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Abstract
Background: Tyrosyl-tRNA synthetase (YRS) belongs to the family of enzymes that 
catalyzes the tRNA aminoacylation reaction for protein synthesis, and it has been 
recently shown to exert noncanonical functions. Although database results indicate 
extremely low levels of YRS mRNA in platelets, YRS protein is abundantly present. 
The source of YRS in platelets, as well as the physiological role of platelet-stored YRS, 
remains largely unknown.
Objectives: To clarify how YRS accumulates in platelets and determine the potential 
role of platelet-stored YRS.
Methods: Recombinant YRS proteins with epitope tags were prepared and tested 
in vitro for proteolytic cleavage in human plasma. Fluorescent-labeled YRS was ex-
amined for uptake by platelets, as demonstrated by western blotting and confocal 
microscopy analysis. Using RAW-Dual reporter cells, Toll-like receptor and type I in-
terferon activation pathways were analyzed after treatment with YRS.
Results: Full-length YRS was cleaved by both elastase and matrix metalloproteinases 
in the plasma. The cleaved, N-terminal YRS fragment corresponds to the endogenous 
YRS detected in platelet lysate by western blotting. Both full-length and cleaved 
forms of YRS were taken up by platelets in vitro and stored in the α-granules. The 
N-terminal YRS fragment generated by proteolytic cleavage had monocyte activa-
tion comparable to that of the constitutive-active mutant YRS (YRSY341A) previously 
reported.
Conclusion: Platelets take up both full-length YRS and the active form of cleaved 
YRS fragment from the plasma. The cleaved, N-terminal YRS fragment stored in 
α-granules may have potential to activate monocytes.
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Essentials

•	 Tyrosyl-tRNA synthetase (YRS) is an enzyme crucial for protein synthesis but also has nontranslational functions.
•	 The potential functions of endogenous YRS stored in platelets were studied.
•	 Secreted YRS is promptly cleaved by proteinases present in the plasma, generating active forms.
•	 Cleaved YRS taken up by platelets has the potential to activate monocytes and regulate function.

1  | INTRODUCTION

Aminoacyl-tRNA synthetases (aaRSs) are a family of enzymes that 
catalyze the first step reaction, namely, the aminoacylation of tRNA, 
in protein synthesis. Over the course of evolution, aaRSs acquired 
additional functions beyond translation.1,2 Tyrosyl-tRNA synthetase 
(YRS) was first described to be secreted and split into two frag-
ments with distinct cytokine/chemokine activities.3,4 These non-
translational activities depend on two motifs: Glu-Leu-Arg (ELR) 
tripeptide in the catalytic domain and heptapeptide RVGKIIT in the 
C-terminal EMAPII-like domain.5 These domains are buried in the na-
tive, full-length YRS protein, and proteolytic cleavage or rationally 
designed mutagenesis (Y341A) exposes the key motifs and converts 
YRS to active forms.4,6 We further showed in mouse models that 
a constitutive active-form YRSY341A expands megakaryocytes (MK) 
and contributes to accelerated recovery from thrombocytopenia.7 
Interestingly, secreted YRS circulates in human plasma and, un-
like other tRNA synthetases, is abundantly present in platelets.8,9 
However, database results indicate very low or undetectable levels 
of YRS mRNA in platelets.10 These data suggest that platelet-stored 
YRS may be derived from the circulating plasma pool, and that stor-
age in platelets may have physiological roles associated with platelet 
biology. In this article, we clarify the mechanism of YRS accumu-
lation in platelets and study the potential physiologic role of YRS 
stored in platelets.

2  | MATERIALS AND METHODS

2.1 | Blood sample preparation

Blood samples from healthy donors were obtained in accordance with 
the Declaration of Helsinki after obtaining written informed consent. The 
experimental protocol was approved by Institutional Review Board of the 
Scripps Research Institute (IRB-15-6643). Whole blood was collected 
from normal blood donors in 3.8% citrated tubes. The blood was centri-
fuged at 230 g for 7 minutes at room temperature to prepare platelet-
rich plasma (PRP). PRP was transferred into a new tube with an excess 
amount of Tyrode’s buffer (pH 7.4) with 2 mmol/L EDTA and 10 μmol/L 
prostaglandin E1 to prevent platelet activation, then was centrifuged 

again at 1460 g for 5 minutes. The platelet pellet was resuspended in 
Tyrode’s buffer, then added with equal volume of lysis buffer contain-
ing 2% SDS 50 mmol/L Tris pH 7.4 and boiled for 6 minutes. Protein 
concentration of platelet lysates was determined by spectrophotometer 
NanoDrop (Thermo Scientific, Waltham, MA, USA). A part of PRP was 
centrifuged at 1460 g for 5 minutes to obtain platelet-poor plasma.

2.2 | Animal procedures

Animal experiments were performed according to a protocol ap-
proved by the Institutional Animal Care and Usage Committee of 
The Scripps Research Institute.

2.3 | Platelet analysis

Complete blood counts were obtained using Procyte Dx (IDEXX 
Laboratories, Westbrook, ME, USA).

2.4 | Western blot analysis

Protein level of YRS in plasma and platelet lysates was assessed by west-
ern blotting. Samples were analyzed by SDS-PAGE and electroblotted 
onto a polyvinylidene difluoride (PVDF) membrane using a transfer ap-
paratus according to manufacturer’s protocols (Bio-Rad Laboratories, 
Hercules, CA, USA). Equal amounts (20  µg) of platelet lysates were 
loaded for each sample. The membrane was incubated with anti-YRS 
monoclonal antibody A-10 (Santa Cruz) overnight, and the signal was 
detected with IRDye 680 goat anti-mouse IgG. The image was obtained 
using LI-COR Odyssey imaging system and the band intensity was quan-
tified using Licor ImageStudio (LI-COR Biosciences, Lincoln, NE, USA).

2.5 | Inhibitor experiments using dual-tagged 
recombinant YRS

Recombinant YRS with epitope tags on both ends (dual-tagged YRS) 
(3.5 µmol/L) was incubated with platelet-poor plasma in the absence 
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or presence of elastase inhibitor Sivelestat (Bio Vision Group, 
Milpitas, CA, USA) (1000 µg/mL), matrix metalloproteinase (MMP) 
inhibitor GM6001 (Sigma-Aldrich, St Louis, MO, USA) (500 µmol/L), 
or both inhibitors at 37°C for 1  hour. The samples were analyzed 
by SDS-PAGE under reduced condition, transferred to PVDF mem-
brane, and blotted with rat anti-FLAG antibody L5 (BioLegend, San 
Diego, CA, USA) and mouse anti-V5 antibody (Thermo Scientific) 
overnight.

2.6 | Platelet uptake assay

Recombinant YRS proteins (dtYRS, YRSWT, YRSMini, or YRSMini+: 
3.5 µmol/L) was incubated with PRP derived from healthy donors at 
37°C for 17 hours. Platelets and plasma components were separated 
by centrifugation and loaded on SDS-PAGE under reduced condi-
tion. YRS protein was detected by western blotting using rat anti-
FLAG antibody and mouse anti-V5 antibody.

2.7 | Flow cytometry

YRSWT, YRSMini, YRSMini+, and bovine serum albumin (BSA) were la-
beled with AlexaFluor647. Each protein was incubated with platelet 
rich plasma at a concentration of 500 nmol/L for 17 hours. Samples 
were analyzed using Novocyte flow cytometer (ACEA Biosciences, 
San Diego, CA, USA). Platelet population was gated by forward and 
side scatter, and the data were analyzed using FlowJo software 
(FlowJo LLC, Ashland, OR, USA).

2.8 | Confocal analysis

Dual-tagged YRS labeled with AlexaFluor647 (2 µmol/L) was incu-
bated with PRP in the presence of AlexaFluor488-labeled fibrinogen 
(Thermo Scientific) for 17 hours. Platelets were isolated by washing 
with Tyrode’s buffer with 2  mmol/L EDTA and 10  µmol/L prosta-
glandin E1 and centrifuged at 1460 g for 5 minutes. Platelets were 
resuspended in Tyrode’s buffer and then placed between the cover 
slip and glass slide. Images were taken using confocal microscope 
(LSM 880; Carl Zeiss AG, Jena, Germany).

2.9 | Monocyte activation assay using RAW-Dual 
reporter cells

The functional activities of YRSMini+ were tested by reporter mac-
rophage cell line (RAW-Dual reporter cells; InvivoGen, San Diego, 
CA, USA). These cells stably express two reporter genes, secreted 
embryonic alkaline phosphatase (SEAP) and Lucia luciferase (LUC). 
SEAP reports the activation of macrophage inflammatory protein 2 
promoter, which reflects NF-kB activation, and Luc is under inter-
feron (IFN)-stimulated response elements, reporting activation of 

interferon regulatory factors. After incubation with 500 nmol/L of 
YRSMini+ for 21 hours, the activation of the two reporter genes was 
simultaneously assessed using reagents QUANTI-Blue and QUANTI-
Luc (InvivoGen) following manufacturer’s instructions.

2.10 | Preparation of recombinant YRS proteins

The SUMO gene with an N-terminal 6xHis tag was fused onto the 
N-terminus of each YRS construct in the pET28a vector (EMD 
Millipore, Billerica, MA, USA).11 Each construct was transformed 
into BL21-CodonPlus (DE3)-RIPL cells (Agilent Technologies, Santa 
Clara, CA, USA) or ClearColi BL21(DE3) (Lucigen Corporation, 
Middleton, WI, USA) for protein expression. After overnight culture 
and induction with 0.5 mmol/L IPTG for 5 hours, cells were collected 
by centrifugation, lysed using a cell homogenizer (Microfluidics, 
Westwood, MA, USA), and centrifuged at 30 000 g for 30 minutes. 
The lysate supernatant was loaded and purified using Ni-NTA resin 
(Qiagen, Hilden, Germany). Following elution, the SUMO protease 
ubiquitin-like specific protease 1 (ULP1) was added to the elution 
to cleave off the 6xHis-SUMO tag. After desalting, proteins were 
concentrated and then separated using a Superdex 200 16/600 prep 
grade column (GE Healthcare, Princeton, NJ, USA) to fractionate out 
the SUMO tag, ULP1 protease, and aggregate proteins. Purified YRS 
protein was then poured over high capacity endotoxin removal resin 
(Pierce) and then passed through Acrodisc Mustang E membranes 
(Pall Corporation, Port Washington, NY, USA). Final endotoxin 
levels were tested using the Endosafe-PTS system (Charles River 
Laboratories, Wilmington, MA, USA) and confirmed to be <4.0 EU/
mg. The buffer of purified protein was exchanged against phosphate 
buffered saline using a desalting column.

3  | RESULTS

3.1 | Characterization of endogenous YRS present in 
circulating plasma and platelets

YRS, a cytoplasmic protein that is required and essential for protein 
synthesis, is known to be secreted extracellularly and exert non-
translational functions.4 Thus, we first analyzed whether extracellu-
lar YRS was present in human plasma. Plasma samples derived from 
healthy donors were analyzed by western blotting using monoclo-
nal antibody (A-10), which recognizes the N-terminal region of YRS. 
Plasma samples loaded under nonreduced conditions showed that 
most of the YRS was oligomerized in plasma and was detected as 
higher-molecular-weight ladders (Figure  1A, asterisk). Of note, a 
cleaved form of YRS with molecular weight of about 40 kDa was also 
detected (Figure  1A, arrowhead). When analyzed under reduced 
conditions, high-molecular-weight ladders disappeared as expected 
and YRS was detected as monomeric (Figure 1A, lower panel, arrow). 
We speculate that some of the six cysteines present in full-length 
YRS formed disulfide bonds that cross-linked molecules to each 
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other. Western blotting of platelet lysates under nonreduced con-
ditions detected YRS as a full-length monomer (Figure 1B, arrow), 
with weak signals of high molecular weight oligomers, and partially 
present as a cleaved form (Figure 1B, arrowhead).12 Platelet lysates 
derived from C57BL/6J mouse showed a similar pattern as human 
platelets. Interestingly, neither the ~40-kDa cleaved YRS nor high-
molecular-weight oligomers were detected with lysates of mouse 
melanoma cell line B16 and monocyte/macrophage cell line RAW.

3.2 | YRS can be cleaved by elastase and matrix 
metalloproteinase in the plasma

YRS was previously shown to be cleaved by leukocyte elastase to 
generate a 41-kDa N-terminal fragment (residues 1-366) similar to 
YRSMini (residues 1-364) (Figure 2A).4,6 In addition, MMPs have re-
cently been shown to cleave YRS and generate a 43-kDa N-terminal 
fragment containing the chemotactic heptapeptide in the EMAPII 
domain (YRSMini+, residues 1-386).13 Based on these observa-
tions, we hypothesized that YRS secreted into plasma is cleaved by 
elastase and/or MMPs, and platelets incorporate both full-length 
and cleaved forms of YRS from plasma and store them inside gran-
ules. To test possible cleavage by elastase and MMPs, a dual-tagged 
YRSWT (dt-YRS) was prepared with a FLAG-tag at the N-terminal end 
and a V5 tag at the C-terminal end (Figure 2A, dt-YRS). To determine 

the proteases responsible for the cleavage, dt-YRS was incubated 
with plasma for 1 hour in the presence of specific inhibitors against 
MMP, elastase, or both. After incubation, samples were analyzed 
by Western blot using both N-terminal (anti-FLAG) and C-terminal 
(anti-V5) antibodies (Figure  2A, dt-YRS). The intensity of remain-
ing full-length dt-YRS was measured and shown as relative to the 
control sample in which dt-YRS mixed with plasma was immediately 
mixed with sample buffer and boiled to prevent proteolysis. Both 
MMP inhibitor and elastase inhibitor prevented cleavage of dt-YRS; 
the effect of the former was more robust, and the combination of 
the two inhibitors almost completely abolished cleavage (Figure 2B). 
This result suggests that full-length YRS, when secreted into plasma, 
can be cleaved by MMP and elastase.6,13

3.3 | Recombinant YRS exogenously added to 
platelet rich plasma is taken up into platelets

Next, we analyzed whether exogenously added YRS can be taken up 
by platelets. Recombinant dt-YRS was incubated with PRP overnight. 
After incubation, plasma and platelets were separated by centrifu-
gation and analyzed by western blotting using anti-FLAG antibody 
(Figure  3A). In the platelet fraction, both full-length dtYRS (arrow) 
and an approximately 40-kDa N-terminal cleaved YRS fragment (ar-
rowhead) were detected with anti-FLAG tag antibody, confirming 

F I G U R E  1   Western blot analysis of endogenous tyrosyl-tRNA synthetase (YRS) in circulating plasma and platelets. (A) Plasma samples 
collected from healthy donors were analyzed by SDS-PAGE under non reduced conditions and blotted with anti-YRS monoclonal antibody 
(A-10). Recombinant YRSWT was loaded as a positive control. The asterisk represents oligomerized YRS and the arrowhead points to the 
truncated form of YRS. In the lower panel, the same human plasma samples (N1-N3) were analyzed by SDS-PAGE under reduced conditions 
and blotted with the same antibody (A-10). The arrow indicates full-length YRS. (B) Platelet lysates obtained from healthy human donors 
and C57BL/6J mice were loaded onto SDS-PAGE, together with whole cell lysates from B16 melanoma cell line and RAW cells. The arrow 
corresponds with full-length YRS. The arrowhead represents the truncated form of YRS
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that platelet uptake of both full-length and cleaved forms of YRS 
proteins occurs, and that YRS can be stored inside platelets. By com-
paring the signal intensity of full-length dt-YRS incubated in plasma 
in the presence of the inhibitors as a reference, we then calculated 
the percentage of exogenous full-length dt-YRS taken up by platelets 
and the percentage that remains in plasma. About half of the dt-YRS 
added to PRP was cleaved and further degraded after overnight in-
cubation. About 5% of exogenously added dt-YRS was taken up into 
platelets and 50% of exogenous dt-YRS remained in the plasma frac-
tion (Figure 3B). Blotting with anti-V5 antibody showed similar results.

To determine whether platelets can take up cleaved forms as well 
as full-length forms of YRS from the plasma, recombinant YRSWT, 
YRSMini, YRSMini+ (see Figure 2A), and BSA labeled with AlexaFluor647 
were incubated with PRP overnight. The uptake efficiency was evalu-
ated by flow cytometry. All the recombinant YRS proteins were taken 
up into platelets more effectively than BSA (Figure 3C). Specifically, 
YRSMini+ was taken up by platelets 7.5 times higher than BSA as mea-
sured by geometric mean fluorescence intensity. After incubation 
with AlexaFluor647-labeled recombinant proteins, platelets were 
lysed, loaded onto SDS-PAGE, and transferred to PVDF membrane. 
Fluorescent signals were visualized using the Odyssey Infrared 
Fluorescent Image System. In agreement with flow cytometry results, 
YRSMini+ was more efficiently taken up by platelets, and a part of 
YRSMini+ was present as oligomerized form (Figure 3D, asterisk). These 

results support our hypothesis that the low-molecular-weight band 
of endogenous YRS identified in platelet lysates may be cleaved YRS 
fragments (eg YRSMini or YRSMini+) derived from plasma.

3.4 | Platelets take up exogenously added dt-
YRS and store in α-granules

Previous studies showed that platelets take up plasma proteins, such 
as fibrinogen and albumin, which are then stored in α-granules to be 
subsequently released upon platelet activation.14,15 Thus, we exam-
ined whether YRS taken up from circulating plasma is transported 
to and stored in platelet α-granules. Fibrinogen and dt-YRS labeled 
with different fluorochromes (AlexaFluor488 and AlexaFluor647, 
respectively) were incubated with PRP overnight. Confocal micros-
copy analysis showed partial colocalization of exogenously added 
dt-YRS and fibrinogen in the α-granules (Figure  4). To test the ef-
fect of exogenously added YRS on platelets, YRSMini+ was tested 
by platelet aggregation assay. Addition of ristocetin to platelet-rich 
plasma induced expected aggregation, while YRSMini+ (500 nmol/L) 
did not induce any aggregation response (Figure S3A). The effect of 
YRSY341A on platelet activation was also tested by flow cytometry 
analysis of P-selectin expression. As previously reported, treatment 
of platelets with Pam3CSK4 (a synthetic agonist of Toll-like receptor 

F I G U R E  2   YRS can be cleaved by 
matrix metalloproteinase (MMP) and 
elastase present in plasma. (A) Schematic 
representation of YRS and its various 
forms. YRSMini and YRSMini+ are truncated, 
active forms. (B) Recombinant dual-
tagged YRS (dt-YRS) was incubated in 
plasma with or without inhibitors against 
elastase, MMP, or both for 1 h. Samples 
were analyzed by Western blotting and 
the band intensity was quantified using 
LI-COR ImageStudio. The intensity of 
recombinant dt-YRS that was promptly 
denatured without incubation was used 
as a reference for normalization. The 
experiment was repeated 4 times using 
plasma derived from different donors, and 
the mean value with standard deviation is 
shown. *P < .05 by one-way ANOVA with 
Dunn’s multiple comparison test
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[TLR] 2/TLR1) induced platelet P-selectin expression.16 Treatment 
with YRSY341A, on the other hand, did not promote P-selectin ex-
pression (Figure S3B).

Recent studies implicated interorganelle membrane contact and 
crosstalk between mitochondria and lysosomes.17 Therefore, to 

examine localization of uptaken YRS in mitochondria, platelets prein-
cubated with AlexaFluor488-labeled YRSMini+ (500 nmol/L) were per-
fused over surfaces coated with immobilized recombinant human von 
Willebrand factor (VWF) A1 at a low shear rate of 100 s−1. Platelets 
adhered to VWF A1 were fixed, permeabilized, and immunostained 

F I G U R E  3   Recombinant tyrosyl-tRNA synthetase (YRS) can be taken up by platelets when exogenously added to plasma. (A) 
Recombinant dual-tagged YRS (dt-YRS) was incubated in platelet rich plasma for 17 h. Platelets and plasma were separated by centrifugation 
as described in materials and methods. The samples were analyzed under reduced conditions, and the membrane was blotted with rat 
anti-FLAG antibody. (B) The percentage of dt-YRS taken up by platelets and dt-YRS remaining in plasma was calculated by quantifying 
the signal using LI-COR ImageStudio. The same amount of dt-YRS incubated in plasma in the presence of inhibitors against elastase and 
matrix metalloproteinase (MMP) was used as reference. The results quantified from blotting with anti-FLAG and anti-V5 antibodies are 
shown. The experiment was repeated 3 times using plasma derived from different donors, and the mean value with standard deviation are 
shown. (C) Recombinant YRSWT, YRSMini, YRSMini+, and BSA labeled with AlexaFluor647 were incubated with platelet-rich plasma (PRP) at 
a concentration of 500 nmol/L for 17 h. After the incubation, platelets were analyzed by flow cytometry. (D) After loading, platelets were 
lysed and loaded onto SDS-PAGE under nonreduced conditions, transferred to polyvinylidene difluoride membrane, and AlexaFluor647 
signals were detected with LI-COR Odyssey imaging system. Oligomeric YRSMini+ is shown with an asterisk
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F I G U R E  4   Tyrosyl-tRNA synthetase (YRS) taken up by platelets is partially stored in the α-granules. (A) AlexaFluor647-labeled dt-YRS 
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with mitochondrial marker (Tom20). Confocal microscopy analysis 
showed that AlexaFluor488-labeled YRSMini+ had little, if any colocal-
ization with Tom20 (Figure S4). Taken together, these results indicate 
that active form of YRS proteins (YRSMini+ or YRSY341A) do not have 
direct stimulatory effect on platelets at the concentration that induce 
monocyte activation. YRS taken up by platelets are partially stored in 
α-granules while maintaining functional integrity of platelets.

3.5 | Functional implication of platelet-stored YRS in 
monocyte activation

We have previously demonstrated that a constitutively active 
YRSY341A can stimulate megakaryopoiesis through activation of 
TLR2/4 of monocytic cells in the bone marrow.7 Because recom-
binant YRSMini+ is effectively incorporated into platelets, we tested 
whether YRSMini+ induces monocyte activation. RAW-Dual reporter 
cells are a mouse monocyte/macrophage cell line that stably ex-
presses two reporter genes, SEAP and LUC, reflecting the activa-
tion of TLRs-MyD88-NF-kB and type I interferon (IFN-I) pathway, 
respectively. Treatment of RAW-Dual cells with YRSMini+ signifi-
cantly enhanced both signals (Figure 5A). To confirm that YRSMini+ 

taken up and released from platelets can induce signaling in mono-
cytes, platelets pre-loaded with YRSMini+ or BSA were washed and 
incubated with RAW-Dual cells. Both SEAP and LUC signals were 
enhanced when platelets were preloaded with YRSMini+, compared 
to those incubated with BSA (Figure  5B). To further examine the 
thrombopoietic activity of YRSMini+, mouse bone marrow cells were 
cultured with YRSMini+ for 3 days, and MK number and ploidy were 
analyzed by flow cytometry. As expected, a cleaved, active form 
of YRS, YRSMini+ significantly enhanced MK expansion in a dose-
dependent manner (Figure S1A). Ploidy analysis showed enhanced 
MK maturation as evidenced by increase in the ploidies  ≥  16  N, 
which was similar to what we previously observed with a consti-
tutively active YRSY341A (Figure  S1B).7 It is not clear yet whether 
the endogenous YRS protein contained in platelets is in the range 
of concentration to exert such biological activities when released. 
To estimate the amount of endogenous YRS contained in platelets, 
additional western blotting analysis was performed in a semiquan-
titative manner. Platelet lysates from healthy donors were loaded 
onto SDS-PAGE with known concentration of purified recombinant 
YRS protein (Figure  S2). The results of the signal intensities were 
back-calculated, which estimated the concentration of platelet-
stored YRS in whole blood as 26.8 ± 10.5 nmol/L. Estimate made 

F I G U R E  5   Tyrosyl-tRNA synthetase (YRS)Mini+ activates monocyte via Toll-like receptors (TLRs)–NF-κB and type I interferon (IFN-I) 
pathways. (A) RAW-Dual reporter cells (InvivoGen) were incubated with 500 nmol/L of YRSMini+, and the activation of TLR-NFκB pathway 
and IFN-I pathway were measured by secreted embryonic alkaline phosphatase (SEAP) and Lucia luciferase (Luc), respectively. The mean 
and standard deviation of 5 experiments are shown. **P < .01 by unpaired t test. (B) Platelets were pre-incubated with bovine serum albumin 
(BSA) or YRSMini+ (500 nmol/L) at 37˚C for 17 h. After washing, platelets (2 × 107 platelets) were added onto RAW-Dual reporter cells seeded 
at 1 × 105 cells per well in a 96-well plate, incubated for 21 h and assayed for the SEAP and Luc reporter activities. The experiment was 
repeated three times using platelets derived from different donors, and the representative result is shown. *P < .05 by unpaired t test
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by western blotting may not accurately reflect the concentration of 
YRS in platelets. Nevertheless, this result indicates that a high level 
of YRS is stored in platelets and can be released upon stimulation.

4  | DISCUSSION

We report here, for the first time, a mechanism and potential func-
tion of YRS storage in platelets. We previously showed that YRSY341A 
targets TLR2/4 on monocytic cells and activates the TLR-MyD88-
NFκB pathway, leading to cytokine secretion and MK expansion.7 
Our group and others showed that active forms of YRS can be natu-
rally generated either by alternative splicing or proteolytic cleav-
age.3,4,18 However, the physiological significance of endogenous, 
secreted YRS remains unclear. Another unresolved question is why 
the YRS protein is abundantly present in platelets while, in contrast, 
mRNA levels are extremely low.8 In the current study, we showed 
that YRS, when secreted into plasma, is promptly cleaved and de-
graded by MMPs and elastase. Both full-length and cleaved forms 
of YRS in the plasma can be taken up by platelets and transported 
to α-granules, where they are protected from further degradation 
and stored for regulated release upon platelet activation. The exact 
cleavage site of the endogenous YRS fragment stored in platelets 
needs further study using mass spectrometry analysis.

Interestingly, a cleaved, activated form of YRS (YRSMini+) can 
be taken up by platelets more efficiently than the full-length YRS 
(Figure  4A), consistent with a physiological function of active YRS 
stored in platelets. In support of this idea, YRSMini+ was shown to 
activate monocytes which play important roles in regulating in-
flammatory responses. Importantly, activated platelets form mono-
cyte-platelet aggregates (MPAs) and increases in the number of MPAs 
occur in patients with pathological conditions such as coronary artery 
diseases and microbial infections.19-21 When activated, platelets form 
MPAs and undergo degranulation. We speculate that YRS stored in 
the α-granules may be released and enhance activation of monocytes 
and release of cytokines. In addition, treatment of macrophages with 
YRS is reported to upregulate the expression of MMPs, which may 
enhance YRS cleavage and generate more activated YRS, and thus 
lead to a feed-forward loop (Figure 6).22 Regulatory mechanisms me-
diated by MMPs is a research focus in platelet biology, not only in 
the process of hemostasis but also in inflammation and immunity.23 
MMPs activity of monocytes may provide additional regulatory roles 
in platelet adheso-signaling receptor density and function.

Monocytes produce both proinflammatory and anti-inflamma-
tory cytokines and, depending on the stimuli, can be differenti-
ated into pro- or anti-inflammatory macrophages. Thus, the overall 
effect of YRS released from platelets on the pathophysiology of 
inflammatory or thrombotic diseases remains to be elucidated. 

F I G U R E  6   Schematic representation of tyrosyl-tRNA synthetase (YRS) cleavage, storage in platelets, and potential function to activate 
monocytes. Circulating YRS can be cleaved by elastase or matrix metalloproteinases (MMPs) in plasma, producing a constitutively active 
form of YRS. YRSWT and its cleaved forms, YRSMini and YRSMini+, can be taken up by platelets, mediated by integrins or other receptors, and 
then partially stored in α-granules where they are protected from further degradation. Upon activation, platelets may release the stored 
YRS, thereby activating monocytes/macrophages. Monocyte activation leads to MMP upregulation which may enhance YRS cleavage, 
producing more active YRS and feed-forward loop
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Platelets are reported to contribute to bacterial clearance and 
resolution of inflammation by regulating macrophage responses.24 
More recently, crosstalk between platelets and monocytes was 
shown to skew monocytes toward a proinflammatory phenotype, 
which is associated with increased survival in a septic model in 
mice.25 It is intriguing to speculate that YRS released from plate-
lets mediates the effect on monocyte/macrophage differentiation 
to strengthen host defense mechanisms. In addition, admin-
istration of YRSMini in a mouse model of myocardial infarction 
enhanced angiogenesis and tissue repair, resulting in improved 
cardiac function.26 We previously showed that the active form of 
YRS can increase vascular endothelial growth factor A (VEGF-A) 
expression,7 raising the possibility that YRS released from plate-
lets at sites of coronary artery occlusion and myocardial infarction 
may contribute to VEGF-A secretion and enhanced angiogenesis. 
The amount of YRS stored in platelets of whole blood was es-
timated to be about 20 times lower than the doses we used in 
monocyte stimulation experiments (500  nmol/L). We speculate 
that regulated release of the granule content upon platelet acti-
vation enables high local concentration to exert biological activi-
ties. In an attempt to measure the level of YRS in the plasma, we 
set up an ELISA using anti-YRS polyclonal antibodies generated in 
our laboratory. However, measurable amounts of YRS could not 
be detected with plasma samples derived from normal healthy 
donors, presumably due to low assay sensitivity (detection limit 
0.16 ng/mL). Alternatively, recent studies have shown that aaRSs 
can be secreted via exosomes, and therefore we cannot exclude 
the possibility that YRS is present in such vesicles in plasma.27 
Interestingly, it has recently been reported that platelet-derived 
extracellular vesicles (PEVs) infiltrate the bone marrow during in-
flammation and provide direct communication of plasma compo-
nents with bone marrow cells.28 It is possible that PEVs contain 
active form of endogenous YRS protein (eg, YRSMini+) and infiltrate 
the bone marrow, where it stimulates megakaryopoiesis under in-
flammatory stress conditions. Further studies using animal models 
will be needed to determine the functional consequence of YRS 
released from platelets in vivo.

We demonstrate here the capability of platelets to take in YRS 
from plasma. However, the exact mechanism by which YRS is taken 
up into platelets is not known. Platelets have been known to endo-
cytose several plasma proteins, such as fibrinogen, IgG, and albumin, 
and subsequently translocate them into α-granules.14,15,29 Platelet-
trafficking of integrins (αIIbβ3, αVβ3) have also been character-
ized.30,31 In our study, YRSMini+ is taken by platelets more efficiently 
than full-length YRS and YRSMini (Figure 3C). YRSMini+ is a truncated 
form of YRS having the heptapeptide sequence (371RVGKIIT377) that 
is a critical component of the EMAPII domain and plays an import-
ant role in cytokine activities (Figure 6).4 Structural analysis revealed 
that these residues are likely buried in full-length YRS.32 Interestingly, 
EMAPII is reported to be required for binding to integrin α5β1.28 The 
heptapeptide sequence is not found as a common motif for Arg-
Gly-Asp (RGD)-independent integrin binding among proteins known 

to be endocytosed by platelets; however, having it exposed at the 
C-terminus may facilitate YRSMini+ binding to the platelet membrane 
and allowing for endocytosis (Figure 6). This point also needs clarifica-
tion through future studies.

YRS and tryptophanyl-tRNA synthetase (WRS) are closely 
related, dual-function enzymes that act in protein biosynthesis 
and angiogenesis.33 Like YRS, WRS enhances macrophage acti-
vation by signaling through TLR2.22 Interestingly, WRS can also 
be cleaved by MMPs. However, MMP-cleaved WRS lacks the TLR 
signaling and pro-inflammatory activities.22 Thus, both YRS and 
WRS are cleaved by MMPs; the former is converted into an ac-
tivated form while the latter loses its activity. Such opposite ef-
fects of YRS and WRS are also observed with vascular endothelial 
growth factor R2 (VEGFR2)-mediated angiogenesis. YRSMini uses 
its ELR motif to bind to C-X-C motif chemokine receptor 1/2 and 
transactivate VEGFR2.34,35 The active WRS, generated either 
by proteolytic cleavage or alternative splicing, binds to vascular 
endothelial cadherin and represses VEGFR2 signaling, leading to 
antiangiogenic activities.18,36-38 During evolution, aaRSs have ac-
quired a variety of additional domains, which are associated with 
new biological functions.2 The EMAPII domain and the ELR motifs 
of YRS were added at the stage of insects and the WHEP domain 
of WRS appeared during vertebrate evolution.2,33 It is intriguing 
to speculate that the YRS-WRS system might regulate the hema-
tovascular system by counterbalancing effects.
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