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Abstract Exosomes are vesicles released from cells by

fusion of multivesicular bodies (MVBs) with the plasma

membrane. This study aimed to investigate whether the

phosphoinositide kinase PIKfyve affects this process. Our

results show that in PC-3 cells inhibition of PIKfyve by

apilimod or depletion by siRNA increased the secretion of

the exosomal fraction. Moreover, quantitative electron

microscopy analysis showed that cells treated with apil-

imod contained more MVBs per cell and more intraluminal

vesicles per MVB. Interestingly, mass spectrometry anal-

ysis revealed a considerable enrichment of autophagy-

related proteins (NBR1, p62, LC3, WIPI2) in exosomal

fractions released by apilimod-treated cells, a result that

was confirmed by immunoblotting. When the exosome

preparations were investigated by electron microscopy a

small population of p62-labelled electron dense structures

was observed together with CD63-containing exosomes.

The p62-positive structures were found in less dense

fractions than exosomes in density gradients. Inside the

cells, p62 and CD63 were found in the same MVB-like

organelles. Finally, both the degradation of EGF and long-

lived proteins were shown to be reduced by apilimod. In

conclusion, inhibition of PIKfyve increases secretion of

exosomes and induces secretory autophagy, showing that

these pathways are closely linked. We suggest this is due to

impaired fusion of lysosomes with both MVBs and

autophagosomes, and possibly increased fusion of MVBs

with autophagosomes, and that the cells respond by

secreting the content of these organelles to maintain cel-

lular homeostasis.
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Abbreviations

CI-MPR Cation-independent mannose 6-phosphate

receptor

EM Electron microscopy

ESCRTs Endosomal sorting complexes required for

transport proteins

ILV Intraluminal vesicle

MS Mass spectrometry

MVB Multivesicular body

NTA Nanoparticle tracking analysis

PI(3)P Phosphatidylinositol-3-phosphate

PI(3,5)P2 Phosphatidylinositol-3,5-bisphosphate

PI(5)P Phosphatidylinositol-5-phosphate

TGN Trans-golgi network

Introduction

Exosomes are nanovesicles (30–150 nm in diameter)

released from cells by fusion of multivesicular bodies

(MVBs) with the plasma membrane [1–3]. Initially exo-

somes were proposed to represent waste from cells [2], and

have recently been shown to be a route to cellular disposal

Electronic supplementary material The online version of this
article (doi:10.1007/s00018-016-2309-8) contains supplementary
material, which is available to authorized users.

& Alicia Llorente

Alicia.Martinez.Llorente@rr-research.no

1 Department of Molecular Cell Biology, The Norwegian

Radium Hospital, Institute for Cancer Research, Oslo

University Hospital, 0379 Oslo, Norway

2 Centre for Cancer Biomedicine, University of Oslo, 0379

Oslo, Norway

3 Department of Biosciences, University of Oslo, 0316 Oslo,

Norway

Cell. Mol. Life Sci. (2016) 73:4717–4737

DOI 10.1007/s00018-016-2309-8 Cellular and Molecular Life Sciences

123

http://dx.doi.org/10.1007/s00018-016-2309-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-016-2309-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-016-2309-8&amp;domain=pdf


of tumor-suppressor miRNAs, hence increasing the meta-

static properties of the parental cell [4]. In addition, these

vesicles are suggested to play a role in cell-to-cell com-

munication [3, 5, 6] and have been implicated in numerous

physiological and pathological functions. Exosomes con-

tain proteins [7], lipids and other metabolites [8, 9],

mRNAs [10], small RNAs such as miRNAs [10–12] and

probably DNA fragments [13, 14], which can be delivered

to recipient cells.

Although several proteins and lipids have been reported

to regulate exosome release, the molecular mechanism is

not completely understood. Endosomes mature into late

endosomes/MVBs and during this process the limiting

membrane buds and pinches off into the lumen generating

intraluminal vesicles (ILVs). ILVs can have different fates.

They can be degraded after fusion of MVBs with lyso-

somes or escape degradation through back-fusion with the

MVB membrane [15]. In addition, ILVs can be secreted to

the cellular environment as exosomes after fusion of MVBs

with the plasma membrane. Still, it is not known how

MVBs are marked for fusion with either the plasma

membrane or with lysosomes. Some endosomal sorting

complexes required for transport (ESCRTs) proteins such

as Hrs [16], Tsg101 [17] and VPS4 [17], as well as the

ESCRT-associated protein Alix [18], have been reported to

affect exosome release, probably through an effect on

MVB biogenesis. Exosome biogenesis can also occur

through ESCRT-independent mechanisms. The tetra-

spanins CD9 [19], CD82 [19] and Tspan8 [20] have been

reported to affect exosome release, and neutral sphin-

gomyelinase 2 has been shown to regulate exosome

biogenesis in some [21], but not all cell lines [22]. Several

Rab proteins have also been shown to regulate exosome

release, probably through affecting transport of MVBs to

the plasma membrane [23–25].

It has been speculated that exosome secretion and

autophagy are coordinated processes that contribute to

maintenance of cellular homeostasis [26]. Autophagy is a

protective catabolic process that provides nutrients during

starvation and eliminates intracellular waste products, such

as damaged organelles, aggregated proteins or invading

pathogens. The cytoplasmic cargo is sequestered within

double-membrane vesicles termed autophagosomes, which

can fuse with either MVBs to form amphisomes, or directly

with lysosomes for cargo degradation [27]. Beside its role

in degradation, the autophagic machinery is also involved

in a process termed secretory autophagy [28]. Secretory

autophagy is part of unconventional secretion and releases

numerous cytoplasmic substrates from the cell [28]. Since

secretory autophagy has been observed in cells with lyso-

somal dysfunction [28], the secretion process might be an

alternative way of eliminating waste products from the cell.

This phenomenon is observed in certain neurodegenerative

diseases, which are associated with deposition of aggre-

gation-prone proteins as well as autophagy dysfunction

[29, 30].

Phosphoinositides are membrane lipids that recruit

cytosolic proteins containing specific recognition domains

to membranes. These lipids modify signal transduction,

help specifying organelle identity and regulate membrane

transport [31, 32]. Seven different phosphoinositides have

been identified, and they can be converted into each other

by phosphoinositide kinases and phosphatases [31]. Phos-

phatidylinositol-3,5-bisphosphate (PI(3,5)P2) is a low

abundance phosphoinositide mainly localized to late

endosomes/MVBs and lysosomes [33–35]. PIKfyve (Fab1

in yeast and flies) is the kinase that generates PI(3,5)P2
from PI(3)P. In addition, PIKfyve generates PI(5)P, either

directly from PI [36] or indirectly through production of

PI(3,5)P2, which subsequently can be dephosphorylated by

phosphatases [37].

PIKfyve has been implicated in several membrane

transport events, both in lower and higher eukaryotes.

Deletion of Fab1 in yeast results in swollen vacuoles [38],

and treatment with siRNA against PIKfyve or addition of

PIKfyve inhibitors leads to formation of swollen endoso-

mal/lysosomal structures in various mammalian cell lines

[39–41]. Inhibition or mutation of PIKfyve (and Fab1 in

Drosophila melanogaster) also results in accumulation of

amphisomes, probably due to impaired fusion with lyso-

somes [42, 43]. The substrate for PIKfyve, PI(3)P, is well

known to play a critical role both for initiation of autop-

hagy and autophagosome maturation [32]. Recently, also

PI(5)P was shown to be a regulator of autophagosome

biogenesis [44]. Pharmacological inhibition and knock-

down of PIKfyve using siRNA also lead to a defect in

endosome to trans-Golgi-network (TGN) retrograde traf-

ficking, shown by increased degradation of cation-

independent mannose 6-phosphate receptor (CI-MPR) as

well as delayed transport of the Shiga toxin B-chain, CD8-

CI-MPR and CD8-furin from the cell surface to the TGN

[39, 45]. Interestingly, PIKfyve is shown to negatively

regulate exocytosis of secretory granules from neuroen-

docrine cells [46]. Recently, PIKfyve inhibition with YM-

201636 and apilimod was found to enhance exocytosis of

amylase from pancreatic acinar cells [47].

Since PIKfyve has been implicated in both endosomal

morphology and various membrane trafficking events we

have investigated whether PIKfyve is involved in the

release of exosomes. Our study shows that both inhibition

and depletion of PIKfyve by apilimod or specific siRNAs,

respectively, increase release of materials recovered by

ultracentrifugation at 100,0009g (called here exosomal

fractions), from PC-3 cells. Both small extracellular vesi-

cles and other particulate materials are present in these

fractions, and we show that p62-positive protein structures
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are present in the exosomal fractions after PIKfyve inhi-

bition, indicating that secretory autophagy is induced. The

observed effects might be a consequence of impaired

fusion of lysosomes with both MVBs and autophagosomes,

and facilitated fusion between MVBs and autophagosomes,

generating amphisomes.

Materials and methods

Materials

Ham’s F-12/DMEM (1:1 mixture) with Glutamax, DMEM

with Glutamax, RPMI and EBSS were from Gibco Invitro-

gen (Invitrogen, Carlsbad, CA, USA). OptiPrep,

concanamycin A and 3-methyladenine were purchased from

Sigma-Aldrich (St. Louis, MO, USA). EDTA-free protease

inhibitor cocktail was from Roche Applied Science (Man-

nheim, Germany). Bicinchoninic acid (BCA) protein assay

kit was from Pierce (Thermo Scientific, Rockford, IL, USA)

and Cathepsin D activity assay was from Abcam (Cam-

bridge, UK).Mini-protean TGXgels andTranfer-Blot Turbo

Transfer Pack were from Bio-Rad (Hercules, CA, USA).

PVDFmembranes and 0.02 lMAnotop 25 filters were from

Millipore (Billerica, MA, USA) and Whatman (Dassel,

Germany), respectively. The antibodies used for Western

blotting were: rabbit anti-p62 (MBL, Woburn, MA, USA),

rabbit anti-LC3 (Cell Signaling), mouse anti-NBR1 (Ab-

nova), rabbit anti-caveolin-1 and mouse anti-TSG101 (both

from BD Biosciences, Heidelberg, Germany), rabbit anti-

PIKfyve (Sigma-Aldrich, St. Louis, MO, USA), rabbit anti-

Alix and mouse anti-CD29 (both from Merck Millipore,

Billerica,MA,USA). HRP-conjugated secondary antibodies

were from Jackson Immunoresearch (WestGrove, PA,USA)

and Li-Cor infrared dye secondary antibodies were from Li-

Cor Biosciences (Lincoln, NE, USA). Apilimod was pur-

chased from MedChem Express (NJ, USA).

L-[3,4,5-3H(N)]leucine and 125I-EGF were from Perk-

inElmer (Waltham, MA, USA).The mCherry-GFP-LC3

plasmid was a kind gift from Harald Stenmark.

Cell culture and treatment

The human prostate cancer epithelial cell line PC-3 was

obtained from ATCC (Manassas, VA, USA). PC-3 cells

were cultured in Ham’s F-12/DMEM (1:1 mixture) with

Glutamax supplemented with 7 % foetal calf serum (FCS),

100 units/ml penicillin and 100 units/ml streptomycin, in a

humidified 5 % CO2 atmosphere at 37 �C. Cells were

preincubated with apilimod or control (DMSO) in com-

plete medium for 2 h, washed twice, and then incubated for

18–19 h in serum-free medium with the same concentra-

tion of the compounds.

Knockdown of PIKfyve

ON-TARGET plus siRNA oligonucleotides against PIK-

fyve and ON-TARGET plus non-targeting siRNA (control)

were from Dharmacon RNAi Technologies (IL, USA). To

knock down PIKfyve, two different siRNA oligonu-

cleotides against the enzyme were used: J-005058-13

(PIKfyve-1): GGCACAAGCUAUAGCAAUU and

J-005058-14 (PIKfyve-2): GAGAUGAGUAUGCGCU-

GUA. siRNAoligonucleotides against PIKfyve (25 nM) and

non-targeting siRNA (control, 25 nM) were delivered to the

cells using Lipofectamine RNAiMAX transfection reagent

(Life Technologies), according to the manufacturer’s pro-

tocol. Two days after transfection, cells were washed twice

and incubated for 18–19 h in serum-free medium to collect

exosomes. Cells were lysed 2 or 3 days after transfection for

measurement of knockdown efficiency. Knockdown effi-

ciency after two dayswasmeasured to ensure that the level of

PIKfyve was reduced before serum-free medium was added

to the cells for exosome collection.

Isolation of exosomes

Exosomes were isolated from the conditioned media of

cells after 18–19 h incubation as previously described [48].

Briefly, the medium was centrifuged at 3009g for 10 min,

then the supernatant was centrifuged at 10009g for

10 min, and thereafter at 10,0009g for 30 min to remove

dead cells and cell debris. The supernatant was then

ultracentrifuged at 100,0009g for 70 min. The exosome

pellet was washed with PBS, and centrifuged again at

100,0009g for 70 min. The exosome pellets were resus-

pended in equal volumes of PBS or lysis buffer before

further analyses. All centrifugation steps were carried out

at 4 �C. Exosomes were isolated from cells grown on

10 cm plates, using half the amount of exosomes from one

plate for either nanoparticle tracking analysis, immunoblot

or total protein measurement (BCA assay). For proteomics,

density gradients and electron microscopy (EM) more

material was needed. Therefore, the conditioned media

from eight and four 10 cm plates were combined for den-

sity gradients and EM, respectively. The details for

proteomics are described below. We have previously

characterized the exosomes isolated by this method using

electron microscopy and Western blotting with several

exosome associated proteins [12, 49, 50].

OptiPrep density gradient separation

The continuous gradient was prepared diluting a stock

solution of OptiPrep (60 % w/v aqueous iodixanol) in

0.25 M sucrose/10 mM Tris, pH 7.5 to 30 and 5 %. To
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prepare a sedimentation gradient, the 5 % Optiprep dilution

was layered on top of the 30 % dilution and a continuous

gradient was made by use of Gradient Master (80�, 2 min,

20 rpm). Exosomes were isolated by ultracentrifugation as

described above and then layered on top of the OptiPrep

density gradient and centrifuged at 100,0009g for 18 h at

4 �C. After centrifugation, starting from the top of the tube,

12 individual 1 ml gradient fractions of increasing density

were collected and diluted with 5 ml PBS, followed by

centrifugation at 100,0009g for 70 min at 4 �C. The pel-

lets were resuspended in equal volumes of PBS or lysis

buffer and used for further analyses.

Nanoparticle tracking analysis (NTA)

The concentration and the size distribution of exosomal

fractions were measured by NTA. Exosome pellets were

resuspended in the amount of PBS (filtered through a 0.02 lM
Anotop 25 filter) needed to obtain a concentration within the

recommended range (2 9108–1 9 109 particles per ml) and

vortexed for 1 min. The samples were then loaded into a

NS500 instrument (Malvern Instruments Ltd,Worcestershire,

UK). Five videos, each of 60 s, were acquired for every

sample. Videoswere subsequently analyzedwith theNTA2.3

software, which identifies and tracks the centre of each par-

ticle under Brownian motion to measure the average distance

the particles move on a frame-by-frame basis.

SDS-PAGE and immunoblotting

Similar volumes of exosomal fractions and similar volumes

of cell lysates were mixed with loading buffer, and run on

4–20 % gradient TGX gels. The proteins were transferred

to PVDF membranes using a Tranfer-Blot Turbo Transfer

Pack. Membranes were incubated with the specified pri-

mary and secondary antibodies. Blots were visualized with

the Amersham ECL Prime Western blot detection (GE

Healthcare, Little Chalfont, UK) on the Universal Hood II

Bio-Rad scanner (Bio-Rad, Hercules, CA, USA) or the

Odyssey imaging system (Li-Cor Biosciences).

Protein synthesis

After incubation with the PIKfyve inhibitor apilimod, cells

were washed once in leucine-free Hepes medium, and

incubated for 30 min in leucine-free Hepes medium sup-

plemented with 2 lCi/ml [3H]leucine to allow

incorporation of the radioactive isotope into newly syn-

thesized proteins. The proteins were precipitated by adding

5 % trichloroacetic acid, the precipitate was washed once

in the same solution and then dissolved in 0.1 M KOH. The

radioactivity was measured using a b-counter (Packard,

Meriden, CT, USA).

Endocytosis and degradation of 125I-EGF

Cells were seeded in four-well plates and treated with

apilimod (0.5 lM) or control (DMSO) for 21 h before they

were incubated for 10 min at 37 �C with 125I-EGF

(0.75 lCi/ml) in HEPES and then washed three times with

cold PBS. For 125I-EGF degradation, cells were thereafter

incubated for 1 h at 37 �C in the presence or absence of

apilimod. Then, the media was removed, BSA (0.5 mg/ml)

and TCA (5 %) were added and centrifuged for 3 min at

60009g. Cells were lysed in 0.1 M KOH. Degradation of
125I-EGF was calculated as percentage of radioactivity in

the TCA-soluble fraction relative to the total radioactivity

in the cells, the TCA-soluble and nonsoluble fractions. For
125I-EGF endocytosis, cells were incubated for 6 min on

ice with low pH buffer (0.5 M NaCl and 0.2 M CH3-

COOH, pH 2.5). Then, the buffer was transferred and

counted, the cells washed once with the same low pH

buffer (which was thereafter counted), and lysed in 0.1 M

KOH. Endocytosis of EGF was calculated as percentage of

radioactivity in the cells relative to the sum of radioactivity

removed by the low pH buffer and remaining in the cells.

Cathepsin D activity assay

Cells were seeded in 6-well plates and treated with apil-

imod (0.5 lM) or control (DMSO) for 21 h. Then the cells

were lysed and cathepsin D activity was measured using a

Cathepsin D activity assay kit following the manufacturer’s

protocol.

Degradation of long-lived proteins

Cells were seeded in 24-well plates and radiolabeled with

[14C]valine (0.27 lCi/ml) in complete RPMI 1640 (with

10 % FCS) for 24 h. Subsequently, cells were washed with

medium, and chased in complete RPMI supplemented with

10 mM cold valine (to prevent reincorporation of radiola-

beled valine) in the presence or absence of apilimod for

17 h. Thereafter, cells were washed to remove degraded

short-lived proteins, before incubation with complete

RPMI or Earle’s Balanced Salt Solution (EBSS, to induce

starvation) in the presence or absence of apilimod for 4 h.

To precipitate non-degraded proteins, BSA (3 mg/ml) and

TCA (10 %) were added to the cells and incubated at 4 �C
overnight. All liquid was transferred to tubes and cen-

trifuged at 60009g for 10 min at 4 �C, and 0.2 M KOH

was added to the wells to solubilize the precipitate. After

60009g centrifugation, the supernatant was counted using

a b-counter. To dissolve the pellet, 0.2 M KOH was added,

and it was then combined with the re-solubilized precipi-

tate from the wells and counted using a b-counter. The
degradation of long-lived proteins was calculated as
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percentage of radioactivity in the TCA-soluble fraction

relative to the total radioactivity in the TCA-soluble and

nonsoluble fractions.

Electron microscopy

Cells for conventional electron microscopy were fixed in

2 % glutaraldehyde in 0.1 M PHEM buffer (60 mM

PIPES, 25 mM HEPES, 10 mM EGTA and 2 mM MgCl2
at pH 6.9), postfixed with 1 % OsO4 and 1.5 % KFeCN, en

bloc stained in 4 % uranyl acetate, and Epon embedded

after dehydration in graded ethanol series. Ultrathin sec-

tions were cut on a Leica UFC6 ultramicrotome and

collected on formvar/carbon coated grids and poststained

with 2 % lead citrate. Cells for immuno-EM were fixed

with 4 % paraformaldehyde and 0.1 % glutaraldehyde in

0.1 M PHEM buffer, pelleted and embedded in 10 %

gelatin. After solidification on ice small blocks were pre-

pared and infused with 2.3 M sucrose before freezing in

liquid N2. Ultrathin Sects. (70–100 nm) were cut on a

Leica UFC microtome with an attached cryochamber at

-110 �C and collected with a 50:50 mixture of 2 % methyl

cellulose and 2.3 M sucrose. Double labeling was per-

formed essentially as described earlier [51] using primary

and secondary antibodies followed by different sized pro-

tein A gold (University Medical Center, Utrecht,

Netherlands). Exosomal fractions for negative staining

were dropped directly onto and left on formvar/carbon

coated grids for 20 min, washed with PBS and then

stained/embedded with 0.4 % uranyl acetate/1.8 % methyl

cellulose. Single and double labeling was performed as

described above. Samples were observed on a JEOL-JEM

1230 at 80 kV and images were recorded with a Morada

digital camera. Further image processing was performed

with Adobe Photoshop.

Confocal fluorescence microscopy

PC-3 cells were grown on coverslips and transfected with

mCherry-GFP-LC3 plasmid [52] using Fugene6 (Roche)

transfection reagent according to the manufacturer’s

instructions. The cells were thereafter treated in the pres-

ence or absence of apilimod (0.5 lM) for 21 h and

concanamycin A (50 nM) during the last 4 h of incubation,

before fixation in 3 % paraformaldehyde and mounting

with ProLong Gold antifade mounting medium with DAPI

(Molecular Probes). The cells were imaged using a Zeiss

LSM780 laser scanning confocal microscope (Carl Zeiss

MicroImaging) equipped with an Ar-Laser multiline (458/

488/514 nm), a DPSS-561 10 (561 nm), and a Laser diode

405–30 CW (405 nm). The objective used was a Zeiss

Plan-Apochromat 639/1.40 Oil DIC M27. Images were

acquired using the ZEN 2010 software (Carl Zeiss

MicroImaging). Image processing and analysis was done

with LSM780 software, ImageJ and Adobe Illustrator. A

total of 39–52 cells were analyzed per condition, and the

experiment was performed three times. The number of

autophagosomes (yellow puncta) and autolysosomes (red-

only puncta) per cell were quantified.

In-solution digest

In three independent experiments, exosomes were isolated

by ultracentrifugation from PC-3 cells grown on 15 cm

plates, using five plates per condition. In each experiment,

the conditional media from five plates were combined,

giving 3 lg protein of isolated exosomal fractions (esti-

mated by the BCA assay) in one volume of PBS which was

mixed with four volumes of cold acetone (with 1 M HCl)

and methanol at –20 �C, followed by centrifugation at

15,0009g for 15 min. The subsequent pellets were dried in

a Speed-Vac. The pellets were dissolved in 50 ll of a fresh
solution of 100 mM ammonium bicarbonate with 6 M

urea, and reduced with 10 mM dithiothreitol at 30 �C for

30 min. The samples were then incubated with 25 mM

iodoacetamide to alkylate exposed side chains for 1 h at

room temperature protected from light. The enzymatic

digestion was initiated by adding 1 lg Lys-C to the sam-

ples and incubating them at 37 �C for 2 h. Finally, 240 ll
50 mM ammonium bicarbonate with 10 lg of trypsin was

added and the samples were first incubated for 1 h at

37 �C, followed by 15 h at 30 �C. Peptides were purified

by C18 Zip Tips (Millipore, Billerica, MA, USA). Prior to

LC–MS analysis, 5 ll formic acid was added to the

digested exosomes.

Mass spectrometric analyses

The digested exosomal fractions were divided in three, and

two parts were separately injected into the HPLC, giving

two technical replicates per sample. For each replicate,

one-third of the volume (1 lg) was injected into an Ulti-

mate 3000 nano-UHPLC system (Dionex, Sunnyvale CA,

USA) connected to a linear quadrupole ion trap-orbitrap

(LTQ-Orbitrap XL) mass spectrometer (ThermoScientific,

Bremen, Germany) equipped with a nanoelectrospray ion

source. An Acclaim PepMap 100 column (C18, 3 lm,

100 Å) (Dionex) with a capillary of 25 cm bed length was

used for separation by liquid chromatography. Solvent A

was 0.1 % formic acid, and solvent B contained 90 %

aqueous acetonitrile in 0.1 % formic acid. A flow rate of

300 nl/min was employed with a solvent gradient of 4 % B

to 60 % B in 230 min. The mass spectrometer was oper-

ated in the data-dependent mode to automatically switch

between Orbitrap-MS and LTQ-MS/MS acquisition. Sur-

vey full scan MS spectra (from m/z 300 to 2000) were
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acquired in the Orbitrap with resolution R = 60,000 at m/z

400 (after accumulation to a target of 500,000 charges in

the LTQ). The method used allowed sequential isolation of

the most intense ions, up to six, depending on signal

intensity, for fragmentation on the linear ion trap using

collision induced dissociation at a target value of 10,000

charges.

For liquid chromatography separation, an Acclaim

PepMap 100 column (C18, 3 lM beads, 100 Å, 75 lm
inner diameter) (Dionex, Sunnyvale CA, USA) capillary of

50 cm bed length was used. A flow rate of 300 nl/min was

employed with a solvent gradient of 4–35 % B in 207 min,

to 50 % B in 20 min and then to 80 % B in 2 min. Solvent

A was 0.1 % formic acid and solvent B was 0.1 % formic

acid/90 % acetonitrile.

Data processing

Quantification of Western blots was performed using ImageJ

(Fiji) software. All experiments were carried out using

duplicates and run in at least three independent experiments.

Statistical analysis was carried out using a paired two-tailed

t test. A P value\0.05 was considered significant.

Data processing for proteomic analysis

Data were acquired using Xcalibur v2.5.5 and raw files

were processed to generate peak list in Mascot generic

format (*.mgf) using ProteoWizard release version 3.0.331.

Database searches were performed using Mascot in-house

version 2.4. to search from Swiss-Prot selected for Homo

sapiens (11.2013, 20,252 entries) assuming the digestion

enzyme trypsin with at maximum one missed cleavage,

fragment ion mass tolerance of 0.60 Da, and a parent ion

tolerance of 10 ppm. Carbamidomethyl of cysteine was

specified in Mascot as a fixed modification. Oxidation of

methionine, acetylation of the N-terminus and phosphory-

lation of serine, threonine and tyrosine were specified in

Mascot as variable modifications. Scaffold (version Scaf-

fold_4.3.2, Proteome Software Inc., Portland, OR, USA)

was used to validate MS/MS based peptide and protein

identifications. Peptide identifications were accepted if they

could be established at greater than 95.0 % probability by

the Peptide Prophet algorithm [53] with Scaffold delta-

mass correction. Protein identifications were accepted if

they could be established at greater than 99.0 % probability

and contained at least one identified peptide. Protein

probabilities were assigned by the Protein Prophet algo-

rithm [54]. Proteins that contained similar peptides and

could not be differentiated based on MS/MS analysis alone

were grouped to satisfy the principles of parsimony. MS/

MS spectra from protein hits identified with only 1 peptide

were investigated manually.

For comparing data sets Fisher’s exact test (CI 95 %)

was used to determine significant changes between the

subproteomes of exosomal fractions from apilimod-treated

PC-3 cells and control cells. The label-free quantitative

measurement of individual samples used top 3 precursor

intensities from total ion chromatogram (TOP3TIC), and

only protein hits significantly altered (heteroscedastic two-

sided t test, P\ 0.05) for both were considered.

Results

PIKfyve inhibition and knockdown increase release

to the exosomal fraction

To investigate whether PIKfyve is involved in exosome

release, PC-3 cells were treated with the PIKfyve inhibitor

apilimod [41]. Treatment with apilimod did not affect cell

proliferation or protein synthesis (Supplementary Fig. 1),

showing that the inhibitor was well tolerated by the cells.

Massive induction of vacuoles, a phenotypic hallmark of

PIKfyve inhibition [38–40], was clearly observed by light

microscopy in cells treated with apilimod (Supplementary

Fig. 2).

To quantify release of exosomes, PC-3 cells were pre-

treated with or without apilimod for 2 h, and exosomes

released during the next 18–19 h in the presence or absence

of inhibitor were then isolated from the conditioned media

by ultracentrifugation. Other small extracellular vesicles

might co-pellet with exosomes at 100,0009g, but the pellet

should be enriched with exosomes, therefore, we will refer

to this pellet as exosomal fraction or exosome preparation.

As quantified by nanoparticle tracking analysis (NTA)

treatment with apilimod increased the number of released

particles per cell compared to control (Fig. 1a), whereas

the size distribution of the exosome preparation was not

affected (Fig. 1b). The increased release to the exosomal

fraction was verified by measuring the total protein amount

in the exosomal fractions from control or apilimod treated

cells (Fig. 1c). Control experiments showed that the total

protein level in the cell lysates was not affected by apil-

imod treatment (Fig. 1d).

To verify that the increased release to the exosomal

fraction induced by apilimod is due to PIKfyve inhibition,

PC-3 cells were treated with two different siRNA oligos to

knock down PIKfyve. The knockdown efficiency 3 days

after addition of siRNA was more than 95 % for both

oligos (Fig. 1e, f). We, therefore, decided to collect exo-

somes during the third day of knockdown. To ensure that

the level of PIKfyve was reduced at the beginning of

exosome collection, knockdown efficiency was also mea-

sured after 2 days. Approximately 80 % knockdown of

PIKfyve was observed for both oligos. Cell proliferation
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after 3 days was inhibited by 26–27 % by both oligos

compared to non-targeting control. Exosomes were iso-

lated and quantified by NTA as above, and in accordance

with the apilimod data, the number of released particles

per cell was significantly increased by both siRNA oligos

(Fig. 1g). The size distribution of the exosomal fraction

was unchanged after PIKfyve knockdown (Fig. 1h). In

conclusion, these experiments indicate that PIKfyve

inhibition or depletion increases release to the exosomal

fraction.

Fig. 1 Apilimod treatment or

knockdown of PIKfyve

increases the release of particles

to the exosomal fraction. a PC-3

cells were treated in the

presence or absence of apilimod

(0.5 lM) before exosomes were

isolated and concentration of the

exosomal fractions was

measured by NTA. b Size

distribution of exosomal

fractions shown as number of

particles normalized by total

number of particles for each

treatment. c Total protein

content in exosomal fractions.

d Total protein content in cells

after apilimod treatment. e and

f Knockdown efficiency 3 days

after transfection with siRNA

against PIKfyve (25 nM). g The

concentration of the exosomal

fractions was quantified by

NTA 3 days after transfection

with siRNA. h Size distribution

of exosomal fractions shown as

number of particles normalized

by total number of particles for

each treatment. The results are

plotted as dot plots showing the

value obtained for each

individual experiment as a

single dot ? mean

values ? standard error of the

mean from 3–4 independent

experiments. *; P\ 0.05 versus

control
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PIKfyve inhibition by apilimod increases

the number of ILVs per MVB

Exosome release can be divided into three main steps; MVB

biogenesis, transport of MVBs to the plasma membrane and

finally fusion of MVB with the plasma membrane. To obtain

information about which step is affected by PIKfyve, we

performed quantitative electron microscopy (EM) on PC-3

cells treated with apilimod. Apilimod treatment dramatically

increased the size of the MVBs (Fig. 2a), whereas the ILVs

were still morphologically homogenous. In addition, apil-

imod treatment considerably increased the number of ILVs

per cell profile (Fig. 2b). This increase was due to both

significantly increased number of MVBs per cell profile

(Fig. 2c) and significantly increased number of ILVs per

MVB profile (Fig. 2d).

Fig. 2 Apilimod treatment increases the number of ILVs per cell

section. a EM on PC-3 cells after apilimod (right panels) and control

(left panels) treatment. Scale bars are as indicated. b The number of

ILVs per cell profile. c The number of MVBs per cell profile. d The

number of ILVs per MVB profile. The ILVs and MVBs in 20–21 cells

were counted per treatment in each experiment. Only MVBs

containing typical ILV structures were counted. The results are

plotted dot plots showing the value obtained for each individual

experiment as a single dot ? mean values ? standard error of the

mean from 3 independent experiments, *; P\ 0.05 versus control
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Autophagy-related proteins appear in the exosomal

fractions after apilimod treatment

Since PIKfyve inhibition seemed to increase the release of

particles without altering the particle size distribution or

changing the size of ILVs in the MVBs, it was of interest to

see whether PIKfyve inhibition simply increases the rate of

secretion, or whether both the rate and the nature of the

particles are altered. Interestingly, although apilimod treat-

ment increase the number of released particles, the levels of

known exosomal markers were not increased to the same

extent. Apilimod treatment only modestly increased the

levels of Alix and caveolin-1, whereas the level of Tsg101

was unchanged in the exosomal fraction (Fig. 3a). This was

not due to reduced cellular expression of these proteins

(Fig. 3b). Rather, this might indicate that PIKfyve inhibition

not only increases the rate of exosome secretion, but also

alters the composition of the exosomal fraction.

To further address the effect of PIKfyve-inhibition on

exosomal protein composition a proteomic analysis was

performed. For this purpose we chose to inhibit PIKfyve

with apilimod rather than to deplete PIKfyve by siRNAs,

since this gives a rapid and probably more complete inhi-

bition of the enzyme. Exosomes isolated from PC-3 cells in

the presence or absence of apilimod as described above

were collected from three independent experiments and

subjected to nano-LC-high resolution mass spectrometry

after tryptic digestion. The corresponding cell lysates were

also analyzed in the same manner. In total 4675 proteins

(3493 proteins in exosomes and 4201 proteins in lysates)

were reliably (protein FDR 1 %, peptide FDR 0.1 %)

identified and present in 2 of 3 experiments. Among the

Fig. 3 Apilimod treatment modestly increases the level of well-

known exosome-associated proteins in exosomal fractions. a PC-3

cells were seeded on 10 cm plates and pretreated with apilimod

(0.5 lM) or DMSO (0.1 %, as control) for 2 h before collection of

exosomes for 18–19 h in the presence of inhibitors. Exosomes were

isolated by ultracentrifugation and lysed in total 80 ll (lysis buffer

plus sample buffer), before 25 ll of this mixture was loaded per well

and run on SDS-PAGE gel. Each treatment was run in duplicates per

experiment. Representative Western blot and quantification of

proteins from exosomal fractions from several independent experi-

ments. b Representative Western blot and quantification of cellular

proteins from several independent experiments. The results are

plotted as dot plots showing the value obtained for each individual

experiment as a single dot ? mean values ? standard error of the

mean. *; P\ 0.05 versus control, #; P\ 0.05 versus apilimod,

n = 3–4
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proteins characterized, 971 were solely found in lysates

(treated and untreated), whilst 364 were only detected in

exosomal preparations (treated and untreated) (Fig. 4a).

Our main focus was to investigate the fraction of proteins

significantly changed by PIKfyve inhibition in the exosomal

fractions, but also in the lysates. Interestingly, in exosomal

fractions, the level of 71 proteins (Supplementary Table 1)

was found to be significantly increased, and 302 proteins

(Supplementary Table 2) were found to be down-regulated

by apilimod treatment (Fig. 4b). The proteins that were

affected by apilimod treatment showed low overlap

between exosomal fractions and lysates, indicating that the

changes in the exosomal fraction induced by apilimod are

not directly reflected by the cellular protein composition.

A further investigation of the proteins enriched in exo-

somal fractions after apilimod treatment through

interaction analysis revealed the particular presence of

autophagy-related proteins (Fig. 5a). Several LC3-inter-

acting autophagy-receptor-type proteins, such as p62,

NBR1, CACO2 and OPTN [55], were enriched in exoso-

mal fractions after treatment of cells with apilimod, while

proteins involved in earlier stages of autophagosome for-

mation (Atg2a, Atg16L and Atg5) were not found (Fig. 5b;

Supplementary Table 1). The autophagosomal marker

proteins LC3, GABARAP and GABARAPL2 [55, 56] were

strongly enriched in exosomal fractions after apilimod

treatment of cells (Fig. 5b; Supplementary Table 1).

Interestingly, a protein important for phagophore assembly,

the initial stage of autophagosomal biosynthesis, the

phosphoinositide-binding and WD40-containing protein

WIPI2 [57, 58], was uniquely detected in exosome prepa-

rations from cells treated with apilimod. In contrast, the

double-FYVE-containing protein 1, ZFYVE1, also a pha-

gophore/omegasome-initiator protein [59], was down-

regulated in exosome preparations after treatment with

apilimod. Among the detected autophagosomal proteins

only p62, TOLLIP and NBR1 have previously been

described in exosomes [60, 61].

The interaction analysis also showed that treatment with

apilimod increased the level of several proteins of lysoso-

mal origin in exosomal fractions, including the WD40-

motif containing members of the G-protein beta protein-

class (GBB1, 2 and 4, Fig. 5a), which also were among the

most abundant proteins in these fractions from PC-3 cells.

A known binding partner for GBB1, GNAI2, was also

found to be enriched after apilimod. GBB1 also interacts

with sphingosine-1-phosphate receptor 2, which is among

the most highly enriched proteins (69-fold enrichment in

exosomal fractions after apilimod treatment compared to

control, Supplementary Table 1). Finally, the phospholi-

pase C gamma 1 (PLCG1), which also has been indicated

to interact with GBB1 [62, 63], was enriched in exosomal

fractions after apilimod treatment. Among the binding

partners of GBB2, CDK2 was found to be uniquely present

in exosomal fractions after apilimod treatment and not in

control condition.

Enrichment of exosomal proteins after apilimod treat-

ment also appeared in the interaction analysis (Fig. 5a).

Selected proteins involved in autophagosome/exosome bio-

genesis and/or MVB formation are shown in Fig. 5b. CD82

Fig. 4 Proteomic analysis of

exosomal fractions and cell

lysates after apilimod treatment

revealed 4675 unique proteins.

a Venn diagram showing the

overlap of Uniprot protein

entries (www.uniprot.org) for

all confidently identified pro-

teins in exosomal fractions and

cells, after treatment with apil-

imod or control. b Venn

diagram showing significantly

changed proteins in exosomal

fractions and cells after apil-

imod treatment. Changes

between subproteomes were

tested by Fisher’s Exact test

(confidence interval 95 %)
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and caveolin-1 were only detected in exosomal fractions by

MS (though caveolin-1 was detected in lysates by Western

blot, Fig. 3b), and both were enriched in exosomal fractions

after apilimod treatment.

In line with the interaction analysis, Gene Ontology

functional analysis showed that macroautophagy, as well as

other autophagy-related functions, were highly enriched

biological processes (macroautophagy; 43-fold,

P = 3.3 9 10-9) in exosomal fractions from apilimod

treated cells (Fig. 6). In contrast, pathways involved in

RNA processing, splicing and translation, as well as

pathways involved in focal adhesion and cell cycle regu-

lation, were down-regulated in exosomal fractions after

apilimod treatment (Supplementary Fig. 3).

Ubiquitin, a signaling protein moiety involved in

degradation and sorting among others, was enriched in

Fig. 5 Autophagy-related

proteins are up-regulated in

exosomal fractions after

PIKfyve inhibition.

a Interactions between proteins

in exosomal fractions found to

be more than twofold up-

regulated after apilimod

treatment were analyzed

through STRING

(string.db.org). Proteins

included in GO-annotation

autophagosomal (GO:0005776),

exosomal (GO:0070062) or

lysosomal (GO:0005764) are

emphasized. Strength of

interaction is indicated by

thickness of interconnecting

line. b Selected proteins in

exosomal fractions that were

affected by apilimod treatment.

Red bars ratio of protein level in

exosomal fractions after

apilimod treatment versus

protein level in control

exosomal fractions. Blue bars

protein level in total lysates

(control and apilimod) versus

protein level in total exosomal

fractions (control and apilimod).

*; P\ 0.05 versus control

exosomal fractions. Empty bars

not found in lysates/exosomal

fractions
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exosome preparations compared to lysates, and apilimod

treatment significantly increased the level of ubiquitin in

the exosome preparations (Fig. 7a). In addition, ubiquiti-

nation analysis on the proteome showed increased

ubiquitination and increased number of ubiquitination sites

on ubiquitin (polyubiquitin) in the exosome preparation

after apilimod treatment (Fig. 7a, b). Intriguingly, ubiqui-

tination was completely absent in lysates (Fig. 7a).

Polyubiquitination of ubiquitin at sites K11, K48 and K63

were occurring with increased frequency in exosomal

fractions after apilimod treatment (Fig. 7b). Increased level

of ubiquitin in the exosome preparation after apilimod was

confirmed by Western blot (Supplementary Fig. 4).

Secretory autophagy is induced by apilimod

To verify the results from the proteomic study, Western

blotting was performed to identify autophagy-related

proteins in the exosomal preparation. Exosomes were iso-

lated after treatment with apilimod or siRNA against

PIKfyve as previously described, before Western blotting.

In line with the proteomics data, a strong up-regulation of

the autophagy-related proteins LC3, p62 and NBR1 in

exosomal fractions after apilimod treatment of cells was

observed (Fig. 8a). As expected, only the lipidated, mem-

brane-associated form of LC3 (LC3-II) was detected in the

exosomal fractions (Supplementary Fig. 5). Depletion of

PIKfyve by siRNA also increased the level of LC3-II, p62

and NBR1 in the exosome preparations, but to a lesser

degree than apilimod (Fig. 8a). In the cell lysates, treat-

ment with apilimod increased the level of LC3-II, p62 and

NBR1, but the induction was not as strong as in exosomal

fractions (Fig. 8b). Knockdown of PIKfyve resulted in a

small increase in p62 in the lysates (Fig. 8b). To further

confirm the presence of autophagy markers in the exosomal

fractions, EM was performed, showing p62-positive

Fig. 6 Pathways up-regulated

in exosomal fractions after

apilimod treatment of cells.

Functional analysis was

performed on proteins in

exosomal fractions significantly

changed by apilimod. Analysis

performed with DAVID-

algorithm (http://david.abcc.

ncifcrf.gov/) and fold-enrich-

ment of GO-entries compared to

genome
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structures in the exosome preparation after apilimod

treatment, whereas p62 only rarely was detected in exo-

somal fraction from control cells. Strikingly, the material

marked with p62 was electron dense and had a different

morphology than exosomes (Fig. 8c). However, most of

the secreted material in the exosome preparation still had

the characteristic exosomal shape and was positive for

CD63, a well-known exosomal marker [64], indicating that

the p62-positive structures only represent a sub-population

of the exosomal preparation. This was confirmed by

immuno-EM on whole PC-3 cells, which rarely showed

labeling of p62 in MVBs in control cells (upper panel of

Fig. 8d). In apilimod treated cells we observed p62-posi-

tive material, which colocalized with CD63-positive ILVs

in MVBs, and importantly that each MVB contained much

more ILVs than p62-positive material (Fig. 8d). This fur-

ther suggests that the p62-positive structures constitute a

minor part of the exosomal preparation. It should be noted

that CD63 was often also found along the limiting mem-

brane of endosomes with fewer ILVs (lower left panel in

Fig. 8d) and that not all ILVs in MVBs are positive for

CD63 (lower right panel in Fig. 8d).

To quantify the contribution of p62-positive structures

to the exosomal fraction after apilimod treatment, exo-

somes were separated from p62-positive structures by

OptiPrep density gradient (5–30 %) centrifugation. p62,

LC3-II and NBR1 appeared in less dense fractions than the

exosomal markers (Fig. 9). The fractions positive for p62,

LC3-II and NBR1 (fraction 1–3) were combined and the

fractions positive for caveolin-1, Tsg101 and Alix (fraction

4–9) were combined, before they were analyzed by NTA.

This showed that the p62-positive structures represent

approximately 10–20 % of the total exosomal fraction

(Supplementary Fig. 6a). Thus, the increased number of

particles in the exosomal fraction after apilimod treatment

seems to be caused by both increased exosome release

and released p62-positive structures. EM on fraction 1–3

and fraction 4–9 was also performed (Supplementary

Fig. 6b–c).

PIKfyve inhibition reduces both autophagic flux

and EGF degradation

Since autophagy was found to be a highly enriched bio-

logical process in the exosome preparation from apilimod

treated cells, we wanted to know whether autophagic

activity was affected in these cells. First, we measured the

autophagic flux by immunoblot of LC3. The level of basal

autophagic turnover in these cells was determined by a four

hour treatment with the lysosomal inhibitor concanamycinA

(Con A) (Fig. 10a), and surprisingly, apilimod treatment for

21 h increased the level of LC3-II to a level comparable to

Con A alone (Fig. 10a). Such high levels of LC3-II could

either be due to a massive increase in the generation of LC3-

II-positive autophagosomes, or an inhibited degradation of

autophagosomes. Since the combined treatment of apilimod

and Con A only led to a modest further increase in LC3-II

levels, the former possibility can be ruled out. This indicates

that although apilimod slightly induces the on-rate of

autophagy, the major effect of apilimod seems to be inhibi-

tion of autophagic degradation, at least during the final hours

of the incubation. To verify the effect of apilimod on

autophagic turnover, a pulse-chase assay for degradation of

long-lived proteins was performed. Treatment with apilimod

tended to decrease the starvation-induced autophagic

degradation of long-lived proteins (Fig. 10b), suggesting

that autophagic flux is inhibited by apilimod.

Since our results indicated a decrease in autophagic

turnover after apilimod treatment, we wondered whether the

degradation through the MVB pathway would also be

affected by apilimod. To address this, endocytosis and

degradation of 125I-EGF was measured. Indeed, EGF

degradation was reduced by approximately 60 % after

apilimod treatment (Fig. 10c), whereas endocytosis of EGF

was not affected (Fig. 10d). As degradation of both EGF and

long-lived proteins was reduced, we investigated the lyso-

somal function by measuring cathepsin D activity.

Treatment with apilimod did not change the cathepsin D

activity (Fig. 10e), indicating that the lysosomes are still

Fig. 7 Ubiquitin and

ubiquitination is increased in

exosomal fractions after

apilimod treatment. a Total

ubiquitin and total

ubiquitination in lysates and

exosome preparations after

apilimod and control treatment.

b Polyubiquitination of

ubiquitin at sites K11, K48 and

K63 in exosome preparations

after apilimod and control

treatment. exo prepr; exosome

preparation
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Fig. 8 p62 and CD63 are

located in the same MVB-like

structures after apilimod

treatment. a PC-3 cells were

seeded on 10 cm plates and

pretreated with apilimod

(0.5 lM) or DMSO (0.1 %, as

control) for 2 h, before

collection of exosomes for

18–19 h in the presence of

inhibitor. Exosomes were also

isolated 3 days after addition of

siRNA against PIKfyve

(siRNA1 and siRNA2, 25 nM)

and non-targeting control

(25 nM). Exosomes were

isolated by ultracentrifugation

and lysed in total 80 ll (lysis
buffer plus sample buffer),

before 25 ll of this mixture was

loaded per well and run on SDS-

PAGE gel. Each treatment was

run in duplicates per

experiment. Representative

Western blot of proteins from

exosomal fractions.

b Representative Western blot

of cellular proteins. c Immuno-

EM on exosomal fractions after

control (upper panels) and

apilimod treatment (lower

panels) from PC-3 cells that

were double-labeled with CD63

(15 nm, arrows) and p62

(10 nm, arrowheads).

d Immuno-EM on control PC-3

cells (upper panels) and

apilimod treated PC-3 cells

(lower panels) that were single

labeled with CD63 (10 nm,

arrows, upper left panel) or

double-labeled with CD63

(10 nm, arrows) and p62

(15 nm, arrowheads) (other

panels). Scale bars as indicated
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functioning. To further characterize the fusion of

autophagosomes with lysosomes after apilimod treatment,

PC-3 cells were transfected with a double-tagged LC3

(mCherry-GFP-LC3), which will appear yellow (green

merged with red fluorescence) in the non-acidic

autophagosomes and emit red only fluorescence in the

autolysosomes due to quenching of GFP in these acidic

structures. As expected, activation of autophagy by starva-

tion increased the total number of autophagosomes, whereas

blocking the acidification of the autolysosomes by ConA led

to accumulation of autophagosomes and abolished the

appearance of red-only puncta (Fig. 11). In line with the

immunoblot data (Fig. 10a), treatment with apilimod

increased the total number of LC3-positive puncta, however,

the fraction of red-only puncta was reduced compared to

control or EBSS-treated cells, suggesting that the generation

of proper autolysosomes is partly inhibited.Altogether, these

results suggested that the fusion of lysosomes with both

MVBs and autophagosomes is partly inhibited by apilimod.

Discussion

This study shows that inhibition of PIKfyve by apilimod or

depletion by siRNA increases the release of particles to the

exosomal fraction from PC-3 cells. Interestingly, the

exosome preparation after PIKfyve inhibition is strongly

enriched in autophagy-related proteins. Moreover, p62-

positive structures are found in the exosome preparation

after apilimod treatment, indicating that not only exosomes

are secreted, but also the content of amphisomes through

induction of secretory autophagy.

NTA measurements do not distinguish between exo-

somes and protein aggregates. Since the exosome

preparation after apilimod treatment contains a mixture of

exosomes and p62-positive structures (possibly protein

aggregates), it is not clear from this analysis whether the

increased secretion of particles is due to increased secretion

of exosomes or p62-positive structures, or both. However,

EM data showed that p62-positive structures only represent

a small sub-population, and that most of the material in the

exosome preparation is exosomes. Supporting this, each

MVB in apilimod-treated cells contains mainly ILVs and

just a few, or no, p62-positive structures. In addition,

quantitative EM showed that the number of ILVs per MVB

is dramatically increased by apilimod. Using OptiPrep

density gradient centrifugation separation of exosomes

from p62-positive structures was obtained. Counting by

NTA further confirmed that the majority of the exosomal

fraction is exosomes, rather than p62-positive structures.

This means that the apilimod-induced increase in number

of secreted particles cannot solely be due to secretion of

Fig. 9 Partial separation of

p62-positive structures from

exosomes by OptiPrep density

gradient. Exosomes were

separated from p62-positive

structures by OptiPrep density

gradient (5–30 %)

centrifugation at 100,0009g for

18 h. Twelve fractions were

collected and Western blotting

was used to detect which

fractions contained exosomal

proteins and autophagy-related

proteins. Representative

Western blot showing the 12

fractions. The bands were

quantified and calculated as %

of total signal per protein for

fraction 1–9
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p62-positive structures, but also increased secretion of

exosomes. Our results emphasize that investigations on

exosomes under conditions where autophagy is affected

should be interpreted with care.

The additional increase in LC3-II level when cells are

treated with the combination of apilimod and con-

canamycin A indicates that autophagy is slightly induced

by apilimod. Induction of autophagy can lead to secretion

of substances through secretory autophagy [65], a route for

unconventional secretion of cytoplasmic substrates [66].

Secretion of autophagy receptors such as p62 and NBR1

through this pathway has to our knowledge not been pre-

viously shown in mammalian cells. In Dictyostelium p62

has been shown to be involved in the secretion of ejecto-

some [67], otherwise little is known about the role of the

autophagy receptors in secretory autophagy. In degradative

selective autophagy, the process by which specific orga-

nelles, protein aggregates or pathogens are degraded, cargo

selection is mediated by autophagic cargo receptors such as

p62, NBR1, NDP52 (CALCOCO2) and NIX, which con-

tain an LC3-interacting region (LIR) and, therefore, can

bind directly to LC3 [55]. In addition to LC3, p62 and

NBR1 bind to ubiquitinated protein aggregates and thereby

recruit phagophores to these aggregates. How cargo

selection is mediated in secretory autophagy is, however,

not known.

We detected increased level of ubiquitin, as well as

increased number of ubiquitination sites on ubiquitin

(polyubiquitin) in the exosome preparation after apilimod

treatment. Previously, exosomes have been shown to con-

tain ubiquitinated proteins and many of the ubiquitinated

proteins are polyubiquitinated [68]. In addition, p62-

Fig. 10 PIKfyve inhibition affects the autophagy pathway. a Cellular

LC3-II levels were measured by Western blot after cells were treated

with or without concanamycin A (50 nM) during the last 4 h of the

preincubation step with apilimod. b Degradation of long-lived

proteins. c Degradation of 125I-EGF. d Endocytosis of 125I-EGF.

e Cathepsin D activity as measured by Cathepsin D activity assay.MA

3-methyladenine. The results are plotted as dot plots showing the

value obtained for each individual experiment as a single dot ? mean

values ? standard error of the mean from 3 independent experiments.

*; P\ 0.05 versus control, #; P\ 0.05 versus apilimod
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Fig. 11 PIKfyve inhibition

partly inhibits the fusion of

autophagosomes with

lysosomes. PC-3 cells were

transfected with a double-

tagged LC3 protein (mCherry-

GFP-LC3), which will emit

yellow (green merged with red)

fluorescence in non-acidic

structures and appear as red

only in the autolysosomes due

to quenching of GFP in these

acidic structures. a Control

cells, b cells treated with

apilimod (0.5 lM) for 21 h,

c cells treated with

concanamycin A (50 nM) for

4 h and d cells grown in EBSS

for 4 h. Nuclei are marked with

a dashed line. Scale bar is

10 lM. e The number of yellow

LC3 dots and red only LC3 dots

per cell for each condition was

quantified. Total LC3 dots are

the sum of yellow and red only

LC3 dots. f Percentage of red

only LC3 dots of the total LC3

dots. From each experiment

12–22 cells were counted per

condition and data are presented

as mean values ? standard

error of the mean from 3

independent experiments. EBSS

was included as a control, but

only in one experiment
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positive protein aggregates are polyubiquitinated, which

could contribute to the increased level of ubiquitin and

polyubiquitin in the exosome preparation after apilimod

treatment.

The observed increased number of ILVs per MVB and

increased number of MVBs per cell after apilimod treat-

ment, indicate that either degradation of the MVBs is

inhibited or MVB biogenesis and ILV formation are

upregulated. In addition, apilimod treatment reduces EGF

degradation, indicating that the degradation pathway is

affected. Decreased EGFR degradation has previously been

reported after treatment with another PIKfyve inhibitor

(MF4) [45]. As apilimod does not affect cathepsin D

activity, the lysosomes are most likely still functional,

whereas the fusion between MVBs and lysosomes seems to

be inhibited. The increased cellular level of LC3-II after

apilimod treatment in combination with reduced starvation-

induced degradation of long-lived proteins, indicates that

apilimod also inhibits the autophagic flux. This is in

agreement with previous studies showing increased LC3-II

levels after treatment with other PIKfyve inhibitors

[42, 45]. In accordance, immunofluorescence microscopy

showed that apilimod treatment increased the number of

autophagosomes and reduced the relative amount of

autolysosomes, indicating a partial inhibition of fusion of

lysosomes with autophagosomes. Thus, our results suggest

that PIKfyve inhibition reduces the fusion of lysosomes

with both MVBs and autophagosomes, or with amphi-

somes. In line with our data, Li et al. showed that an

elevation in PI(3,5)P2 occurs immediately before

endolysosomal fusion [35], and inhibition of PIKfyve has

been suggested to inhibit fusion of lysosomes with both

MVBs and autophagosomes [35, 45]. However, inhibition

of fusion with lysosomes cannot alone explain the

increased size of the MVB-like structures, since the

growing membrane needs a lipid source. Since p62 and

CD63 positive structures are found in the same MVB-like

structures, apilimod treatment might also facilitate fusion

of MVBs with autophagosomes, generating amphisomes.

Alternatively, increased fusion of early endosomes, as

described by Ikonomov et al. [69] could contribute to

enlargement of MVB-like structures. Another possibility is

that increased level of PI(3)P could generate more phago-

phores and thereby contribute with more membrane to the

amphisomes.

It has been speculated that exosomes play a role in

alleviating intracellular stress, and that autophagy and the

exosome pathway are linked [26]. Fader et al. showed that

induction of autophagy can inhibit the secretion of exo-

somes [70]. This was suggested to be due to fusion of MVB

with autophagosomes and thereby directing MVBs to a

degradative pathway instead. In line with this, Sahu et al.

showed that inhibition of autophagy increased exosomal

secretion of GAPDH [71]. Our study supports this idea.

The apilimod-induced exosome secretion was associated

with reduced autophagic degradation. When a cell is no

longer able to degrade material in the lysosomes, secretion

of the content of MVBs and amphisomes could be a way to

rescue the cell. This supports the idea of exosomes as waste

disposal, the first function ascribed to these vesicles [2]. A

question then rises how this affects the microenvironment

and the neighboring cells, and whether this is beneficial or

not for a multicellular organism.

In conclusion, PIKfyve inhibition increases exosome

secretion and induces secretory autophagy. This might be

caused by impaired fusion of lysosomes with both MVBs

and autophagosomes, and increased fusion of MVBs with

autophagosomes. The altered fusion affinities generate

enlarged MVB-like structures or amphisomes, which con-

tain more ILVs per organelle explaining the increased

exosome release and the secretion of p62-positive

structures.
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