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Abstract
Glycyl-tRNA synthetase 1 (GARS1), a cytosolic enzyme secreted from macrophages,
promotes apoptosis in cancer cells. However, the mechanism underlying GARS1
secretion has not been elucidated. Here, we report that GARS1 is secreted through
unique extracellular vesicles (EVs) with a hydrodynamic diameter of 20–58 nm
(mean diameter: 36.9 nm) and a buoyant density of 1.13–1.17 g/ml. GARS1 was
anchored to the surface of these EVs through palmitoylated C390 residue. Pro-
teomic analysis identified 164 proteins that were uniquely enriched in the GARS1-
containing EVs (GARS1-EVs). Among the identified factors, insulin-like growth
factor II receptor, and vimentin also contributed to the anti-cancer activity of GARS1-
EVs. This study identified the unique secretory vesicles containing GARS1 and var-
ious intracellular factors that are involved in the immunological defence response
against tumorigenesis.

KEYWORDS
extracellular vesicles, glycyl-tRNA synthetase 1, macrophage, palmitoylation, tumour microenvironment

 INTRODUCTION

Various intracellular proteins that mediate several biological processes in the extracellular space have been identified in the last
decade. For example, high mobility group box 1 (HMGB1), a ubiquitously expressed nuclear protein involved in the regulation
of gene expression, is secreted to trigger inflammatory responses (Jiang & Pisetsky, 2006, Wang, 1999). Additionally, various
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heat-shock proteins (HSPs) are secreted to activate the immune cells (Asea et al., 2000; Basu, Binder, Ramalingam, & Srivastava,
2001). These proteins lack the typical signal peptide associated with secretory proteins. This indicated that these proteins are
secreted through the unconventional secretory pathways. For example, the secretion of HSP70 involves exosome, ATP-binding
cassette (ABC) transporter, and lysosomal exocytosis (Mambula & Calderwood, 2006; Mambula, Stevenson, Ogawa, & Calder-
wood, 2007). HMGB1 is actively secreted through vesicle compartments or secretory lysosomes upon stimulation or passively
secreted from the necrotic and damaged cells (Gardella et al., 2002). This indicates that HMGB1 could be secreted from the cells
through multiple pathways. Although various secretory intracellular proteins have been identified, the secretory pathways of
these proteins have not been elucidated.
The family of aminoacyl-tRNA synthetases (ARSs) is essential for protein synthesis. Previous studies have reported the secre-

tion of different ARSs and their extracellular functions in diverse cellular processes (Guo & Schimmel, 2013; Son, Park, & Kim,
2014). The immune-related activities of ARSs are similar to those of previously reported secretory intracellular factors. However,
ARSs are unique because they exhibit characteristic intracellular and extracellular functions (Kim, You, & Hwang, 2011; Park,
Schimmel, & Kim, 2008; Yao & Fox, 2013). Additionally, the autoantibodies against several ARSs have been detected in the blood
of patients with autoimmune diseases, which indicated the pathological role of secreted ARSs (Gelpí, Kanterewicz, Gratacos,
Targoff, & Rodriguez-Sanchez, 1996; Stojanov, Satoh, Hirakata, & Reeves, 1996). Thus, the secretory pathways of ARSs must be
elucidated to understand the pathophysiological implications of secreted ARSs. Previously, we had reported that macrophages
secrete human glycyl-tRNA synthetase 1 (GARS1) under stress conditions, which promoted cancer cell death (Park et al., 2012).
However, the mechanism underlying GARS1 secretion and the other factors secreted from the macrophages under stress con-
ditions are not known. This study demonstrated that GARS1 was secreted through novel secretory extracellular vesicles (EVs)
generated from the macrophages under glucose starvation conditions. The GARS1-containing EVs (GARS1-EVs) harboured
other intracellular factors that can suppress cancer progression along with GARS1 through multiple mechanisms. The charac-
terization of biophysical properties, protein content, and functions of GARS1-EVs suggested that they were unique secretory
vesicles that are distinct from the known secretory vesicles.

 MATERIALS ANDMETHODS

. Cell culture

The RAW 264.7 cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum
and 50 μg/ml streptomycin/penicillin solution. TheH460 cell line was cultured in Rosewell ParkMemorial Institute (RPMI) 1640
medium supplemented with 10% fetal bovine serum and 50 μg/ml streptomycin/penicillin solution. The bone marrow derived
macrophages (BMDMs) were isolated from the femur and tibia of the C57B/6 mice. The red blood cells in the bone marrow
were lysed using ACK lysis buffer (Life Technologies). Next, the bone marrow cells were incubated with murine granulocyte-
macrophage colony-stimulating factor (Peprotech) for 7 days.

. Reagents

The following primary antibodies were used in this study: anti-HSP90 (4F10; 1:1000; Santa Cruz; catalog no. sc-69703), anti-
syntenin-1 (S-31; 1:1000; Santa Cruz; catalog no. sc-100336), anti-gp96 (9G10; 1:1000; Enzo Life Sciences; catalog no. ADI-SPA-
850), anti-GARS1 (1:5000; Abcam; catalog no. ab42905), anti-IGF2R (EPR6599; 1:50,000; catalog no. ab124767), anti-vimentin
(EPR3776; 1:1000; Abcam; catalog no. ab92547), and anti-tubulin (TUB 2.1; 1:10,000; Sigma; catalog no. T4026) antibodies. The
secondary antibodies used in this study were as follows: goat anti-rabbit IgG (1:10,000; Invitrogen; catalog no. 31460) and goat
anti-mouse IgG (1:10,000; Invitrogen; catalog no. 31430) antibodies. The secretory pathway inhibitors (brefeldinA (BFA), Y27632,
probenecid, sodium azide (NaN3), and methyl-beta-cyclodextrin (MβCD)) and 2-bromopalmitate (2-BP) were purchased from
Sigma and Calbiochem, respectively.

. Immunoblotting

The cells were lysed using 50 mM Tris-HCl buffer (pH 7.4) containing 150 mM NaCl, 10 mM NaF, 1 mM ethylenediaminete-
traacetic acid (EDTA), 1% (v/v) NP-40, 10% (v/v) glycerol, and protease inhibitor for 30 min. The cell lysate was centrifuged at
18,000 × g for 15 min. The supernatant was mixed with sodium dodecyl sulfate (SDS) sample buffered and subjected to SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). The target proteins in the supernatant were detected using immunoblotting.
The protein band intensities in the immunoblots were quantified using the ImageJ software (LOCI, Taylor et al., 2013). The
quantitative values of protein band intensities are shown in Table S1.
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. Secretion and isolation of macrophage-derived GARS-EVs

The secretion of GARS1 was induced as described previously (Park et al., 2012). Briefly, the proteins in the conditioned medium
were precipitated using 10% trichloroacetic acid (TCA) at 4◦C for 12 h. The precipitated proteins were subjected to SDS-PAGE
for immunoblotting. To isolate the GARS1-EVs, the RAW 264.7 cells were washed twice with serum-free medium to remove the
EVs in the serum and incubated in serum-freemedium in the presence or absence of glucose. The culturemediumwas harvested
and subjected to centrifugation steps based on the MISEV2018 guidelines (Théry et al., 2018). Briefly, the culture medium was
centrifuged at 2000 × g for 10 min and 10,000 × g for 30 min to remove cell debris, followed by centrifugation at 100,000 × g in
a WX-1000 Sorvall swing bucket (Thermo) for 90 min to pellet the GARS1-EVs. The pellet was incubated with trypsin-EDTA
(0.25%, Hyclone) (1:100) in phosphate-buffered saline (PBS, pH 7.4) at 37◦C for 20 min (Fitzgerald et al., 2018).

. Dynamic light scattering

Macrophage-derived EVs were resuspended in PBS. The hydrodynamic diameters of the EVs were measured a using light-
scattering spectrophotometer (ELS-Z, Otsuka Electronics). Measurements were performed in the automatic mode after equi-
libration for 5 min at 20◦C. The data were processed using the manufacturer’s software in multiple narrow modes.

. Electron microscopy (EM)

For negative staining EM, the isolated vesicles were diluted five fold in PBS. The sample solution (5 μl) was immediate (approx-
imately 5 s) applied to a carbon-coated grid (Harrick), which was glow-discharged for 3 min in the air. The grid was negatively
stained using 1% uranyl acetate. The same procedure was used for all the negatively stained specimens. For cryo-EM, 5 μl of
sample solution was loaded onto the copper R1.2/1.3 Quantifoil EM grids (SPI Supplies) pretreated with plasma cleaner for 30
s in air. The grids were then blotted and plunged frozen using FEI Vitrobot (FEI) under the following conditions: humidity,
100%; temperature, 4◦C; and blot time, 2.5 s. The vitreous ice sample grids were maintained at a temperature of approximately
−177◦C within the electron microscope using a side-entry 626 holder (Gatan). For immuno-EM, the isolated GARS1-EVs were
incubated with the anti-GARS1 antibody for 6 h, followed by incubation with the secondary antibody conjugated to 6 nm gold
vesicles (Jackson Immuno Research Europe). The final mixture was incubated on ice overnight and negatively stained. Negative
staining EM and cryo-EM grids were examined using a Tecnai G2 Spirit Twin transmission electron microscope (FEI) operated
at 120 kV. The images were captured using a 4K × 4K Ultrascan 895 CCD (Gatan) at a nominal magnification of 40,000× and
under-focus values ranging from 2 to 5 μm.

. Electron tomography

The immuno-gold-labelled GARS1-EVs localized proximal to the cell membrane were subjected to electron tomography. The
images of the sample tilted from −60◦ to +60◦ were captured with 2◦ increments at 50,000× magnification using an eight-
megapixel CCD camera (JEOL). The data were automatically acquired using the recorder module in the TEMography suite (Sys-
tem in Frontier Inc.). Image alignment, reconstruction, 3D volume rendering, and visualizationwere performed using Composer
and Visualizer modules in the TEMography and the IMOD software package (Kremer, Mastronarde, & Mcintosh, 1996).

. Cryo-fixation and immuno-gold labelling EM

The cancer cells andmacrophageswere treatedwithGARS1-EVs and cryo-fixed through rapid contact on a copper block cooled at
liquid nitrogen temperature (−196◦C)using amulti-purpose quick freezing system (VFZ-101). Freeze substitutionwas performed
using anhydrous acetone containing 1% osmium tetroxide and 0.5% glutaraldehyde at −80◦C for 72 h. Next, the cell pellet was
slowly warmed to room temperature (approximately 20–22◦C)with stepwise temperature elevation for 7 h. The cells were washed
with anhydrous acetone and embedded in Spurr’s resin. The resin was polymerized at 70◦C for 8 h. Ultrathin sections (80 nm
thickness) were prepared using an Ultracut-S microtome (Leica). The sections were mounted on the copper grids and stained
with uranyl acetate and lead citrate. For the immuno-gold labelling of GARS1, the frozen cells were freeze-dried with acetone
containing 0.2% uranyl acetate and 0.25% glutaraldehyde at −80◦C for 72 h and slowly warmed to 4◦C. The cells were washed
with anhydrous acetone, infiltrated with Lowicryl HM20 (EMS), and polymerized at 4◦C under UV light for 24 h. The ultrathin
sections of HM20-embedded samples were mounted on the Formvar-coated nickel grids. The sections were blocked using 5%
bovine serum albumin (BSA) in PBS containing Tween-20 (PBS-T) for 30min, followed by incubationwith anti-GARS1 antibody
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solution (1:20) in PBS-T containing 1% BSA for 1 h at room temperature. Next, the sections were washed thrice with a 1% BSA in
PBS-T and incubatedwith goat anti-rabbit IgG antibody conjugated to 6 nmcolloidal gold (JIRE) diluted 1:30 in PBS-T containing
1% BSA for 1 h. Immuno-gold-labelled sections were washed 10 times with distilled water. The prepared samples were examined
using a JEM-1400 PLUS Transmission Electron Microscope (JEOL) operated at 120 kV.

. Metabolic labelling palmitoylation assay

The RAW 264.7 cells were pre-incubated with glucose-supplemented DMEM for 1 h and labelled with 0.1 mCi/ml [3H] palmi-
tate (PerkinElmer) for 2 h. To examine the GARS1 modifications, the cells were cultured in glucose-depleted medium con-
taining [3H] palmitate for 2 h. The cells were lysed using radioimmunoprecipitation assay (RIPA) buffer containing 10 mM
Tris-Cl (pH 8.0), 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, and 140 mMNaCl. The lysates were sub-
jected to immunoprecipitation with the anti-GARS1 antibody. Radiolabel palmitoylated GARS1 was detected using scintillation
counting.

. Mass spectrometry

The GARS1-EVs isolated from the glucose-supplemented and -depleted RAW 264.7 cell culture media were subjected to
immunoprecipitation with the anti-GARS1 antibody. The precipitated EVs were lysed using RIPA buffer after three cycles of
freeze/thaw and sonication (10 s). The eluted proteins from the EVs were subjected to SDS-PAGE and in-gel trypsin digestion.
The tryptic fragmentswere resolved using reversed-phase chromatography after each run using anEASYnano-LC II autosampler
(ThermoScientific)with a reversed-phase peptide trap EASY-Column (100 μm inner diameter, 2 cm length) and a reversed-phase
analytical EASY-Column (75 μm inner diameter, 10 cm length, 3 μm particle sizes, Thermo Scientific). Electrospray ionization
was performed using a 30 μm nano-bore stainless steel online emitter (Thermo Scientific) with the following settings: voltage,
2.6 V; flow rate, 300 nl/min. The chromatography system was coupled online with an LTQ Velos Orbitrap mass spectrometer
(Thermo Scientific) equipped with an electron transfer dissociation source. Mass spectrometry (MS) intensity-based label-free
quantitation was performed using post-experiment monoisotopic mass refinement (PE-MMR) as described previously (Shin
et al., 2008). In the PE-MMR analysis, the mass spectral features of a peptide identified using liquid chromatography-tandem
mass spectrometry (LC-MS/MS) were grouped into a unique mass class (UMC). Peptide abundance for each UMC was calcu-
lated as the abundance summation of all UMCmass spectral components. The DTA file was linked to the UMC by matching the
UMC mass with the precursor mass in the DTA file to identify the peptide ID for the UMC. When peptide ID was identified in
the linked DTA file with a false positive rate of 1% after MS-GF+ search and target-decoy analysis, the peptide ID was assigned
to the UMC. The UMCs across the replicates were aligned using peptide IDs and normalized elution times. Among the aligned
peptides, proteins withmore than two non-redundant peptides andmaximum intensity of more than 105 were selected as reliable
proteins. Among them, 90 proteins, which had at least one non-redundant peptide unique to the protein, were identified as the
proteins enriched in GARS1-EVs isolated from the glucose-depleted culture medium.

. Correlative microscopy

The RAW 264.7 cells were plated on the gold R2/2 Quantifoil finder EM grids (Quantifoil Micro Tools GmbH), which were
pre-coated with 100 μg/ml collagen IV (BD Biosciences) and disinfected under UV light for 2 h. The cells were cultured on
the grids overnight and then cultured in the glucose-depleted medium for 2 h. Next, the cells incubated with the anti-GARS1
antibody were imaged using a confocal fluorescence microscope. Further, 4 μl of PBS was applied to the cell culture on the gold
EM grids for further preparative steps. Rapid verification and cryo-EM observations were conducted as described above. The
fluorescence-labelled regions were manually identified under EM projection images captured under a series of magnifications
(140× to 21,000×) to correlate with confocal fluorescence microscopy images. The low dose (approximately 20 e−/Å2) projection
images of the identified region were recorded at under-focus values ranging from 5 to 8 μm.

. Cell viability assay

The H460 and RAW 264.7 cells (5×103) seeded in 96-well plates were cultured for 24 h. The cells were washed twice with serum-
free medium and treated with GARS1-EVs or purified GARS1 in serum-free medium for 24 h. The cells were then incubated
with 0.5 mg/ml of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; USB) for 4 h. The culture medium was
removed, and theMTT formazan crystals were dissolved in 100 μl of dimethyl sulfoxide (DMSO) (Sigma). The absorbance of the
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mixture was measured at 570 nm using amicroplate reader (TECAN). To neutralize the effect of GARS1, the cells were incubated
with the anti-GARS1 antibody for 30 min before treatment with GARS1-EVs.

. Statistical analysis

All statistical analyses were performed using unpaired two-tailed Student’s t-test with SPSS statistics software (Version 21.0, IBM
Corp). The data are presented as mean ± standard deviation. The differences were considered significant at P < 0.05.

 RESULTS

. Characterization of GARS-EVs derived frommacrophages

Previously, we had demonstrated that the co-cultivation of macrophages with cancer cells promotes the secretion of GARS1 from
the macrophages under stress conditions, such as serum or glucose starvation (Park et al., 2012). The major energy source of
tumour cells is glucose. Hence, the depletion of glucose is one of the biochemical hallmarks in the cancer microenvironment
(Hirayama et al., 2009; Shaw, 2006). The effect of glucose starvation on the secretion of GARS1 from the RAW 264.7 cells was
examined. The secretion ofGARS1 increased upon glucose starvationwithout a concomitant increase in its expression (Figure 1a).
Themechanism underlying the secretion of GARS1 was examined using the inhibitors of various steps of protein trafficking. The
RAW264.7 cells were treatedwith brefeldinA (BFA), Y27632, probenecid, and SodiumAzide (NaN3), which inhibit endoplasmic
reticulum (ER) and Golgi-mediated protein secretion (Fujiwara, Oda, Yokota, Takatsuki, & Ikehara, 1988), membrane blebbing
(Coleman et al., 2001), ABC transporter (Flieger et al., 2003), and mitochondrial respiratory chain (Gudz, Tserng, & Hoppel,
1997), respectively. Treatment with these inhibitors did not affect the secretion of GARS1 (Figures S1a-d). In contrast, the RAW
264.7 cells pretreated with methyl-beta-cyclodextrin (MβCD), a cholesterol synthesis inhibitor (Rodal et al., 1999), exhibited
significantly decreased secretion of GARS1 (Figure 1b). Lipid rafts are rich in cholesterol, which is essential for the formation
of EV membrane. The inhibition of GARS1 secretion by MβCD indicated that a membrane-based structure mediates GARS1
secretion (Brzozowski et al., 2018). The glucose-supplemented and glucose-depletedRAW264.7 cell culturemediawere subjected
to differential centrifugation. GARS1 was detected in the pellets obtained from the culture medium centrifuged at 100,000 ×
g, which is the speed at which the membrane-based vesicles sediment (Bobrie, Colombo, Krumeich, Raposo, & Théry, 2012)
(Figure 1c). The centrifuged pellet fraction did not contain gp96, which is reported to be secreted through the ER-Golgi pathway
(Peters & Raghavan, 2011) (Figure S1e). Light scattering spectrophotometry and analytical gradient ultracentrifugation revealed
that the GARS1-enriched fraction contained EVs with a hydrodynamic diameter of 20–58 nm (mean diameter of 36.9 nm)
(Figure 1d) and a buoyant density of 1.13–1.17 g/ml (Figure 1e). Also, GARS1 was detected in the EVs derived from bone marrow-
derived macrophages (BMDMs) and J774A.1 macrophage cells (Figure 1f and Figure S1f).
The contribution of cancer cells to the secretion of EVs was evaluated. The RAW 264.7 cells were co-cultured with two cancer

cell lines (H460 and HCT116) and two non-cancerous cell lines (WS-1 (fibroblasts) and Vero (epithelial cells)). To block the
physical interaction, themacrophages and cancer/non-cancer cells were seeded into the lower and upper chambers of a transwell
plate (separated by a membrane with a pore size of 0.4 μm), respectively. GARS1 was detected in the EVs obtained from the
macrophage and cancer cell co-culture media, but not in those obtained from themacrophage and non-cancerous cell co-culture
media (Figure 1g and Figure S1g). This suggested that the secretion of GARS1-EVs was triggered by cancer-derived secreted
factors in the cancer microenvironment.
The conditions for GARS1 secretion were compared with those for syntenin-1 secretion, a known exosome marker (Théry

et al., 2001). GARS1 secretionwasmainly observedwhen the RAW264.7 cells were incubated for 4 h in glucose-depletedmedium,
whereas syntenin-1 was secreted at a high level when the cells were incubated in glucose-supplemented medium for 18 h (Fig-
ure 1h). This suggests that the conditions for the secretion of GARS1 were distinct from those for the secretion of syntenin-1-
containing exosomes.
The size and morphology of the GARS1-EVs were examined using negative staining EM. The GARS1-EVs were globular-

shaped with a diameter of 20–50 nm (Figure 1i). The presence of GARS1 in these EVs was confirmed by staining the EVs with
gold particle-conjugated anti-GARS1 antibody. The gold spots enriched on the surface of the EVs were GARS1 specific (Fig-
ure 1j, arrows, and Figure S2a) . Cryo-EM analysis also revealed a similar size and morphology of the EVs (Figure 1k). The exact
membrane structure of the isolated GARS1-EVs is unknown. However, the morphology and size of GARS1-EVs indicated that
they were typical lipoprotein EVs (Zhang et al., 2011) and not apoptotic bodies, which have a larger size (1–5 μm) and a distinct
morphology (Van Der Pol, Böing, Harrison, Sturk, & Nieuwland, 2012).

The effect of glucose depletion on the total number of GARS1-EVs was examined. The RAW 264.7 cells were stained with
lipophilic fluorescence tracer, DiI (Maier, Oberle, & Hoekstra, 2002). The dye was removed and the cells were incubated in
the presence or absence of glucose. The secreted EVs were isolated and the total fluorescence intensity was measured. Glucose
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F IGURE  Characteristics ofmacrophage-derivedGARS1-containing extracellular vesicles (GARS1-EVs). (a) RAW264.7 cells were cultured in the glucose-
depleted medium. The proteins secreted into the culture medium were subjected to immunoprecipitation with the anti-GARS1 antibody (IP: immunoprecipita-
tion, resuspended with 50 μl of sample buffer). The whole-cell lysates (WCL) were prepared using 300 μl of lysis buffer. Immunoblotting analysis revealed that
GARS1 was detected in the IP sample and 30 μg of WCL at 2 and 4 h. (b) The effect of methyl-beta-cyclodextrin (MβCD, 0.1 μM) on the secretion of GARS1
in glucose-supplemented and glucose-depleted culture media was evaluated based on the immunoblotting analysis of the secreted proteins precipitated with
TCA (trichloroacetic acid). (c) The glucose-depleted RAW 264.7 cell culture medium was centrifuged at 2000 × g for 10 min to remove the cell debris. The
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starvation increased the total fluorescence intensity and protein content of the EVs (Figure S2b and c, respectively), which sug-
gested that glucose starvation increases the number of GARS1-EVs. These EVs were confirmed to contain GARS1 (Figure S2d).
The cells stained with DiI and 4′,6-diamidino-2-phenylindole (DAPI) did not exhibit any marked difference in the number of
cells upon incubation in the presence or absence of glucose (Figure S2e), which indicated that the difference in the fluorescence
intensity of the EVs was not due to the cell density. These findings indicated that GARS1 is secreted from macrophages and that
it is anchored to the surface of the EVs.

. Lipid modification of GARS is required for the attachment to EVs

Next, the isolated EVswere incubatedwith trypsin. GARS1 was sensitive to trypsin digestion, which suggested that it was exposed
on the vesicle surface (Figure 2a). To label the proteins on the surface of EVs, the isolated EVs were treated with membrane-
impermeable EZ-link Sulfo-NHS-LC-Biotin. The biotinylated proteins were released using detergents and precipitated using
streptavidin-agarose beads, and the biotinylated proteins were subjected to immunoblotting with the anti-GARS1 antibody. The
biotinylatedGARS1 levels in the EVs isolated from the glucose-depleted culturemediumwere higher than that in the EVs isolated
from the glucose-supplemented culture medium. Additionally, GARS1 was confirmed to be localized on the surface of the EVs
(Figure 2b).
Next, the attachment of GARS1 to the surface of the secreted vesicles was examined. The amino acid sequence analysis using

the TMHMM server (http://www.cbs.dtu.dk/services/TMHMM, data not shown) revealed that GARS1 does not contain poten-
tial transmembrane domains. However, the amino acid sequence analysis using theCSS-Palm 3.0 software suggested the presence
of potential palmitoylation sites at the residues C390 and C471. Palmitoylation is a reversible modification that regulates mem-
brane trafficking of proteins (Milligan, Parenti, & Magee, 1995). The alignment of amino acid sequences of GARS1 from nine
species demonstrated that C390 (and not C471) were highly conserved, which indicated that C390 was functionally important
(Figure S3) (Shen, Wu, Yang, & Gould, 2011). The role of palmitoylation in the secretion of GARS1 was examined using a modi-
fied metabolic labelling method. The RAW 264.7 cells were incubated with [3H]-palmitic acid. GARS1 was immunoprecipitated
using the anti-GARS1 antibody and [3H]-palmitic acid was detected using a scintillation counter (Figure 2c, upper panel). The
immunoprecipitated GARS1 levels were determined using immunoblotting with the anti-GARS1 antibody (Figure 2c), lower
panel). The levels of endogenous palmitoylated GARS1 were upregulated upon glucose starvation. The role of palmitoylation in
GARS1 secretion was examined by treating the cells with 2-bromopalmitate (2-BP), a palmitoylation inhibitor (Webb, Hermida-
Matsumoto, & Resh, 2000). Treatment with 2-BP decreased the secretion of GARS1 (Figure 2d). To confirm these results, two
mutants of GARS1 were generated in which the cysteines at the 390 or 471 positions were substituted with serine (C390S and
C471S, respectively). The effect of these substitutions on palmitoylationwas examined. The RAW264.7 cells expressing the strep-
tagged GARS1 WT (wild type), and C390S and C471S mutants were incubated in the glucose-depleted medium. The results of
the metabolic labelling assay revealed that palmitoylation and secretion of GARS1 in the C390S mutant were lower than those
in WT GARS1 and C471S mutant (Figures 2e and f, respectively). This suggested that palmitoylation at C390 is involved in the
secretion of GARS1.
Naked GARS1 secreted in the extracellular milieu can also bind to the EVs. Hence, the recruitment of GARS1 to the secretory

vesicles in the cytosol was examined using correlative light microscopy and cryo-EM (Jun et al., 2011). Intracellular GARS1 in
the RAW 264.7 cells was examined using immunofluorescence microscopy with the Alexa Fluor 488-conjugated anti-GARS1
antibody (indicated by a white arrow in the upper middle panel of Figure S4a). The fluorescent region was subjected to cryo-EM.
The series of magnified images revealed that the fluorescence-labelled region (white boxes in each panel) contained globular-
shaped vesicles (black arrowheads in the right panel). The morphology and size of these vesicles were consistent with those of
vesicles previously observed (Figure 1i–k and Figure S2a). This suggested that GARS1 is recruited and anchored to the surface of

supernatants were centrifuged at 10,000 × g for 30 min. The pellet was removed and the supernatant was centrifuged at 100,000 × g for 90 min. The pellets
obtained at 2000 × g, 10,000 × g and 100,000 × g were subjected to immunoblotting with the anti-GARS1 antibody. (d) The size range of the extracellular vesi-
cles (EVs) was determined using dynamic light scattering spectrophotometry. (e) EVs were loaded on a 10–60% continuous sucrose gradient and subjected
to analytical centrifugation to determine the buoyant density. Eight fractions in the gradient were collected and the presence of GARS1 in each fraction was
determined using immunoblotting. (f) GARS1 levels in the EVs secreted from the BMDMs (bone marrow derived macrophages) cultured in the presence or
absence of glucose were determined using immunoblotting with the anti-GARS1 antibody. (g) The cancer cells (H460 or HCT116) were loaded in the upper
chamber, while the RAW 264.7 cells were loaded in the lower chamber of the transwell plate. The upper and lower chambers were separated by a membrane
with a pore size of 0.4 μm. After 12 h of incubation in the serum-free glucose-supplemented media, the levels of GARS1 in the EVs obtained from the culture
medium of the lower chamber were determined as described previously. (h) The EVs were isolated from the glucose-supplemented (Glc+4), glucose-depleted
(Glc-4) after 4 h, and glucose-supplemented RAW 264.7 cell culture media (Glc+18) after h of incubation. GARS1 in the EVs and WCL were determined using
immunoblotting with the anti-GARS1 antibody. (i) Morphology of GARS1-EVs was determined using negative staining electron microscopy. (j) Localization of
GARS1 was determined using negative staining electron microscopy with the immuno-gold labelled anti-GARS1 antibody. (k) GARS1-EVs were also analyzed
using cryo-electron microscopy. The inset montages display images of individual EVs showing the distribution of different sizes. Scale bar represents 100 nm
(i-k)

http://www.cbs.dtu.dk/services/TMHMM
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F IGURE  Palmitoylation of GARS1 is required for its secretion through extracellular vesicles (EVs). (a) GARS1-containing EVs (GARS1-EVs) were incu-
bated with trypsin to determine the surface exposure of GARS1 on the EVs. (b) GARS1-EVs from the RAW 264.7 cells cultured in the presence or absence of
glucose were incubated with EZ-link Sulfo-NHS-LC-Biotin and precipitated using streptavidin-agarose beads. The GARS1 levels in the precipitated EVs were
examined using immunoblotting with the anti-GARS1 antibody. (c) The palmitoylation of GARS1 was analysed using the modified metabolic labelling assay.
After [3H]-palmitic acid labeling, the RAW 264.7 cells were cultured in the glucose-depleted medium. GARS1 was immunoprecipitated using the anti-GARS1
antibody. GARS1-incorporated [3H]-palmitic acid was detected using a scintillation counter (upper panel). The levels of the immunoprecipitated GARS1 were
determined using immunoblotting with the anti-GARS1 antibody (lower panel). (d) To determine the effect of 2-bromopalmitate (2-BP, 2 μM) on the secretion
of GARS1, the RAW 264.7 cells were cultured in the glucose-supplemented and glucose-depleted medium in the presence or absence of 2-BP. The GARS1-EVs
were isolated and the presence of GARS1 was determined using immunoblotting. (e) Palmitoylation of the strep-tagged wild type andmutant (C390S and C471S)
GARS1 was analysed using the modified metabolic labelling method (upper panel). The cellular levels of wild type and mutant GARS1 were determined using
immunoblotting (lower panel). (f) The effect of a palmitoylation mutation on GARS1 secretion from the RAW 264.7 cells was determined. The levels of wild
type and mutant GARS1 in the WCL and isolated EVs were determined using immunoblotting. Data are presented as mean ± standard deviation. *P < 0.01

the secretory vesicles in the cytosol before secretion. The samemethodwas used tomonitor the exosomes labelledwithAlexa 594-
conjugated anti-MHCII antibody (red fluorescence) (Bhatnagar, Shinagawa, Castellino, & Schorey, 2007). The red fluorescence-
labelled exosomes did not co-localize with the green fluorescence-labelled GARS1 foci (Figure S4b). The glucose starvation-
induced GARS1 foci did not co-localize with lysosomes and ER (Figures S4c and d), which indicated that GARS1 transits through
a distinct secretory pathway. The role of palmitoylation in the formation of intracellular GARS1 foci during glucose starvation
was examined. Treatment with 2-BP decreased the formation of glucose starvation-induced GARS1 foci (Figure S4e), which
suggested the importance of lipid modification in the intracellular recruitment of GARS1 to EVs.
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. Identification of proteins in the GARS-EVs

The protein composition of the EVs was examined. The vesicles derived from the macrophages incubated in the presence or
absence of glucose were isolated by ultracentrifugation at 100,000 × g. The EVs were purified by subjecting the culture medium
to immunoprecipitation with the anti-GARS1 antibody. The protein components of these EVs were resolved using SDS-PAGE.
The protein bands in the gel were treated with trypsin. The resulting peptides were subjected to LC/MS-MS analysis using LTQ-
OrbitrapVelos. TheMS-GF+ search identified 184 and 272 proteins (FDR< 0.01) in the EVs obtained fromglucose-supplemented
and glucose-depletedmedia, respectively. The levels of 73 proteins in the EVs obtained from the glucose-depleted culturemedium
were upregulated more than six-fold when compared with those in the EVs obtained from the glucose-supplemented culture
medium. Additionally, 91 proteins were detected only in the EVs obtained from the glucose-depleted culture medium (Fig-
ure 3a and Table S2). Of these 164 proteins enriched in the glucose-depleted culture medium, the ExoCarta analysis revealed that
11 proteins overlapped with the 20 representative exosomal marker proteins (Mathivanan & Simpson, 2009) (Figure 3b). The
endosomal sorting complexes required for transport proteins (Vps26b and Vps35) were detected in the GARS1-EVs. However,
tetraspanins, such as CD9, CD63, and CD81, which are exosomal marker proteins (Bhatnagar et al., 2007), Alix (PDCD6IP),
and Syndecan binding protein (SDCBP) were not detected in the GARS1-EVs. The comparative analysis of the protein content
of GARS1-EVs and exosomes isolated from different cell types listed in ExoCarta revealed a low degree of overlap (less than
0.12 similarity score) (Figure 3c). This indicated that GARS1-EVs contain a distinct set of proteins. The proteins associated with
apoptotic bodies, such as calreticulin or CD91 (LPR1) were not detected in the GARS1-EVs, which further confirmed the unique
protein composition of GARS1-EVs (Takemura et al., 2007).
The proteins enriched in the GARS1-EVs were involved in diverse cellular processes, such as protein folding, cell cycle, RNA

metabolism, blood coagulation, apoptosis, and DNA repair (Figure 3d and Table S3). Connectivity mapping of the protein func-
tions using Cytoscape revealed the clusters of protein metabolism (protein folding, ubiquitination, unfolded protein response,
transport), cell regulation (cell cycle and apoptosis), and translation (Figure 3e). Interestingly, amino acyl-tRNA synthetases,
such as leucyl-, isoleucyl-, arginyl- and valyl-tRNA synthetases were also detected along with GARS1. Although the roles of these
factors require experimental validation, they are expected to contribute to the processes of intracellular biogenesis, trafficking,
secretion and extracellular functions.

. Effect of GARS-EVs on cancer cells

Purified GARS1 was previously reported to promote cancer cell death (Park et al., 2012). In this study, the growth-inhibiting
activity of GARS1-EVs against cancer cells was evaluated. The uptake of GARS1-EVs into the H460 cells was examined using
EM. Several GARS1-EVs attached to themembrane surface were detected after 10min of treatment (Figure 4a). Additionally, EVs
at different stages of endocytosis were observed (Figure 4b and c). Immuno-gold labelling of GARS1, followed by cryo-fixation
EM and 3D electron tomography demonstrated that the endocytosed GARS1-EVs contained GARS1 (Figure 4d and e, Figure
S5a, and Supplementary Movie 1).

The growth-inhibiting activities of GARS1-EVs against the H460 cancer cells were compared with those of naked GARS1.
Treatment with GARS1-EVs dose-dependently increased apoptosis in the H460 cells but not in the RAW 264.7 cells (Figure
S5b). These results were also confirmed using the terminal TUNEL assay (Figure S5c). The passage of EVs frommacrophages to
cancer cells was monitored using a transwell chamber. The macrophages whose membranous lipids were labelled with DiI (red
fluorescence dye) were placed in the lower chamber, while the cancer cells were placed in the upper chamber. The presence of red
fluorescence-labeled structures in the cancer cells and their ability to promote cancer cell death were evaluated. Red fluorescence-
labelled structures derived from the macrophages were observed in the cancer cells. Additionally, the presence of apoptotic cells
was observed at the sites where red fluorescence was detected (Figure 4f).
The anti-cancer activity of GARS1 in the EVs was examined. The H460 cells were treated with isolated GARS1-EVs, naked

GARS1, and anti-GARS1 antibody-treated GARS1-EVs and naked GARS1. The viability of H460 cells treated with GARS1-
EVs and naked GARS1 was 50% and 40% lower than that of the untreated H460 cells, respectively. Treatment with the
anti-GARS1 antibody-treated GARS1-EVs partially inhibited the cytotoxic activity of GARS1-EVs. In contrast, treatment with
anti-GARS1 antibody-treated naked GARS1 completely inhibited] the growth-inhibiting activity of GARS1-EVs against can-
cer cells (Figure 4g). This indicated that the GARS1-EVs contained additional cytotoxic factors. The EVs isolated from the
glucose-supplemented culture medium, which does not contain GARS1, did not inhibit the growth of cancer cells (Figure S5d).
Immunoblotting analysis was performed to determine the levels of GARS1 in the EVs and naked GARS1 used for the experi-
ments. The levels of GARS1 in the EVs were eight-fold lower than those of naked GARS1 (Figure 4g, inset). GARS1-EVs exhibited
potent growth-inhibiting activity against the cancer cells, which suggested that the EVs contained supplemental cytotoxic factors
in addition to GARS1.
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The apoptotic activities of naked GARS1 andGARS1-EVs were comparatively evaluated using different cancer cell lines. Of the
15 tested cancer cell lines, GARS1 and GARS1-EVs promoted apoptosis in 9 and 13 cancer cell lines, respectively (Figure 4h). This
suggested that GARS1-EVs exhibited a broad-spectrum growth-inhibiting activity against the cancer cells. Some components
of the GARS1-EVs were selectively depleted. Among the factors identified in the GARS1-EVs (Figure 3e), this study focused on
the factors involved in apoptotic processes, such as insulin-like growth factor II receptor (IGF2R) and vimentin (O’Gorman,
Costello, Weiss, Firth, & Scott, 1999; Souza et al., 1999; Yang et al., 2005). These factors were detected in the isolated GARS1-EVs
using immunoblotting with specific antibodies (Figure 4i). Each factor was suppressed in the RAW 264.7 cells using specific
siRNA and the GARS1-EVs were isolated as described above. The growth-inhibiting activities of IGF2R-depleted and vimentin-
depleted GARS1-EVs against the cancer cells were examined. Compared with the EVs isolated from the WT macrophages, the
EVs isolated from the IGF2R-suppressed or vimentin-suppressedmacrophages exhibited lower growth-inhibiting activity against
the cancer cells. The IGF2R-depleted and vimentin-depleted GARS1-EVs exhibited varied growth-inhibitory activities against
cancer cells. This suggested that these factors can also partially contribute to the anti-cancer activity of GARS1-EVs along with
GARS1 (Figure 4j and Figure S5e).

 DISCUSSION

In this study, the EVs derived frommacrophages cultured in the glucose-depletedmediumwere demonstrated to harbourGARS1.
Additionally, the GARS1-EVs contained various cellular factors that were involved in immunological defence response against
tumorigenesis. In addition to glucose starvation, other stress conditionsmay induce GARS1-EV secretion.Macrophages exposed
to environmental stresses, such as nutrient deprivation, hypoxia and the signalling factors released from the neighbouring cancer
cells recruit various intracellular factors and package them into secretory vesicles to mediate the primary response against cancer
cells until the immune surveillance system is activated. In the LPS-stimulated monocytes, HMGB1 is reported to be phosphory-
lated by protein kinase C, which is required for the calcium-dependent secretory pathway (Oh et al., 2009). HMGB1 can also be
secreted through vesicle compartments (Gardella et al., 2002), which indicated that it could be released from the cells through
multiple pathways. This study identified unique vesicles through which GARS1 is secreted. However, additional secretory path-
ways for GARS1 cannot be ruled out.
Somemembrane-based vesicles, including exosomes, ectosomes,microvesicles and secretory lysosomes, are reported tomedi-

ate the unconventional secretory pathways (Nickel & Seedorf, 2008; Raposo & Stoorvogel, 2013). Currently, the definition and
classification of these secreting vesicles remain obscure. However, the biophysical properties of these vesicles are defined based
on the size, density, morphology, vesicular contents and biological functions (Théry, Zitvogel, & Amigorena, 2002). The diame-
ter of exosomes, which are enclosed by a lipid bilayer membrane, is in the range of 40–150 nm. The exosomes transport diverse
intracellular molecules, including proteins, mRNAs, and microRNAs (Luga et al., 2012; Skog et al., 2008; Valadi et al., 2007).
Various cell types, including cancer and immune cells, are reported to release microvesicles to mediate cell-to-cell communica-
tion (Wen et al., 2017; Yáñez-Mó et al., 2015). Recently, we reported that lysyl-tRNA synthetase 1 (KARS1), a tRNA synthetase,
is secreted through typical exosomes (Kim et al., 2017). GARS1 is located on the surface of the secreted vesicles, while KARS1 is
located within the lumen of the secreted exosomes. This indicates that different aminoacyl-tRNA synthetases have characteristic
signals, secretion pathways, and extracellular activities.
Exosomes secreted from the tumour and tumour-associated macrophages are reported to promote tumour progression

through the delivery of oncogenic miRNAs and oncogenes (Al-Nedawi et al., 2008; Yang et al., 2011). The intercellular commu-
nication between cancer and immune cells plays a crucial role in tumorigenesis (De Visser, Eichten, & Coussens, 2006; Dranoff,
2004). However, the role of secreted vesicles in mediating the interactions between cancer and immune cells is unclear. The
findings of this study provided useful insights into the potential roles of macrophage-derived EVs in the tumour microenviron-
ment. GARS1-EVs exhibit distinct biophysical characteristics, protein content, and functions when comparedwith the previously
reported membrane-bound structures.

reconstructed using the collected captured images and visualized using the composer and visualizermodules in TEMography and IMOD software. (f) DiI-labeled
RAW 264.7 and H460 cells were seeded in the upper and lower chambers of transwell (0.4 μm pore size), respectively. After 60 h of co-culture, the macrophage-
derived DiI-labeled GARS1-EVs (red) and cancer cell confluency (bright field) were monitored in the lower chamber using fluorescence microscopy. (g) Cell
viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. TheH460 cells were incubated withGARS1-EVs
(10 μg/ml) for 24 h. The purified his-tagged GARS1 protein (100 nM) was used as a control. To neutralize the GARS1 effect, GARS1-containing GARS1-EVs and
purified GARS1 were pre-incubated with the anti-GARS1 antibody for 30 min before addition to the H460 cell culture medium. Immunoblotting analysis was
performed to evaluate the levels of GARS1 in the GARS1-EVs and compared to naked GARS1 used for experiments. The protein band intensity was analysed
using Image J (inset). (h) The comparative analysis of the apoptotic effects of GARS1-EVs (10 μg/ml) and naked GARS1 (100 nM) on different cancer cells. (i) The
presence of IGF2R and vimentin in the GARS1-EVs was validated using immunoblotting. (j) RAW 246.7 cells were treated with siRNA to suppress the expression
levels of IGF2R (I) and vimentin (V). The GARS1-EVs were then isolated to examine the effect on cancer cell viability. The scale bars indicate 200 nm (a, c),
100 nm (b, d) and 50 μm (f). Data are presented as the mean ± standard deviation. *P < 0.01, **P < 0.001
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Although this study identified diverse cellular factors in theGARS1-EVs, it is unclear if the proteins are carried in a single EV or
are differentially packaged into different EVs. The proteins in these vesicles contribute to different functions, such as biogenesis,
secretion, and extracellular activities. Among the identified proteins, the depletion of IGF2R and vimentin decreased the anti-
cancer activity of GARS1-EVs, which suggested that these factors contribute to the anti-tumorigenic activity of GARS1-EVs
along with GARS1. Previous studies have reported that the overexpression of IGF2R decreased cancer cell and tumour growth,
which indicated that IGF2R is a tumour suppressor (O’gorman, Weiss, Hettiaratchi, Firth, & Scott, 2002). Vimentin, a primary
constituent of the intermediate filament, was secreted from the activated macrophages. Additionally, vimentin was reported
to exhibit antibacterial activity through the enhanced generation of oxidative metabolites (Mor-Vaknin, Punturieri, Sitwala, &
Markovitz, 2003). Vimentin may promote cancer cell death through a similar mechanism.
The exogenous administration ofGARS1-EVs efficiently suppressed tumour growth by promoting apoptosis in the cancer cells,

which suggested that the secretion of GARS1-EVs suppresses tumour growth. The membrane-bound vesicles, such as exosomes
andmicrovesicles, are a potential tool for the delivery of pharmacologically active molecules and drugs (Jang et al., 2013, Zitvogel
et al., 1998). For example, the intravenous injection of exosomes successfully delivered microRNA, which targeted the EGFR
of cancer cells (Ohno et al., 2013). Systemic administration of exosomes derived from mesenchymal stromal cells enhanced
the recovery of stroke in animal models (Xin et al., 2013). Further studies are needed to establish the functional interaction
of GARS1-EVs with macrophages and to elucidate the physiological and immunological roles of GARS1-EVs in the tumour
microenvironment. The potential application of GARS1-EVs for cancer immunotherapy is beyond the scope of this study.
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