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Abstract
During tissue repair, the injury site releases various bioactive molecules as damage signals to actively recruit stem cells to the
damaged region. Despite convincing evidence that mesenchymal stem cells (MSCs) can sense damage signals and promote
repair processes, the identity of these signals and how these signals regulate stem cell-mediated tissue repair remain
unknown. Glycyl tRNA synthetase (GRS) is a ubiquitously expressed enzyme that catalyzes the first step of protein
synthesis in all organisms. In addition to this canonical function, we identified for the first time that GRS is released by
damaged tissues or cells in response to various injury signals and may function as a damage signal that activates the
proliferative, differentiation, and migratory potential of MSCs, possibly through its identified receptor, cadherin-6 (CDH-6).
Binding between GRS and CDH-6 activates survival signals, such as those of the PI3K/Akt and/or FAK/ERK1/2 pathways.
More importantly, we also found that MSCs stimulated with GRS show significantly improved homing and differentiation
potential and subsequent in vivo therapeutic effects, in a liver fibrosis animal model. Collectively, our findings provide
compelling evidence for a novel function of GRS in enhancing the multiple beneficial functions of stem cells via a non-
canonical mechanism as a damage signal.

Introduction

Aminoacyl tRNA synthetases (AARSs) form a group of
ubiquitously expressed enzymes that catalyze the first step
of protein synthesis in all organisms, as they attach a spe-
cific amino acid to their cognate tRNAs to form an ami-
noacyl tRNA [1]. Therefore, until recently, AARSs have
been considered homeostatic or housekeeping enzymes.
Interestingly, in addition to this canonical function, several
recent studies have suggested that some AARS family
members may have additional cytokine-like activities in
multiple physiological conditions, such as glucose home-
ostasis [2], inflammation [3], angiogenesis [4], cell pro-
liferation [5], and apoptosis [6]. Most recently, particular
attention has been devoted to the non-canonical functions of
the AARS family member glycyl tRNA synthetase (GRS),
in nerve disease and damage [7–9], as it was selectively
secreted in specific disease conditions and regulated the
outcome of these diseases. However, the non-canonical
functions and molecular mechanisms of GRS remain ill-
defined.

Mesenchymal stem cells (MSCs) have shown significant
therapeutic potential for tissue regeneration because of their
ability to stimulate angiogenesis and migration and to
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promote the differentiation and growth of local progenitor
or stem cells [10, 11]. More importantly, MSCs are
recruited to damaged or diseased sites in response to various
danger signals and subsequently promote tissue regenera-
tion [12–14]. However, the mechanisms by which MSCs
are recruited to the sites of tissue damage and mediate
multiple beneficial effects remain unclear. We hypothesized
that GRS may actively be released from damaged tissue as a
danger signal and subsequently promote tissue regeneration
by stimulating multiple beneficial functions of MSCs.
Indeed, we showed for the first time that GRS is actively
secreted by multiple human cell types in response to various
injury signals both in vitro and in vivo and then acts as a
potent stimulatory factor that facilitates MSCs proliferation
differentiation, and migration. Furthermore, we found that
downregulation of cadherin-6 (CDH-6) significantly
attenuates the GRS-mediated beneficial functions of MSCs,
suggesting that CDH-6 is a functional receptor for GRS. We
subsequently explored the molecular mechanism underlying
the stimulatory effects of GRS on multiple MSCs functions.
Interestingly, GRS activates survival pathways, such as the
PI3K/Akt and FAK/ERK1/2 signaling cascades, which are
involved in various physiological functions, including cell
proliferation [15, 16], differentiation [15, 17, 18], and
migration [15, 19]. Consistently, inhibition of these sig-
naling pathways with specific inhibitors significantly
attenuates the GRS-induced stimulatory effects on MSCs.
These results indicate that GRS stimulates MSCs growth,
differentiation, and homing via PI3K/Akt and/or FAK/
ERK1/2 signaling. Another key finding from our study is
that the in vivo therapeutic effects of MSCs can be sig-
nificantly enhanced upon stimulation with GRS in a liver
fibrosis animal model. Taken together, these findings sug-
gest that in addition to its previously reported canonical
activities, GRS is actively secreted in response to tissue
damage as an endogenous danger signal and subsequently
enhances the therapeutic effects of MSCs by increasing
multiple beneficial functions via PI3K/Akt and/or FAK/
ERK1/2 signaling.

Results

GRS is actively secreted in response to tissue
damage in vitro and in vivo

We first isolated MSCs from human adipose tissue (Suppl.
Figure 1A) and then characterized their biological proper-
ties by using multiple negative and positive MSC surface
markers (Suppl. Figure 1B). Their capacity to differentiate
into multiple lineages was evaluated by inducing adipo-
genic and osteogenic differentiation (Suppl. Figure 1C). To
investigate whether GRS is secreted from damaged or

stressed cells in response to injury, multiple cell types,
including fibroblasts, MSCs, and vascular endothelial cells
(ECs), were exposed to various injury conditions, such as
oxidative stress, radiation damage, and starvation. GRS
secreted into the culture media was precipitated using 10%
trichloroacetic acid (TCA), as previously described [20]. As
shown in Fig. 1a–d, various types of cells actively secreted
GRS into the culture media in response to cellular damage
or stress in vitro. Additionally, to determine entry points of
GRS secretion after injuries, these cells were exposed to
various injury conditions, and then secreted proteins were
sampled at many time points. While it appears to vary
depending on what types of cells or injury conditions,
injured cells usually secreted GRS into the culture media in
response to damage after 24 h. The observed GRS secretion
kinetics showed a clearly time-dependent manner with a
peak release 72 h after injury (Supple Fig. 2A-C). We have
also observed basal in vitro secretions of GRS from various
cell types without damage induction, suggesting that the
basal secretion of GRS exist among various cell types under
normal circumstances (Supple Fig. 2A-C). To further verify
in vivo whether tissue damage can stimulate GRS secretion
into the blood circulation, systemic GRS levels in peripheral
blood samples from mice with carbon tetrachloride (CCl4)-
induced hepatic damage were examined. Apart from hepatic
fibrosis and enlarged spleens (Suppl. Figure 3A), histolo-
gical examination revealed that hepatocytes of the liver-
injured mice exhibited high centrilobular necrosis (Suppl.
Figure 3B). Consistent with this result, the levels of various
liver injury markers, such as alanine amino transferase
(ALT), aspartate amino transferase (AST), and total bilir-
ubin, were significantly higher in the liver-injured mice than
in the control mice (Suppl. Figure 3C). The acute liver
damage resulted in a significant increase in GRS secretion
into the peripheral circulation compared with that in the
uninjured control mice (Fig. 1e). We further confirmed the
tissue damage-induced GRS levels in the peripheral circu-
lation using ELISA (Fig. 1f). These results suggest that
GRS is actively secreted from multiple cell types in
response to various injury signals both in vitro and in vivo
as an endogenous danger signal.

GRS enhances multiple beneficial functions of MSCs
in vitro

As GRS might play a role as a systemic danger signal of
tissue injury, we investigated whether GRS enhances the
various beneficial functions of MSCs in vitro. We first
examined the proliferative response of MSCs to GRS
exposure. We found steadily increasing growth rates in
MSCs treated with GRS compared with the non-treated
control cells (Fig. 2a). More strikingly, GRS significantly
increased MSC migration (Fig. 2b). To further confirm the
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stimulatory effect of GRS on the migratory ability of MSCs,
western blotting was used to evaluate the expression levels
of matrix metalloproteinase 2 (MMP-2) and MMP-9, which
play important roles in regulating cell migration (Fig. 2c).
Previous studies have indicated that the actin cytoskeleton is
involved in cell migration via pushing or pulling on the
substrate near the plasma membrane [21]. Consistently,
phalloidin staining of actin filaments revealed a strong
correlation between the GRS treatment and high actin

cytoskeleton disorganization (Fig. 2d), suggesting that the
markedly increased migration capability of GRS-treated
MSCs may be related to actin cytoskeleton disorganization.
GRS also significantly increased the proliferation (Suppl.
Figure 4A) and migration (Suppl. Figure 4B and C)
potential of other cell types, such as fibroblasts and vascular
ECs. Importantly, GRS significantly increased multi-lineage
differentiation potential toward osteoblasts and adipocytes
in vitro (Fig. 2e) without affecting the levels of MSC-

Fig. 1 GRS is actively secreted by multiple cell types in response to
various injury signals. GRS has been considered a housekeeping
enzyme that catalyzes the first step of protein synthesis. In addition to
this canonical function, GRS is selectively secreted under specific
damage conditions (a). Fibroblasts, MSCs, and vascular ECs were
incubated in standard culture medium with or without H2O2 (10 mM)
for 30 min, after which the medium was replaced with serum-free
medium and the cells were cultured for 48 h (b). Fibroblasts, MSCs,
and vascular ECs were exposed to acute irradiation at a dose of 4 Gy
(X-ray), after which the medium was replaced with serum-free med-
ium and the cells were cultured for 48 h (c). Fibroblasts, MSCs, and
vascular ECs were cultured with or without serum for 24 h and 48 h

(d). Proteins in the TCA-precipitated supernatants were analyzed by
western blotting using an anti-human GRS polyclonal antibody (α-
GRS). Acute CCl4 treatment (800 mg/kg, administered intraper-
itoneally) produced significant histological liver damage. After albu-
min/immunoglobulin depletion, the proteins in the serum samples
were precipitated with 10% TCA and subjected to SDS-PAGE. CCl4-
induced acute liver failure resulted in a significant increase in GRS
secretion into the peripheral circulation compared with that of the
uninjured control mice (e). Increased GRS concentrations by CCl4
treatment in the serum samples were detected by ELISA (f). β-actin
was used as the internal control. The results represent the mean ± SD
from three independent experiments
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specific positive (CD44, CD73, and CD105) and negative
(CD34 and CD45) markers (Suppl. Figure 5). Consistently,
the expression levels of the pluripotency-associated factors
NANOG and SOX2 were significantly increased by GRS
treatment (Fig. 2f). Taken together, these results suggest
that GRS promotes multiple beneficial functions, such as
the proliferative, migratory, and multi-lineage differentia-
tion potential of MSCs in vitro.

GRS stimulates multiple MSC functions through its
functional receptor CDH-6

Recent studies have suggested that another secreted AARS
family member, tryptophanyl tRNA synthetase (TrpRS),
binds to VE-cadherin to inhibit angiogenesis [22] and that
GRS exerts its anti-tumorigenic activity by binding to
K-cadherin (CDH-6) among a set of tumor cell types [20].
Therefore, we analyzed whether GRS can bind to CDH-6 in
multiple cell types, including fibroblasts, MSCs, and vas-
cular ECs. Importantly, our results showed that GRS
treatment significantly increased CDH-6 expression in all
three cell types examined (Fig. 3a). Immunoprecipitation

with antibodies directly targeting CDH-6 revealed that GRS
could directly bind to CDH-6 in these cells (Fig. 3b).
Additionally, to further confirm the basal and damage-
induced coupling between GRS and CDH-6, we performed
the additional set of immunoprecipitation with CDH-6
antibody under various injury conditions without GRS
treatment in multiple cell types. As expected, our immu-
noprecipitation results revealed that basal and damage-
induced GRS could directly bind to CDH-6 in multiple cell
types, including fibroblasts, MSCs, and vascular endothelial
cells (Supple Fig. 6A-C). Next, to further investigate whe-
ther CDH-6 can act as a functional receptor for GRS in
MSCs, stable CDH-6 knockdown was obtained by trans-
fection with shRNA targeting CDH-6 (Suppl. Figure 7).
Importantly, GRS-induced proliferative (Fig. 3c) and
migration abilities (Fig. 3d, e) were significantly attenuated
by CDH-6 depletion. In addition, we found that GRS-
induced adipogenic and osteogenic differentiation was
markedly disrupted by CDH-6 knockdown (Fig. 3f). These
results suggest that CDH-6 may serve as a functional
receptor to regulate the multiple beneficial MSC functions
mediated by GRS.

Fig. 2 GRS promotes multiple beneficial MSC functions in vitro. The
stimulation of MSC viability by GRS treatment for 72 h was deter-
mined by an MTT assay. MSC viability (%) was calculated as a
percent of the vehicle control (a). MSCs were treated with GRS for 24
h, after which the effect of GRS on MSC migration ability was
evaluated using the transwell migration assay. GRS treatment sig-
nificantly increased MSC migration across the membrane compared
with the negative control (b). The relative expression levels of key
positive regulators of cell migration (MMP-2/9) were assessed using
western blotting (c). GRS-induced actin filament disorganization and
the morphological transition of MSCs were visualized by staining the
actin filaments with phalloidin (d). Schematic representation of the

experimental protocol as described in the materials and methods sec-
tion. Confluent MSCs were cultured in osteogenic or adipogenic
medium with or without GRS. The effects of GRS on osteoblast and
adipocyte differentiation were determined by alizarin red and oil red O
staining, respectively. The relative quantification of calcium mineral
content and lipid droplet formation was determined by measuring
absorbance at 570 nm and 500 nm, respectively (e). Real-time PCR
results demonstrating changes in the expression of the stem cell
markers NANOG and SOX2 after GRS treatment for 24 h (f). DAPI
staining was used to label the nuclei. β-actin was used as the internal
control. The data represent the mean ± SD from three independent
experiments
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PI3K/Akt and/or FAK/ERK1/2 signaling mediates
beneficial GRS-induced MSC functions

To investigate the underlying molecular mechanisms of the
beneficial GRS-induced effect, we examined the effect of
GRS on PI3K/Akt and/or FAK/ERK1/2 signaling, which
has been associated with the maintenance [23], differ-
entiation [24], and migration [25] of stem cells. Using
western blot analysis, we evaluated whether the GRS
treatment was sufficient to activate the PI3K/Akt and/or
FAK/ERK1/2 signaling cascade in MSCs. Importantly, the
phosphorylation levels of these signaling molecules were

significantly increased in GRS-treated cells (Fig. 4a, b). We
then examined the effect of CDH-6 knockdown on GRS-
induced PI3K/Akt and/or FAK/ERK1/2 signaling. As
expected, GRS-induced PI3K/Akt and/or FAK/ERK1/
2 signaling was significantly attenuated by CDH-6 deple-
tion (Fig. 4c, d). Next, to determine whether the blockade of
these signaling activities attenuates the multiple beneficial
MSC functions mediated by GRS, we evaluated the effects
of the ERK1/2 inhibitor PD98059 and the Akt inhibitor V
on MSC growth, migration and differentiation with or
without GRS treatment. Indeed, the GRS-induced growth
and expression of the proliferation marker Ki67 were also

Fig. 3 GRS stimulates multiple beneficial MSC functions through
CDH-6. Fibroblasts, MSCs, and vascular ECs were treated with or
without GRS (1 µM) for 48 h, after which CDH-6 expression was
confirmed by western blotting (a). Fibroblasts, MSCs, and vascular
ECs were treated with or without GRS (1 µM) for 48 h, after which the
cell lysates were immunoprecipitated with polyclonal antibodies
against CDH-6. We detected GRS on the same membrane by western
blot. This result implies the co-precipitation of GRS and CDH-6 (b).
MSCs were treated with 1 µM GRS alone or were concomitantly
transfected with shRNA targeting CDH-6; subsequent changes in cell

viability were measured by an MTT assay (c). Changes in the
migratory capacity were measured by the transwell assay (d) and
western blotting for MMP-2 and MMP-9 (e). The inhibitory effect of
CDH-6 knockdown on GRS-induced osteoblast and adipocyte differ-
entiation was determined by alizarin red and oil red O staining,
respectively. The relative quantification of calcium mineral content
and lipid droplet formation was determined by measuring absorbance
at 570 nm and 500 nm, respectively (f). β-actin was used as the internal
control. The data represent the mean ± SD from three independent
experiments
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significantly attenuated by treatment with inhibitor V
(Fig. 5a) or PD98059 (Fig. 5b). Consistently, pretreatment
with inhibitor V or PD98059 resulted in disruption of the
GRS-induced migration (Fig. 5c, d) and MMP-2/9 expres-
sion (Fig. 5e, f) of MSCs. The GRS-mediated adipogenic
and osteogenic differentiation potential (Fig. 6a, b) and
pluripotency-associated factor (NANOG and SOX2)
expression (Fig. 6c, d) were also attenuated by treatment
with inhibitor V or PD98059. Additionally, to further
confirm whether ERK1/2 signaling can regulate GRS-
mediated functions, we knocked down both ERK1 and 2
expressions using a specific shRNA in MSCs. Successful
knockdown of both ERK1 and ERK2 was verified based on
RNA and protein levels in MSCs (Supple Fig. 8A-D).
Consistently, the GRS-mediated growth (Supple Fig. 9A),
migration (Supple Fig. 9B), differentiation potential (Supple

Fig. 9C) and pluripotency-associated factor (NANOG and
SOX2) expression (Supple Fig. 9D) were also significantly
attenuated by both ERK1 and ERK2 knockdown. These
results suggest that the PI3K/Akt and/or FAK/ERK1/2 sig-
naling cascade may be involved in multiple beneficial GRS-
mediated MSC functions, such as growth, differentiation,
and migration.

Proteome profiler analysis of GRS-induced secretory
protein expression and interconnected signaling
networks

To identify major secreted factors responsible for the ben-
eficial effects of GRS, we analyzed GRS-induced secretory
protein expression for multiple common cytokines/growth
factors using growth factor antibody arrays. In duplicate

Fig. 4 The stimulatory effects of GRS on PI3K/Akt and/or FAK/
ERK1/2 signaling. MSCs were stimulated for 10 min with or without
GRS (1 µM). The cells were then lysed, and the protein contents were
analyzed by western blotting using antibodies targeting the phos-
phorylated forms of PI3K, Akt, CREB FAK, and ERK1/2. The
phosphorylation levels of these signaling molecules were significantly

increased in cells treated with GRS (a, b). MSCs were treated with 1
µM GRS alone or were concomitantly transfected with shRNA tar-
geting CDH-6; subsequent changes in the phosphorylation levels of
these signaling molecules were measured via western blotting (c, d). β-
actin was used as the internal control. The data represent the mean ±
SD from three independent experiments
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experiments, we detected 40 proteins in both the stem cell
and mock secretomes. The expression levels of six growth
factors, namely, glial cell-derived neurotrophic factor
(GDNF), macrophage colony-stimulating factor (M-CSF),
platelet-derived growth factor (PDGF), stem cell factor R
(SCF R), vascular endothelial growth factor A (VEGF-A),
and VEGF R2, were elevated substantially by GRS treat-
ment, whereas the levels of other factors showed only a
minor enhancement (Fig. 7a, b). These results suggest that
these factors may be at least partly responsible for GRS-
induced PI3K/Akt and/or FAK/ERK1/2 signaling and the
subsequent beneficial functions. Therefore, we analyzed the
activation state of PI3K/Akt or FAK/ERK1/2 signaling and
the expression levels of GDNF, M-CSF, PDGF, SCF R,
VEGF-A, and VEGF R2 using GeneMANIA (http://www.
genemania.org) to evaluate the interconnected signaling
networks governing proliferation, differentiation, and
migration. To find gene interactions, we considered several
factors, including co-expression, co-localization, and

genetic interactions. The results revealed a strong relation-
ship between the activation state of PI3K/Akt and/or FAK/
ERK1/2 signaling and the expression levels of the six most
prominent factors (Fig. 7c, d).

GRS improves the homing and subsequent
therapeutic potential of MSCs in vivo

Our in vitro data suggested that GRS may act as an injury-
inducible danger signal that improves MSC homing
potential to the injured site, as well as other beneficial MSC
functions. Therefore, we next investigated whether GRS can
affect not only the in vivo mobilization of MSCs to sites of
injury but also their subsequent therapeutic potential in an
animal model of liver fibrosis. To examine the effect of
GRS on the regulation of MSC homing to a site of injury,
we investigated the in vivo migratory efficacy of MSCs
treated with GRS using a green fluorescent protein (GFP)
system, which allows the monitoring of transplanted cells.

Fig. 5 Inhibition of Akt or ERK1/2 attenuated the GRS-induced pro-
liferative and migratory capacity of MSCs. MSCs were pretreated with
inhibitor V (10 µM) or PD98059 (20 µM) for 1 h prior to an additional
48 h treatment with 1 µM GRS; subsequent changes in cell viability
were measured by MTT assay and western blotting for proliferation

marker Ki67 (a, b). The changes in migratory capacity were measured
via the transwell assay (c, d) and western blotting for MMP-2 and
MMP-9 (e, f). β-actin was used as the internal control. The data
represent the mean ± SD from three independent experiments
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MSCs were stably transfected with a GFP-expressing vector
(Suppl. Figure 6). GRS-pretreated MSCs were intraper-
itoneally injected into NSG mice, and their homing to the
injured site was monitored. Importantly, there was a sig-
nificantly enhanced recruitment of GRS-pretreated MSCs to
the site of liver injury compared with that of non-treated
MSCs (Fig. 8a), indicating that GRS treatment significantly
improved the in vivo homing potential of MSCs to the
injured site. Moreover, CCl4-induced liver and spleen
enlargements were significantly attenuated by the trans-
plantation of GRS-pretreated MSCs (Fig. 8b). Consistent
with this result, the symptoms of CCl4-induced liver/spleen
fibrosis and centrilobular necrosis were significantly more
relieved by transplantation with GRS-pretreated MSCs than
with non-treated MSCs (Fig. 8c). Moreover, the CCl4-
induced serum levels of multiple liver injury markers,
including ALT, AST, and total bilirubin, were also suc-
cessfully suppressed by the transplantation of GRS-treated
MSCs (Fig. 8d). These findings suggest that GRS sig-
nificantly improves both MSC homing to specific injured

sites and the subsequent therapeutic potential of MSCs
in vivo.

Discussion

MSCs have been proposed as a potential treatment alter-
native for various chronic diseases due to their ability to
differentiate into mesodermal [26] and ectodermal [27] cells
and its marked immunomodulatory capacity in vivo [28].
Despite many promising initial results, some limitations
need to be considered. The major challenges of MSC-based
therapies are the low abilities of MSCs to differentiate into
specialized cell types and migrate to damaged sites [29].
Therefore, several groups have directed their efforts toward
finding a novel stimulatory molecule that can improve the
differentiation potential and homing efficiency of MSCs.
Most recently, particular attention has been devoted to the
non-canonical functions of GRS as a novel regulatory
cytokine in various human diseases [7–9], as it is selectively

Fig. 6 Inhibition of Akt or ERK1/2 attenuated the GRS-induced dif-
ferentiation potential of MSCs. MSCs were pretreated with inhibitor V
(10 µM) or PD98059 (20 µM) for 1 h prior to the additional treatment
with 1 µM GRS; subsequent changes in osteoblast and adipocyte dif-
ferentiation were determined by alizarin red and oil red O staining,
respectively. The relative quantification of calcium mineral content
and lipid droplet formation was determined by measuring absorbance

at 570 nm and 500 nm, respectively (a, b). MSCs were pretreated with
inhibitor V (10 µM) or PD98059 (20 µM) for 1 h prior to an additional
24 h treatment with 1 µM GRS; subsequently, the inhibitory effect of
GRS-induced stem cell marker expression (SOX2 and NANOG) was
determined by real-time PCR (c, d). The data represent the mean ± SD
from three independent experiments
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secreted under specific disease conditions and regulates the
outcome of these diseases. Furthermore, several recent
reports have suggested that GRS exerts diverse functions as
a novel cytokine in tumor cell growth [20, 30] and inherited
neuropathies [31]. In this context, we focused our attention
on the previously unidentified function of GRS as a danger
signal that appears to recruit MSCs to sites of injury, in
accordance with the observations of Howard et al. [32],
which show that two other AARS family members, HRS
and NRS, induced the migration of various immune cells
via a chemotactic receptor pathway. A similar observation
has also been described by Park et al. [20], who demon-
strated that GRS can be secreted by macrophages in
response to damage. Indeed, in the present study, we
demonstrated that GRS is actively secreted by multiple cell
types in response to various injury signals both in vitro
(Fig. 1a–d) and in vivo (Fig. 1e, f) as an endogenous danger
signal. Importantly, we also found that GRS promotes
multiple beneficial functions, such as MSCs proliferation
(Fig. 2a), migration (Fig. 2b–d), and multi-lineage

differentiation (Fig. 2e, f) in vitro. These results suggest
that GRS is actively secreted by multiple cell types in
response to injury signals and then acts as a potent stimu-
latory factor that facilitates multiple beneficial MSCs
functions. In addition, GRS-treated MSCs secreted many
known growth factors for tissue repair, specifically GDNF,
M-CSF, PDGF, and VEGF (Fig. 7). These results indicate
that the GRS-mediated therapeutic effect was due at least in
part to the secretion of multiple paracrine factors, which
regulate many biological processes, including cell migra-
tion, apoptosis, growth, and differentiation [33–35].

The exact manner in which the non-canonical functions
of GRS were gained has not yet been completely elucidated.
Fusing a specialized domain to an existing protein can
potentially result in new protein–protein interactions that
confer novel functions. Indeed, the expanded functions of
the AARS family members are thought to be associated
with the acquisition of extra domains [36]. Almost all of the
human AARS members have extra domains at either the N
or C terminus. Although some of these domains are thought

Fig. 7 GRS-induced secretory components are associated with PI3K/
Akt and/or FAK/ERK 1/2 signaling. Human growth factor antibody
array analysis was performed using GRS-treated and control samples.
The membrane was printed with antibodies for 40 growth factors,
cytokines, and receptors, with four positive and four negative controls
in the upper and lower left corners. Six growth factors or related
proteins (GDNF, M-CSF, PDGF, SCF R, VEGF-A, and VEGF R2)
were markedly enriched in the GRS-treated groups compared with the

control groups (a, b). Signaling network analysis was performed using
GeneMANIA (http://www.genemania.org) to predict the connections
between the three growth factors and PI3K/Akt and/or FAK/ERK1/
2 signaling. The results revealed a positive relationship between each
of the six prominent factors (GDNF, M-CSF, PDGF, SCF R, VEGF-
A, and VEGF R2) and PI3K/Akt and/or FAK/ERK1/2 signaling (c, d).
The data represent the mean ± SD from three independent experiments
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to be involved in tRNA interactions and aminoacylation, in
most cases, these domains are not necessary for the per-
formance of their canonical functions [36]. Recent studies
have suggested that soluble tyrosyl tRNA synthetase (YRS)
[37] and WRS [22] fragments are generated by alternative
splicing or proteolytic cleavage and act as multi-functional
cytokines by binding to extracellular receptors. Collec-
tively, these observations have raised the possibility that
through alternative splicing or the proteolytic cleavage of
additional domains, GRS may gain novel functions that
facilitate multiple beneficial MSCs functions.

A cellular receptor through which GRS exerts its biolo-
gical functions in stem cells has not previously been iden-
tified. Here, GRS was shown to bind to the EC adherent
junctional molecule, K-cadherin (also known as CDH-6)
and to exert its function through its interaction with
K-cadherin. Importantly, GRS-induced MSCs migration
(Fig. 3d, e) and differentiation (Fig. 3f) were significantly
attenuated by CDH-6 depletion. These results suggest that
CDH-6 may serve as a functional receptor to regulate the
multiple beneficial MSCs functions mediated by GRS.

Cell–cell adhesion is mediated by specific interactions
between transmembrane cell adhesion molecules (CAMs),
such as cadherins, integrins, and selectins [38]. Because
members of the CAM family of proteins are involved in
regulating multiple aspects of cellular behavior, including
cell migration, growth, apoptosis, and differentiation [39],
the role of GRS in activating CDH-6 implies its potential
role in the maintenance of stem cell self-renewal and dif-
ferentiation. Because the cadherin family is known to acti-
vate the Rho/Rac signaling pathways for the regulation of
adhesion dynamics [40, 41], we also investigated whether
GRS activates the Rho/Rac downstream effectors Akt and
ERK1/2 when GRS binds to CDH-6 in MSCs. Generally,
the PI3K/Akt [42] and FAK/ERK1/2 [43] signaling path-
ways are preferentially activated by mitogens and growth
factors in multiple cell types. Our data show that GRS
activated PI3K/Akt and/or FAK/ERK1/2 signaling in MSCs
(Fig. 4a, b). Indeed, GRS-induced PI3K/Akt and/or FAK/
ERK1/2 signaling was significantly attenuated by
K-cadherin depletion (Fig. 4c, d). The role of GRS in reg-
ulating these signaling pathways is not surprising,

Fig. 8 GRS improves the homing and subsequent therapeutic potential
of MSCs in CCI4-induced hepatic fibrosis. Acute CCl4 (400 mg/kg)
treatment (administered intraperitoneally) produced significant histo-
logical liver damage compared with the vehicle (corn oil) control.
GRS-treated or non-treated MSCs (1 × 106 cells) were labeled with
GFP and injected intravenously into the tail veins of 7-week-old NSG
mice with acute CCl4-induced liver injury. The mice were sacrificed
7 days after the GFP-labeled MSCs were injected. Green fluorescent
images of consecutive sections revealed the presence of GFP-labeled

cells (a). The liver and spleen were weighed at the time of sacrifice (b).
Liver tissue was collected and subjected to hematoxylin and eosin
(H&E) staining. CCl4-induced liver/spleen fibrosis and centrilobular
necrosis were significantly more relieved by the transplantation of
GRS-pretreated MSCs (c). Blood samples were obtained from each
group 7 days post-MSC transplantation. The serum ALT, AST, and
total bilirubin levels were measured using an automatic biochemical
analyzer (d). The data represent the mean ± SD from eight independent
experiments
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considering the previous in vitro studies on ECs, which
revealed that truncated tryptophanyl tRNA synthetase
(TrpRS) significantly suppresses stress-induced cellular
responses involved in angiogenesis, such as EC migration
and proliferation [4, 44] and Akt and ERK1/2 signaling
pathway activation [45]. Blockage of these signaling path-
ways with specific inhibitors resulted in significant
attenuation of the GRS-mediated proliferation (Fig. 5a, b),
migration (Fig. 5c–f), and differentiation (Fig. 6) of the
responding cells, suggesting that GRS exerts its biological
activities on responding cells via PI3K/Akt and/or FAK/
ERK1/2 signaling

Taken together, these findings suggest that in addition to
its previously reported canonical activities, GRS is actively
secreted in response to tissue damage as an endogenous
danger signal and subsequently enhances the therapeutic
effects of MSCs by promoting their differentiation and
migration through non-canonical PI3K/Akt and/or FAK/
ERK1/2 signaling. This study also provides novel insights
into the molecular mechanisms regulating the differentiation
and migration potential of MSCs with relevance to clinical
applications.

Materials and methods

Isolation and culture of human adipose tissue-
derived mesenchymal stem cells

Human adipose tissue-derived mesenchymal stem cells
were obtained from adipose tissues of breast cancer patients
with written informed consent from the patients and
approval of the Gachon University Institutional Review
Board (IRB No: GAIRB2015-104). All of the human-
related experiments were approved and conducted in
accordance with the Gachon University Institutional
Review Board (IRB No: GAIRB2015-104). Adipose tissue
was minced into small pieces, and then the small pieces
were digested in DMEM containing 10% FBS and 250 U/
ml type I collagenase for 5 h at 37 °C. The digestion mixture
was then filtered through a 40 µm cell strainer. Isolated cells
were then cultured in EBM-2 medium (Lonza) with EGM-2
supplements at 37 °C and 5% CO2.

In vitro cell migration assay

Cells were plated at 1 × 105 cells/well in 200 μL of culture
medium in the upper chambers of transwell permeable
supports (Corning Inc., Corning, NY, USA) to track the
migration of cells. The transwell chambers had 8.0μm pores
in 6.5-mm diameter polycarbonate membranes and used a
24-well plate format. Non-invading cells on the upper sur-
face of each membrane were removed by scrubbing with

laboratory paper. Migrated cells on the lower surface of
each membrane were fixed with 4% paraformaldehyde for
5 min and stained with hematoxylin for 15 min. Later, the
number of migrated cells was counted in three randomly
selected fields of the wells under a light microscope at ×50
magnification. To calculate the chemotactic index, the
number of cells that migrated in response to the treatment of
GRS was divided by the number of spontaneously migrat-
ing cells.

Cell proliferation assay

The MTT assay was used to determine the proliferative
capacity of GRS, according to the manufacturer’s protocol.
Cells (1 × 104 cells/well) were seeded in 96-well plates.
After 24 h of incubation, the cells were treated with GRS or
vehicle for 72 h. The viable cells were measured at 570 nm
using a VersaMax microplate reader.

Osteogenic differentiation

MSCs were incubated in DMEM high-glucose medium
supplemented with 0.1 µM dexamethasone, 10 mM β-gly-
cerophosphate, 50 µM ascorbate and 10% FBS with or
without dioxin. MSCs were grown for 3 weeks, with
medium replacement twice a week. Differentiated cells
were stained with Alizarin Red S to detect de novo for-
mation of bone matrix. Alizarin red S in samples was
quantified by measuring the optical density (OD) of the
solution at 570 nm.

Adipogenic differentiation

MSCs were incubated in DMEM low-glucose medium
supplemented with 500 µM metylxanthine, 5 µg/mL insulin,
and 10% FBS with or without dioxin. MSCs were grown
for 3 weeks, with medium replacement twice a week. Lipid
droplet formation was confirmed by Oil Red O staining.
Relative quantification of lipid droplet formation was
determined by absorbance measurement at 500 nm.

Immunofluorescent staining

Samples were fixed with 4% paraformaldehyde for fluor-
escent staining. Samples were permeabilized with 0.4 M
glycine and 0.3% Triton X-100, and nonspecific binding
was blocked with 2% normal swine serum (DAKO,
Glostrup, Denmark). Staining was performed as described
previously [46], using the primary anti-Phalloidin (Cytos-
keleton, Inc.) antibody. Samples were examined by fluor-
escence microscopy (Zeiss LSM 510 Meta). The calculation
of expression was based on green fluorescence area and
density divided by cell number, as determined from the
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number of DAPI-stained nuclei, in three randomly selected
fields for each sample from a total of three independent
experiments.

CCl4-induced acute liver failure

All of the animal experiments were approved and conducted
in accordance with the Institutional Animal Care and Use
Committee (IACUC) (LCDI-2016-0083) of the Lee Gil Ya
Cancer and Diabetes Institute of Gachon University. 7-
week-old NSG mice were subjected to treatment with CCl4
to induce liver injury, or with sterilized corn oil vehicle as
control. The animals were divided into two experimental
groups (n= 8 mice for each group): (a) mice treated with
CCl4; (b) mice treated with corn oil. CCl4 (400 mg per kg of
animal, in a 10% solution of corn oil) or corn oil were
injected intraperitoneally. Mice of each group were sacri-
ficed by cervical dislocation. Before sacrifice, the mice were
anesthetized and exsanguinated by cardiac puncture to
obtain blood serum. Blood samples were obtained from
each group on days 7 post-MSC transplantation. The sam-
ples were immediately centrifuged at 2000×g for 10 min
before serum was collected. The ALT, AST, and total
bilirubin levels were measured using a serum multiple
automatic biochemical analyzer. Livers and spleen were
washed with ice-cold PBS and dissected into smaller pieces.
Liver sections were deparaffinized, rehydrated, and stained
with hematoxylin and eosin (H&E).

MSC labeling and tracking in mouse model

MSCs were trypsin released, centrifuged and re-suspended
at a concentration of 2 × 105 cells/ml. Subsequently, MSCs
were transfected with GFP-expressing plasmid vectors
according to the manufacturer’s instructions. Their expres-
sion efficiency was analyzed using an immunocytochem-
istry after 48 h of transfection. Immediately after labeling
MSCs were collected, centrifuged and re-suspended in 40 μl
growth media which were subsequently injected intrave-
nously (i.v.) via the lateral tail vein of mice after acute liver
injury with CCl4. Following injection of GFP-labeled
MSCs, mice were sacrificed 7 days after injection and
subsequently the distribution of MSCs were compared
between the control and CCl4-injected groups under fluor-
escence microscope.

Flow cytometry

FACS analysis and cell sorting were performed using FACS
Calibur and FACS Aria machines (Becton Dickinson, Palo
Alto, CA), respectively. FACS data were analyzed using
FlowJo software (Tree Star, Ashland, OR). Antibodies to
the following proteins were used: APC-conjugated CD44

(BD Bioscience, Cat. 559942, dilution 1/40), PE-conjugated
CD133 (MACS; Miltenyi Biotech, Sunnyvale, CA, 130-
080-081, dilution 1/40), CD34 (MACS; Miltenyi Biotech,
Sunnyvale, CA, 30-081-002), CD44 (MACS; Miltenyi
Biotech, Sunnyvale, CA, 130-095-180), CD45 (MACS;
Miltenyi Biotech, Sunnyvale, CA, 130-080-201), CD73
(MACS; Miltenyi Biotech, Sunnyvale, CA, 130-095-182)
and CD105 (MACS; Miltenyi Biotech, Sunnyvale, CA,
130-094-941) The FACS gates were established by staining
with an isotype antibody or secondary antibody.

Protein isolation and western blot analysis

The protein expression levels were determined by western
blot analysis as previously described [47]. Cells were lysed
in a buffer containing 50 mM Tris, 5 mM EDTA, 150 mM
NaCl, 1 mM DTT, 0.01% NP 40, and 0.2 mM PMSF. The
protein concentrations of the total cell lysates were mea-
sured by using bovine serum albumin as a standard. Sam-
ples containing equal amounts of protein were separated via
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred onto nitrocellulose
membranes (Bio-Rad Laboratories). The membranes were
blocked with 5% skim milk in Tris-buffered saline con-
taining Tween-20 at RT. Then, the membranes were incu-
bated with primary antibodies against β-actin (Abcam, MA,
USA, ab189073), MMP-2 (Cell signaling #4022), MMP-9
(Cell Signaling #13667), total PI3K (Cell Signaling #4292),
phospho-PI3K (Cell Signaling #4228), total CREB (Cell
Signaling #9197), phospho-CREB (Cell Signaling #9198),
total Akt (Cell Signaling #4491), phospho-Akt (Cell Sig-
naling #4060), total-ERK1/2 (Cell Signaling #9012),
phospho-ERK1/2 (Cell Signaling #9101), Ki67 (Novus,
NB500-170), total FAK (Santa Cruz, sc-558), and phospho-
FAK (Santa Cruz, sc-11765) overnight at 4 °C and then
with HRP-conjugated goat anti-rabbit IgG (BD Pharmin-
gen, San Diego, CA, USA, 554021) and goat anti-mouse
IgG (BD Pharmingen, 554002) secondary antibodies for 60
min at RT. Antibody-bound proteins were detected using
ECL reagents.

Real-time PCR

Total RNA from skin cells was extracted using TRIzol
reagent (Invitrogen) according to the manufacturer’s pro-
tocol. The first-strand cDNA was synthesized with 1 to 2 μg
of total RNA using SuperScript II (Invitrogen), and one-
tenth of the cDNA was used for each PCR mixture con-
taining Express SYBR-Green qPCR Supermix (BioPrince,
Seoul, South Korea). Real-time PCR was performed using a
Rotor-Gene Q (Qiagen). The reaction was subjected to
amplification cycles of 95 °C for 20 s, 60 °C for 20 s and 72
°C for 25 s. The relative mRNA expression of the selected
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genes was normalized to that of PPIA and quantified using
the ΔΔCT method. The sequences of the PCR primers are
listed in supplementary table 1.

GeneMANIA algorithm-based bioinformatics
analysis

To further analyze genes that interact with or directly reg-
ulate PI3K/Akt or FAK/ERK1/2 signaling, we imported all
identified genes and their corresponding accession numbers
into GeneMANIA (http://www.genemania.org). To find
gene interactions, we considered several factors including
co-expression, co-localization, and genetic interactions.
From this list, we selected the genes GDNF, M-CSF,
PDGF, SCF R, VEGF-A, and VEGF R2 to test their
involvement in regulating GRS-induced PI3K/Akt or FAK/
ERK1/2 signaling.

Growth factor antibody array

The assay was performed following the manufacturer’s
protocol (Abnova AA0089). Briefly, GRS or vehicle-treated
protein samples were incubated with antibody membranes
overnight at 4 °C. After washing three times with wash
buffer, the membranes were incubated with biotin-
conjugated anti-cytokine antibodies overnight at 4 °C. The
membranes were then washed three times and incubated
with HRP-conjugated streptavidin. Chemiluminescence was
used to detect signals of the growth factors spotted on the
nitrocellulose membrane.

Statistical analysis

All the statistical data were analyzed in GraphPad Prism 5.0
(GraphPad Software, San Diego, CA) and evaluated using
two-tailed Student’s t-tests. Values of P < 0.05 were con-
sidered to indicate statistical significance.
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