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Introduction

Aminoacyl-tRNA synthetases (ARSs) are known as essential 
enzymes for protein synthesis that charge amino acids to their 
cognate tRNAs (Ibba and Soll, 2000). However, they have also 
been recognized as unique signal mediators that are connected 
to diverse signal pathways (Guo and Schimmel, 2013). Among 
the various activities shown for ARSs, many involve the secre-
tion of ARSs into the extracellular space (Son et al., 2014). Se-
creted ARSs have been reported to play roles in the control of 
angiogenesis (Mirando et al., 2014), immune responses (Park 
et al., 2005b; Han et al., 2007; Nechushtan et al., 2009), tissue 
regeneration (Park et al., 2005c), and tumorigenesis (Park et al., 
2005a, 2012; Choi et al., 2011). However, their secretion path-
ways remain unknown. One of the secreted ARSs, lysyl-tRNA 
synthetase (KRS), was previously shown to be secreted from 
cancer cells to induce inflammatory responses (Park et al., 
2005b). To gain insight into the secretion mechanism of ARSs, 
we first focused on the secretion of KRS and investigated the 
details of how it is secreted from cancer cells.

Human cytosolic KRS is comprised of 597 aa, into which 
the anticodon-binding (S70-P214) and catalytic domains 
(L220-K574) are embedded (Fig.  1  A; Guo et al., 2008). It 
also contains a unique N-terminal extension (Guo et al., 2010). 
Guided by specific phosphorylation events, human KRS un-
dergoes structural transformation to exert distinct roles. For 
instance, it is phosphorylated in activated mast cells at S207 
(Yannay-Cohen et al., 2009; Ofir-Birin et al., 2013) located at 
the junction of the two functional domains, and its phosphor-
ylation dissociates these domains apart, inactivating its enzy-
matic role. The S207-phosphorylated KRS is then translocated 
into the nucleus for transcriptional control through microph-
thalmia-associated transcription factor (MITF). Additionally, 
KRS is phosphorylated by a laminin signal at T52 located in 
the N-terminal extension. This phosphorylation induces unfold-
ing of the N-terminal extension, which is then guided to the 
plasma membrane. The membrane-bound KRS interacts with 
the 67-kD laminin receptor to promote cell migration (Kim et 
al., 2012) and cancer metastasis (Kim et al., 2014). In this study, 
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we present the results of our investigation into how KRS is se-
creted to extracellular space and whether any posttranslational 
modifications are involved in this process.

Results

KRS secretion via exosomes
Because many proteins are secreted via the ER–Golgi pathway 
(Lacy and Stow, 2011), we investigated whether the secretion 
of KRS would also involve this pathway by using brefeldin A 
(BFA), which is an inhibitor of the ER–Golgi secretion pathway 
(Rosa et al., 1992). Because we had previously observed that 
the secretion of KRS was induced under starvation conditions 
in the presence of TNF-α (Park et al., 2005b), we compared the 
KRS secretion with and without BFA treatment and found no 
effect of BFA treatment on the KRS secretion (Fig. S1 A). In 
addition, we used the SignalP database to search for a potential 
signal peptide in KRS that could mediate secretion through the 
ER–Golgi pathway, and we did not detect a candidate sequence 
(not depicted); instead, KRS contains a PDZ domain–binding 
motif in its C-terminal end (Fig. 1 A, black box; Fabre et al., 
2000), which is known to meditate an interaction with syntenin 
involved in exosome secretion (Meerschaert et al., 2008; Baietti 
et al., 2012). We thus assumed that KRS may be secreted by 
extracellular vesicles such as exosomes.

To investigate whether the KRS secretion involves secretory 
vesicles, we subjected complete and starvation culture media of 
HCT116 cells to centrifugation at 100,000 g. We then isolated 
the vesicles in the pellets, lysed the contained proteins, and 
detected KRS by immunoblotting with an anti-KRS antibody. 
When equivalent amounts of total protein were loaded for gel 
electrophoresis, we detected higher levels of KRS in vesicles 
isolated from the starvation medium than from the complete 
medium (Fig. 1 B). We then introduced different stresses and 
stimuli to HCT116 cells to identify a condition or conditions 
that could induce secretion of KRS from HCT116 cells. Among 
the tested conditions, which included starvation, TNF-α, re-
active oxygen stress by sodium arsenite (Barchowsky et al., 
1999; Ruiz-Ramos et al., 2009), hypoxia by CoCl2 (Piret et al., 
2002), and ER stress by tunicamycin, KRS secretion was most 
prominent upon starvation (Fig. S1 B). Interestingly, the mo-
lecular weight of secreted KRS appeared to be slightly smaller 
than that of the cytosolic KRS, suggesting a potential peptide 
cleavage of KRS during the secretion process. Density-gra-
dient centrifugation analyses of the isolated vesicles showed 
that KRS is harbored in fractions within the density range of 
1.09–1.15  g/ml, which also contained syntenin (Fig.  1  C). A 
dynamic light scattering system suggested that the KRS-con-
taining vesicles were 147.3 nm in diameter (Fig. 1 D). Electron 
microscopic analysis showed cup-shaped vesicles (Fig.  1  E) 
that are morphologically similar to the typical exosomes (Théry 
et al., 2009). We also investigated whether KRS secretion was 
affected by suppression of Rab GTPases (Rab11a, Rab27a, and 
Rab35), which have been suggested to play a role in exosome 
shedding (Savina et al., 2005; Hsu et al., 2010; Ostrowski et 
al., 2010). The KRS secretion was differentially reduced by the 
suppression of Rab proteins (mostly significantly by Rab35, 
then Rab27a, and then weakly by Rab11a; Fig. 1 F), implying 
that KRS exosomes might be exported out of cells in a Rab-de-
pendent manner. Because ESC​RT-III proteins were previously 
suggested to induce luminal vesicle formation of multivesicular 

bodies (MVBs) and exosomic secretion of syntenin (Baietti et 
al., 2012), we also examined whether KRS secretion would be 
affected by the suppression of ESC​RT-III proteins and observed 
the reduction of KRS and syntenin secretion by the suppres-
sion of each ESC​RT-III component (CHMP1a, 2a, 3, 4a, 4b, 
6, and 7; Fig. 1 G). These results further support the syntenin- 
dependent exosomal secretion pathway.

We used an immunogold-conjugated KRS antibody to 
determine the location of KRS in the isolated exosomes by im-
munogold-staining EM, and KRS was detected in the lumen 
of exosomes (Figs. 1 H and S2 A), whereas CD63, a known 
membrane marker of exosomes, was detected in the membrane 
(Fig.  1  I; Théry et al., 2002; Marzesco et al., 2005). We fur-
ther determined the KRS topology in the isolated exosomes by 
trypsin treatment because proteins located within the lumen of 
exosomes would be protected from protease cleavage. When we 
subjected the isolated exosomes to trypsin digestion, KRS and 
syntenin were resistant, whereas CD63 was sensitive to trypsin 
cleavage (Fig. 1 J). When the vesicles were treated with 0.1% 
Triton X-100, all of the three proteins were digested by trypsin, 
further confirming that trypsin resistance of KRS was caused by 
the barrier of the exosome membrane.

The naked KRS was previously shown to activate macro-
phages, indicating that the exosome would not be essential for 
the signaling activity of KRS (Park et al., 2005b). To have an 
insight into how KRS in the lumen of exosomes can activate 
macrophages, we treated macrophages with KRS-containing 
exosomes and monitored the locations of KRS in the exosomes 
and macrophages by immunogold-staining EM. Although KRS 
was mainly detected in the lumen of exosomes (Figs. 1 K and 
S2, A and B), it was detected outside of the exosomes near 
macrophages (Figs. 1 L and S2 C) and within macrophages 
(Figs. 1 M and S2 D). In addition, we expressed C-terminally 
Myc-tagged KRS (KRS-Myc) in HCT116 cells and prepared 
exosomes harboring KRS-Myc. We then treated macrophages 
with these exosomes and monitored whether KRS-Myc taken 
up to the macrophages was sensitive to proteolytic cleavage. If 
KRS-Myc would be taken up to macrophages as naked protein, 
it would be sensitive to proteolytic cleavage. When KRS-Myc 
in the macrophages were subjected to immunoblotting at time 
intervals, we did not detect intact KRS-Myc in macrophages 
(Fig. S1 C). Although all of these results are supportive to the 
release of KRS from the vesicles for its action to target cells, 
further detailed investigation is needed to fully understand how 
KRS carried by the vesicles can be sensed by the target cells.

To determine whether KRS is specifically recruited to the 
starvation-induced exosomes, we examined the presence of nine 
different ARSs and found only KRS in the isolated exosomes 
(Fig. S1 D), suggesting the preferential recruitment of KRS to 
starvation-induced exosomes. We also tested several different 
cancer cell lines for the secretion of KRS exosomes and found 
that MCF7 cells also secreted KRS (Fig. S1 E).

Requirement of syntenin for KRS secretion
Prompted by recent work suggesting the potential interaction 
of KRS with syntenin (Meerschaert et al., 2008; Baietti et al., 
2012), we tested whether syntenin plays a role in the secretion 
of KRS. First, we coimmunoprecipitated syntenin and KRS 
under complete, starved, and TNF-α treatment conditions. The 
starvation condition (with and without TNF-α) increased the in-
teraction of the two proteins (Fig. 2 A). The cellular interaction 
of the two proteins was also monitored by a bimolecular fluo-
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Figure 1.  KRS secretion via exosomes. (A) Human cytosolic KRS (597 aa) consists of anticodon-binding (ABD; 70–214 aa) and catalytic domains (CDs; 
222–574 aa; Guo et al., 2008). The caspase-8 cleavage site (VxxD) and PDZ-binding motif (VGT​SV) are located in the N- (9–12 aa) and C-terminal 
(594–597 aa) ends. (B) HCT116 cells were incubated in normal and starvation (Starv.) conditions for 24 h. The culture media were subjected to ultracen-
trifugation at 100,000 g to obtain the pellet. KRS present in the pellets (containing vesicle fraction) was separated by 8% PAGE and detected by immuno-
blotting with anti-KRS antibody. Notice a slight difference in the gel mobility of KRS in the medium and cell lysates (see Fig. 3 A for further investigation). 
(C) Isolated vesicles from B were separated by OptiPrep gradient centrifugation. The nine fractions in the 1.02–1.19 g/ml density range were collected, 
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rescence complementation (BiFC) assay using green fluorescent 
Venus protein, where the 173-aa N- and 155-aa C-terminal frag-
ments of Venus were fused to the C-terminal ends of KRS and 
syntenin, respectively. Interaction of the two proteins would restore 
Venus green fluorescence. We incubated HCT116 cells expressing 
the KRS-VN173 and syntenin-VC155 in complete and starvation 
media and measured the generation of green fluorescence. We ob-
served fluorescence only under starvation conditions (Fig.  2  B 
and Videos 1, 2, 3, and 4). To determine whether syntenin is 
required for KRS secretion, we suppressed syntenin with its 
specific siRNA, which decreased the amount of secreted KRS 
in a dose-dependent manner (Fig. 2 C) and also decreased the 
amount of KRS in the isolated exosomes (Fig. 2 D).

To see whether the C-terminal PDZ-binding motif of KRS 
is critical for syntenin binding and exosomic secretion of KRS, 
we compared the interaction of KRS WT and the C-terminal 
5-aa deleted mutant (ΔC5) with syntenin by coimmunoprecip-
itation and found that the KRS ΔC5 mutant showed reduced 
binding to syntenin (Fig. 2 E). We then examined whether the 
WT and ΔC5 mutant forms of KRS were different in their se-
cretion profiles, and we observed the reduced secretion and 
exosome incorporation of the KRS ΔC5 mutant (Fig.  2, F 
and G, respectively). To further validate the importance of the 
PDZ-binding motif, we introduced alanine substitutions to the 
four C-terminal residues (C4A mutant; Wieman et al., 2009; 
Mañes et al., 2010) and monitored how these mutations affected 
recruitment of KRS into exosomes. The amount of KRS C4A 
mutant was significantly lower than that of KRS WT in the iso-
lated exosomes (Fig. 2 H). All of these results suggest that syn-
tenin binding to the C-terminal PDZ-binding motif facilitates 
exosomic secretion of KRS.

The role of the KRS N terminus 
in secretion
The molecular weight of KRS from isolated exosomes appeared 
to be smaller than cytosolic KRS, suggesting that a portion of 
KRS was cleaved off during the secretion process (Figs. 1 B 
and 3 A). To determine the cleavage site, we expressed N- and 
C-terminal Myc-tagged KRS in HCT116 cells, isolated se-
creted exosomes, and performed immunoblot analysis using an 
anti-Myc antibody. We detected a KRS variant that had Myc 
fused to the C terminus but not the N terminus (Fig. 3 B), indi-
cating that KRS is cleaved at the N terminus. We also prepared 
a double-tagged form of KRS in which Strep and Myc tags were 
fused to the N- and C-terminal ends, respectively, and then we 
expressed Strep-KRS-Myc fusion protein in HCT116 cells. We 
detected secreted KRS using the anti-Myc but not the anti-Strep 
antibody (Fig. 3 C), further supporting that the secreted KRS 
was cleaved at its N-terminal region. Next, to monitor secre-
tion-induced KRS cleavage, we attached the N- and C-terminal 

domains of Renilla luciferase (Kerppola, 2008; Ofir-Birin et al., 
2013) to the N- and C-terminal ends of KRS, respectively, to 
measure BiFC of the two Renilla luciferase domains. Whereas 
intact KRS was expected to bring the two domains of Renilla 
luciferase into proximity, which would restore luciferase ac-
tivity, cleavage of KRS would ablate BiFC of the two Renilla 
luciferase domains. Indeed, upon HCT116 cell starvation, the 
BiFC signal decreased in a time-dependent manner (Fig. S3 
A). We then expressed the GFP-KRS fusion protein in HCT116 
cells and incubated the cells under starvation conditions. The 
presence of cytosolic GFP resulting from cleavage of GFP-
KRS showed a similar kinetic pattern to that of KRS secretion 
(Fig. 3 D). All of these results indicate that KRS cleavage at its 
N-terminal region is associated with its secretion.

We next determined the exact site of cleavage in KRS. 
We prepared a series of N-terminal deletion mutants of Myc-
KRS and compared the effects of the deletion on KRS secre-
tion. Among the tested mutants, the secretion of KRS mutants 
ΔN20, ΔN30, and ΔN40 (with the N-terminal 20, 30, and 
40 aa deleted, respectively) was observed, but not KRS WT 
and mutant ΔN10 (Fig.  3  E), suggesting that the N-terminal 
cleavage occurs between the 11th and 20th residues. We then 
prepared two more Myc-KRS mutants, ΔN11 and ΔN12, and 
conducted the same experiments from Fig.  3  E in which we 
detected Myc-KRS ΔN12 but not ΔN10 and ΔN11 (Fig. 3 F). 
Collectively, these results suggest that the secretion-associated 
cleavage occurs at the 12th residue. For further confirmation, 
we mutated Asp residue at the position of 12 to Ala (D12A) 
and tested whether this mutation affected the secretion of KRS. 
The KRS-Myc D12A mutant was not detected in the culture 
medium, indicating that the mutation significantly reduced the 
KRS secretion (Fig. 3 G). We also monitored secretion-associ-
ated cleavage of this mutant using BiFC Renilla luciferase. The 
starvation-induced reduction of Renilla luciferase activity was 
not observed in the D12A mutant (Fig. S3 B). Similarly, the 
starvation-induced cleavage of GFP-KRS was not observed for 
the GFP-KRS D12A mutant (Fig. S3 C). When we subjected 
Myc-KRS WT and the ΔN12 mutant isolated from secreted 
exosomes to immunoblotting with the anti-Myc antibody, we 
detected only Myc-KRS ΔN12 but not WT, further indicating 
that the cleavage occurred at the D12 position (Fig. 3 H). In a 
comparison of exosome incorporation of KRS-Myc WT and the 
D12A mutant, only KRS WT was detected in the isolated exo-
somes, further confirming the importance of D12 cleavage for 
exosome incorporation and secretion of KRS (Fig. 3 I).

The role of caspase-8–mediated N-terminal 
cleavage in syntenin interaction
We next determined the enzyme responsible for the cleavage 
of the N-terminal 12-aa domain of KRS. Interestingly, the 

and the presence of KRS and syntenin (Synt) was analyzed by immunoblotting with their specific antibodies. (D) Dynamic light scattering demonstrated 
the size distribution of the isolated vesicles (mean diameter, 147.3 nm). (E) Negatively stained field of the KRS-containing vesicles isolated from HCT116 
cells as in B. (F and G) To see whether Rab (F) and ESC​RT-III (G) proteins are involved in the exosomic secretion of KRS, we transfected HCT116 cells 
with siRNAs specifically targeting each of the indicated Rab and ESC​RT-III proteins and examined whether KRS secretion was affected by the suppression 
of Rab and ESC​RT-III proteins. The secretion of KRS was induced by starvation of HCT116 cells for 24 h. After isolation of the secreted exosomes, the 
amounts of KRS in the obtained exosomes were compared by immunoblotting with anti-KRS antibody. Quantitation of secreted KRS blots was measured by 
ImageJ. si-con, control siRNA; WCL, whole-cell lysate. (H and I) Localization of KRS (H) and CD63 (I), a known membrane-bound marker for exosomes, 
was shown by immunogold-staining EM with their respective antibodies. (J) The isolated vesicles were incubated with or without 0.025% trypsin and 0.1% 
Triton X-100 at 37°C for 30 min, and the presence of KRS, syntenin, and CD63 was analyzed by immunoblotting with their specific antibodies. (K–M) 
Immunogold-staining EM shows KRS located in the lumen of the exosome near the target macrophage (K), outside of the exosomes near macrophages (L), 
and within the target macrophage (M).
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Figure 2.  Interaction of KRS with syntenin for secretion. (A) HCT116 cells were incubated in the starvation (Starv.) condition in the absence and presence 
of TNF-α, and the interaction of KRS with syntenin was determined by coimmunoprecipitation with an anti-syntenin antibody. (B) The cellular interaction of 
KRS and syntenin was determined by BiFC. HCT116 cells were cotransfected with Flag-KRS fused to VN173 (Venus N-terminal domain) and HA-syntenin 
fused to VC155 (Venus C-terminal domain). The cells were incubated in normal and starvation conditions for 6 h, and reconstitution of Venus green fluo-
rescence was shown by fluorescence microscopy. Expression of KRS was observed by red fluorescence signal from Alexa Fluor 594–conjugated anti-FLAG 
antibody (60×). Nuclei were visualized by DAPI staining (blue). (C) Secreted KRS and syntenin (syn) were detected by immunoblotting of proteins from 
HCT116 cells treated with different amounts of siRNA against syntenin. The cells were incubated in starvation conditions for 24 h. Secreted proteins were 
precipitated with TCA, and the amounts of KRS were determined by immunoblotting. (D) The levels of KRS were also determined, as described in Fig. 1 B, 
in isolated exosomes and cell lysates of HCT116 cells transfected with siRNA against syntenin. (E) Interaction of KRS-Myc (WT and ΔC5 [C-terminal 5-aa–
deleted mutant]) with syntenin was determined by coimmunoprecipitation from HCT116 cells after 1-h incubation in the starvation condition. Syntenin was 
precipitated from whole-cell lysates (WCLs) with its specific antibody, and the coprecipitated KRS was immunoblotted with anti-Myc antibody. IP, immuno-
precipitation (F) Secretion of KRS (WT and ΔC5) from HCT116 cells was determined in the 24-h starvation media as in C. (G) The amounts of KRS WT and 
ΔC5 were determined by immunoblotting in the exosomes isolated from HCT116 cells incubated in the starvation condition as in Fig. 1 B. (H) KRS mutant 
in which the last four aa’s, GTSV, were changed to alanine (C4A) was constructed. KRS WT and the C4A mutant secretion from HCT116 cells starved for 
24 h, as described in Fig. 1 B, was compared.
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N-terminal peptide of KRS contains a consensus caspase sub-
strate sequence (V-X-X-D, especially for caspase-3, -6, and 
-8; Fig. 1 A, gray box; Van Damme et al., 2005). To determine 
whether any of the known caspases is required for N-terminal 
truncation and secretion of KRS, we treated HCT116 cells with 

a pan-caspase inhibitor and checked its effect on KRS truncation 
and secretion. We found that starvation-induced KRS trunca-
tion and secretion were significantly inhibited by the inhibitor 
treatment (Figs. 4 A and S3 D), suggesting the involvement of 
caspase activity for secretion. To identify the caspase responsi-

Figure 3.  The effect of an N-terminal truncation of KRS on secretion. (A) Secreted exosomes were isolated from the complete and starved (Starv) media 
of HCT116 cells, and KRS in the exosomes and whole-cell lysates (WCLs) was separated by 6% PAGE and detected by immunoblotting. (B) To determine 
the truncation site, HCT116 cells expressing either Myc-KRS (Myc tag fused to the N-terminal end of KRS) or KRS-Myc (Myc tag fused the C-terminal end of 
KRS) were incubated in the starvation condition, and the exosomes were isolated from the medium. KRS in the exosomes was detected with anti-Myc anti-
body. (C) HCT116 cells expressing Strep-KRS-Myc (containing Strep and Myc tags at the N- and C-terminal ends, respectively) were incubated in normal 
and starvation conditions for 24 h, and KRS in cytosol and exosomes was detected by immunoblotting with anti-Myc and -Strep antibodies, respectively. 
Syntenin, Alix, and HSP90 were used as markers for exosomes, and tubulin was used for cytosol. (D) HCT116 cells expressing GFP-KRS were incubated in 
the starvation condition and harvested at indicated time intervals. The amount of GFP-KRS and KRS secreted into the medium and in whole-cell lysates was 
determined by immunoblotting with anti-KRS and -GFP antibodies, respectively. (E) HCT116 cells expressing each Myc-KRS variant (WT, ΔN10, ΔN20, 
ΔN30, and ΔN40) were incubated in the starvation medium for 24 h, and the secreted KRS was precipitated with TCA and subjected to immunoblotting 
with anti-Myc antibody. (F) The same experiments were conducted with Myc-KRS ΔN10, ΔN11, and ΔN12. (G) KRS-Myc WT and D12A mutant proteins 
were expressed in HCT116 cells, and their secretion was determined by immunoblotting with anti-Myc antibody. (H) Myc-KRS WT and ΔN12 mutant were 
expressed in HCT116 cells, and their incorporation into the secreted exosomes during 24-h starvation was determined by immunoblotting with anti-Myc 
antibody. (I) The same experiments were conducted as in H with KRS WT and D12A mutant.
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ble for the KRS cleavage, we suppressed each of the caspases-3, 
-6, -8, and -9 with their specific siRNAs and caspase inhibi-
tors and compared their effects on the secretion of KRS. From 
them, the knockdown and inhibitor of caspase-8 specifically 
blocked KRS secretion (Figs. 4 B and S3 E). We also observed 
that KRS levels were reduced in the exosomes isolated from the 
caspase-8 inhibitor–treated HCT116 cells (Fig. 4 C). We also 
monitored the effect of the caspase-8 inhibitor on KRS cleavage 
using a Renilla luciferase–fused KRS and GFP-KRS truncation. 
The Renilla luciferase activity was reduced by starvation but 
restored by treatment of the caspase-8 inhibitor (Fig. 4 D). Like-
wise, starvation-induced GFP-KRS cleavage was inhibited by 
the treatment of caspase-8 inhibitor (Fig. S3 F).

We next examined whether the expression level of 
caspase-8 in cells is affected by starvation conditions and found 
that starvation led to a specific increase in the levels of caspase-8 
but not other caspases in a time-dependent manner (Fig. 4 E). We 
also found that exogenously introduced caspase-8 increased the 
levels of secreted KRS in a dose-dependent manner (Fig. 4 F). 
We then investigated whether inhibition of caspase-8 affects the 
interaction of KRS with syntenin using coimmunoprecipitation 
and found that the starvation-induced interaction of the two pro-
teins was inhibited by the treatment of the caspase-8 inhibitor 
(Fig. 4 G). These data suggest the importance of the caspase-8 
cleavage of the KRS N-terminal peptide for the interaction of 
KRS with syntenin. We also compared the interaction of KRS 
WT and D12A mutant with syntenin by coimmunoprecipitation 
and found that the interaction of the D12A mutant with syn-
tenin was reduced compared with that of KRS WT (Fig. 4 H). In 
the BiFC approach of KRS and syntenin described in Fig. 2 B, 
KRS D12A mutation or the inhibitor treatment inhibited the 
generation of green fluorescence (Fig. 4 I). Collectively, these 
experiments identified caspase-8 as the enzyme responsible for 
the cleavage of KRS at D12, which facilitates the syntenin in-
teraction that promotes its secretion.

Syntenin-dependent dissociation of 
KRS from multi-tRNA synthetase 
complex (MSC)
A majority of KRS exists as a component of the cytosolic 
MSC. We therefore investigated whether the secretion of KRS 
requires its dissociation from the MSC using gel filtration 
chromatography. When proteins extracted from HCT116 cells 
under complete and starvation conditions were subjected to gel 
filtration, we found that the amount of KRS dissociated from 
the MSC was increased by starvation, whereas glutamyle-pro-
lyl-tRNA synthetase (EPRS), another component of MSC, was 
not (Fig. 5 A; Sampath et al., 2004). We then examined whether 
the N12-aa truncation affected the dissociation of KRS from the 
MSC. We starved HCT116 cells in the absence and presence of 
caspase-8 inhibitor and precipitated cellular MSC with an an-
ti-EPRS antibody. The portion of KRS not bound to MSC was 
detected by immunoblotting of KRS, which remained in the 
immune-depleted supernatants after removing the immunopre-
cipitates. KRS in the immune-depleted fraction was decreased 
in cells treated with the caspase-8 inhibitor (Fig. 5 B), suggest-
ing that caspase-8–mediated N-terminal cleavage of KRS can 
enhance the dissociation of KRS from MSC. Using the same 
method, we examined whether the N12 deletion or cleavage-de-
fective D12A mutation would affect the dissociation of KRS 
from the MSC. In contrast with the KRS WT and ΔN12 mu-
tants, KRS D12A was not detected in immune-depleted super-

natants (Fig. 5 C). In addition, knockdown of syntenin reduced 
the amount of KRS in the immune-depleted fractions. We also 
compared the starvation-induced dissociation of KRS WT and 
ΔC5 mutant from MSC as in Fig. 5 B and found that the ΔC5 
mutant level was significantly reduced in the immune-depleted 
fraction (Fig. 5 D). All these results suggest that the caspase-8–
mediated N-terminal cleavage of KRS facilitates the trafficking 
of KRS from the MSC to exosomes via syntenin.

We then investigated whether syntenin can guide KRS 
to Alix, a known marker for the MVB (Matsuo et al., 2004; 
Odorizzi, 2006; Baietti et al., 2012) from which exosomes are 
secreted. For this experiment, we monitored whether the BiFC 
green fluorescence signals resulting from KRS and syntenin 
complex formation would colocalize with mCherry-labeled 
Alix, which emitted red fluorescence. The starvation-induced 
KRS–syntenin complex colocalized with the mCherry-Alix 
fraction (Fig. 5 E), suggesting that syntenin can guide the bound 
KRS from the MSC to the MVB. We examined the presence 
of KRS in MVBs using immunogold-staining EM with the an-
ti-KRS antibody and found the KRS-specific immunogold par-
ticles enriched in the vesicles located within MVBs in HC116 
cells grown under starvation conditions (Fig. 5 F).

Inflammatory activity of  
KRS-harboring exosomes
Previously, we have shown that KRS can trigger inflammatory 
responses when it was treated with macrophages (Park et al., 
2005b). We therefore compared the ability of naked KRS WT, 
ΔN12 mutant protein, and KRS-containing exosomes to induce 
various cytokines and factors that are known to be markers for 
M1- and M2-type macrophages. They showed similar activities 
in inducing TNF-α, CRG-2, IL6, and MMP9 from RAW264.7 
cells (Fig. 6 A), which are the signatures for M1-type macro-
phages (Mantovani et al., 2002), with EC50 values of 83.4 nM 
(KRS WT protein), 70.7 nM (KRS ΔN12 mutant), and 2.89 µg/
ml (KRS exosome; Fig. S4 A). They also induced macrophage 
migration (Fig. S4 B). These results suggest that the truncation 
of the N-terminal 12 aa does not ablate the immune-stimulatory 
activity of KRS WT and that KRS-containing exosomes are 
functionally equivalent to naked KRS in their ability to activate 
M1 polarization of macrophages.

To evaluate the functional significance of KRS in isolated 
exosomes, we isolated exosomes from HCT116 cells treated 
with the control and KRS-specific siRNAs (si-KRSs) and com-
pared their ability to induce TNF-α.  Knockdown of KRS by 
its specific siRNA significantly reduced KRS content in exo-
somes while not affecting exosome content of components 
such as syntenin and Alix (Fig. 6 B). The exosomes obtained 
from the si-KRS–treated cells showed reduced TNF-α–induc-
ing and macrophage migration activities compared with those 
of control siRNA–treated cells (Fig. 6, C and D). To confirm 
these data in vivo, we monitored the effect of exosomes iso-
lated from cells expressing either the KRS-specific or control 
siRNAs on the migration of macrophages and neutrophils in 
vivo. For this experiment, we performed intravital confocal 
microscopy on GFP-lysozyme (GFP-LysM) transgenic mice 
in which the mobility of macrophages and neutrophils can be 
monitored by green fluorescence (Faust et al., 2000; Choe et 
al., 2013). When we injected the naked KRS (labeled as red 
fluorescence) in the mouse ear intradermally, we observed that 
the ability of KRS to attract immune cells was enhanced com-
pared with BSA injection (Fig. S4 C and Videos 5 and 6). We 
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Figure 4.  N-terminal truncation of KRS by caspase-8. (A) Starved HCT116 cells were treated for 24 h with the pan-caspase (Pan-cas) inhibitor Z-VAD-
FMK, and secreted KRS was precipitated with TCA and detected by immunoblotting with anti-KRS antibody. (B) HCT116 cells were transfected with 
caspase-specific siRNAs, and their effect on KRS secretion was determined by immunoblotting with anti-KRS antibody. (C) The effect of a specific caspase-8 
inhibitor, Z-VAD-IETD, on KRS secretion was determined by immunoblotting of isolated exosomes. (D) The effect of the caspase-8 inhibitor on the N-terminal 
truncation of KRS was determined using KRS containing two domains of Renilla luciferase (Rluc), one fused to each end. Firefly luciferase (Fluc) was used 
to monitor transfection efficiency. Error bars show means ± SD from a mean of three experiments. n = 3. **, P < 0.01. (E) The effect of starvation on the 
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then isolated exosomes from HCT116 cells transfected with the 
control siRNA and si-KRS, labeled them with red fluorescent 
DiI, and injected them into GFP-LysM mice. The exosomes 
isolated from control siRNA–transfected cells induced infiltra-
tion of macrophages and neutrophils more strongly than those 
isolated from cells transfected with si-KRS (Fig.  6, E and F; 
and Videos 7, 8, and 9). Using the same method, we confirmed 
that B16F10 cells overexpressing KRS WT–Myc showed more 
potent immune cell–attracting activity than the EV-transfected 
control cells. We also observed that cells expressing secre-
tion-defective KRS D12A mutant (Fig. S4 E) showed reduced 
immune cell–attracting activity compared with those expressing 
KRS WT (Fig. 6, G and H).

Discussion

Although many ARSs have been reported to be secreted (Son et 
al., 2014), their secretion pathways have remained unclear. This 
work is the first study suggesting that ARSs can be secreted via 
exosomes or exosome-like extracellular vesicles. In addition, 
our study provides several other findings. First, we found that 
both of the N- and C-terminal ends of KRS play distinct roles in 
its secretion. Based on the crystal structure of KRS, which shows 
that two monomers of KRS exist as an antiparallel homodimer 
(Ofir-Birin et al., 2013), the N- and C-terminal ends of the two 
KRS monomers are in close proximity through dimerization. 
Thus, the N-terminal peptide region of KRS might mask the 
PDZ-binding motif located in the C-terminal end of its counter-
part in trans. Removal of the N-terminal peptide with caspase-8 
could expose the C-terminal PDZ-binding motif of the coun-
terpart KRS, which then provides a docking site for syntenin.

This work also suggests a novel mechanism by which 
KRS dissociates from the MSC. Previously, phosphorylation 
at T52 and S207 was reported to be responsible for the disso-
ciation of KRS from the MSC for its membrane and nuclear 
translocation, respectively (Yannay-Cohen et al., 2009; Kim et 
al., 2012). However, it was not understood how KRS dissociates 
from the MSC for extracellular secretion. We examined whether 
phosphorylation is also involved in the dissociation of KRS 
from the MSC in the process of secretion but did not detect any 
starvation-induced phosphorylation of KRS (Fig. S5). Instead, 
this work indicated a novel mechanism for KRS translocation. 
Namely, KRS dissociation from the MSC and its extracellular 
secretion involves N-terminal cleavage of KRS by caspase-8 
and an interaction with syntenin through its C-terminal end.

The starvation-induced interaction of KRS with syntenin 
provides strong evidence for the exosomic secretion of KRS 
(Fig. 2 A), and additional evidence further supports this possi-
bility. First, the biophysical and morphological characteristics 
of the KRS-containing vesicles are similar to those of typical 
exosomes (Fig. 1, C–E). Second, KRS was detected in the lumen 
of the isolated exosomes (Fig. 1, H and J; and Fig. S2 A). Inter-
estingly, the secretion of KRS was reduced by the suppression 

of different Rab GTPases, although it was most significantly 
affected by Rab35 (Fig. 1 F). Besides, the KRS secretion was 
also affected by the suppression of ESC​RT-III components that 
are known to play distinct roles in the secretion pathway of typ-
ical exosomes (Fig. 1 G). Although all of these results strongly 
support the exosomic secretion of KRS, additional investigation 
appears to be necessary to see whether the KRS exosome would 
take only one specific route or multiple routes for its secretion.

Interestingly, the amount of HSP90 detected in the iso-
lated exosomes showed a positive correlation with that of 
KRS (Fig. 3, A and C; and Fig. 4 C). Considering that secreted 
HSP90 is also known to work as an immune-stimulatory fac-
tor (Basu et al., 2000; Bohonowych et al., 2014), it is possible 
that KRS exerts a synergistic activity with HSP90 and other in-
flammatory factors present in these exosomes. In fact, we deter-
mined that KRS comprised ∼1% of the total exosome proteins 
(unpublished data). Nonetheless, the exosomes containing even 
such a low KRS content showed immune-stimulatory activity 
comparable to the naked KRS at much higher levels (Figs. 6 and 
S4), supporting the notion that KRS could synergize with other 
exosome factors in immune cell modulation.

The identification of KRS as a substrate of caspase-8 sug-
gests an unexpected functional connection of the two enzymes. 
Whereas apoptotic caspases are known to initiate programmed 
cell death, additional noncanonical activities have been reported 
(Creagh, 2014; Man and Kanneganti, 2016). Among these, 
caspase-8 has been shown to trigger inflammation by the acti-
vation of pro-IL1β and pro-IL18 (Bossaller et al., 2012; Grin-
ghuis et al., 2012). However, it is unknown whether caspase-8 
is also involved in inflammation caused by cancers. This study 
suggests a novel functional connection between caspase-medi-
ated signaling and a key enzyme for protein synthesis, KRS, 
which is also active in immune stimulation when secreted into 
the extracellular space.

Materials and methods

Cell culture and materials
HCT116 cells were cultured in RPMI medium (with 25  mM Hepes 
buffer and l-glutamine; Hyclone) supplemented with 10% FBS and 
50 µg/ml penicillin and streptomycin at 37°C in a 5% CO2 incubator. 
RAW264.7 cells were cultured in high-glucose DMEM (with 4 mM 
l-glutamine, 4.5 mg/ml glucose, and sodium pyruvate; Hyclone) sup-
plemented with 10% FBS and 50 µg/ml penicillin and streptomycin at 
37°C in a 5% CO2 incubator. siRNAs specific to syntenin (SC-42164) 
and stealth-universal RNAi (SC-37007) were purchased from Santa 
Cruz Biotechnology, Inc., and those for KRS (HSS105656), caspase-3 
(HSS101372), -6 (HSS101378), -8 (HSS141461), -9 (HSS189012), 
and stealth RNAi Negative Control Medium GC Duplex (253001) 
were purchased from Invitrogen. Silencer siRNA–targeted CHMP1a 
(104240), CHMP2a (21469), CHMP3 (148627), CHMP4a (29034), 
CHMP4b (129910), CHMP6 (140828), CHMP7 (127947), Rab11a 
(15126 and 120400), Rab27a (12389 and 120391), Rab35 (120486 

expression levels of different caspases in HCT116 cells was determined by immunoblotting with their specific antibodies. act., active. (F) Different amounts 
of caspase-8 were expressed in the starved HCT116 cells, and their dose-dependent effects on secretion of KRS were determined. (G) The effect of the 
caspase-8 inhibition on the starvation-induced interaction of endogenous KRS and syntenin was determined by coimmunoprecipitation of HCT116 cell 
lysates using anti-syntenin and anti-KRS antibodies. (H) The effect of the KRS D12A mutation on KRS interaction with syntenin was determined by coimmu-
noprecipitation. IP, immunoprecipitation. (I) The effect of caspase-8 inhibitor on the cellular interaction of the FLAG-KRS (WT, D12A)–Venus (N domain) and 
HA-syntenin–Venus (C domain) in starved HCT116 cells was monitored by a BiFC experiment as described in Fig. 2 B (60×).
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Figure 5.  Translocation of KRS from the MSC to exosomes. (A) Dissociation of KRS and EPRS from the MSC was monitored by gel filtration of proteins that 
were extracted from HCT116 cells incubated in normal (control; Con) and starvation (Starv) conditions. EPRS is a known component of MSC (Quevillon 
et al., 1999). (B) The effect of caspase-8 inhibitor (Z-VAD-ETD) on the starvation-induced dissociation of KRS from MSC in HCT116 cells was determined 
by coimmunoprecipitation of KRS and EPRS. The proportion of KRS dissociated from MSC was determined by immunoblotting the supernatant (ID) after 
removing the coimmunoprecipitates of KRS and EPRS (IP). The cellular levels of KRS and EPRS were determined in whole-cell lysates (WCLs). 100% and 
15% of IP and ID samples were loaded for gel electrophoresis, respectively. (C) The effects of ΔN12 and D12A mutations and syntenin (syn) knockdown on 
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and 120487), Silencer Select Negative Control siRNA (43090844 
and 43090847), and Silencer Negative control siRNA (AM4635) 
were purchased from Thermo Fisher Scientific. They were trans-
fected using Lipofectamine 2000 transfection reagent (Invitrogen) and 
X-tremeGENE HP DNA transfection reagent (Roche) following the 
manufacturers’ protocol. The peptide inhibitors specific to caspase-3 
(Z-VAD-DQMD), -6 (Z-VAD-VEID), -8 (Z-VAD-IETD), and -9 
(Z-VAD-LEHD) were obtained from EMD Millipore and added to cells 
at 14 µM in serum-free conditions.

Plasmids
The N- and C-terminal Myc-tagged human KRS proteins were cloned 
at the EcoRI–XhoI sites of pcDNA3 plasmid. The N-terminal one 
Strep tag was inserted at the KpnI–BamHI sites of the C-terminal 
Myc-tagged human KRS plasmid. The N-terminal Myc-tagged human 
KRS mutants (ΔN10, ΔN20, ΔN30, ΔN40, ΔN11, and ΔN12) and the 
C-terminal Myc-tagged human KRS mutants (ΔC5) were cloned at 
the EcoRI–XhoI sites of the pcDNA3 plasmid. pEGFP-KRS and the 
BiFC plasmids of pBiFC-VN173 (FLAG tag) and pBiFC-VC155 (HA 
tag) were previously described (Kwon et al., 2011; Kim et al., 2012). 
pBiFC-VN173-KRS and –VC155-syntenin were cloned at the HindIII–
XbaI (KRS) and EcoRI–EcoRI (syntenin) sites of pBiFC plasmids. The 
BiFC N-terminal Renilla-KRS–C-terminal Renilla plasmid was a gift 
from M. Guo (The Scripps Research Institute, Jupiter, FL). pmCher-
ry-Alix plasmid was cloned at the EcoRI–BamHI sites of pmCherry-C1 
plasmid. The cDNAs encoding Myc-KRS, KRS-Myc, and the pBiFC-
VN173-KRS mutant at D12A, C4A were cloned using a QuikChange 
II kit (Agilent Technologies) following the manufacturer’s instructions.

Immunoblotting and immunoprecipitation
Cells were lysed with 50  mM Tris-HCl buffer, pH 7.4, containing 
150 mM NaCl, 10 mM NaF, 1 mM EDTA, 1% NP-40, 10% glycerol, 
and protease inhibitor. After 30 min, the supernatants were dissolved 
in SDS sample buffer and separated by SDS-PAGE. Antibodies against 
different ARSs were used for immunoblotting (Abcam). Antibodies 
specific to Hsp90 (H-114), syntenin (S-31), CD63 (H-193), Rab11a 
(A-6), Rab27a (E12A-1), Rab35, CHMP1a (B-5), CHMP3 (FL-222), 
CHMP4a (H-52), CHMP6 (B-3), GFP (B-2), Myc (9E10), caspase-3 
(E-8), -6 (H-12), -8 (4.1.20), -9 (H-83), and HIF1-α (H-206) were pur-
chased from Santa Cruz Biotechnology, Inc.; Rab35 and CHMP7 an-
tibodies were purchased from Novus Biologicals. CHMP4b antibody 
was purchased from Proteintech. Those for Alix (3A9), BIP (C50B12), 
p-S6K (Thr398; 9205), S6K (9202), p-tyrosine (9411), p-threonine 
(9381), and IRE1-α (14C10) were purchased from Cell Signaling 
Technology; p-IRE1–α (Ser724) was purchased from Novus Biolog-
icals; and p-serine (p3430) and β-actin (A5441) were purchased from 
Sigma-Aldrich. Active caspase-3 (C92-605) was purchased from BD. 
For immunoprecipitation, cells were lysed at 4°C in 50 mM Hepes buf-
fer, pH 7.4, containing 150 mM NaCl, 0.5% NP-40, 2 mM EDTA, 5% 
glycerol, and protease inhibitor (EMD Millipore). The protein extracts 
were incubated with specific antibody for 2 h at 4°C with agitation, and 
then protein G Agarose was added and further incubated for 4 h. After 
centrifugation, the precipitated samples were resuspended in cold lysis 

buffer and washed three times. Proteins were eluted from the beads 
and separated by SDS-PAGE.

Determination of KRS secretion
HCT116 cells were cultivated to 60% confluency in RPMI contain-
ing 10% FBS. After cells were washed twice, they were transferred 
to serum-free RPMI for 24 h. The culture media were collected and 
centrifuged at 500  g for 10 min. The supernatants were centrifuged 
again at 10,000 g for 30 min to eliminate membrane organelles, and 
then proteins were precipitated with 12% TCA and incubated for 
12 h at 4°C. Pellets were obtained by centrifugation at 18,000 g for 
15 min and neutralized with 100 mM Hepes, pH 8.0. Proteins in the 
pellets were separated by SDS-PAGE and subjected to immunoblotting 
with an anti-KRS antibody.

Exosome isolation
Media were obtained from HCT116 cells incubated in the complete 
(RPMI containing 10% FBS) and starvation (RPMI only) condi-
tions and subjected to centrifugation at 500 g for 10 min to remove 
cells and subsequently at 10,000 g for 30 min to remove debris. The 
supernatants were then centrifuged at 100,000  g for 1.5  h to pre-
cipitate exosomes. Protein content of the isolated exosomes was quan-
tified by a Bradford assay.

OptiPrep density gradient assay and dynamic light scattering
Purified exosomes were loaded onto continuous OptiPrep Density 
Gradient Medium (40, 20, 10, and 5% iodixanol solution with 0.25 M 
sucrose and 10 mM Tris-HCl, pH 7.5; Sigma-Aldrich) and centrifuged 
at 150,000 g for 15 h. The 10 fractions were harvested, and proteins 
in each fraction were obtained by TCA precipitation. Proteins of in-
terest were detected by immunoblot analysis. The size of the secreted 
vesicles was measured by an ELS-Z light scattering spectrophotome-
ter (Otsuka Electronics).

Gel filtration chromatography
HCT116 cells were lysed with 10 mM Hepes buffer, pH 7.4, containing 
10 mM KCl, 100 µM EDTA, 1 mM DTT, 0.4% NP-40, and protease in-
hibitor mixture. Cell lysates were centrifuged at 13,000 rpm for 15 min, 
and the supernatants were then transferred to a new tube. The superna-
tants (4 mg total proteins in 400 µl) were injected into a Superdex200 
chromatography column 10/300 GL (GE Healthcare) in an ÄKTA fast 
protein liquid chromatography system (GE Healthcare). The separated 
proteins were then resolved by SDS-PAGE and subjected to immuno-
blotting with antibodies specific to the indicated proteins.

Preparation of human full-length and truncated KRS
The cDNAs for human cytosolic KRS (1–597 aa WT and N-terminal 
12 aa truncated) were subcloned into pET-28a (Novagen) with EcoRI 
and XhoI and expressed in Escherichia coli BL21 (DE3). His-tagged 
KRS was then purified using nickel affinity (Invitrogen) and Mono Q 
ion-exchange (GE Healthcare) chromatography following the manu-
facturer’s instructions. To remove lipopolysaccharide, the KRS solu-
tion was dialyzed in pyrogen-free buffer and subsequently filtered 

the dissociation of KRS-Myc from MSC were determined as in B. (D) The effects of ΔC5 (the C-terminal 5-aa deletion) on the dissociation of KRS-Myc from 
the MSC were determined as in B. (E) The effect of caspase-8 inhibitor on the association and colocalization of KRS-syntenin-Alix was shown by BiFC and 
fluorescence microscopy, respectively. The starvation-induced association of KRS and syntenin was shown by BiFC (green) as described in Fig. 2 B. The 
localization of KRS–syntenin complexes revealed by BiFC was further analyzed with mCherry-Alix (red). Nuclei were visualized by DAPI staining (blue). (F) 
Immunogold-staining EM analysis showing the localization of KRS in vesicles located within the MVB of HCT116 cells under starvation conditions. Arrow-
heads in each panel indicate the localization of immunogold-labeled KRS. Bars: (F1, F3, and F4) 200 nm; (F2) 100 nm.
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Figure 6.  Biological activities of KRS-containing exosomes. (A) Effects of KRS WT (6 µg), ΔN12 (6 µg), and KRS exosomes (5 µg by total proteins) on the 
secretion of the indicated factors from RAW264.7 cells were determined using a multiplex bead array. (B) To assess the functional importance of KRS for 
exosomes, we reduced the KRS level in exosomes by siRNA knockdown and confirmed by immunoblotting. (C and D) TNF-α–inducing (C) and transwell 
migration (D) activities of RAW264.7 cells were compared for purified KRS ΔN12 mutant (6 µg) and exosomes (normal and KRS suppressed; 5 µg total 
proteins) obtained from HCT116 cells. HPF, high-power field. (E) Exosomes (normal and KRS suppressed; 0.1 µg/µl) from HCT116 cells and BSA were 
stained with DiI (Potter et al., 1996) and Alexa Fluor 647, respectively (red fluorescence), and injected into mouse ear dermis. To visualize macrophage/
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through Acrodisc Units with Mustang E membrane, (0.2 µm, 25 mm; 
Pall Corporation) in PBS containing 20% glycerol.

TNF-α ELI​SA assay
RAW264.7 cells (2 × 104) were cultured on 24-well plates containing 
DMEM with 10% FBS and 1% antibiotics for 12 h and then treated 
with the purified KRS at the indicated concentrations for 6  h.  The 
media were harvested after centrifugation at 3,000 g for 5 min, and the 
secreted TNF-α was measured using a TNF-α ELI​SA kit (BD) follow-
ing the manufacturer’s instructions.

BiFC immunofluorescence staining
HCT116 cells expressing KRS-VN173, syntenin-VC155, and mCher-
ry-Alix were incubated in starvation conditions with or without 
caspase-8 inhibitor. The cells were fixed on 9-mm coverslips with 4% 
paraformaldehyde and permeabilized with 0.1% Triton X-100 for 5 
min and then washed briefly with cold PBS. After a 10-min incubation 
with the CAS-Block (Invitrogen) for blocking, the cells were incubated 
for 1 h with an anti-FLAG antibody. Alexa Fluor 555 (Invitrogen) was 
then added for 1 h at room temperature, and cells were DAPI stained 
for 10 min. After washing with cold PBS for 30 min, the specimens 
were observed by laser-scanning microscopy. The mounted samples 
were visualized at room temperature by a confocal fluorescence micro-
scope (A1 Rsi) through an objective lens (Plan Apochromat VC 60×) 
and with NIS-Elements AR3.2 64-bit software (Nikon). For live-cell 
time-lapse microscopy, HCT116 cells expressing KRS-VN173 and 
syntenin-VC155 were seeded in a glass-bottomed two-well imaging 
chamber (Lab-Tek II; Thermo Fisher Scientific) containing RPMI with 
10% FBS and incubated using an On-Stage Cell Incubation system 
(Live Cell Instrument) at 37°C with 5% CO2 for 12 h. Cells were then 
starved for 3 h at 37°C, and images were collected at 3-min intervals. 
The samples were visualized by confocal fluorescence microscopy (A1 
Rsi; Nikon) through an objective lens (Plan Apochromat VC 20× 0.75 
NA; Nikon) and an electron-multiplying charge-coupled device camera 
(iXon; DU897E BV; Andor).

Wound-healing migration assay
RAW246.7 cells (4 × 104) were seeded in 12-well cell culture plates in 
complete growth media and then incubated until a confluent monolayer 
was formed. The monolayer of cells was wounded by manual scratch-
ing with a pipette tip and washed with PBS, and then media containing 
either KRS WT, ΔN12 (6 µg/ml) protein, or KRS exosomes (0.05, 0.5, 
and 5 µg/ml) were added. After 12 h, the wound regions were photo-
graphed by phase-contrast microscopy (C1; Nikon) through an objec-
tive lens (Plan Apochromat 10×) electron-multiplying charge-coupled 
device camera (DU-897; Andor) and with NZS-C4.11 software (Nikon).

Transwell migration assay
A 24-well plate transwell chamber with 5.0 µm polycarbonate mem-
brane (Costar) was used for cell migration assays. The inserts were 
coated with 10 µl of 0.5 mg/ml of gelatin (Sigma-Aldrich) and dried 
overnight under UV light. RAW264.7 cells were cultured in the bot-
tom chamber. After 12 h, culture media were changed to serum-free 
DMEM, added to the inserts (105 cells), and treated with BSA (100 

nM), KRS protein (6 µg/ml), and KRS exosomes (5 µg/ml) purified 
from HCT116 cells treated with control siRNA or si-KRS for 8 h at 
37°C in a 5% CO2 incubator. The inserts were washed twice with cold 
PBS, and the cells were fixed in 70% methanol and 30% PBS solution 
for 30 min. After washing the inserts with PBS three times, the cells 
were fixed using hematoxylin (Sigma-Aldrich) for 30 min. The inserts 
were washed with distilled water three times, and the nonmigrant cells 
were removed with a cotton swab. The membranes were extracted 
using a blade and mounted to a microslide using GelMount (Biomeda). 
Images of the migrating cells were taken with an optical microscope 
(20×; Korea Lab Tech) using the TopView 3.5 software.

Intravital imaging
A custom-built laser-scanning confocal microscope modified from a 
previously constructed system (Choe et al., 2013) was used to visu-
alize macrophage/neutrophil recruitment. Three continuous wave la-
sers at 488 nm (MLD488 60 mW), 561 nm (Jive 50 mW), and 640 
nm (MLD640 100 mW; Cobolt) were used as excitation sources. To 
implement 2D scanning, a fast-rotating polygonal mirror (MC-5; 
aluminum coated; Lincoln Laser) and galvanometer (6230H; Cam-
bridge Technology) were used. High-sensitivity photomultiplier tubes 
(R9110; Hamamatsu Photonics) were used to detect three-color fluo-
rescence signals simultaneously. Three detection channels were split by 
dichroic mirrors (FF01-442/46-25, FF02-525/50-25, FF01-585/40-25, 
and FF01-685/40-25) and bandpass filters (FF484-FDi01, FF560-Di01, 
and FF649-Di01; Semrock). Electric signals obtained from photomul-
tiplier tubes were digitized by an 8-bit three-channel frame grabber 
(Solios; Matrox). The field of view of images obtained by the 20× 
objective (LUM​FLN60XW; NA1.1; Olympus) was 500 × 500 µm2. 
After acquisition from the imaging system, 512 × 512–pixel images 
were then XY-shift compensated with MAT​LAB (MathWorks). During 
the imaging, a motorized XYZ translational stage (MPC-200-ROE; 
Sutter Instrument), which has 1-µm resolution, was used to precisely 
adjust sample position.

GFP-LysM mice (Faust et al., 2000) that endogenously express 
GFP in macrophages and neutrophils were used. 12–20-wk-old male 
GFP-LysM mice were deeply anaesthetized with intraperitoneal injec-
tions of zoletil (30 mg/kg) and rompun (10 mg/kg). During imaging, 
mouse body temperature was maintained at 37°C with a homoeother-
mic controller (PhysioSuite; RightTemp; Kent Scientific). To avoid im-
mune responses caused by hair removal, mouse ear skin was shaved at 
least 12 h before imaging.

B16F10 cells were transfected with myc-KRS, KRS-Myc (WT 
and D12A Mutant), and empty vector using Lipofectamine 2000 (In-
vitrogen). The transfected B16F10 cells were then fluorescently la-
beled with the lipophilic fluorescent dye, Vybrant DiI, or DiD solution 
(Thermo Fisher Scientific) by incubating with 5 µl DiI or DiD solution 
per ml of cell media for 1 h. After washing with PBS three times, la-
beled cells were prepared in PBS solution and intradermally injected 
into mouse ear skin (4 × 104 cells/µl) with a 31-G microinjector. To vi-
sualize macrophage/neutrophil recruitment along the cell injection site, 
time-lapse images were taken at 30-s intervals after injection.

HCT116 cells were transfected with control siRNA and si-KRS 
using X-tremeGENE HP DNA transfection reagent (Roche) following 

neutrophil (green fluorescence) recruitment to the injection sites, time-lapse intravital images of macrophage/neutrophil (green fluorescence) recruitment 
were taken in 30-s intervals up to 120 min after injection. (F) These experiments were repeated three times, and the results are represented as bar graph. 
Green fluorescence signal was measured by ImageJ. (G) B16F10 cells expressing empty vector (EV), KRS WT, and D12A mutant were stained with DiD 
(Sutton et al., 2008) and injected into mouse ear dermis (4 × 104 cells/µl; red fluorescence). Bars, 100 µm. (H) These experiments were repeated three 
times, and the results are shown as bar graph. Green fluorescence signal was measured by ImageJ. Error bars show means ± SD from the mean of three 
independent experiments. n = 3. *, P < 0.05; **, P < 0.01.
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the manufacturer’s protocol. The transfected HCT116 cells were incu-
bated with DiI (5 µl/ml) for 1 h. After washing with PBS, the labeled 
cells were incubated in starvation condition for 24 h. Control siRNA 
and si-KRS exosomes were purified from incubation media using the 
exosome isolation method described in the Exosome isolation section. 
Exosomes were intradermally injected into mouse ear skin (0.1 µg/µl) 
with a 31-G microinjector. Time-lapse images were taken at 30-s in-
tervals after injection.

Luminex screening assays (bead-based multiplex kits)
RAW246.7 cells were cultured in 12-well plates in DMEM with 10% 
FBS and 1% antibiotics for 12 h and then starved in serum-free media 
for 2 h. Different amounts of KRS (WT and ΔN12 mutant; 6 µg/ml) 
and KRS exosomes (5 µg/ml) were added to the media. At different 
time intervals, the media were collected and subjected to centrifugation 
at 3,000 g for 10 min. For the multiplex assay, the secretion of TNF-α, 
mCRG-2, IL-6, mIL-1b, mIL-12, mIL-10, MMP9, IFN-γ, mMIP3a, 
and CXCL10 was measured using premixed beads purchased from 
R&D Science following manufacturer’s instructions and quantified by 
the Bioplex 200 system and software (Bio-Rad Laboratories).

Renilla luciferase BiFC assay
BiFC Renilla luciferase KRS vector (provided by M. Guo), with which 
the N- and C-terminal domains of Renilla luciferase were fused to 
the N- and C-terminal ends of KRS, was cotransfected into HCT116 
cells along with the firefly luciferase vector. After 24  h, cells were 
incubated in each starvation condition with or without caspase-8 in-
hibitor. Luciferase activity was measured using a luciferase assay kit 
(Promega) and luminometer.

Immunogold-label EM
Exosomes were isolated from starved HCT116 cells, and exo-
some-treated macrophages were fixed with 2.5% glutaraldehyde and 
2% osmium tetroxide for 1 h at 4°C. They were then dehydrated with 
a graded acetone series and embedded into Spurr’s medium (Electron 
Microscopy Sciences). The sections were made in 60-nm thickness 
horizontally to the plane of the samples using an ultramicrotome (RMC 
MTXL) and then mounted on nickel grids. Free aldehyde groups were 
quenched with 0.02 M glycine for 10 min. Sections were then rinsed 
in deionized water, floated for 1  h in PBS containing 1% BSA, and 
incubated directly in the primary rabbit antibodies at 4°C for 1 h. Sec-
tions were rinsed several times with PBS-BSA (0.1% BSA in PBS) 
and floated for 1 h in rabbit IgG conjugated to 10-nm gold particles 
(Sigma-Aldrich) diluted 1:50 in PBS-BSA. The gold particle–labeled 
sections were counterstained with uranyl acetate and lead citrate. For 
immunogold staining of KRS in MVB, HCT116 cells were incubated 
in serum-free RPMI 1640 medium for 3 h, and then cells were collected 
by low-speed centrifugation.

After the preparative steps of cryofixation (Donohoe et al., 
2007), the prepared sections were examined using a transmission elec-
tron microscope (H-7600; Hitachi) operating at 80 k and a JEM-1400 
PLUS transmission electron microscope (JEOL).

Statistical methods
The Student's t test was used for statistical analysis. P-values <0.05 was 
considered statistically significant.

Online supplemental material
Fig. S1 shows KRS and other ARS secretion in different conditions 
and cell lines. Fig. S2 shows the determination of KRS locations in the 
secreted exosomes and macrophages using EM. Fig. S3 shows star-
vation-induced KRS truncation at D12 by caspase-8.  Fig. S4 shows 

the inflammatory activity of secreted KRS exosomes. Fig. S5 shows 
the effect of starvation on the phosphorylation of KRS. Video 1 shows 
BiFC live imaging of the KRS and syntenin interaction in normal con-
ditions. Video 2 shows a merge of Video 1. Video 3 shows BiFC live 
imaging of the KRS and syntenin interaction in starvation conditions. 
Video 4 shows a merge of Video 3. Video 5 shows intravital images 
of a BSA-induced macrophage/neutrophil migration. Video  6 shows 
intravital images of KRS-induced macrophage/neutrophil migration. 
Video 7 shows time-lapse intravital microscopy of the recruitment of 
macrophages/monocytes (green) toBSA stained with Alexa Fluor 647. 
Video 8 shows time-lapse intravital microscopy of the recruitment of 
macrophages/monocytes (green) to exosomes isolated from starved 
HCT116 cells that were treated with control siRNA stained with DiI 
(red fluorescence). Video 9 shows time-lapse intravital microscopy of 
the recruitment of macrophages/monocytes (green) to exosomes iso-
lated from starved HCT116 cells that were treated with si-KRS stained 
with DiI (red fluorescence).
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