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defense against ERK-activated tumorigenesis
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Although adaptive systems of immunity against tumor initiation
and destruction are well investigated, less understood is the role,
if any, of endogenous factors that have conventional functions.
Here we show that glycyl-tRNA synthetase (GRS), an essential
component of the translation apparatus, circulates in serum and
can be secreted from macrophages in response to Fas ligand that is
released from tumor cells. Through cadherin (CDH)6 (K-cadherin),
GRS bound to different ERK-activated tumor cells, and released
phosphatase 2A (PP2A) from CDH6. The activated PP2A then sup-
pressed ERK signaling through dephosphorylation of ERK and in-
duced apoptosis. These activities were inhibited by blocking GRS
with a soluble fragment of CDH6. With in vivo administration of
GRS, growth of tumors with a high level of CDH6 and ERK activa-
tion were strongly suppressed. Our results implicate a conventional
cytoplasmic enzyme in translation as an intrinsic component of the
defense against ERK-activated tumor formation.
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As ancient proteins that arose as part of the development
of the genetic code, aminoacyl-tRNA synthetases (AARSSs)
are essential components of the translation apparatus. The 20
enzymes, 1 for each amino acid, catalyze the attachment of each
amino acid to its cognate tRNA in the cytoplasm, where the
charged tRNAs are then used for ribosomal protein synthesis
(1). Surprisingly, ex-translational functions have been discovered
for many tRNA synthetases, including gene regulation in
Escherichia coli, RNA splicing in mitochondria of Neurospora
crassa (2), and a diverse variety of functions in vertebrates that
include among others regulation of inflammatory responses
and of angiogenesis (3). These expanded functions are associated
with the accretive additions of specialized motifs and domains—
such as internal short sequence motifs and appended GST,
leucine zipper, and helix-turn-helix domains (4). The specialized
motif and domain additions facilitate new protein—protein
interactions that confer novel functions. Some of the many dis-
ease connections to AARSSs, and to proteins that are part of the
multi-tRNA synthetase complex in mammalian cells, are thought
to result from disruptions to, or alterations of, their ex-trans-
lational functions (5, 6). Indeed, there are dominant Charcot—
Marie-Tooth disease-causing mutations in tyrosyl- and glycyl-
tRNA synthetases that do not disrupt aminoacylation activity (7, 8).

Also surprising for essential components of the translation
apparatus was the observation that specific fragments (produced
by alternative splicing or natural proteolysis) of tyrosyl- and
tryptophanyl-tRNA synthetases (YRS and WRS) bind to and
signal through extracellular receptors, including chemokine re-
ceptor 1 and 2 (CXCR1 and -2) on polymorphonuclear leukocyte
(PMN) cells (YRS) (9) and vascular endothelial (VE)-cadherin
on endothelial cells (WRS) (10). These two synthetases are se-
creted from mammalian cells under specific conditions that po-
tentiate their ex-translational functions (11, 12). Collectively,
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these observations raised the possibility that one way to discover
ex-translational functions of tRNA synthetases might be by an-
notating those that were present in a physiological setting that
did not carry out translation. This consideration led us to ex-
amine the presence of specific synthetases in human serum.
Among other factors, we considered the “antisynthetase syn-
drome,” namely, the observation that 30% of all autoimmune
patients, including those with idiopathic inflammatory myo-
pathies, rheumatoid arthritis, and interstitial lung disease, have
autoantibodies directed against one of seven specific tRNA
synthetases (13-15). Among other explanations, we considered
the possibility that one or more of these seven synthetases might
normally circulate as antigens having specific extracellular
functions (16). Interestingly, glycyl-tRNA synthetase (GRS)
autoantibodies were also detected in serum of patients with
cancer (17). In part because of our ongoing investigations of its
novel functions, we focused on GRS. Interestingly, in pre-
liminary experiments, we detected GRS in the serum of normal
human subjects and the mouse. These observations led us to
attempt to understand a potential role for GRS as a secreted
protein in a cancer microenvironment.

Results

Secretion of GRS from Macrophages. GRS was detected in the se-
rum of three different human subjects and of two different
CL57BL/6 mice (SI Appendix, Fig. S1A4). Consistent with a lack
of cell lysis, neither p-tubulin, nor lactate dehydrogenase (LDH),
nor GAPDH was detected in the same sample. To have clues
to the physiological function of secreted GRS, we examined
whether secretion of GRS could be detected from cultured cells
and, if so, whether such secretion was specific to a cell type. Six
different cell lines (H322, A549, HEK293, HCT116, RAW 264.7,
and HeLa) were incubated in a serum-free medium for 12 h, and
the secreted proteins were precipitated from the medium using
trichloroacetic acid (TCA). The precipitated proteins were de-
termined by Western blot analysis with anti-human cytoplasmic
GRS polyclonal antibody (a-GRS). Among the six tested cell
lines, GRS was detected only in the culture medium of murine
macrophage cell line RAW 264.7 (SI Appendix, Fig. S1B). Under
the same conditions, we observed no release of tubulin into the
medium, suggesting that the presence of GRS in the medium was
not due to cell lysis (SI Appendix, Fig. S1B).
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For RAW 264.7 cells, a significant amount of secreted GRS was
detected in the medium after 12 h of starvation (SI Appendix, Fig.
S1C). Given the specificity of GRS secretion, we investigated
other immune cells, such as human T lymphocyte Jurkat cells,
murine microglia-derived BV2 cells, and human macrophage-like
U937 monocytes. Secretion of GRS was detected only in U937
as well as RAW 264.7 cells, but not in Jurkat or BV2 cells (S1
Appendix, Fig. S1D). Thus, GRS was secreted from macrophages/
monocytes under starvation conditions.

Different Apoptotic Stresses Induce Secretion of GRS. To investigate
whether GRS secretion can be induced by stimuli other than
starvation, we treated RAW 264.7 cells with signaling molecules.
The signaling molecules included estrogen, which regulates cy-
tokine production in macrophages (18); TNF-a, which influences
macrophage differentiation (19); and EGF, which can be se-
creted from macrophages and tumor cells. In addition, we tested
Adriamycin to induce cell death through DNA damage. Among
these four “ligands”, only Adriamycin induced secretion of GRS
(SI Appendix, Fig. S2A4), suggesting that apoptotic stress was
important for GRS secretion. We then treated RAW 264.7 cells
with other apoptotic stresses and compared the time course of
GRS secretion. In addition to Adriamycin, both glucose depri-
vation and treatment with TNF-a with cycloheximide resulted in
time-dependent secretion of GRS from RAW 264.7, but not
from human colon cancer HCT 116 or cervical cancer HeLa cells
(SI Appendix, Fig. S2B). These three apoptotic stresses also in-
duced GRS secretion from U937 cells (SI Appendix, Fig. S2C). In
contrast to GRS, no secretion of lysyl-tRNA synthetase (KRS) or
YRS, other known AARS cytokines, was detected in Adriamy-
cin-treated U937 cells (SI Appendix, Fig. S2D).

Because GRS secretion was observed immediately after the
onset of any of three different apoptotic stresses, it is unlikely that
secretion of GRS resulted from cell lysis. To confirm this con-
clusion, we determined cell lysis by monitoring the population
of the sub-G1 cells, which reflect those apoptotic cells with
hypodiploid DNA content resulting from DNA degradation,
and by performing a 3-(4,5-dimethylthiazol-2-Y1)-2,5-diphe-
nyltetrazolium bromide (MTT) assay. We found that none of the
apoptotic stresses seriously affected cell cycle and viability (S
Appendix, Fig. S3 A and B). We also measured the activity of
cytosolic LDH. The LDH activity in the medium was <10% of
that in the cell extracts and did not increase in the conditioned
medium (SI Appendix, Fig. S3C). Because cell membrane in-
tegrity is disrupted in apoptosis or necrosis, we stained RAW
264.7 cells with membrane-permeable Yo-Pro and also with
membrane-impermeable propidium iodide (20). Neither dye
stained the nuclear structure after induction of apoptotic stresses.
However, both dyes stained nuclear DNA when macrophages
were irradiated with UV (200 J/m?) for 18 h (SI Appendix, Fig.
S3D). These results are consistent with GRS secretion not arising
from cell lysis or membrane rupture.

GRS Secretion Can Be Induced by Fas Ligand Derived from Cancer
Cells. Macrophages play a critical role in immune surveillance of
the cancer cell microenvironment. To explore whether the secre-
tion of GRS from macrophages was affected by proximity to tumor
cells, we set up a coculture system with H460 human large cell lung
tumor and U937 cells. Secretion of GRS, but not KRS, YRS, and
WRS, was observed and the amount of secretion increased as the
number of added U937 cells was increased (Fig. 14).

GRS secretion was also detected in the coculture systems with
HCT116 and U937 cells (Fig. 1B). To further confirm that GRS
secretion also occurs in primary cells, we isolated and used
murine bone marrow-derived macrophages (BMDMs) and in-
cubated them with H460 cells. In this coculture system, GRS was
also secreted from BMDMs, indicating that GRS secretion can
take place in nontransformed macrophages (Fig. 1C). Next, to
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Fig. 1. GRS secretion can be induced by a Fas ligand signal derived from
cancer cells. (A) H460 cancer cells were first seeded (0.25 x 10° cells/well).
After 12 h, the medium was changed with serum-free medium and the cells
were cocultured with U937 monocytes (0.125 x 10°- ~1 x 10° cells per well)
for 6 h. Then, secretion of GRS in the cultured medium was determined by
TCA precipitation of proteins followed by SDS/PAGE and Western blot
analysis. (B) Cocultivation of HCT116 cancer cells with U937 cells and de-
termination of GRS secretion were determined as stated above. (C) Bone-
marrow-derived macrophage (BMDM) and H460 cells were coincubated and
GRS secretion was monitored. (D) The cultured medium of H460 cells was
harvested after 12 h incubation and used as the conditioned medium (CM)
for RAW 264.7 and U937 cells for 6 h. The secretion of GRS was determined
as above. (E) H460 cells were incubated in a Transwell chamber with or
without U937 cells in the insert for 6 h in serum-free medium and the se-
cretion of GRS was analyzed. (F) U937 cells were treated with activating anti-
Fas antibody (CH11 clone, 5 pg/mL) at the indicated times and the secretion
of GRS was determined. (G) Neutralizing anti-Fas antibody (ZB4 clone, 0.2 pg/
mL) was added to the medium of the coculture system and GRS secretion
was determined as above. Molecular mass of examined proteins: GRS, 79
kDa; KRS, 72 kDa; YRS, 51 kDa; WRS, 53 kDa; and tubulin, 50 kDa.

determine whether GRS secretion required physical contact be-
tween tumor and macrophage cells, we used conditioned medium
and Transwell culture dishes as described previously (21). Con-
ditioned medium harvested from H460 cells induced GRS secre-
tion from RAW 264.7 and U937 cells (Fig. 1D). We also separated
U937 and H460 cells by incubating U937 cells in the inserts and
HA460 cells in the chambers of Transwell dishes. Secretion of GRS
increased according to the number of U937 cells (Fig. 1E). These
results suggest that secretion of GRS does not require physical
contact between cancer and macrophage cells.

Because tumor cells can escape immune surveillance by se-
creting Fas ligand (22), we examined whether Fas ligand was in-
volved in GRS secretion. To test this possibility, we added agonistic
Fas antibody to U937 cells and determined whether this addition
triggered secretion of GRS. Indeed, after the treatment, GRS
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accumulated in the medium in a time-dependent way (Fig. 1F). To
confirm the correlation between Fas ligand and GRS secretion, we
added an antagonistic Fas antibody to the coculture system. After
the neutralizing effect, GRS secretion was decreased (Fig. 1G).
These results are consistent with a model of GRS being secreted by
Fas ligand derived from cancer cells.

Cell Binding of Secreted GRS. To determine the target cells of the
secreted GRS, we incubated MCF7 (human breast cancer),
HelLa, HCT116, and RAW 264.7 cells with different concen-
trations of biotinylated GRS. With this assay, biotinylated GRS
was detected as bound to HCT116, HeLa, and RAW 264.7 cells
in a dose-dependent manner, but not to MCF7 cells (Fig. 24).
Next, we determined the time course of GRS binding to HelLa
and HCT116 cells. Binding of biotinylated GRS was detected
after 5 min of incubation with these cells and increased to
a maximum at 15-30 min (SI Appendix, Fig. S44). To confirm the
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Fig. 2. Secreted GRS induces apoptosis in several different tumor cells. (A)
Dose-dependent binding of biotinylated GRS was determined with MCF-7,
Hela, HCT116, and RAW 264.7 cell lines by capture with streptavidin-HRP. (B)
RAW 264.7 and HCT116 cells were treated with the indicated concentrations
of recombinant human GRS for 24 h and the cell viability was measured by
the MTT assay. Adriamycin (2 pg/mL) was used as a positive control to induce
cell death. (C) The effect of GRS on cell death was also monitored by sub-G1
cells, using flow cytometry. GRS (150 nM) was boiled to see whether it can
inactivate the cytokine activity. (D) GRS-induced cell death was also moni-
tored by the generation of active caspase 3. (E) Using a Transwell, U937 cells
were incubated in the insert with or without HCT116 in the chamber (for
24 h) and cell viability was analyzed as above. To neutralize the effect of
GRS, anti-GRS antibody was added to the culture dish. (F) Nine different cell
lines were treated with the indicated concentrations of GRS and the effect
on cell viability was determined by the MTT assay. Error bars give the mean +
SD from the average of three experiments. Molecular mass of examined
proteins: procaspase 3, 32 kDa; and active-caspase 3, 17 kDa.
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specificity of cell binding by GRS, the cells were preincubated
with unlabeled GRS, after which biotinylated GRS was added.
The biotin signal was significantly suppressed when the cells were
pretreated with unlabeled GRS (SI Appendix, Fig. S4B). Cell
binding of GRS was further monitored by immunofluorescence
staining. Biotinylated GRS was incubated with HCT116 cells and
cell-bound GRS was reacted with Alexa488-conjugated strepta-
vidin. The staining intensity increased according to the amount
of GRS, but was reduced by the addition of unlabeled GRS (S
Appendix, Fig. S4C); thus, the staining intensity was specifically
attributable to GRS binding. Collectively our results show that
specific tumor cells and macrophages are targets of secreted GRS.

Proapoptotic Effect of GRS on Tumor Cells. Given that GRS secretion
is induced by apoptotic ligands such as Fas, which are secreted from
tumor cells, and that secreted GRS binds to tumor cells, we in-
vestigated whether GRS exerted a paracrine effect. We monitored
cell viability and death by using an MTT assay and flow cytometry,
respectively. When treated with GRS, the viability of HCT116, but
not of RAW 264.7 cells, decreased in a dose-dependent manner
(Fig. 2B). The sub-G1 population of HCT116, but not of RAW
264.7 cells, was also increased by treatment with GRS (Fig. 2C).
GRS treatment resulted in the activation of caspase 3 (Fig. 2D) and
also enhanced the release of cytochrome ¢, both of which are the
known signatures of cell death (SI Appendix, Fig. S4D). Because
heat-inactivated GRS did not exert any proapoptotic effects in
these assays (Fig. 2 C and D), the native conformation of GRS
appears to be important for its proapoptotic activity.

To investigate whether GRS can induce cell death in a physi-
ological environment, we cocultured HCT116 and U937 cells by
using Transwell chambers with or without a-GRS. The viability
of HCT116 cells decreased on cocultivation with U937 cells.
However, the addition of a-GRS compromised the effect of GRS
on the viability of HCT116 (Fig. 2E). In further experiments,
GRS reduced the viability of different tumor cell lines, including
A549 (human alveolar adenocarcinoma), H460, HCT116, and
HeLa cells. However, GRS had no effect on the viability of
MCF-7 or human neuroblastoma SH-SYSY cells or on the via-
bility of human skin fibroblasts (HSF), human embryonic kidney
HEK293 cells, or RAW 264.7 cells (Fig. 2F). Thus, GRS exerts
its proapoptotic activity on a specific set of cancer cells.

Cadherin-6 As a Functional Receptor for GRS. Given that the secreted
N-terminal-truncated WRS binds to VE-cadherin to inhibit an-
giogenesis (10) and that several cadherins (CDHs) are known to
be associated with tumor cell survival and malignancy (23), we
tested whether GRS can bind to any of 11 different CDH proteins.
The interaction of His-GRS with the extracellular domains of 11
different cadherins individually fused to the Fc fragment of human
IgG1 was determined by ELISAs. This screening identified specific
binding of GRS to CDH6 and CDHI18, but not to the remaining
CDHs (Fig. 34). GRS binding to CDH6 and CDHI18, but not to
CDH2, was confirmed by an in vitro pull-down assay (Fig. 3B). The
binding affinity of GRS to CDH6 and -18 was measured by surface
plasmon resonance assay. GRS bound to CDH6 and CDH18 with
aKy = 3.4 and 1.25 nM, respectively (Fig. 3C and SI Appendix, Fig.
S5A), but not to IgG protein (SI Appendix, Fig. S5B).

Because CDH6 appears to be implicated in the etiology of
hepatocellular carcinoma, renal carcinoma, and small cell lung
cancer (SCLC) (24, 25), we investigated whether CDH6 can act
as a functional receptor for GRS in tumor cells. First we de-
termined the protein expression level of CDH6 in the tested
tumor cell lines. We found that CDHG6 expression was up-regu-
lated in the GRS-sensitive cancer cell lines (HCT116, H460, and
HeLa), but not in GRS-insensitive cancer cell lines (MCF7 and
SH-SY5Y) (Fig. 3D). Using Western blot analysis and flow
cytometry, we found that GRS binding to HCT116 cells was
reduced when the CDH6 transcript was suppressed by its specific
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Identification of CDH6 as a potential receptor for GRS. (A) A panel of Fc-fused soluble cadherin family proteins was bound to His-tag-fused GRS or to

BSA-coated plates, and complexes were detected with the IgG, Fc-HRP reagent. (B) To confirm the binding between cadherins and GRS, Fc-CDH2, -6, and -18
were incubated with His-GRS. Fc-CDHs were precipitated with protein A/G agarose and coprecipitated GRS was determined by immunoblotting. (C) To
calculate the equilibrium dissociation constant (Ky), immobilized Fc-fused (to gold chips) cadherins were incubated with GRS (31.25 nM- ~1000 nM). Binding
of GRS to CDH6 was determined by surface plasmon resonance and expressed as resonance units (RU). (D) Five different cancer cells were determined for the
expression of CDH6 by immunoblotting. (E) HCT116 cells were transfected with nonspecific siRNA controls or two differently designed siRNAs targeting CDH6
and treated with biotinylated GRS (15 nM), and the binding of GRS was analyzed by immunoblotting. (F) HCT116 cells were transfected with si-con and si-
CDH6 as described above, and cell binding of GRS was measured by FACS analysis. (G) HCT116 cells were incubated with His-GRS (150 nM). To neutralize the
effects of GRS, Fc-fused CDH6 (300 nM) was added and the cell viability was determined by the MTT assay. Error bars represent SD. Molecular mass of ex-
amined proteins: CDH6, 90 kDa; Fc-CDH2, 80 kDa; Fc-CDH6, 80 kDa; and Fc-CDH18, 78 kDa.

siRNA, but not by a nonspecific control siRNA (Fig. 3 E and F
and SI Appendix, Fig. S5C). We then tested whether the soluble
extracellular domain of CDH6 could offset the apoptotic activity
of GRS. The effect of GRS on the viability of HCT116 cells was
diminished by the addition of soluble CDH6 receptor protein
(Fig. 3G). Our results suggest CDHG6 is a functional receptor for
GRS in tumor cells.

GRS Induces Cell Death via Suppression of ERK Activation. To in-
vestigate the mechanism by which GRS treatment induces cell
death, we treated HCT116 cells with GRS and determined the
effect on three mitogen-activated protein kinases: ERK, p38
MAPK, and JNK. The levels of phosphorylated ERK and p38
MAPK, but not JNK, were decreased by GRS treatment in
a dose- and time-dependent manner (Fig. 44 and SI Appendix,
Fig. S64). Because activation of ERK is involved in cancer cell
proliferation and survival (26), we tested whether the apoptotic
susceptibility of cancer cells to GRS is determined by the acti-
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vation status of ERK. GRS-sensitive HCT116, H460, and HeLa
cancer cells showed enhanced phosphorylation of ERK, whereas
GRS-insensitive SH-SYSY and MCF7 cancer cells did not (Fig.
4B). This result provided a positive correlation between the ac-
tivity of ERK and the sensitivity to GRS.

Among the three GRS-sensitive cell lines, HCT116 and H460
cells contain V-Ki-ras Kirstein rat sarcoma viral oncogene ho-
molog (KRAS) mutations that lead to activation of ERK. The
Ras-Raf-MEK-ERK cascade is a key signaling pathway for cancer
cell proliferation and survival (27). We therefore tested whether
activation of ERK by oncogenic Ras mutants renders apoptotic
sensitivity to GRS treatment. For this purpose, we chose HEK293
cells that are normally insensitive to treatment with GRS. Three
different Ras-active mutants [KRAS, V-Ha-ras Harvey rat sar-
coma viral oncogene homolog (HRAS), and neuroblastoma RAS
viral oncogene homolog (NRAS)] were introduced into HEK293
cells and stable cell lines were established. The selected stable cell
lines showed increased phosphorylation of ERK. We treated the

PNAS | Published online February 15, 2012 | E643

>
o
o
-
=
@
-
-
o
o


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1200194109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1200194109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1200194109/-/DCSupplemental/sapp.pdf

L T

/

1\

BN AS  PNAS D)

A GRS B

0 50 100 150nM
| p-ERK |8 —

HCT116
H460
SH-SY5Y
MCF7

8

[}

I
—_—

|
S e p——

p-ERK [ — ————

ERK | == =— — — |

p-p38 I e B ] (3tubu|in I—— ———_.I
p38I—_' — e KRAS NRAS HRAS EV
I I GRS - + - -4 .
p-JNK p-ERK l—. i e I
JNKI I ERKI“ - -I
Tubulin | | Flag-RAS | |
tubulin | |
D 12 HEK293 Hcon OGRS Oboil Eadri
> 1
S 0.8
< 06
o 04
© 02
0
EV KRAS HRAS NRAS SN12 Caki-1 Sk-BR-3 RENCA HT1080 BT474
CDH6/p-ERK  +/- ++ ++ ++ +/+ ++ ++ -1+ -1+ +-
E PP2A PP2B PTP CD45 PTP B1
inhibitor - - + + - -+ - - + o+ - - + +
GRS - + - + -+ - -+ -+ =+ -+
pERK [ — emam|[— — — |[= — e —|[ = & =]

£k [ m e an] [ = ][ = = — | [ =]

tubulin I----”--—'-_”---—”—-'_‘ ._,I

Ratio 1 0.62 0.98 1 1 07 1.1 o088 1 0.71 1.04 0.81 1 0.58 2.49 1.09

IP Mock CDH6  WCL
GRS - - + - +
proal & || emem]

G IP Mock PP2A WCL
GR

ERIil = :+ |E+|

Fig. 4. Secreted GRS induces apoptosis of hyperphosphorylated ERK cancer cells. (A) HCT116 cells were treated with the indicated concentrations of GRS for
1 h and the phosphorylation of three different MAPKs was determined by their specific antibodies. (B) Five different cancer cell lines were investigated for the
phosphorylation of ERK by immunoblotting. (C) HEK293 cells expressing each of three different active Ras transfectants were treated with GRS (150 nM) and
its effect on the phosphorylation of ERK was determined as above. (D) Susceptibility of different cancer cell lines to GRS-induced cell death was determined by
the MTT assay. Error bars give the mean + SD from the average of three experiments. (E) HCT116 cells were treated with one of the inhibitors for PP2A, PP2B,
PTP CD4S5, or PTP B1 for 15 min and incubated in the absence or presence of GRS (150 nM) for 1 h and phosphorylation of ERK was then determined. The
bands of p-ERK and total ERK were quantified and the ratios of p-ERK to total ERK are shown. (F) The GRS effect on the interaction of CDH6 and PP2A was
determined by coimmunoprecipitation in HCT116 cells. (G) HCT 116 cells were treated with GRS and its effect on the interaction of PP2A and ERK was de-
termined by coimmunoprecpitation. Molecular mass of examined proteins: p-ERK, 42/44 kDa; ERK, 42/44 kDa; p-p38, 38 kDa; p38, 38 kDa; p-JNK, 46 kDa; JNK,

46 kDa; Flag-RASs, 22 kDa; and PP2A, 65 kDa.

cell lines with GRS and studied the effect on phosphorylation of
ERK. In all three cell lines, GRS suppressed phosphorylation of
ERK (Fig. 4C). GRS also increased the death of the three Ras
transfectants but had no effect on the control HEK293 cells (Fig.
4D and SI Appendix, Fig. S6B). Our results are consistent with the
hypothesis that, by the dephosphorylation of activated ERK,
GRS can induce apoptosis of Ras-activated tumor cells.

We then examined whether the negative regulation of ERK
phosphorylation by GRS-triggered CDHG6 is universally applied to
all cell types. Among the tested cell lines, HCT116, human renal
carcinoma SN12, human breast carcinoma cell SK-BR-3, and
human renal carcinoma Caki-1 showed high levels of both CDH6
and phosphorylated ERK (Fig. 4D and SI Appendix, Fig. S6C).
However, the murine renal cancer cell line RENCA and the hu-
man fibrosarcoma cell line HT1080 showed high levels of ERK
phosphorylation with undetectable levels of CDH6. In contrast,
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despite the high levels of CDH6, human breast carcinoma cell line
BT474 showed low levels of ERK phosphorylation. In addition,
transfection of HEK293 cells with K-, N-, and HRAS did not
affect the cellular levels of CDHG6 (SI Appendix, Fig. S6D). All of
these results imply that the cellular level of CDHS6 is not directly
linked to the activation of ERK. We tested the susceptibility of the
various cell lines to the apoptotic stress of administered GRS.
Only cells with high levels of both CDH6 and ERK phosphory-
lation were susceptible to GRS-induced apoptosis (Fig. 4D).
Phosphorylation of ERK is regulated not only by the upstream
MEK]1 and -2 kinases, but also by phosphatases (28, 29). How-
ever, the phosphorylation of MEK was not reduced by GRS
treatment (SI Appendix, Fig. S6E). To see whether GRS can
suppress ERK phosphorylation by activating a phosphatase, we
treated HCT116 cells with four different phosphatase inhibitors
and checked how they would affect the GRS-induced de-
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phosphorylation of ERK. Among them, the phosphatase 2A
(PP2A) inhibitor, okadaic acid, specifically blocked GRS-de-
pendent inhibition of ERK (Fig. 4E). GRS treatment also
weakened the interaction between CDH6 and PP2A in HCT116
(Fig. 4F) and reduced the phosphorylation of PP2A (SI Appen-
dix, Fig. S6F) to enhance the activity of PP2A (30, 31). Con-
comitantly, the interaction between PP2A and ERK was in-
creased (Fig. 4G). These results suggest that GRS can release
PP2A from CDH6 and induce PP2A activity, which then binds
and dephosphorylates ERK.

Antitumor Effects of GRS in Vivo. To investigate the possibility that
GRS may also be active in vivo, we tested GRS in a xenograft
model using HCT116 cells. In the first experiments, HCT116
cells were s.c. injected into the right flank region of Balb/C nude

mice, and tumors were grown to an average size of 100 mm?2. On
day 9, either vehicle alone or 10 or 20 pg GRS was directly de-
livered to the tumors. Tumor volumes increased ~2.5-fold in the
vehicle-treated group by day 21. In contrast, GRS injection re-
duced tumor volumes (Fig. 5 4 and B) and weights (Fig. 5C) in
a dose-dependent manner. The lack of change in animal weight
and posture suggested no GRS-induced overt toxicity (Fig. 5B
and SI Appendix, Fig. S74). A higher number of Yo-Pro-1-
positive tumor cells appeared in the GRS-treated tumor tissues
than in the control tissues, suggesting the increased apoptosis
by GRS (Fig. 5D).

Next, we examined the effect of GRS on the initial stage of
tumorigenesis. HCT116 cells were injected into nude mice, with
or without GRS (20 pg). Whereas tumor volumes increased up to
185 mm? in the vehicle control, tumors failed to grow when GRS
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Fig. 5. Secreted GRS induces cancer cell death in vivo. (A) HCT116 cells were s.c. injected into the BALB/c nude mice and grown for 9 d. GRS (10 and 20 ug per
dose) or PBS vehicle was intratumor injected (n = 5 animals per group). Tumor volume was calculated as the longest diameter x the shortest diameter? x 0.52.
(B) Photograph of two representative HCT116 xenograft tumor mice from the control (Right) and treated (Left, 20 pg GRS) groups 12 d after the treatment.
(C) Tumor weight was measured on the same day. (D) The OCT compound-embedded tissues were used for immunofluorescence staining. The tissues were
treated with Yo-pro (green) and analyzed by immunofluorescence microscopy. Nuclei were stained with DAPI (blue). SN12 (E) and RENCA (F) cells were
incubated with indicated concentrations of biotin-GRS (B-GRS) and the cell binding was determined by immunoblotting. SN12 (G) and RENCA (H) cells were
s.c. injected into the BALB/c nude mice and grown for 5 d. GRS (2 and 6 mg/kg per dose) or PBS vehicle was i.p. injected daily for 4 d (n = 5 animals per group).
Tumor volume was measured. (/) Tumor weights of the control and treated mice were determined and are shown as a bar graph. (J) The phosphorylation of
ERK in SN12 xenograft tissues from the control and treated mice (6 mg/kg GRS) was determined by immunoblotting. Error bars give the mean + SD.
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was coinjected with the cells (SI Appendix, Fig. S7 B-D). Again,
as evidenced by a lack of change in animal weight and posture,
no overt toxicity due to the administration of GRS was observed
(81 Appendix, Fig. S7 C and E). Apoptosis in HCT116 cells of the
GRS-treated animals was clearly seen (SI Appendix, Fig. STF).
To test whether antitumor activity of GRS in vivo is CDH6
dependent, we examined cell binding of GRS in renal cancer
cells, SN12 and RENCA expressing high and low levels of
CDHB6, respectively. GRS bound only to SN12 cells, but not to
RENCA cells (Fig. 5 E and F). We then transplanted SN12 and
RENCA cells into nude mice and did four i.p. injections of GRS
at two different doses (2 and 6 mg/kg). In these two models, GRS
significantly inhibited the tumor volume and weight of SN12, but
not of RENCA cells (Fig. 5 G-I). No GRS-induced toxicity oc-
curred in both xenograft mouse models (SI Appendix, Fig. S7 G
and H). In SN12 xenograft samples, dephosphorylation of ERK
was clearly observed in the GRS treatment group (Fig. 5/), further
validating the CDH6-dependent apoptotic activity of GRS.

Discussion

GRS is of increasing interest, not only because of its association
with polymyositis, but also because of its causative role in
Charcot-Marie-Tooth (CMT) disease (32, 33). Although it is
not obvious whether the present work is in any way related to
these diseases, proapoptotic activity of secreted GRS further
implicates its functions beyond translation. In the case of two
other circulating AARSs associated with polymyositis—aspar-
aginyl-tRNA synthetase (NRS) and histidyl-tRNA synthetase
(HRS)—cell migration-inducing interactions of each with CCR3
and CCRS receptors on CD4* and CD8* T cells, immature
dendritic cells and monocytes have been demonstrated (16). In
the case of HRS, a connection of these activities to the etiology
of polymyositis has been proposed (34). Although a similar
analysis has not been carried out with GRS, the results with HRS
and NRS establish a connection of at least two of the poly-
myositis-associated AARSs with the immune defense system.
Thus, the longstanding observation of GRS being a prominent
antigen in the serum of a specific subset of polymyositis patients
may have some relationship to the results of this work, which
suggest a role for GRS that is secreted from macrophages.
More specifically, GRS is implicated in the present work as
being involved in immune surveillance against cancer. Previously
reported antitumor cytokines include IFNs, IL-12, and TNF-re-
lated apoptosis-inducing ligand (TRAIL) that are secreted from
antigen-presenting cells, T cells, and NK cells (35, 36). Although
IFN-y may also induce nonspecific cell death, TRAIL can induce
cancer-specific cell death (37, 38). However, although macro-
phages play an important role in immune surveillance, no cyto-
toxic cytokine of macrophages has yet been identified. This work
suggests that GRS is secreted by macrophages and acts as a cy-
tokine with a distinct role against specific tumor cells, by de-
creasing phosphorylation of ERK via an interaction with CDH6.
The specific immune surveillance activity of GRS suggests its
therapeutic potential against tumorigenesis. In many cancers, Ras
is mutated to maintain a constitutively active status, thereby pro-
moting cancer cell growth, survival, and migration. Significantly,
tumor cells with activated Ras also engender highly activated ERK
(39, 40). Our data suggest that secreted extracellular GRS is an
intrinsic endogenous barrier for tumor initiation by activated Ras
tumor cells and works by suppressing the activation of ERK.
Several cadherins are up-regulated in invasive cancer cells
(23). Although expression of CDH6 has been reported in renal
and lung cancers and in hepatocellular carcinoma (24, 25, 41),
the function of CDHG6 in cancer development and the identity of
its natural ligand remain open questions. Adhesion molecules,
including p1-integrin of T cells and vinexin-f of cancer cells, are
known to regulate activation of ERK by protein phosphatases
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(42, 43). Here we showed that binding of GRS to CDHG6 releases
suppressed PP2A that dephosphorylates activated ERK.

CDH6 is a classic type II cadherin composed of five extra-
cellular cadherin repeats (CR1-5) that promote calcium-de-
pendent cell-cell adhesion. For the CDH family, the pairwise
sequence identity of the extracellular domains varies from 27%
to 68%, with the strong identity being between CDH6 and
CDHI18 (54%) (SI Appendix, Fig. S84). The portions of the
sequences that are specific to CDH6 and CDH18, and not shared
by other cadherins, are spread across the extracellular region
and mostly are in cadherin repeats (CRs) that are close to the
transmembrane region (SI Appendix, Fig. S8B). Appearance of
CDH6 and CDHI18 happens at a late stage in evolution, as no
classic types I and II (five CRs with a conserved intracellular
domain) cadherins are found in Caenorhabditis elegans or Dro-
sophila melanogaster (44, 45). Unlike the cadherin family mem-
bers, a, homodimeric GRS is an essential protein distributed
throughout all organisms in eukaryotes and archaea. It is likely
that the evolution of CDH6 and -18 created a surface patch that
matches to GRS for optimal binding. This phase of evolution of
CDH6 and -18 may have been initiated at the time of appearance
of extracellular GRS, at the stage of chordates or vertebrates (46).

The GRS-CDH6 complex now is the second demonstrated
functional interaction [the first being the complex between se-
creted WRS and CDHS (VE-cadherin)] (10) between a cadherin
and an extracellular tRNA synthetase. Although the two syn-
thetases bind cadherin family proteins, they appear to play dis-
tinct roles by recognizing different CR domains of different
cadherins. For instance, direct binding of WRS to the CR1 do-
main of VE-cadherin may block the intercellular association of
cadherins and prohibit cell adhesion. In contrast, binding of GRS
to CDH6 triggers an intracellular event (presumably through
the transmembrane segment) that induces dephosphorylation of
activated ERK and apoptosis.

Renal cell carcinoma (RCC) annually accounts for >30,000
new cases and 12,000 deaths in the Unites States. RCC is char-
acterized by the lack of early signs and results in metastasis at
a high frequency. Metastatic RCC is often refractory to radiation
and cytotoxic chemotherapy (47). In this case, novel target-based
therapeutic agents are required. Genetic lesions affecting Ras or
EGFR genes and activating ERK signaling have been observed in
RCC (48, 49), and alterations of CDH6 expression are associated
with the progression of RCC (25). SCLC accounts for ~20% of
the total lung cancer cases and is notorious for aggressive and
chemoresistant characteristics (50). Adhesion-dependent activa-
tion of ERK signaling may contribute to chemoresistance of
SCLC (51). From the therapeutic point of view, GRS can po-
tentially be effective for treatment of metastatic RCC or SCLC in
which CDHB6 is highly expressed and the ERK pathway is active.

Materials and Methods
Protocols used in this study can be found in S/ Appendix, SI Methods.

Coculture Assay. Coculture experiments were performed by inoculating
U937 or RAW 264.7 cells (0.125 x 10%- ~1 x 10° cells/well) onto a layer of
H460 or HCT116 cells (0.25 x 10%/well) that had been cultured for 12 h in
6-well plates. The cells were then cocultured for 6 h in serum-free medium.
To demonstrate whether a physical interaction between macrophages/
monocytes and tumors in coculture was essential for GRS secretion, we used
a 24-well Transwell cell culture chamber (Costar; 3470) fitted with inserts
having 0.4-um pores. H460 cells were seeded in the chambers, and U937 cells
were seeded in the inserts and incubated separately at a 1:2 H460:U937 ratio
for 12 h. The inserts were then transferred to the chambers in which the
H460 cells were cultured. After 24 h in culture, the inserts were removed and
the medium was harvested for assay of secretion.
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