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Effects of Inhibiting VPS4 Support a General Role for
ESCRTs in Extracellular Vesicle Biogenesis
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ABSTRACT Extracellular vesicles (EVs) are proposed to play important roles in intercellular communication. Two classes of
EVs can be distinguished based on their intracellular origin. Exosomes are generated within endosomes and released when
these fuse with the plasma membrane, whereas ectosomes bud directly from the plasma membrane. Studies of EV function
have been hindered by limited understanding of their biogenesis. Components of the endosomal sorting complex required for
transport (ESCRT) machinery play essential roles in topologically equivalent processes at both the endosome and the plasma
membrane and are consistently recovered in EVs, but whether they are generally required to produce EVs is still debated. Here,
we study the effects of inhibiting the ESCRT-associated AAAþ ATPase VPS4 on EV release from cultured cells using two
methods for EV recovery, differential centrifugation and polyethylene glycol precipitation followed by lectin affinity chromatog-
raphy. We find that inhibiting VPS4 in HEK293 cells decreases release of EV-associated proteins and miRNA as well as the
overall number of EV particles. The tetraspanins CD63 and CD9 are among the most frequently monitored EV proteins, but
they differ in their subcellular localization, with CD63 primarily in endosomes and CD9 on the plasma membrane. We find
that CD63 and CD9 are enriched in separable populations of EVs that are both sensitive to VPS4 inhibition. Serum stimulation
increases release of both types of EVs and is also reduced by inhibiting VPS4. Taken together, our data indicate that VPS4
activity is important for generating exosomes and ectosomes, thereby generally implicating the ESCRT machinery in EV
biogenesis.
INTRODUCTION
Extracellular vesicles (EVs) are released by virtually all
cells and are present at varying concentration in most or
all body fluids (1–3). Early studies described roles for
EVs in discarding membrane proteins during reticulocyte
maturation (4,5) and in eliciting immune responses (6,7).
Since then, EVs have emerged as candidates for broad roles
in intercellular communication (3,8). EVs can be classified
based on their cell of origin, e.g., prostasomes derive from
prostate cells, oncosomes from tumor cells, etc. Each cell
can also generate different types of EVs. Exosomes are
uniformly sized vesicles released when endosomal multive-
sicular bodies (MVBs) fuse with the plasma membrane. Ec-
tosomes or shedding microvesicles (also referred to simply
as microvesicles) are released directly from the plasma
membrane and can be heterogeneous in size (9,10). Typical
EV preparations are likely to contain a mixture of vesicles
(11–13), and an important question for the future is whether
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EVs that originate from different membranes have overlap-
ping or unique functions.

EV content has been extensively characterized using
contemporary -omics methodology, leading to a long list of
EV-associated proteins,RNA, and lipids (14). If EVshave spe-
cific roles in intercellular communication, mechanisms are
needed to selectively incorporate relevant cargo. Insight into
these has been slow to emerge. Among molecules overrepre-
sented in EVs are widely expressed tetraspanins, including
CD63 and CD9, that share a conserved four-transmembrane-
domain structure. Tetraspanins are well known for their role
in regulating trafficking of interacting proteins (15,16), poten-
tially in conjunction with cholesterol (17), and are candidates
for organizingEVcontent.Other proteins implicated in select-
ing EV protein cargo include ARRDC1, syntenin-1, Alix, and
Tsg101 (18,19). Proteins suggested to play a role in RNA
packaging include sumoylated heterogeneous nuclear ribonu-
clear protein A2B1 (20), annexin a2 (21), and YBX1 (22).
However, much remains to be understood about the role of
these and other factors in defining EV content.

Creating an EV requires membrane deformation to form
a vesicle and membrane fission to release it. Filamentous

mailto:phanson22@wustl.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2017.05.032&domain=pdf
http://dx.doi.org/10.1016/j.bpj.2017.05.032


Inhibiting VPS4 Impairs EV Biogenesis
polymers of endosomal sorting complex required for trans-
port III (ESCRT-III) are thought to drive membrane fission
to generate intralumenal vesicles (ILVs) in endosomes and
release viruses from the plasma membrane, acting as spiral
coils or springs to constrict and sever membranous connec-
tions (23–25). TheAAAþATPaseVPS4 remodels and disas-
sembles ESCRT-III polymers and is required for sustained
ESCRT pathway function. ESCRT-III and VPS4 have there-
fore long been considered likely participants in EV biogen-
esis, and recent models increasingly connect ESCRTs to
EVs (26,27). Despite this, specific understanding of whether
and how ESCRTs contribute to generating EVs is based on
variable and sometimes contradictory data (18,19,28–31).
Some inconsistencies may be due to difficulties in separating
EVs from contaminating membranes including dead cells.
Others, however, are likely to be specific to the ESCRT
machinery, which is modular and utilizes overlapping but
distinct subsets of proteins for different purposes (23,26).
The consistent recovery of ESCRT proteins including Alix,
Tsg101, and others in association with EVs (14) strengthens
their connection to EV biogenesis, although current thinking
about ESCRT function does not account for the presence of
ESCRT proteins in released vesicles. Importantly, there are
other protein- and lipid-based mechanisms that may operate
together with or instead of ESCRTs to generate and release
EVs (32). Further insight into how ESCRTs contribute to
EV biogenesis is clearly needed and will help to solidify
our understanding of EV biology.

In this study, we reasoned that if ESCRTs play a general
role in EV biogenesis, interfering with VPS4 activity should
have an inhibitory effect regardless of which subset of
ESCRT proteins is involved and whether the EVs in ques-
tion originate in endosomes or at the plasma membrane.
We also characterize an efficient and scalable method
for collecting EVs using polymer-based precipitation
followed by lectin affinity chromatography. Our results
demonstrate that inhibiting VPS4 impairs both exosome
and ectosome release, thereby generally implicating VPS4
and its ESCRT-III substrates in EV biogenesis.
MATERIALS AND METHODS

Antibodies, plasmids, and reagents

Antibodies used include mousemonoclonal antibodies against CD63 (Devel-

opmental Studies Hybridoma Bank: H5C6; no. 215-820, Ancell Corp.,

Bayport, MN), CD9 (no. MCA496GA, Serotec/Bio-Rad, Hercules, CA),

mCherry (no. 96752, Novus Biologicals, Littleton, CO) and rabbit polyclonal

antibodies against CHMP4A (33), calnexin (no. 2433, Cell Signaling Tech-

nologies, Danvers, MA), and syntenin-1 (no. 22399, Proteintech, Rosemont,

IL). Secondary antibodies usedwere conjugated to horseradish peroxidase for

immunoblotting (Thermo Fisher Scientific, Waltham, MA), IRdye800CW

for infrared-based cell quantitation (LiCor, Lincoln, NE), and Alexa Fluor

488 for immunofluorescence (Thermo Fisher Scientific).

pEGFP-CD63 (from Paul Roche, National Institutes of Health, Bethesda,

MD) was used to generate pmCherry-CD63 using BamHI and XhoI sites.

pmGFP-CD9 was generated by transferring CD9 from pcDNA3.1 FLAG-
CD9 (from Michael Caplan, Yale University School of Medicine) into

pmEGFP-c2 using the BamHI and XhoI sites. mCherry-GPI was from Ger-

ald Baron (Rocky Mountain Laboratories, National Institute of Allergy and

Infectious Diseases, National Institutes of Health).

HEK293TRex cells with tetracycline-inducible VPS4A(E228Q) or

VPS4B(E235Q) (33,34) were maintained in 5 mg/mL blasticidin and

100 mg/mL zeocin. PANC-1 and HT-29 cells were from ATCC (Manassas,

VA). U87 cells were from Joshua Rubin (Washington University School of

Medicine, St. Louis, MO). All cell lines were maintained in Dulbecco’s

modified Eagle’s medium supplemented with 10% tetracycline-free fetal

bovine serum and 1 mM L-glutamine. HEK293TRex cell lines additionally

expressing the indicated fluorescent proteins were generated by transfecting

with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) followed by selection

with 500 mg/mL G418.

Chemicals were from Sigma-Aldrich (St. Louis, MO) unless otherwise

noted. Fetal bovine serum was from Atlanta Biologicals (Flowery Branch,

GA). Protein concentrations were determined using a Bio-Rad protein assay

reagent with bovine serum albumin as a standard.
Assay of ESCRT polymerization

Tetracycline was added at 0.5 mg/mL to inducible HEK293TRex cells to

initiate GFP-VPS4(EQ) expression. After 2 h, media were replaced to re-

move tetracycline. At the indicated time, cells were washed with phos-

phate-buffered saline (PBS) and solubilized in lysis buffer (1% Triton

X-100, 10% sucrose, 1 mM EDTA, 10 mM Tris-Cl (pH 8.0), 1 mM

PMSF, and protease inhibitors). Lysates were centrifuged at 10,000 � g

for 15 min; pellets were resuspended in the same volume as the soluble frac-

tion and both were boiled in sample buffer for sodium dodecyl sulfate poly-

acrylamide-gel electrophoresis (SDS-PAGE).
EV collection by differential centrifugation

All EVs were collected into culture medium containing EV-depleted fetal

bovine serum prepared by overnight centrifugation at 100,000 � g. Stan-

dard protocols were adapted to concentrate EVs (35,36). Briefly, EV-con-

taining medium collected from the indicated cells was cleared of large

membranes by spinning at 1500 � g for 10 min followed by 10,000 � g

for 30 min or passage through a PVDF syringe filter (0.2 mm, low protein

binding; Millipore, Billerica, MA). EVs were pelleted from this supernatant

by centrifugation in a Ti70 rotor (Beckman Coulter, Brea, CA) at 100,000�
g for 2 h, resuspended in 1 mL PBS, and pelleted again in a TL100.3 rotor at

100,000� g for 1 h. Final EV pellets were resuspended in PBS in a volume

normalized to the total protein content of the cells from which they were

derived. For reproducible handling of 100k pellets, EVs were typically

collected over 16–24 h from at least one 15 cm dish of cells.
EV collection by PEG precipitation and
concanavalin A binding

Culture media cleared of larger membranes as above were combined with

an equal volume of 40% polyethylene glycol (PEG; 3350 average molecu-

lar weight) in PBS. After 1 h on ice, precipitated material was pelleted by

spinning at 17,000� g for 20 min and resuspended in ConA binding buffer

(20 mM Tris-Cl (pH 7.4), 150 mM NaCl, 2 mM MnCl2, and 2 mM CaCl2).

Samples were incubated for the indicated time with concanavalinA sephar-

ose (GE Healthcare, Chicago, IL) or amylose resin (New England Biolabs,

Ipswich, MA). Beads were washed in ConA binding buffer and either

directly boiled in SDS-PAGE sample buffer or eluted with 1 M a-D-meth-

ylmannoside in binding buffer. Volumes of all EV preparations were

normalized to the total protein content of the cells from which they were

derived. This method was scalable and used to concentrate EVs from as

little as one 35 mm dish of cells.
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Sucrose gradients

EV pellets were suspended in 2 mL of 20 mM HEPES (pH 7.4) and 2.5 M

sucrose, placed in the bottom of a 14 � 89 mm centrifuge tube, overlaid

with a 10 mL linear sucrose gradient (2–0.25 M sucrose in 20 mM HEPES

(pH 7.4)), and centrifuged in a Beckman SW41 rotor at 210,000 � g for

16 h. Fractions of 1 mL were collected, diluted with 3 mL buffer, and bound

to nitrocellulose using a vacuum-based slot blot apparatus (Midwest Scien-

tific, Valley Park, MO). After drying, nitrocellulose was subjected to immu-

noblotting for EV proteins as below. The density of each gradient fraction

(before dilution) was determined using a hand refractometer (Atago USA,

Bellevue, WA). The measured sucrose content (in Brix%) was converted to

solution density using a standard room-temperature-based conversion chart.
SDS-PAGE and immunoblotting

Samples were boiled in SDS-PAGE sample buffer (2% SDS, 60 mM Tris

(pH 6.8), 0.01% bromophenol blue, and 10% glycerol) with or without

1% b-mercaptoethanol for 5 min and spun for 2 min at 21,000 � g. For

immunoblotting CD63 and CD9, b-mercaptoethanol was omitted because

the antibodies used recognize nonreduced forms of these proteins. Samples

were separated on 10% gels followed by transfer to nitrocellulose. Mem-

branes were blocked and probed in 20 mM Tris (pH 7.5), 100 mM NaCl,

0.05% Tween20, and 5% nonfat dry milk. Blots were imaged on a Chem-

iDoc MP imaging system (Bio-Rad) and quantitated with Bio-Rad Image

Studio software. CD63 typically appeared in multiple poorly resolved

bands; boxes for quantitation were drawn to be inclusive of all.
Quantitative RT-PCR analysis of miRNA

EVs collected by differential centrifugation were suspended in PBS, and

RNA was isolated using TRIzol LS (Invitrogen, Hercules, CA). Samples

were spiked with 100 nM Caenorhabditis elegans synthetic miRNA as a

control (cel-miR-39, 50-UCACCGGGUGUAAACAGCUUG-30). cDNA

synthesis was primed with hairpin stem-loop oligonucleotides as previously

described (37) (miR-92a, 50-GCGTGGTCCCGACCACCACAGCCGCC
ACGACCACGCACAGGC-30; miR-150, 50-GCGTGGTCCCGACCACC
ACAGCCGCCACGACCACGCCACTGG-30; cel-miR-39, 50-GCGTGGT
CCCGACCACCACAGCCGCCACGACCACGCCAAGCT-30). cDNA was

amplified in an ABI Prism 7500 fast real-time polymerase chain reaction

(PCR) machine for 40 PCR cycles using SYBR green PCR master mixture

(Applied Biosystems, Foster City, CA), 100 nM template-specific (miR-

92a, 50-GTGACGATCTATTGCACTTGTCCCG-30; miR-150, 50-GTGAC
GATCTCTCCCAACCCTTGTA-30; cel-miR-39, 50-CAGTGACGATCTC
ACCGGGTGTAAATC-30), and a 100 nM universal reverse primer (50-TC
CCGACCACCACAGCC-30). Relative quantification of miRNA expression

was performed using the comparative threshold method with normalization

to cel-miR-39.
Fluorescent EV particle counts

EVs from cells expressing the indicated fluorescently tagged proteins were

collected by differential centrifugation and resuspended in PBS as above.

One microliter of an appropriately diluted sample was placed on a glass

slide, overlaid with a 12-mm-diameter poly-L-lysine coated glass coverslip,

and imaged by widefield fluorescence microscopy. Thresholded images

were subjected to particle counting using standard ImageJ plug-ins (38).
Immunofluorescence

Cells on poly-L-lysine coated no. 1.5 glass were fixed in 2% paraformalde-

hyde in PBS, permeabilized with 0.1% saponin, and blocked and stained

with antibodies diluted in PBS containing 5% goat serum and 0.01%
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saponin. Coverslips were mounted on slides in 100 mM Tris (pH 8.5),

10.5% polyvinyl alcohol, and 21% v/v glycerol.
Microscopy

Imaging was performed on an Olympus IX81 microscope equipped with a

60�/1.42 NA oil objective and a Yokogawa CSU-10 spinning-disc confocal

scanner, 488 and 561 nm lasers, and a Photometrics (Tucson, AZ) Cascade

512B camera operating with MicroManager (39). Wide-field epifluores-

cence images for EV particle counting were acquired with a Hamamatsu

(Hamamatsu City, Japan) Flash 2.8 camera.
Infrared immune labeling and quantitation

Cells plated in poly-L-lysine-coated 24-well plates at varying densities

were fixed and stained as for immunofluorescence in the absence or pres-

ence of saponin using infrared (IR)-dye-conjugated secondary antibodies.

Staining was quantitated using an Odyssey (Danbury, CT) IR imager and

Li-Cor Image Studio Software Cells labeled with only secondary antibodies

were used for background subtraction. Nonpermeabilized and permeabi-

lized samples processed in parallel were used to define the distribution of

fluorescence between surface and internal membranes (internal ¼ total –

surface).
RESULTS

CD63 and CD9 are enriched in separable
populations of EVs

The tetraspanins CD63 and CD9 are among the proteins
most commonly recovered in EVs (14). Interestingly,
these two proteins do not share the same overall subcellular
distribution: CD63 is enriched on ILVs within MVBs,
whereas CD9 localizes primarily to the plasma membrane
(11,15,40). Imaging mCherry-CD63 and mGFP-CD9 in sta-
bly transfected HEK293 cells demonstrated that these pro-
teins segregate even when overexpressed (Fig. 1 A).

Based on their differential localization, we wondered
if CD63 and CD9 might be enriched in distinct EVs that
separately originate from the MVB or the plasma mem-
brane. We collected EVs using a conventional differential
centrifugation protocol, and we refer to these pelleted
EVs as ‘‘100k EVs’’ (Fig. 1 B; (35,36). Immunoblotting
whole cell lysates and 100k EVs confirmed that both
CD63 and CD9 are enriched in 100k EVs, whereas the
cell-associated endoplasmic reticulum protein calnexin
was absent (Fig. 1 C). To determine whether CD63 and
CD9 are on equivalent membranes, we resuspended 100k
EVs in 2.5 M sucrose and floated them into a sucrose density
gradient (Fig. 1 D). Immunoblotting demonstrated that
CD63-containing membranes peak at a density character-
istic of exosomes (�1.15 g/cm3) (6,13,40,41). In contrast,
CD9 was primarily found on membranes with density
1.20–1.24 g/cm3. Others have also noted differences in the
density of CD63 versus CD9-enriched extracellular mem-
branes (11,42). Together with their localization, we suggest
that these tetraspanins preferentially mark distinct extra-
cellular membranes that correspond, at least in part, to
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FIGURE 1 CD63 and CD9 are released on distinct EVs. (A) Confocal

z-stacks in orthogonal view of HEK293 cells stably expressing mGFP-

CD9 on the plasma membrane and mCherry-CD63 on intracellular vesi-

cles. Scale bars, 10 mm. (B) Flow chart of EV isolation and sucrose density

gradient flotation protocols. (C) For the indicated proteins, 8 mg of total

cellular protein and 1 mg of 100k EVs prepared from HT-29 cells were

separated by SDS-PAGE and immunoblotted. 100k EVs from HEK293

cells showed similar protein profile (not shown). (D) Distribution of tetra-

spanin proteins after flotation of 100k EVs from HEK293 cells into linear

sucrose density gradients. The x axis indicates the density of each fraction

as determined by refractometry. Fractions were immunoblotted for CD63

(black line) and CD9 (gray line) and quantitated, and the values were

plotted as the percent of total signal across all fractions. The experiment

shown is representative of four biological replicates. To see this figure in

color, go online.
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exosomes and ectosomes. Experiments described below
further explore and support this proposal.
Collecting EVs by PEG precipitation and binding
to concanavalin A

Recovering EVs by ultracentrifugation is inherently ineffi-
cient (43), and below a threshold sample size, 100k EV pel-
lets become too small for reproducible handling. As a result,
most preparations of EVs from cultured cells use large
numbers of cells and long collection periods, typically
24 h. This creates challenges for studies of factors involved
in EV release. To decrease sample requirements, we turned
to PEG precipitation (Fig. 2 A). Our protocol was adapted
from procedures used to concentrate low-titer viruses (44)
and is similar to those described by others over the past
few years to concentrate EVs (45,46). To compare PEG-
precipitated membranes with those in the 100k EV pellet,
we resuspended PEG pellets in 2.5 M sucrose and floated
them into sucrose density gradients. Similar to 100k EVs,
PEG-precipitated membranes containing CD63 peaked at
a density of �1.15 g/cm3, whereas CD9 containing mem-
branes peaked at �1.25 g/cm3 (Fig. 2 B).

One difficulty with PEG and similar precipitants is that
they are nonselective, concentrating EVs along with other
material present in serum-containing media. This material
frequently interfered with immunoblotting, particularly
when the amount of EV-associated protein was low. We
therefore added an enrichment step, taking advantage of
the fact that EV surface glycoproteins readily bind to lectins
(47,48). We found that concanavalin A (ConA) sepharose
did not efficiently bind the major serum-derived proteins
present in PEG precipitates (Fig. 2 C) but did recruit
CD63 and CD9 (Fig. 2 D), which could be eluted with
SDS-sample buffer or methyl-a-D-mannopyranoside, a
high-affinity ConA ligand (49). Using this PEG/ConA
enrichment protocol we were able to reliably collect EVs
from as little as 1 mL conditioned cell media for subsequent
analysis by immunoblotting.

To compare PEG/ConA EVs to those isolated by differen-
tial centrifugation, we prepared EVs from two cancer cell
lines (U87 and PANC1) that release abundant EVs (50), as
well as from the HEK293 cells used in the rest of this study.
The relative recovery and enrichment of EV-associated pro-
teins was comparable using the two protocols (Fig. 2 E).
Both methods also recovered syntenin-1, a cytoplasmic
adaptor protein that binds CD63 and is typically enriched
in exosomes (13,18) (Fig. 2 E). Interestingly, there was
more variability between cell lines in CD63 than in CD9
release. This has been previously noted (51) and suggests
greater variation among cultured cells in exosome than ec-
tosome release.
Inhibiting VPS4 function in cells

Conflicting reports concerning the role of ESCRTs in
EV biogenesis raise questions about whether ESCRTs are
generally required to create EVs or instead operate in
parallel with other, ESCRT-independent machinery (2).
A potent way to inhibit AAAþ ATPases such as VPS4 is
to express ATPase-deficient subunits that coassemble with
endogenous enzyme to create nonfunctional holoenzymes
(52). In cells, VPS4 mutants block ESCRT-III disassembly,
thereby globally interfering with ESCRT dynamics and
Biophysical Journal 113, 1342–1352, September 19, 2017 1345
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FIGURE 2 Comparison of EV collection by PEG/ConA and ultracen-

trifugation methods. (A) Flow chart of the PEG/ConA EV collection

procedure. (B) Sucrose density gradient analysis of HEK293 cell EVs

precipitated with PEG. As in Fig. 1 D, the x axis indicates the density of

each fraction as determined by refractometry. Fractions were immunoblot-

ted for CD63 (black line) and CD9 (gray line) and quantitated, and the

values were plotted as the percent of total signal across all fractions. (C)

SDS-PAGE of PEG precipitated protein binding to ConA sepharose versus

control amylose resin. Ponceau S stain shows the total protein in input,

bound, and unbound fractions. (D) PEG precipitated EVs from HEK293

cells were incubated with ConA sepharose for the indicated time, released

from beads by boiling in SDS-PAGE sample buffer, and immunoblotted for

CD63 and CD9. (E) Comparison of 100k and PEG/ConA EVs. EVs

released by the indicated cell lines over 24 h were harvested from culture

media by ultracentrifugation (100k EV) or PEG/ConA precipitation

(PEG/ConA EV). 100k EVs from 20% and PEG/ConA EVs from 10% of

the cell culture media were separated by SDS-PAGE and immunoblotted

for CD63, CD9, and syntenin. Whole-cell lysate blots were loaded with

10 mg of total protein. The images shown are from a single exposure and

were spliced to remove an irrelevant lane. Lighter exposure (not shown)

of 100k EV fractions confirmed that U87 cells released the most CD63.
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ESCRT-dependent processes (33,34,53). To date, however,
mutant VPS4 has been found to have varying effects on
EV release (18,19,28–30), possibly because of heterogene-
ities associated with transient protein expression. Experi-
ments using siRNA-mediated depletion of VSP4 and other
1346 Biophysical Journal 113, 1342–1352, September 19, 2017
ESCRT components have also come to differing conclu-
sions (31). To revisit the role of VPS4 activity in EV release,
we turned to well-characterized cell lines that inducibly and
uniformly express inhibitory Walker B mutants of VPS4
(VPS4A E228Q or VPS4B E235Q) (33,34). These cell lines
have previously been used to address and resolve contro-
versies surrounding the role of VPS4 in viral budding events
(34,54).

To set conditions for inhibiting VPS4 function while
minimizing expression of mutant enzyme over the extended
time course used to collect EVs, we monitored effects of
VPS4EQ expression on the status of endogenous ESCRT-
III proteins. CHMP4A, an essential ESCRT-III subunit,
shifted into an insoluble fraction within 2 h of tetracy-
cline-induced mutant VPS4 expression, confirming disrup-
tion of ESCRT dynamics (Fig. 3 A). As in earlier studies
of viral budding (34,54), effects of mutant VPS4A or
VPS4B were indistinguishable; individual figures therefore
indicate the particular mutant used, whereas the text desig-
nation ‘‘VPS4EQ’’ describes results seen with both inhibi-
tory mutants.
Effect of inhibiting VPS4 activity on EVs

To monitor the effect of inhibiting VPS4 on EV biogenesis,
we examined release of EV-associated proteins from cells
with or without inducing VPS4EQ expression. Immunoblots
of CD63, CD9, and syntenin showed that expressing
VPS4EQ decreased the amount of each in EVs by 50%
or more (Fig. 3, B–E). Importantly, VPS4EQ decreased
CD63 release in EVs despite the significant increase in
cellular CD63 (Fig. 3 B,Cell Lysate) caused by this mutant’s
known inhibitory effects on degradative trafficking to the
lysosome (55). The decrease in both CD63 and CD9 in
EVs suggests that ESCRTs are involved in vesicle biogen-
esis at both the MVB and the plasma membrane. Residual
release of EV-associated proteins from VPS4EQ-expressing
cells may result from incomplete pathway inhibition over
the extended EV collection period, although we cannot
exclude a minor role for VPS4 and ESCRT-independent
machinery.

To look at the effect of VPS4EQ on other potential
EV cargo, we examined two representative EV miRNAs.
We selected miR-150, which is known to be released
by HEK293 cells (56), and miR-92a, which is broadly ex-
pressed and implicated in regulating cell proliferation
(57). Both miRNAs have been identified extracellularly,
likely in EVs (58). qRT-PCR analysis of 100k EVs showed
that both are present in EVs released by HEK293 cells and
that inducing expression of VPS4EQ reduced the amount of
both recovered in EVs (Fig. 4 A).

Decreased amounts of EV-associated proteins or miRNA
typically correlate with release of fewer EVs, but could
instead reflect a change in EV composition. We therefore
counted EVs using fluorescence microscopy (59). To label
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FIGURE 3 Release of CD63 and CD9 in EVs re-

quires VPS4 activity. (A) Top: Immunoblot of

whole-cell lysate showing the GFP-VPS4BEQ

expression induced by a 2 hr pulse of tetracycline.

Middle and Bottom: Immunoblot of ESCRT-III

protein CHMP4A in soluble and insoluble frac-

tions separated by centrifugation at 17,000 � g.

Pellets were resuspended in the same volume as

supernatants, and equal volumes of each were

loaded. (B) Cell lysate from 0.05 � 106 cells and

100k EVs from 10 � 106 cells as indicated were

immunoblotted for CD63, CD9, and calnexin. (C)

Quantitation of CD63 and CD9 on immunoblots

from four independent experiments comparing

100k EVs from control uninduced or VPS4EQ-ex-

pressing HEK293 cells. The lines indicate mean.

(D) CD63, CD9, and syntenin in EVs were

collected by PEG/ConA precipitation. Each lane

represents a technical replicate prepared from

one-third of the total culture supernatant; for quan-

titation, these were averaged to represent a single

experiment. (E) Quantitation of CD63, CD9, and

syntenin on immunoblots from two (syntenin) or

three (CD63 and CD9) independent experiments

comparing PEG/ConA EVs from control unin-

duced or VPS4AEQ-expressing HEK293 cells.

The lines indicate mean.
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EVs originating from different membranes with a single
fluorescent protein, we generated a VPS4BEQ-inducible
HEK293 cell line constitutively expressing glycosylphos-
phatidylinositol (GPI)-anchored mCherry (60). In these
cells, mCherry-GPI was present both on the cell surface
and on internal organelles (Fig. 4 B). Expressing VPS4BEQ
reduced the amount of mCherry-GPI detected on EV immu-
noblots (Fig. 4, C and D). Parallel counting of fluorescent
puncta immobilized on polylysine-coated glass showed
that expressing VPS4EQ reduced the number of released
particles by�5-fold (Fig. 4 E), confirming that the observed
decreases in EV-associated cargo correspond to fewer
released EVs.
Serum triggers VPS4-dependent EV release

EV production is increasingly thought to be a physiological
response enabling intercellular communication and can be
triggered by a wide variety of stimuli (61–64). To further
explore the role of ESCRTs in EV release, we collected
EVs from serum-stimulated cells and observed a robust
increase in CD63, and especially CD9, release (Fig. 5, A
and B). Taking advantage of the efficient EV recovery
enabled by PEG/ConA enrichment, we collected EVs at
1 h intervals from serum-stimulated cells. Interestingly,
most tetraspanins were released during the first hour of
stimulation, demonstrating that the response to serum
is both rapid and transient (Fig. 5 C). Importantly, in-
hibiting VPS4 by expressing VPS4EQ before serum
stimulation decreased CD63 and CD9 in EVs by �75%
(Fig. 5, D and E).
Release of CD63, but not CD9, requires intact
microtubules

To differentiate between EVs that originate in MVBs and
those that come directly from the plasma membrane, we
took advantage of the fact that MVB exocytosis requires
transport along microtubules to the plasma membrane
(65). We asked how depolymerizing microtubules affects
CD63 and CD9 release, reasoning that perturbed MVB
trafficking would selectively affect exosomal EVs. CD63
release induced by serum stimulation in cells pretreated
with nocodazole was less than half that in untreated cells
Biophysical Journal 113, 1342–1352, September 19, 2017 1347
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FIGURE 4 VPS4-dependent release of miRNA and GPI-labeled vesicles.

(A) qRT-PCR analysis of 100k EVs from cells expressing VPS4EQ. Values

were normalized to spike-in cel-miR-39 RNA and compare mi-RNA in EVs

released by control uninduced or VPS4EQ-expressing HEK293 cells. Data

are expressed as the mean 5 SE of three independent experiments. (B)

Confocal image of VPS4EQ-inducible HEK293 cells stably expressing

mCherry-GPI. Scale bar, 10 mm. (C) Immunoblot of cell lysate and 100k

EVs from HEK293 cells expressing mCherry-GPI with or without

VPS4EQ. (D) Quantitation of mCherry-GPI in EVs from three independent

experiments, comparing mCherry-GPI release from cells with or without

induction of VPS4EQ. The line indicates mean. (E) Quantification of

mCherry-GPI particles released from cells comparing control uninduced

to VPS4BEQ-expressing HEK293 cells. Values are average particle counts

from five fields. Error bars indicate the standard deviation. Data are from

one of two biological replicates.
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FIGURE 5 Characteristics of serum-triggered EV release. (A and B)

HEK293 cells grown for 16 h without serum were incubated in fresh me-

dium without (�) or with (þ) 10% serum for 4 h. EVs harvested by

PEG/ConAwere immunoblotted for CD63 and CD9 and quantitated across

three experiments, as shown. (C) HEK293 cells grown for 16 h without

serum were incubated in fresh serum-free media for 1 h (0). This was

collected and replaced with fresh medium containing 10% serum every

hour for 4 h (1–4). EVs were harvested by PEG/ConA precipitation and im-

munoblotted for CD63 and CD9. (D) Serum-triggered EVs from control

and VPS4EQ-expressing cells were harvested by PEG/ConA and immuno-

blotted for CD63 and CD9. (E) Quantitation of three independent experi-

ments. Values show the percent of protein in PEG/ConA EVs from serum

stimulated cells expressing VPS4AEQ compared to EVs from control

serum stimulated cells not induced to express VPS4AEQ. The lines indicate

mean.
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(Fig. 6). In contrast, CD9 release was largely unchanged
(Fig. 6). This reinforces the idea that CD63- and CD9-
enriched EVs originate from different membranes that
can be independently mobilized in response to serum
stimulation.
CD63 retargeted to the plasma membrane is
released together with CD9 in EVs

Although the majority of CD63 normally resides on intra-
cellular membranes, a proportion is present on the plasma
membrane, where it colocalizes with CD9. Given that the
increase in CD9 released in response to serum stimulation
was typically greater than that of CD63 (Fig. 5, A and B),
we wondered if serum-stimulated EVs preferentially origi-
nate at the plasma membrane. To compare release of the
same protein from different subcellular locations, we asked
how redistributing CD63 from endosomes to the plasma
1348 Biophysical Journal 113, 1342–1352, September 19, 2017
membrane affects its release in EVs. CD63 contains a C-ter-
minal GYXXF motif that binds clathrin adaptor proteins
and mediates primary targeting to late endosomes and/or ly-
sosomes (16,66). Mutating this motif to GAXXF is reported
to shift much of CD63 to the plasma membrane (66), and
it did so in HEK293 cells stably expressing mCherry-
CD63 with or without this mutation (Fig. 7, A–D). Stimu-
lating cells expressing mCherry-CD63 Y236A with serum
increased CD63 release �5-fold (Fig. 7 F), similar to
endogenous CD9 (Fig. 5 B). Although limited by the fact
that we are monitoring changes in a population of vesicles
released over time, these data are consistent with the idea
that cells respond to serum stimulation by substantially
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FIGURE 7 Serum-triggered release of plasma-membrane-localizedCD63.

(A andB) Confocal imagesofHEK293 cells stably expressingmCherry-CD63

(A) or mCherry-CD63YA (Y236A) (B). Scale bars, 10 mm. (C and D) Cells

stably expressing CD63 (C) or CD63YA (D) were immunolabeled for CD63

in the absence or presence of detergent to measure surface and total protein,

respectively. Internal fluorescence was derived by subtracting surface from

A

B

FIGURE 6 Nocodazole selectively decreases CD63 release. (A) Serum-

triggered EVs released from HEK293 cells treated with either 12 mM

nocodazole or dimethylsulfoxide (DMSO) were harvested by PEG/ConA

precipitation and immunoblotted for CD63 and CD9. (B) Quantitation of

three independent experiments, with the line indicating the mean. Values

show the percent of protein in PEG/ConAEVs from nocodazole treated cells

compared to EVs from control untreated cells. The lines indicate mean.

Inhibiting VPS4 Impairs EV Biogenesis
enhancing EV release directly from the plasma membrane.
Further supporting a general role for ESCRTs in the release
of EVs from the plasma membrane, we found that express-
ing VPSAEQ also reduced mCherry-CD63 Y236A release
(Fig. 7, E and G).
total fluorescence. The values are represented as the mean 5 SD of three

independent experiments. (E) Anti-mCherry immunoblot of EVs released

from HEK293 cells stably expressing mCherry-CD63YA and treated as indi-

cated. (F) Quantitation of immunoblots from three independent experiments

showing the effect of serum stimulation on mCherry-CD63YA release. (G)

Quantitation of immunoblots from three independent experiments showing

the effect of expressing VPS4AEQ on mCherry-CD63YA release. The lines

indicate mean.
DISCUSSION

Cells release a large variety of EVs that differ in membrane
of origin, cargo composition, and triggers controlling their
release. This heterogeneity has complicated investigations
of mechanisms responsible for EV biogenesis and definitive
studies of their physiologic function. Components of the
ESCRT machinery are frequently implicated in EV biogen-
esis based on vesicle topology and a growing but sometimes
inconsistent body of experimental literature. The AAAþ
ATPase VPS4 is responsible for ESCRT-III polymer
dynamics, and connections between its activity and
ESCRT-III function in MVB formation, virus budding,
and cytokinesis are well established (26,67). Previous
studies characterizing the role of VPS4 in EV biogenesis
came to varying conclusions. Some reported no effect of
inhibiting VPS4 on release of EVs marked by CD63
(18,28) or proteolipid protein (28), whereas others found
that inhibiting VPS4 decreased production of a variety of
EVs, including T-cell ectosomes (29), ARRDC1-containing
microvesicles (19) and hedgehog-containing EVs—likely
ectosomes—released from epithelial cells in Drosophila
melanogaster wing imaginal discs (68). RNAi-based deple-
tion of VPS4 has also been associated with varying effects
on EV release (18,31,69). Our findings extend and build
on this literature, demonstrating that uniformly and rapidly
inhibiting VPS4 decreases both constitutive and serum-
stimulated release of EVs from the widely used HEK293
cultured cell line.

To assess VPS4 function in generating different types of
EVs, we studied two tetraspanins, CD63 and CD9, which
are both widely used EV markers but differ in their
steady-state subcellular localization to MVBs (CD63) and
Biophysical Journal 113, 1342–1352, September 19, 2017 1349
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the plasma membrane (CD9). Release of these proteins
on EVs of differing density (Figs. 1 and 2), differential
response to serum stimulation (Figs. 5 and 7), and differen-
tial sensitivity to microtubule disruption (Fig. 6) support our
proposal that these tetraspanins are enriched in and can
serve as useful markers of exosomes (CD63) and ectosomes
(CD9). Earlier studies showing that release of CD63, but
not CD9, depends on the exocytic GTPase Rab27a/b are
consistent with this distinction (70,71). Recently published
comprehensive analyses of size-fractionated EVs from den-
dritic cells further validate CD63 as a marker of bona fide
exosomes and the existence of CD9-only EVs (13), but
they also highlight additional levels of heterogeneity among
EVs that become apparent after extensive separation and
proteomic profiling. Whether such subclasses of EVs are
fundamentally different from each other, and from the sim-
ple classification we describe here, remains to be deter-
mined. Our finding that inhibiting VPS4 decreases release
of both CD63 and CD9 implicates ESCRT-III in biogenesis
and/or release of most, or even all, of these vesicles. Inter-
estingly, both earlier studies and trends in our data (Fig. 3)
are consistent with the possibility that inhibiting VPS4 inter-
feres with the ‘‘one step’’ event needed to release ectosomes
from the plasma membrane more acutely than with the ‘‘two
step’’ process needed to create and then release endosome-
encapsulated exosomes.

Expressing mutant VPS4 efficiently traps ESCRT-III pro-
teins in a polymerized state (Fig. 3; (33,72)), connecting
ESCRT-III dynamics to the changes in EV release seen
here. It is, however, likely that not all 12 ESCRT-III proteins
in human cells are essential for EV biogenesis, and precisely
which are involved may differ depending on where the EVs
originate. Future studies will be needed to determine which
ESCRT-III proteins are essential for creating EVs and
whether selective manipulation of those involved in EV
biogenesis is possible.

A compelling connection between the ESCRT machinery
and EVs comes from the consistent recovery of ESCRT and
ESCRT-associated proteins in vesicles from many different
cells, tissues, fluids, and organisms (14). In fact, after tetra-
spanins such as CD63 and CD9, Alix and Tsg101 are among
the most frequently cited markers of EVs. Based on studies
in other pathways, these are likely to act in recruiting and
activating the ESCRT-III machinery (23,26). However,
why they are recovered within EVs remains unclear. Given
the accessibility of EVs to quantitative analyses, further
study of EV ESCRT content should provide needed insight
into the relationship between ESCRTs and the vesicles they
create.

An important aspect of this study was the use of a facile
‘‘PEG/ConA’’ method for concentrating EVs in a form
amenable to immunoblot analysis. Comparison to tradi-
tional differential centrifugation showed that both methods
recover comparable EVs, albeit with somewhat differing ef-
ficiency (Fig. 2). The PEG/ConA protocol described here
1350 Biophysical Journal 113, 1342–1352, September 19, 2017
joins a number of recently described strategies for concen-
trating EVs without ultracentrifugation (including, among
others, (45,46,70)). Addition of a lectin affinity chromatog-
raphy step is optimally suited for concentrating low amounts
of EVs released into serum-containing media. The ability
to scale EV analysis to smaller samples should facilitate
further studies of EV biogenesis.
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60. López-Cobo, S., C. Campos-Silva, and M. Val�es-Gómez. 2016.
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