Sorokin, V.; Sze, S.K. Plasma-derived Extracellular Vesicles
Contain Predictive Biomarkers and Potential Therapeutic Targets for Myocardial Ischemic (MI) Injury. Mol.
Cell Proteom. 2016, 15, 2628–2640. [CrossRef]

65. Ishidoh, K.; Kominami, E. Gene regulation and extracellular functions of procathepsin L. Biol. Chem. 1998,
379, 131–135. [PubMed]

66. Alvarez-Erviti, L.; Seow, Y.; Schapira, A.H.; Gardiner, C.; Sargent, I.L.; Wood, M.J.; Cooper, J.M. Lysosomal
dysfunction increases exosome-mediated alpha-synuclein release and transmission. Neurobiol. Dis. 2011,
42, 360–367. [CrossRef] [PubMed]

67. Kirschke, H.; Cathepsin, L. Handbook of Proteolytic Enzymes, 3rd ed.; Rawlings, N.D., Salvesen, G., Eds.;
Academic Press: Cambridge, MA, USA, 2013; Volume 2, pp. 1808–1817.

68. Man, S.M.; Kanneganti, T.-D. Regulation of lysosomal dynamics and autophagy by CTSB/cathepsin B.
Autophagy 2016, 12, 2504–2505. [CrossRef] [PubMed]

69. Lamore, S.D.; Wondrak, G.T. Autophagic-lysosomal dysregulation downstream of cathepsin B inactivation
in human skin fibroblasts exposed to UVA. Photochem. Photobiol. Sci. 2012, 11, 163–172. [CrossRef] [PubMed]

70. Gauthier, S.A.; Pérez-González, R.; Sharma, A.; Huang, F.-K.; Alldred, M.J.; Pawlik, M.; Kaur, G.; Ginsberg, S.D.;
Neubert, T.A.; Levy, E. Enhanced exosome secretion in Down syndrome brain—A protective mechanism to
alleviate neuronal endosomal abnormalities. Acta. Neuropathol. Commun. 2017, 5, 65. [CrossRef]

71. Laurent-Matha, V.; Derocq, D.; Prebois, C.; Katunuma, N.; Liaudet-Coopman, E. Processing of human
cathepsin D is independent of its catalytic function and auto-activation: Involvement of cathepsins L and B.
J. Biochem. 2006, 139, 363–371. [CrossRef]

72. Kishimoto, Y.; Hiraiwa, M.; O’Brien, J.S. Saposins: Structure, function, distribution, and molecular genetics.
J. Lipid Res. 1992, 33, 1255–1267.

73. Rijnboutt, S.; Aerts, H.M.; Geuze, H.J.; Tager, J.M.; Strous, G.J. Mannose 6-phosphate-independent membrane
association of cathepsin D, glucocerebrosidase, and sphingolipid-activating protein in HepG2 cells. J. Biol. Chem.
1991, 266, 4862–4868.

74. Gopalakrishnan, M.M.; Grosch, H.-W.; Locatelli-Hoops, S.; Werth, N.; Smolenová, E.; Nettersheim, M.;
Sandhoff, K.; Hasilik, A. Purified recombinant human prosaposin forms oligomers that bind procathepsin D
and affect its autoactivation. Biochem. J. 2004, 383, 507–515. [CrossRef] [PubMed]

75. Azuma, N.; O’Brien, J.S.; Moser, H.W.; Kishimoto, Y. Stimulation of acid ceramidase activity by saposin D.
Arch. Biochem. Biophys. 1994, 311, 354–357. [CrossRef] [PubMed]

76. Morimoto, S.; Martin, B.M.; Kishimoto, Y.; O’Brien, J.S. Saposin D: A sphingomyelinase activator. Biochem.
Biophys. Res. Commun. 1988, 156, 403–410. [CrossRef]

77. Heinrich, M.; Wickel, M.; Winoto-Morbach, S.; Schneider-Brachert, W.; Weber, T.; Brunner, J.; Saftig, P.;
Peters, C.; Kronke, M.; Schutze, S. Ceramide as an activator lipid of cathepsin D. Adv. Exp. Med. Biol. 2000,
477, 305–315. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/14789450.2017.1260450
http://dx.doi.org/10.1242/jcs.102913
http://dx.doi.org/10.1038/ncb2000
http://dx.doi.org/10.1038/emboj.2008.54
http://dx.doi.org/10.1146/annurev-cellbio-101512-122326
http://dx.doi.org/10.1111/bpa.12699
http://www.ncbi.nlm.nih.gov/pubmed/30629763
http://dx.doi.org/10.1074/mcp.M115.055731
http://www.ncbi.nlm.nih.gov/pubmed/9524064
http://dx.doi.org/10.1016/j.nbd.2011.01.029
http://www.ncbi.nlm.nih.gov/pubmed/21303699
http://dx.doi.org/10.1080/15548627.2016.1239679
http://www.ncbi.nlm.nih.gov/pubmed/27786577
http://dx.doi.org/10.1039/C1PP05131H
http://www.ncbi.nlm.nih.gov/pubmed/21773629
http://dx.doi.org/10.1186/s40478-017-0466-0
http://dx.doi.org/10.1093/jb/mvj037
http://dx.doi.org/10.1042/BJ20040175
http://www.ncbi.nlm.nih.gov/pubmed/15255780
http://dx.doi.org/10.1006/abbi.1994.1248
http://www.ncbi.nlm.nih.gov/pubmed/8203897
http://dx.doi.org/10.1016/S0006-291X(88)80855-6
http://dx.doi.org/10.1007/0-306-46826-3_33
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture and pSILAC Treatment 
	EVs Isolation 
	Lysosome Enrichment 
	In-solution Digestion and HPLC Fractionation 
	In Gel Digestion 
	LC-MS/MS Analysis 
	Database Search 
	Western Blot Analysis 
	Nanoparticle Tracking Analysis 
	Cathepsin Inhibition Assay 
	Proteinase K Assay 
	RNA Isolation and RT PCR 
	Transmission Electron Microscopy 

	Results 
	Mass Spectrometric Identification and Quantification of Newly Synthesized Proteins in the Sub-proteome of mHypoA 2/28 Adult Hypothalamus Cell 
	Extracellular Vesicles Biogenesis is an Active Process that Required Newly Synthesized Protein 
	Hierarchical Clustering Analysis Revealed the Preferential Localization of Newly Synthesized Cathepsin Proteins into the EVs 
	Chemical Inhibition of Cathepsin D Promote EVs Secretion and Alter EVs Content 

	Discussion 
	References

