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ABSTRACT Although human lysyl-tRNA synthetase
(KRS), an enzyme for protein synthesis, is often highly
expressed in various cancer cells, its pathophysiological
implications have not been understood. Here we found
that KRS induces cancer cell migration through inter-
action with the 67-kDa laminin receptor (67LR) that is
converted from ribosomal subunit p40. On laminin
signal, KRS was phosphorylated at the T52 residue by
p38MAPK and dissociated from the cytosolic multi-
tRNA synthetase complex for membrane translocation.
The importance of T52 phosphorylation for membrane
translocation of KRS was confirmed by site-directed
mutagenesis. In the membrane, turnover of 67LR was
controlled by Nedd4-mediated ubiquitination, and KRS
inhibited ubiquitin-dependent degradation of 67LR,
thereby enhancing laminin-induced cell migration. This
work thus unveiled a unique function of KRS in the
control of cell migration and its pathological implica-
tion in metastasis.—Kim, D. G., Choi, J. W., Lee, J. Y.,
Kim, H., Oh, Y. S., Lee, J. W., Tak, Y. K., Song, J. M.,
Razin, E., Yun, S.-H., Kim, S. Interaction of two trans-
lational components, lysyl-tRNA synthetase and p40/
37LRP, in plasma membrane promotes laminin-depen-
dent cell migration. FASEB J. 26, 4142-4159 (2012).
www.fasebj.org
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AMINOACYL-tRNA SYNTHETASES (ARSs) link cognate
amino acids and tRNAs for protein synthesis. Interest-
ingly, eukaryotic ARSs have unique functional domains
appended to their catalytic domains, which have ren-
dered the additional functions besides the canonical
catalytic activities (1). Through these additional do-
mains, ARSs form various functional complexes that
can execute diverse cell regulatory functions (2). Ow-
ing to the functional significance of ARSs as catalysts
and also as signal mediators, aberrant expression or
mutations of the encoding genes can lead to various
human diseases (3). Although the pathophysiological
implications of ARSs in tumorigenesis have been sug-
gested (4, 5), understanding how these enzymes are
actually involved in the control of tumorigenesis is
limited.

Among various protein complexes that can be
formed by ARSs, the most intriguing complex is a
macromolecular complex consisting of 9 different cy-
toplasmic ARSs and 3 nonenzymatic factors, designated
aminoacyl-tRNA synthetase-interacting multifunctional
protein (AIMP) 1, 2, and 3 (6—8). This complex serves
as one of the protein synthesis mechanisms, and it also
maintains the cellular stability of the components (9)
before they are dispatched to ex-translational target
sites for other functions (10). Among the components
within the multi-tRNA synthetase complex (MSC), lysyl-
tRNA synthetase (KRS) is the most functionally versatile
and found at various cellular locations (11). For in-
stance, in the nucleus of activated mast cells, KRS was
shown to interact with transcriptional factors such as
MITF for the induction of target genes (12). In addi-
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tion, KRS can be secreted from some inflammatory
cancer cells to induce proinflammatory cytokines, such
as TNF-a (13). Although KRS was also identified in
plasma membrane (11, 14-16), its functional implica-
tion has not been understood. In this work, we found
that KRS is translocated to plasma membrane in a
laminin-dependent manner and associates with the
67-kDa laminin receptor (67LR). The effects of the
KRS-67LR interaction on cell behavior and also on
the membrane stability of 67LR have been investigated
in this work.

67LR is formed by dimerization of its precursor [37-
kDa laminin receptor precursor (37LRP)], although the
conversion process is not completely understood (17).
Interestingly, 37LRP is identical to a ribosomal compo-
nent, p40, that is involved in the formation of polysomes
for protein synthesis (18). Whereas its precursor works in
cytosol as a translational component, its dimer form,
67LR, is located in plasma membrane to mediate cell
adhesion and migration through interaction with extra-
cellular matrix, laminin (19-22). Although 67LR is not a
typical laminin receptor (LR), it appears to be implicated
in a few different pathological processes. For instance, it
serves not only as the receptor for several pathogenic
viruses (23) but is also associated with cancer metastasis
(19). For this reason, understanding how its membrane
turnover is regulated is important for therapeutic pur-
poses. Here we identified KRS, an essential enzyme for
protein synthesis, as a positive regulator for the mem-
brane stability of 67LR and cell migration.

MATERIALS AND METHODS
Cell culture and materials

Ab549, HeLa, HCT116, MCF7, WI-26, and HEK293 cells were
purchased from American Type Culture Collection (Manas-
sas, VA, USA). The mouse mammary carcinoma 4T-1 cell line
was kindly provided by Dr. Seong Jin Kim (Cha University,
Gyeongghi, Korea). RPMI medium (for A549, HCT116, and
4T-1 cells) and DMEM (for other cell lines) containing 10%
FBS and 1% antibiotics were used for cell cultivation.
pcDNAS3.1 encoding 37LRP was a kind gift from Dr. Hirofumi
Tachibana (Kyushu University, Fukuoka, Japan). Myc-tagged
human KRS was cloned at the EcoRI/Xhol sites of pcDNAS3.
The cDNA fragments encoding the indicated peptides of
GFP-tagged 37LRP were cloned at EcoRI/ Xhol sites of pEGFP-
C2. Hemagglutinin (HA)-tagged Nedd4 (Addgene plasmid
11426) and GFP-tagged ERK (Addgene plasmid 14747) (24)
were purchased from Addgene (Cambridge, MA, USA). HA-
tagged JNK and pcDNA3 encoding p38MAPK were a kind gift
from Dr. Eui Ju Choi (Korea University, Seoul, Korea.).
Myc-tagged wild-type (WT) and C894A Nedd4 were kindly
provided by Dr. Byung-Gyu Kim (Kyungpook National Uni-
versity, Daegu, Korea). The clones for Myc-KRS N (aa 1-219)
and C (aa 220-597) fragments were kind gifts from Dr. Young
Ho Jeon (Korea University, Chungnam, Korea). The cDNAs
encoding Myc-KRS mutants at S49A, T52A, T388A, and T52D
were cloned using a QuikChange II kit (Agilent Technolo-
gies, Santa Clara, CA, USA) following the manufacturer’s
instruction. GenePorter (GTS, San Diego, CA, USA) and
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) were
used as transfection reagents. Laminin (Engelbreth-Holm-
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Swarm murine sarcoma) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). The sequence for small interfering (si)
RNAs targeting human KRS is as follows: si-hKRS, GCU-
GUUUGUCAUGAAGAAAGAGAU.

Cell migration assay

Cell migration was determined by using 24-well Transwell
chambers with polycarbonate membranes (8.0-um pore size;
Costar, Cambridge, MA, USA) as described previously (13).
Ab49 cells were suspended in serum-free RPMI medium and
added to the top chamber at 1 X 10° cells/well. Extracellular
matrix (ECM; 10 wg/ml; Sigma-Aldrich), laminin (10 wg/
ml), collagen (10 pg/ml; Biomedical Technologies, Cam-
bridge, MA, USA) and fibronectin (10 wg/ml, BD Biosci-
ences, San Diego, CA, USA) were coated on the membrane.
To determine the effect of extracellular KRS, purified KRS at
the indicated concentration was placed in the bottom cham-
ber. To check the effect of phosphorylation of KRS on
migration, alanine mutant transfected cells were used. The
cells were allowed to migrate for 6 h at 37°C in a CO,
incubator, fixed with 70% methyl alcohol in PBS for 30 min,
washed with PBS 3 times, stained with hematoxylin (Sigma-
Aldrich) for 10 min, and washed with distilled water. After
nonmigrant cells were removed from the top face of the
membrane with a cotton swab, the membranes were excised
from the chamber and mounted with Gel Mount (Biomeda,
Foster City, CA, USA). The migrant cells (those attached to
the bottom face of the membrane) were counted using 3
randomly selected scopes in high-power fields (X20).

Time-lapse fluorescence imaging

Ab49 cells were transfected with either GFP or GFP-KRS and
incubated for 24 h. The cells were then replated on coverslips
precoated with serum-containing culture medium for 6 h.
Laminin or collagen was directly added to the medium just
before live imaging using time-lapse microscopy (IX81-ZDC;
Olympus, Tokyo, Japan) using a CoolSNAP HQ/QL cooled
charge-coupled device digital camera (model of CoolSNAP-
HQ?). Fluorescence from the cells positive for transfection
(n=10 for GFP-KRS cells with laminin, n="7 for GFP-KRS cells
with collagen, and n=>5 for GFP cells with laminin treatment)
in a COgy-controlled chamber was time-lapsed for 50 min with
1-min intervals at 37°C using MetaMorph 7.1.3.0 software
(Molecular Devices, Sunnyvale, CA, USA). Images were ana-
lyzed for snap pictures or movies to cover images for 40 min
using MetaMorph software.

Immunofluorescence staining

For activated focal adhesion kinase (FAK) staining, A549 cells
were fixed in 3.8% paraformaldehyde for 5 min at room
temperature, permeabilized with 0.05% Triton X-100 for 5
min, rinsed in PBS, and blocked in PBS containing 2% BSA
for 30 min. Then, the cells were incubated with primary
antibody against phospho-Y397 FAK for 1 h at room temper-
ature. Actin was stained by using rhodamine phalloidin
(Invitrogen). To confirm that the phosphorylation of KRS
affects the localization in membrane, Ab49 cells transfected
with GFP-KRS WT, T52D, and TH2A were used. Transfected
Ab49 cells were treated with laminin or not treated and then
were fixed with methyl alcohol and stained with DAPI. After
a wash with cold PBS, the samples were mounted. The
mounted samples were visualized by fluorescent microscopy
(BX51 fluorescent microscope; Olympus). For the staining of
endogenous KRS and 67LR, A549 cells on a 9-mm coverslip
were fixed with 70% methyl alcohol and washed briefly with
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cold PBS. After incubation with the blocking buffer contain-
ing 1% CAS-Block (00-8120; Invitrogen), 3% BSA, and 0.5%
Triton X-100 for 30 min, the cells were incubated for 1 h with
the antibodies against KRS and 67LR (MLuC-5; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) that were conju-
gated with Alexa 488 and 555 (Invitrogen), respectively. After
being washed with cold PBS for 30 min, the specimens were
observed by laser scanning microscopy.

Quantum dot analysis

To monitor the extracellularly exposed domain of KRS, KRS
cDNA was inserted at EcoRI/Sall sites of pEGFP-N3 and
pEGFP-C2 (Clontech, Mountain View, CA, USA) to generate
GFP fused to the C- and N-terminal ends of KRS, respectively.
Ab49 cells transfected with pEGFP-N3, pEGFP-N3-KRS,
PEGFP-C2, or pEGFP-C2-KRS were incubated in the absence
and presence of laminin, rinsed with PBS, and incubated with
anti-GFP antibody (Santa Cruz Biotechnology) at room tem-
perature. After 1 h of incubation, the cells were washed with
PBS, treated with the biotinylated anti-mouse IgG antibody
(eBioscience, San Diego, CA, USA) and QD625-streptavidin
conjugates (Invitrogen) for 1 h at room temperature. Finally,
the immunostained cells were rinsed with PBS. Image analysis
of the immunostained cells was accomplished using a custom-
made hyperspectral single cell imaging cytometer. The setup
and working principle of the imaging system were described
previously (25, 26). The acquired cellular images were pro-
cessed and analyzed using MetaMorph.

FAK assay

Ab49 cells transfected with empty vector (EV) or KRS for 48
h were incubated for 12 h in normal serum-containing
culture medium and replated on the laminin-precoated (10
png/ml) culture dishes. The cells were detached, suspended
with serum-free culture medium containing 1% BSA (Sigma-
Aldrich), and rolled over (60 rpm in CO, incubator) for 1 h
to nullify the basal signaling activity. The cells were either
kept in suspension or reseeded onto the laminin-precoated
culture dishes containing the replating medium and incu-
bated in a CO, incubator for 2 h. The cells were harvested,
and the proteins were extracted for Western blot analysis with
the primary antibodies against phospho-Y397FAK, phospho-
Y925FAK, FAK (Abcam, Cambridge, MA, USA), KRS (Ab-
cam), and tubulin (Sigma-Aldrich).

Zymography

Ab49 cells transfected with si-control and si-KRS or EV and
Myc-KRS were incubated for 48 and 24 h, respectively, and
seeded (1X10° cells/well). After cells were starved in serum-
free RPMI medium for 2 h, laminin (10 pg/ml) was added
and incubated for 24 h. The culture medium (20 wl) was
mixed with 5X FOD buffer (0.125 M Tris-HCI, pH 6.8; 4%
SDS; 20% glycerol; and 0.01% bromphenol blue) and sub-
jected to 10% SDS-PAGE containing 1 mg/ml gelatin. The gel
was washed with 2.5% Triton X-100 twice for 20 min per
washing and then with distilled water twice for 20 min per
washing and incubated with the reaction buffer (50 mM
Tris-HCI, pH 7.5; 10 mM CaCly; 150 mM NaCl; 1 pM ZnCly;
1% Triton X-100; and 0.002% sodium azide) for 24 h at 37°C.
The gel was washed with distilled water, stained with Coomas-
sie Blue R250, and then destained with 35% methanol.

Yeast 2-hybrid analysis

The cDNA encoding human KRS was obtained by PCR with
the forward and backward primers containing EcoRI and Xhol
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sites, respectively. The product was digested with EcoRI and
Xhol and ligated to the corresponding sites of pEG202 (for
the construction of LexA fusion proteins). Likewise, the
cDNAs for AIMP1/p43, AIMP2/p38, and 37LRP were in-
serted into pJG4-5 (for the construction of B42 fusion pro-
teins). The ¢cDNA encoding human 37LRP was kindly pro-
vided by Dr. Barbara J. Ballermann (University of Alberta,
Edmonton, AB, Canada). The positive interaction was deter-
mined by the formation of blue colonies on the X-gal-
containing yeast medium.

Immunoprecipitation

A549 cells were lysed with 20 mM Tris-HCI (pH 7.4) buffer
containing 150 mM NaCl, 0.5% Triton X-100, 0.1% SDS, and
protease inhibitor (Calbiochem, San Diego, CA, USA). The
protein extracts were incubated with normal IgG and protein
G agarose for 2 h and then were centrifuged to remove
nonspecific IgG binding proteins. We mixed the supernatants
with purified anti-KRS antibody, incubated the mixture for 2
h at 4°C with agitation, added protein A agarose, and
centrifuged. After being washed with cold lysis buffer 3 times,
the precipitates were dissolved in the SDS sample buffer and
separated by SDS-PAGE. To determine binding of KRS and
LR in different cell fractions, we transfected Myc-tagged KRS
and separated plasma membrane and cytosolic fractions
using a ProteoExtract kit (Calbiochem) following the manu-
facturer’s instruction. To analyze protein levels, extracts from
the cells were separated by 10% SDS-PAGE. Anti-LR antibody
(ab2508; Abcam) was used for simultaneous immunoblotting
of 37LRP and 67LR, unless specified. Antibodies for HSP90
and pan-cadherin were purchased from Santa Cruz Biotech-
nology, Inc.

In vitro binding assay

Human 37LRP/p40 was prepared by in vitro translation in the
presence of [**S]methionine and mixed individually with
glutathione Stransferase (GST), GST-KRS, and GST-trypto-
phanyl-tRNA synthetase (WRS). GST proteins were precipi-
tated with glutathione-Sepharose, and 37LRP coprecipitated
with GST proteins was detected by autoradiography. To
determine the domains of LR involved in the interaction with
KRS, the DNA fragments encoding the indicated domains of
37LRP were isolated by PCR and expressed as GFP fusion
proteins. They were then mixed with GST-KRS and precipi-
tated with glutathione-Sepharose. Coprecipitates of the LR
fragments were determined by Western blotting with anti-
body against GFP.

Flow cytometry

To determine the laminin-induced surface exposure of KRS
and methionyl-tRNA synthetase (MRS), A549 cells transfected
with Myc-KRS or Myc-MRS were detected with anti-Myc anti-
body. For quantification of 67LR on the cell surface, 1 X 10°
cells were incubated with IgG or anti-LR antibody (MLuC5; 1
ug) recognizing the extracellular domain of 67LR and then
with FITC secondary antibody. After being washed with PBS,
the samples were scanned by FACS. The antibodies against
integrin o2 (1 pg; Chemicon International, Temecula, CA,
USA), a3 (1 pg; GenScript, Piscataway, NJ, USA), a4 (1 pg;
Chemicon International), a5 (1 ug; Chemicon Interna-
tional), a6 (1 pg; Chemicon International), B4 (27), and
avB5 (1 pg; Chemicon International) were used to determine
the effect of KRS on surface exposure of integrins.
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Pulse-chase experiment

HEK293 cells transfected with si-KRS or si-control (Stealth
RNAi Negative Control Medium GC Duplex, 12935-300;
Invitrogen) were then incubated with methionine-free me-
dium for 1 h. Then [**S]methionine (50 wCi/ml) was added
and incubated for 1 h. After the radioactive methionine was
washed off with fresh medium, 67LR was immunoprecipitated
with its specific antibody (Santa Cruz Biotechnology), sepa-
rated by 12% SDS-PAGE, and subjected to autoradiography
using a BAS scanner (FLA-3000; Fujifilm, Tokyo, Japan).

Fatty acylation

To see the effect of KRS on fatty acylation of LR, A549 cells
with different expression levels of KRS were washed 3 times
with PBS, starved with serum-free medium for 4 h, and then
pulsed for 2 h in medium containing 0.1 mCi/ml palmitic
acid. The cells were washed 3 times with cold PBS and
incubated with laminin in serum-free medium for 1 h. LR was
immunoprecipitated with antibody against LR (Abcam). The
radioactivities of the precipitates were measured by a liquid
scintillation counter (Wallac, Turku, Finland).

In vitro kinase assay

Ab49 cells were incubated with SB202190 (20 wM; Calbio-
chem) or L.Y294002 (20 wM, Calbiochem) for 4 h and treated
with laminin for 1 h. The cells were washed with cold PBS 3
times and lysed by sonication in the kinase buffer containing
20 mM Tris-HCI, pH 7.5; 15 mM MgCl,; 1 mM EGTA; 0.1 mM
DTT; 1 mM NagVO,; 0.5 mM NaF; 0.1 mM B-glycerophos-
phate; and 0.1 mM sodium pyrophosphate. After purified
GST-KRS and GST were preincubated with cold ATP (250
wM) on ice for 10 min, they were mixed with the protein
extract (250 ng) or p38MAPK (Cell Sciences, Canton, MA,
USA) and 10 pCi (3000 Ci/mmol) [y->*P]ATP in the kinase
buffer, and incubated at 30°C for 30 min, and the incubation
was stopped by the addition of the SDS sample buffer. The
proteins in the reaction mixture were separated by SDS-PAGE
and autoradiographed (FLA-3000; Fujifilm).

Mass spectrometry

Coomassie-stained KRS phosphorylated by recombinant
p38MAPK was in gel-digested with trypsin (Promega, Madi-
son, WI, USA) and analyzed by capillary column liquid
chromatography-tandem mass spectrometry analysis to map
the peptides and identify phosphopeptides. The experiments
were done using LTQ-Orbitrap mass spectrometry systems
(Thermo Finnigan, San Jose, CA, USA) equipped with nano-
spray ionization sources. Data were acquired in data-depen-
dent mode to simultaneously record full-scan mass and colli-
sion-induced dissociation (CID) spectra with multistage
activation. For peptide mapping, the CID spectra were com-
pared to the sequence of human KRS using Sequest (Bio-
works; Thermo Electron, Waltham, MA, USA). To identify
phosphopeptides and specific phosphorylation sites, CID
spectra were searched for the peptides that contain phospho
(p)-Ser, p-Thr, or p-Tyr modifications by a combination of
database searches and by plotting neutral loss chromatograms
to show characteristic loss of a phosphate group.

Ubiquitination assay

Ab49 cells transfected with the indicated plasmids were
preincubated with MG132 (50 wM) and cultivated in the
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presence of laminin. 67LR was immunoprecipitated with
anti-LR antibody (MLuC5), and the precipitates were sepa-
rated by SDS-PAGE for immunoblotting.

RT-PCR

Total RNAs were extracted from AH549 cells that were dose
dependently transfected with KRS or treated with laminin time
dependently using an RNeasy Mini Kit (Qiagen, Valencia, CA,
USA). Then 1 pg of RNA was used for RT-PCR with dNTP,
random hexamer, and Moloney murine leukemia virus in 20 pl
of reaction mixture, and 1 pl of cDNA was used for PCR with
appropriate primers using PCR PreMix (Bioneer Corporation,
Alameda, CA, USA). The sequences for the primers specific to
37LRP, KRS, GAPDH, and actin are the following: 37LRP,
CCGCTCGAGATGTCCGGAGCCCTTGATGTCCTG and CCG-
GGATCCTTAAGACCAGTCAGTGGTTGCTCC; KRS, CAAT-
GCCCATGCCCCAGCCA and ACCCCACCCTTCCGGCGAAT;
GAPDH, TTTGGTCGTATTGGGCGCCTG and CCATGACG-
AACATGGGGGCAT; and actin, CCTTCCTGGGCATGGAG-
TCCT and GGAGCAATGATCTTGATCTT.

Detection of secreted KRS

A549 cells were cultivated in complete medium to 70%
confluence and then were washed twice with PBS and further
cultivated in serum-free medium in the presence of laminin
(10 wg/ml) for 4 h. The culture medium was collected and
centrifuged at 500 g for 10 min and then at 10,000 g for
another 30 min to remove contaminants. The proteins were
precipitated from the supernatants with 12% trichloroacetic
acid for 1 h at 4°C and then were centrifuged at 18,000 g for
15 min. The pellets were resuspended with 100 mM HEPES
buffer (pH 8.0) and separated by 10% SDS-PAGE. The
secreted KRS was determined by Western blotting with anti-
KRS antibody.

Effect of extracellular KRS on the membrane residence of
67LR

The purified recombinant human KRS was prepared as
described previously (13). To determine the effect of extra-
cellular KRS on the membrane level of 67LR, A549 cells were
incubated with the purified KRS (100 nM) or laminin (10
pg/ml) in serum-free medium for 1 h. A549 cells were also
transfected with Myc-KRS and cultivated for 24 h. A549 cells
were then preincubated with the purified KRS (100 nM) in
serum-free medium for 1 h and further cultivated in the
presence of laminin (10 wg/ml) for 1 h. The cells were
harvested, washed with cold PBS 3 times, and divided into
cytosol and membrane fractions. The proteins in each frac-
tion were separated by SDS-PAGE, and the amounts of 67LR
and KRS were detected by Western blotting with anti-67LR
and anti-KRS antibodies, respectively.

RESULTS

KRS mediates laminin-induced cell migration

Although KRS is often highly expressed in various
cancer cells and tissues, its pathophysiological meaning
is not understood. To have functional insight into the
increased expression of KRS in cancer cells, we have
changed the expression level of KRS by exogenous
supplementation and siRNA-mediated knockdown methods
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Figure 1. KRS enhances laminin-dependent cell migration. A) The effect of KRS on the migration of 4T1 and A549 cells in the
presence of ECM or different components was determined by Transwell chamber assays. KRS expression levels were varied by
transfection of Myc-KRS or its specific siRNA, the cells that migrated through the membrane were counted, and the results are
presented as bar graphs. High-power field (HPF; X400). B) To see whether the effect of KRS on cell migration requires laminin
and LR, we monitored cell migration as above in the indicated combinations of laminin and LR using A549 cells. C) To see
whether extracellular KRS treatment can increase cell migration, A549 cells were treated with the indicated concentrations of
purified KRS, and cell migration was monitored as above. Laminin was used as a positive control. D) Effect of KRS on cell
migration was determined by the activation of FAK. The A549 cells detached from the plates were divided into two groups. One

(continued on next page)
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in lung cancer cells, A549 cells, and 4T1 breast cancer
cells and monitored the resulting cell behavior such as
proliferation, death, and migration. Surprisingly, cell
migration was varied depending on the expression level
of KRS in the presence of ECM (Fig. 14). To deter-
mine which component of ECM would be specifically
involved in the effect of KRS on cell migration, we
repeated the same experiments in the culture me-
dium containing different components of ECM. The
effect of KRS expression on cell migration was only
apparent in the presence of laminin but not of
collagen or fibronectin (Fig. 1A). In fact, the effect of
KRS on cell migration was significantly reduced when
the LR expression was suppressed with its specific
siRNA or without laminin (Fig. 1B). Because KRS is
secreted as a proinflammatory cytokine (13), we
examined whether extracellular KRS would also af-
fect cell migration. When Ab549 cells were treated
with purified KRS at different concentrations, migra-
tion was not affected by extracellular treatment of
KRS (Fig. 1C), excluding the extracellular effect of
KRS on cell migration. However, changes in the KRS
level had little influence on cell proliferation and
death (data not shown).

Laminin induces cell migration via the activation of
FAK (28, 29). We evaluated the effect of KRS on
migration by the FAK activity (30) that is indicated by
the phosphorylation of FAK at Y397 (31) and Y925
(32). The suspended EV- or KRS-transfected A549 cells
in serum-free medium were divided into two groups;
one group was kept in suspension culture and the other
group was reseeded on the laminin-coated culture
dishes. KRS significantly enhanced the FAK activity in
the cells cultivated on the laminin-coated culture dishes
but not in the suspension culture (Fig. 1D), suggesting
that the effect of KRS on migration required the
adhesion of the cells to the laminin-coated surface. We
also monitored the effect of KRS on cell migration by
cell morphology and immunofluorescence staining
of actin and FAK after reseeding onto laminin-coated
coverslips, which are the known signatures of cell
migration. KRS overexpression changed cell mor-
phology, distribution of actin, and the activated FAK
to a more-branched and spread shape, reflecting the
migratory cells (Fig. 1E). Because laminin treatment
results in the activation of matrix metalloprotei-
nase-2 (MMP-2; ref. 33), we checked the effect of KRS
on the laminin-dependent activation of MMP-2 using
zymography. The laminin-induced MMP-2 activity
was ablated when KRS was suppressed with its siRNA
(Fig. 1F left panel) but enhanced by overexpression
of KRS (Fig. 1F, right panel). All of these results

suggest that KRS can control laminin-dependent cell
migration via 67LR.

Specific interaction of KRS and 67LR in plasma

membrane

To understand the molecular mechanism for promigra-
tory activity of KRS, we screened cellular proteins that can
bind to human KRS by yeast 2-hybrid screening using
HeLa cell cDNA library. As the bait, we used the 597-aa
fulllength and 72-aa N-terminal eukaryote-specific exten-
sion that is thought to be involved in its interactions
(34).The fulllength KRS bait pulled out AIMP2/p38
(gene identification: 7965; ref. 35) that is already known
to bind KRS in MSC (36) and FANCC-interacting protein
(FAZF; gene identification: 27033). The N-terminal pep-
tide of KRS selected hypoxanthine phosphoribosyltrans-
ferase 1 (HPRT1; gene identification: 3251), RPSA (also
known as ribosomal subunit p40, gene identification:
3921), and cyclophilin B (cypB, gene identification: 5479)
as potential KRS-binding proteins. Among them, p40
attracted our attention because p40 is also called 37LRP,
which is converted to 67LR (17).

The specific interaction between the fulllength KRS and
37LRP was confirmed by the yeast 2-hybrid assay. LexA-KRS
generated blue colonies when paired with B42-37LRP as well
as AIMP2, but not with AIMP1, another component of MSC
(ref. 9 and Fig. 2A4). The direct interaction between KRS and
the LR was tested by in vitro pull-down assay. GST-KRS and
GST-WRS were reacted with radioactively synthesized
37LRP. 37LRP was coprecipitated with GST-KRS but not
with GST-WRS (Fig. 2B).

We then examined whether KRS would bind either or
both 37LRP and 67LR in cells. We introduced Myc-KRS
into Ab49 cells, fractionated plasma membrane from
cytoplasm, immunoprecipitated Myc-KRS from each frac-
tion, and subjected the precipitates to immunoblotting
with ant-67LR and ant-37LRP antibodies. Whereas
37LRP and 67LR were mainly detected in the cytosol and
membrane fractions, respectively (Fig. 2C, right panel),
KRS preferentially bound to 67LR in the membrane (Fig.
2C, left panel). To see the interaction between endoge-
nous KRS and 67LR in A549 cells, KRS was immunopre-
cipitated, and coprecipitation of endogenous 67LR was
determined by immunoblotting using the anti-67LR anti-
body specifically recognizing 67LR. 67LR was coprecipi-
tated with KRS but not with IgG (Fig. 2D, top panel).
Conversely, when endogenous 67LR was immunoprecipi-
tated, KRS was specifically precipitated with 67LR but not
with IgG (Fig. 2D, bottom panel). Interestingly, the inter-
action of the two endogenous proteins appeared to be
increased in the presence of laminin. To further validate

group was incubated as suspension (susp) culture, and the other group was on the laminin-coated plates (+laminin). Extract
from the cells was subjected to immunoblotting with the antibodies specific to p-Tyr397 and p-Tyr925 residues. Tubulin was used
as a loading control. E) KRS- and EV-transfected A549 cells were observed for cell morphology by phase-contrast light
microscopy (left) and by immunofluorescence staining with rhodamine phalloidin for actin (red, middle) and antibody against
pY*7-FAK (green, right). F) The relationship of KRS to cell migration was also determined by MMP-2 activity. KRS expression
in A549 cells was varied as above. MMP-2 activity and expression of KRS were quantified by zymography (top) and
immunoblotting (bottom), respectively. Actin was used as a loading control. WCL, whole-cell lysate.
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Figure 2. Interaction between KRS and LR. A) Interaction between full-length human KRS and 37LRP/p40 was determined by
a yeast 2-hybrid assay. AIMP2 and AIMP1 were used as positive and negative controls, respectively (35). Positive interaction is
indicated by blue colony formation on yeast medium containing X-gal. B) Top panel: 37LRP was synthesized by in wvitro
translation in the presence of [*°S]methionine and was subjected to pulldown with GST, GST-KRS, and GST-WRS. 37LRP
coprecipitated with GST proteins was detected by autoradiography. Bottom panel: Coomassie staining of GST proteins added
to radioactively synthesized 37LRP. C) On treatment with laminin, the A549 cells transfected with Myc-KRS were separated into
cytosolic (C) and membrane (M) fractions and immunoprecipitated (IP) with anti-Myc antibody. The endogenous 37LRP and
67LR that were coprecipitated with Myc-KRS were determined by immunoblotting. IgG was used as control. D) Interaction of
endogenous KRS with 67LR was determined by coimmunoprecipitation. Top panel: endogenous KRS was immunoprecipitated
with its specific antibody, and coprecipitation of 67LR was determined by immunoblotting with the corresponding antibody
(F-18; Santa Cruz Biotechnology.). Bottom panel: endogenous 67LR of A549 cells was immunoprecipitated with its specific
antibody and coprecipitation of KRS was immunoblotted with anti-KRS antibody. £) Myc-KRS in laminin-untreated and -treated
Ab549 cells was immunoprecipitated with anti-Myc antibody, and coprecipitated 67LR was determined by immunoblotting with
anti-67LR antibody. ) Arrangement of functional domains in human KRS and 37LRP. Domains of KRS were divided into 219-aa
N (anticodon-binding and extension domain) and 378-aa C (catalytic domain) fragments. 37LRP were separated to the
indicated fragments. G) Top panel: GST-fused full-length (F) and N and C domains of human KRS were reacted with
GFP-37LRP. They were precipitated with glutathione-Sepharose beads, and coprecipitated GFP-LR fragment was detected by
immunoblotting with anti-GFP antibody. Bottom panel: Coomassie staining of GST proteins added to GFP-37LRP. H) GFP-fused
domains of human 37LRP were reacted with GST-KRS-F. The mixture was precipitated with glutathione-Sepharose beads, and
coprecipitated GFP-37LRP fragments were determined by immunoblotting with anti-GFP antibody. WCL, whole-cell lysate.

this observation, exogenously introduced Myc-KRS was ~ N-terminal anticodon-binding and extension and 378-aa
precipitated from A549 cells that were cultivated in the = C-terminal catalytic domain (37), and 37LRP consists of 3
absence and presence of laminin. The amount of 67LR functional domains of 88 aa (1-88) intracellular, 13 aa (aa
coprecipitated with Myc-KRS was significantly increased in -~ 89-101) transmembrane, and 194 aa (aa 102-295) extra-
the presence of laminin (Fig. 2F). We determined the  cellular domains (ref. 19 and Fig. 2F). The interaction of
peptide regions of the two proteins that are involved in  fulllength (F), N-terminal, and C-terminal domains of
interaction. Human KRS was divided into the 219-aa  GST-KRS with GFP-37LRP was tested by in vitro pulldown
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Figure 3. Laminin-induced membrane localization of KRS. A) A549 cells incubated in the presence of laminin (10 pg/ml) were
harvested at the indicated times and separated into plasma membrane and cytosolic fractions. Top panel: levels of 67LR, 37LRP,
and KRS were determined by immunoblotting. HSP90 and cadherin (Cad) were used as the markers for cytosol and membrane,
respectively. Bottom panel: A549 cells were treated with laminin in a time-dependent manner, and the effect on the
transcription level of KRS via laminin was determined by RT-PCR. Actin was used as a loading control. B) A549 cells transfected
with GFP-KRS or GFP were treated with laminin or collagen. Cellular localization of GFP-KRS was monitored by live cell
fluorescence microscopy (see Supplemental Movie S1). C) Cellular localization of endogenous 67LR and KRS in A549 cells in
the absence and presence of laminin was determined with the antibodies conjugated with Alexa 555 (red) and 488 (green),
respectively. D) Amounts of surface-exposed KRS and MRS were monitored by flow cytometry using anti-Myc antibodies in the
laminin-untreated and -treated A549 cells transfected with Myc-KRS or Myc-MRS. E) GFP was attached to either the N-terminal
(GFP-KRS) or C-terminal (KRS-GFP) end of KRS and expressed in A549 cells. Cells were then incubated in the absence and
presence of laminin, and the extracellularly exposed GFP was monitored by immunofluorescence staining with the antibody
against GFP as described in Materials and Methods. Insets: cells observed by light microscope, indicating that the cells were
grown to similar confluence.
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assay. GST-KRS-N as well as GST-KRS-F was coprecipitated
with GFP-37LRP (Fig. 2G). Conversely, different domains
of GFP-37LRP were subjected to affinity precipitation with
GST-KRS-F. Among the LR fragments tested, extracellular
and transmembrane (E+T) domains bound to KRS (Fig.
2H). Taken together, our results show that the N-terminal
extended domain of KRS appears to interact with the
C-terminal region of LR (Fig. 2F).

Laminin-induced translocation of KRS to plasma
membrane

To see whether membrane localization of KRS is in-
duced by laminin, we fractionated cells into cytosol and
plasma membrane and determined the KRS levels by
immunoblot at time interval after laminin treatment.
The membrane levels of KRS were gradually increased
after laminin treatment although the majority of KRS

still remained in cytosol (Fig. 34, top panel). Under the
same conditions, KRS expression was not changed as
determined by RT-PCR (Fig. 3A, bottom panel). To see
the effect of laminin on KRS localization in live cells, we
expressed GFP-KRS in Ab549 cells treated with laminin
or collagen and monitored the change in KRS localiza-
tion by fluorescence microscopy. When the cells were
treated with laminin, dynamic foci formation of GFP-
KRS, but not of GFP alone, was observed in the plasma
membrane although the majority of KRS still remained
in cytosol (Fig. 3B, top and bottom panels, and Supple-
mental Movie S1). The membrane foci of GFP-KRS
were not observed when the cells were treated with
collagen (Fig. 3B, middle panel, and Supplemental
Movie S1). Laminin-induced membrane enrichment of
endogenous KRS was also observed by immunofluores-
cence microscopy (Fig. 3C).
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D Figure 4. KRS enhances stability of 67LR. A) A549 cells were
Chase si-con Si-KRS treated with laminin (10 wg/ml) for 1 h, and the plasma
. membrane and cytosolic fractions were separated. Levels of
fime () 0 2 4 0 1 2 4 67LR, 37LRP, and KRS were determined by immunoblotting.
67LR [idast aas. Theey o e o B) Membrane level of 67LR in A549 cells was monitored by
' > flow cytometry. Cells were transfected with EV or KRS (left
panel) and si-KRS or si-control (right panel). C) Myc-KRS- and
KRS | e e s s EV-transfected cells (HeLa, A549, HCT116, and MCF7) were
incubated in the presence of laminin. Cells were fractionated
TUDUIN | e o o o > s s i0to the membrane and cytosolic parts, and the levels of 67LR

were determined by immunoblotting. D) Cellular stability of

67LR was determined by a pulse-chase experiment. HEK293 cells were transfected with si-KRS or si-control.
[**S]methionine was incorporated for 1 h. 67LR was immunoprecipitated with anti-67LR antibody, separated by
SDS-PAGE, and autoradiographed. Suppression of KRS with its specific siRNA was confirmed by immunoblotting.
Cad, cadherin.
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We examined the surface exposure of KRS in A549
cells by flow cytometry with anti-Myc antibody after
transfection with Myc-KRS. The amount of exposed
KRS was enhanced approximately 2-fold by laminin
treatment (Fig. 3D, middle panel). In contrast, the
signal was not much changed in the cells that were
transfected with EV or Myc-MRS regardless of
laminin treatment (Fig. 3D, top and bottom panels).
This result suggests that the laminin-dependent sur-
face exposure is specific to KRS. To determine which
side of KRS is exposed out of the cells, we fused GFP
tag to the N- or C-terminal end of KRS and intro-
duced it into A549 cells. We incubated the trans-
fected cells in the presence and absence of laminin,
labeled unpermeabilized cells with QD625-conju-
gated to anti-GFP antibody, and visualized by fluores-
cence. GFP fused to the N-terminal end of KRS gave
fluorescence from the laminin-treated cells (Fig. 3F),
suggesting that the N-terminal end of KRS should be
exposed from the cell membrane.

KRS enhances membrane stability of 67LR

To understand the functional implication for the
interaction of KRS with 67LR in membrane, we
separated cells into plasma membrane and cytosol
and examined the changes in 67LR levels in each
fraction by various KRS levels. The 67LR level in the
plasma membrane was enhanced by the increase in
KRS but was reduced when KRS was suppressed with
its siRNA (Fig. 4A4). The positive effect of KRS on the
67LR membrane level was also observed by flow
cytometry (Fig. 4B). KRS also increased the mem-
brane levels of 67LR in different cancer cell types
(Fig. 4C), suggesting that the functional connection
of KRS with 67LR in cell migration could be appli-
cable to many different cancer cells.

We investigated how KRS enhances the membrane
level of 67LR. We changed the expression level of KRS by
ectopic expression or knockdown of KRS in A549 cells
and the effect of KRS on the mRNA level of 37LRP was
determined by semiquantitative RT-PCR. The mRNA level
of 37LRP was not affected by the changes in KRS expres-
sion (Supplemental Fig. S1A). We also examined whether
KRS would mediate fatty acylation of 37LRP, known to be
required for the conversion of 37LRP to 67LR (38, 39).
The acylation of 37LRP was not significantly influenced
by the various KRS expression (Supplemental Fig. S1B).
We also checked the effect of KRS on turnover of 67LR by
a pulse-chase experiment. Nascent protein synthesis was
labeled with radioactive methionine. Disappearance of
67LR was monitored by autoradiography at time intervals.
67LR was more rapidly decreased when KRS was sup-
pressed with its siRNA (Fig. 4D). Thus, KRS appears to
extend the halflife of 67LR in the plasma membrane
through its association with 67LR. Because integrins are
the major receptor family of laminin (40), we tested
whether KRS can also affect the membrane levels of
different integrins by flow cytometry. None of the tested
integrins was influenced by the overexpression of KRS

KRS ENHANCES CELL MIGRATION VIA 67LR

(Supplemental Fig. S1C), suggesting that the effect of
KRS is specific to 67LR.

Because KRS can be secreted in some cancer cells
(13), we tested whether KRS secretion can be induced
by laminin treatment in Ab549 cells and found no
apparent secretion (Supplemental Fig. S2). To see
whether extracellular KRS could affect membrane lo-
calization of 67LR, we treated A549 cells with purified
recombinant KRS and laminin and compared the mem-
brane levels of 67LR. The 67LR level was increased by
laminin but not by KRS treatment (Supplemental Fig.
S3A). We also compared the effect of intra- and extracel-
lular KRS on the membrane levels of 67LR and found that
the 67LR level was significantly enhanced by ectopic
expression of KRS but not by the extracellular treatment
of recombinant KRS (Supplemental Fig. S3B).

Laminin-induced phosphorylation of KRS is involved
in membrane localization

Cytosolic KRS is mainly bound to MSC. To see whether
the membrane translocation of KRS involves its dissocia-
tion from MSC, we immunoprecipitated MSC from the
laminin-untreated and -treated A549 cells using the anti-
body against glutamyl-prolyl-tRNA synthetase (EPRS), an-
other component of MSC, and determined whether the
amount of KRS bound to MSC is reduced by laminin
treatment. The amount of KRS coprecipitated with EPRS
was decreased by laminin treatment (Fig. 54, left panel),
whereas the portion of KRS dissociated from MSC was
increased in the immuno-depleted fraction (Fig. 5A, right
panel), suggesting that KRS located in the plasma mem-
brane should be originated from MSC.

KRS was previously known to be translocated into nucleus
via phosphorylation (12). We examined whether phosphor-
ylation is also involved in the laminin-induced membrane
translocation of KRS. We mixed the purified GST-KRS with
the protein extracts from the laminin-untreated and -treated
Ab49 cells in the presence of [y—SQP]ATP, and the reaction
mixtures were subjected to autoradiography. Radioactivity of
GST-KRS was detected by the incubation of the extract and
significantly increased by the incubation of laminin-treated
cells (Fig. 5B). No radioactivity was observed when GST was
reacted with either of the extracts. Because laminin treat-
ment activates PI3K (41, 42), we determined whether PI3K is
involved in the phosphorylation of KRS. Phosphorylation of
GST-KRS was performed as above with the protein extracts
from Ab549 cells with and without the treatment with
LY294002, the PI3K inhibitor. Laminin-induced phosphory-
lation of KRS was inhibited when the cells were treated with
LY294002 (Fig. 5C), suggesting that KRS phosphorylation
would involve PI3K. To determine the downstream kinase
that can be responsible for the laminin-induced phosphory-
lation of KRS, we introduced each of 3 different MAPKs, and
interaction with KRS was determined by coimmunoprecipi-
tation. Among the three kinases, p38MAPK was coimmuno-
precipitated with Myc-KRS when laminin is treated (Fig. 5D).
The interaction between Myc-KRS and p38MAPK was signif-
icantly increased by laminin treatment (Fig. 5F), and it was
further confirmed by coimmunoprecipitation between the
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Figure 5. p38MAPK-mediated phosphorylation is required for laminin-induced dissociation of KRS from the multisynthetase
complex. A) Extracts from A549 cells that were cultivated in the absence and presence of laminin were immunoprecipitated with
antibody against EPRS, one of the enzyme components for MSC. The mixture was separated into immunoprecipitate (IP) and
the immunodepleted supernatant (ID), and each fraction was subjected to immunoblotting with anti-KRS and anti-EPRS
antibodies. B) GST and GST-KRS were purified and reacted with the protein extracts from A549 cells incubated in the absence
and presence of laminin in the presence of [y-**P]ATP. Radioactivity of GST-KRS was determined by autoradiography. C) Kinase
assay was conducted as above in the absence and presence of LY294002. D) KRS binding to three different MAPKs (p38MAPK,
JNK, and ERK) was tested by coimmunoprecipitation. p38MAPK, HA-JNK, and GFP-ERK were transfected into A549 cells with
Myc-KRS, and the cells were treated with laminin. KRS was immunoprecipitated with anti-Myc antibody, and coprecipitation of
different MAPKs was determined by immunoblotting with their respective antibodies. E) Myc-KRS and p38MAPK were expressed
in A549 cells that were incubated in the absence and presence of laminin. KRS was immunoprecipitated with anti-Myc antibody,

(continued on next page)
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of KRS mutants were expressed in A549 cells in the presence and absence of laminin.
Myc-KRS was immunoprecipitated, and coprecipitation of GFP-AIMP2 was determined by
immunoblotting. F) Effect of KRS mutant on migration via laminin was determined by using
Transwell chamber assays. A549 cells were transfected with each of KRS mutants. Cells that migrated through the membrane
were counted, and the results are presented as bar graphs. Cad, cadherin; WCL, whole-cell lysate; HPF, high-power field.
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endogenous KRS and p38MAPK (Fig. 5F). To see whether
P38MAPK can actually phosphorylate KRS, we incubated
GST or GST-KRS with purified p38MAPK as above. GST-
KRS, but not GST, was indeed phosphorylated by p38MAPK
(Fig. 5G). We determined whether p38MAPK is actually
necessary for laminin-induced phosphorylation of KRS using
its inhibitor, SB202190. The laminin-induced phosphoryla-
tion of GST-KRS was inhibited when the cells were treated
with SB202190 (Fig. 5H), indicating the functional relevance
of p38MAPK for KRS phosphorylation. The treatment of
Ab49 cells with SB202190 inhibited translocation of KRS to
membrane and also ablated laminin-dependent increase of

67LR in the membrane (Fig. 51). All of these results suggest
that laminin induces phosphorylation of KRS through the
PI3K and p38MAPK pathway, and this process is required for
membrane localization of KRS and its effect on 67LR.

Determination of laminin-induced phosphorylation
site in KRS

To determine the laminin-induced phosphorylation
site in KRS, we incubated Myc-KRS transfected A549
cells in the different combination of SB202190 and
laminin. The immunoprecipitated Myc-KRS was sub-

and coprecipitation of p38MAPK was determined by immunoblotting. F) Interaction of endogenous p38MAPK and KRS
was also determined by coimmunoprecipitation. p38MAPK was immunoprecipitated with its specific antibody from A549
cells, and coprecipitation of KRS was determined by immunoblotting. G) GST or GST-KRS was reacted with purified
p38MAPK in the presence of [y->’P]JATP, and phosphorylation was determined by autoradiography. The activity of
p38MAPK was confirmed by autophosphorylation. H) Purified GST and GST-KRS were reacted with the protein extracts
from A549 cells that were incubated in the presence of laminin with and without SB202190. The radioactivity of GST-KRS
was determined as above. I) Ab549 cells incubated in the combination of SB202190 and laminin were fractionated into
plasma membrane and cytosol, and the amounts of 67LR and KRS in each fraction were determined by immunoblotting.
Cad, cadherin; WCL, whole-cell lysate.
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jected to immunoblot with anti-p-Thr and anti-p-
Ser antibodies. The p-Thr signal was enhanced by
laminin treatment but blocked with SB202190,
whereas the p-Ser signal was not changed (Fig. 64).
To determine the phosphorylation site, we reacted
the GST-KRS with p38MAPK and subjected the reac-
tion mixture to mass analysis. Two phosphopeptides,
QLSQATAAATNHTTDNGVGPEEESVDPNQYYK and
VIYHPDGPEGQAYDVDFTPPFR, were identified. Among
these two peptides, S49, T52, and T388 residues were
predicted to be the potential phosphorylation sites by
p38MAPK. To validate whether any of these sites is
actually phosphorylated by p38MAPK, these sites
were mutated to alanine, and each of the GST-KRS
mutants was subjected to in vilro kinase assay as
above. The radioactivity of KRS was significantly
reduced by the S49A or T52A mutant (Fig. 6B). To
further validate the effect of these mutations, Myc-
KRS mutant-introduced A549 cells were incubated in
the presence of laminin. Phosphorylation of immu-
noprecipitated KRS was determined by immunoblot-
ting with anti-p-Thr and anti-p-Ser antibodies. Only
T52A showed significantly reduced phosphorylation

(Fig. 6C). We then fractionated membrane from
laminin-treated A549 cells and compared the mem-
brane levels of 67LR and KRS mutants. Among the
three mutants, only the T52A mutant was not trans-
located to membrane and also did not enhance the
67LR membrane level (Fig. 6D). We introduced each
of the mutants into A549 cells with GFP-AIMP2 and
compared whether their association with AIMP2
would be affected by laminin. Among the three mu-
tants, binding of the T52A to AIMP2 was not affected by
laminin treatment, whereas the two other mutants as well
as the WT KRS dissociated from AIMP2 with laminin
treatment (Fig. 6F). In the Transwell chamber assay, the
T52A mutant lost the ability to induce cell migration,
unlike the two other mutants (Fig. 6F).

We also made the T52D mutant that can mimic the
phosphorylation of KRS and compared the T52D and
T52A mutants with the WT KRS for laminin-depen-
dent membrane localization and effect on the mem-
brane level of 67LR. Each of the GFP-KRS WT and
mutants was expressed in A549 cells, and the effect of
laminin on the membrane localization was moni-
tored by fluorescence microscopy. The T52D mutant

T52D T52A
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. =
B
laminin - - - - + 4+ + +
a < a <
Myc-KRS E 4 E 8 9
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Figure 7. Phosphorylation of KRS threonine 52 is enough for
membrane localization. A) Ab49 cells transfected GFP-KRS
WT, T52D, and TbH2A were treated with laminin or not
treated. Cellular localization of GFP-KRS was monitored by
fluorescence microscopy. B) Myc-KRS WT, T52D, and T52A
transfected A549 cells were fractionated into plasma mem-
brane and cytosol after treatment with laminin, and the
amounts of 67LR and Myc were determined by immunoblot-
ting. Cad, cadherin.
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showed constitutively increased membrane localiza-
tion independent of laminin, whereas the membrane
localization of the T52A mutant was not apparently
observed (Fig. 74). Consistently, the higher level of

inhibitor, and determined whether the membrane level
of 67LR could be stabilized. The MG132 treatment
alone without laminin treatment increased the mem-
brane level of 67LR compared with that in the control

67LR was detected in the membrane of the TH2D
mutant-transfected cells regardless of laminin. In
contrast, the TH2A mutant was not found in the
membrane and also did not increase the membrane
level of 67LR (Fig. 7B). Taken together, these results
show that T52 appears to be the site that determines
cellular localization of KRS in response to laminin
stimulus.

(Fig. 8A4). 67LR was previously reported to be enriched
in membrane lipid raft (43), and Nedd4 was suggested
as one of the E3 ligases that can ubiquitinate the target
proteins in the lipid raft (44). We thus tested whether
Nedd4 can control the 67LR membrane level. Ectopic
expression of Nedd4 significantly reduced the 67LR
membrane level in A549 cells, whereas suppression of
Nedd4 with its short hairpin RNA increased 67LR (Fig.
8B). The interaction between endogenous 67LR and
Nedd4 was induced by laminin treatment (Fig. 8C).
The ubiquitinated 67LR was increased by exogenous
supplementation of Nedd4 WT but not by the C894A
inactive mutant (ref. 45 and Fig. 8D). When the effects
of Nedd4 WT and C894A on the membrane level of
67LR were compared, the WT Nedd4, but not the

KRS inhibits ubiquitin-mediated degradation of 67LR
by Nedd4

To understand how KRS would stabilize 67LR in the
membrane, we investigated whether 67LR is subject to
the ubiquitin-mediated degradation system. For this, we
treated Ab549 cells with MG132, an 26S proteasome
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Figure 8. Nedd4 is the specific E3 ligase of 67LR. A) Laminin-untreated and -treated A549 cells were preincubated in the
absence and presence of MGI32 (50 pM, 4 h) and fractionated. Extracts from the two fractions were subjected to
immunoblotting. B) Nedd4 was increased and decreased by transfection with Nedd4 and short hairpin (sh)-Nedd4, respectively.
Transfected A549 cells were treated with laminin and fractionated into plasma membrane and cytosol. 67LR and Nedd4 were
detected by immunoblotting. C) A549 cells preincubated with MG132 were treated with laminin or not treated. The endogenous
67LR was immunoprecipitated (IP) with anti-67LR antibody. Coprecipitates were detected by antibody against Nedd4. D) A549
cells transfected with Myc-Nedd4 WT or Myc-Nedd4 C894A were treated with laminin and MG132. Lysate from A549 cells was
immunoprecipitated with anti-67LR antibody. Precipitates were subjected to SDS-PAGE. FE) Same cells as above were
fractionated into cytosol and membrane. F) A549 cells transfected with Myc-Nedd4 or FLAG-Smurf2 were treated with laminin
and fractionated into cytosol and membrane. FLAG-Smurf2 was detected with anti-FLAG antibody. Cad, cadherin; WCL,
whole-cell lysate.
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mutant, reduced the 67LR level (Fig. 8E). Nedd4 is one
of the HECT type E3 ligases (46). To check the
specificity of Nedd4 to degradation of 67LR, we tested
another HECT type E3 ligase, Smurf2 (46), to see
whether it can also decrease 67LR in the membrane.
The effect of Smurf2 on the 67LR membrane level was
not apparently as strong as that of Nedd4 (Fig. 8F),
suggesting that the membrane stability of 67LR is
mainly controlled by Nedd4.

We then examined how KRS would affect Nedd4-
mediated ubiquitination of 67LR. Laminin-induced
ubiquitination of 67LR was reduced by the exogenous
introduction of Myc-KRS and increased when KRS was
suppressed with its siRNA (Fig. 94). Exogenous intro-
duction of Nedd4 enhanced ubiquitination of 67LR but
addition of KRS reduced Nedd4-induced ubiquitina-
tion of 67LR (Fig. 9B). The binding of Nedd4 to LR was
also suppressed by the ectopic expression of KRS (Fig.

9C). The exogenous supplementation of Nedd4 signif-
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icantly reduced membrane level of 67LR, but simulta-
neous introduction of KRS inhibited the membrane
localization of Nedd4 and restored the membrane level
of 67LR (Fig. 9D). The amount of Nedd4 in membrane
was inhibited by the introduction of WT or T52D KRS,
but not by T52A KRS (Fig. 9D). All of these results
suggest that the binding of KRS to 67LR in plasma
membrane is important for the protection of 67LR
from the Nedd4-mediated degradation. We then exam-
ined whether laminin would trigger the binding of KRS
and Nedd4 to 67LR simultaneously or sequentially.
When we monitored the time course for the binding of
KRS and Nedd4 to 67LR after the treatment of laminin
to Ab49 cells, we found that KRS bound first to 67LR,
followed by Nedd4 (Fig. 9£). This result suggests that
KRS would be recruited to 67LR at the initial stage of
the laminin signal to sustain the cell migration. Mean-
while, Nedd4 is induced and attracted to 67LR as
negative feedback.
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Figure 9. KRS inhibits Nedd4-mediated ubiquitination of 67LR. A) A549 cells transfected with HA-ubiquitin (Ub) were
incubated in the presence of laminin, and KRS expression was increased and suppressed by introduction of KRS and si-KRS,
respectively. Extracts from each of the transfectants were precipitated with anti-67LR antibody, and the precipitates were
separated by SDS-PAGE and subjected to immunoblotting with anti-HA antibody. B) A549 cells transfected with the combination
of HA-Nedd4 and Myc-KRS were lysed and immunoprecipitated (IP) with anti-67LR antibody. The precipitates were subjected
to SDS-PAGE and immunoblotting with anti-Ub antibody. C) A549 cells transfected with HA-Nedd4, GFP-37LRP, and Myc-KRS

were lysed and immunoprecipitated with anti-GFP antibody.

Precipitates were separated by SDS-PAGE and subjected to

immunoblotting. D) A549 cells were transfected with the indicated pairs of Myc-Nedd4 and Myc-KRS T52 mutants. The
transfected cells were separated into plasma membrane and cytosolic fractions. E) Time course for the interaction of 67LR with
KRS and Nedd4 after laminin treatment. 67LR was immunoprecipitated, and coprecipitated KRS and Nedd4 were determined
by their corresponding antibodies. WCL, whole-cell lysate; Cad, cadherin.
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Taken together, our results show that KRS mainly
bound to MSC is phosphorylated at T52 by the PI3K-
p38MAPK pathway that is activated by laminin. The
phosphorylated KRS is then dissociated from MSC and
translocated to plasma membrane. In the membrane,
KRS binds 67LR to inhibit ubiquitination of 67LR that is
mediated by Nedd4. The stabilized 67LR can mediate cell
migration in a laminin-dependent manner (Fig. 10).

DISCUSSION

Here we identified the membrane translocation and
functional interaction of the two translational compo-
nents in the plasma membrane: KRS, an enzyme for
protein synthesis, and LR, whose precursor is a ribo-
somal subunit, p40, to induce laminin-dependent cell
migration. Although we conducted most of the exper-
iments in cancer cell lines, we also found that the
laminin-induced membrane translocation of KRS and
its positive effect on 67LR and cell migration were also
confirmed in normal lung cells WI-26 (data not
shown), suggesting that the functional relationship
between these two translational factors for cell migra-
tion should be generally applied. Perhaps in normal
cells, the membrane translocation of KRS could be
tightly controlled, but it could be out of control in
cancer cells if KRS is either overexpressed or mutated.
In this regard, it is worth noting that KRS is often highly
expressed in cancer cells (13, 47-49). It is not yet clear
why the cells recruit translational components to
plasma membrane to control cell migration. One pos-

laminin

cell migration
- :;Q 67LR

\

integrin / /_/X.
\7 PI3K
p38MAPK Nedd4
KRS ‘_/ 0

() o

. T52
multisynthetase

complex

Figure 10. Proposed model for cell migration control of KRS
via 67LR in plasma membrane. Laminin binding to integrin
can activate PI3K and its downstream p38MAPK, which then
introduces phosphorylation at the T52 residue of KRS that is
normally bound to MSC. The phosphorylated KRS dissociates
from MSC and is mobilized to plasma membrane. In the
membrane, it binds to 67LR, preventing Nedd4-mediated
ubiquitination to 67LR to extend the membrane stability of
67LR. Thus, KRS binding to 67LR can enhance laminin-
induced cell migration. The laminin signal can be also
introduced via the preexisting 67LR and the membrane
trafficking of KRS can work as a positive feedback mechanism.
ub, ubiquitin.
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sibility is that the membrane localization of these
factors may reduce the levels of operational transla-
tional machinery. KRS also plays a key role in the
structural stability of the multisynthetase complex (9).
Thus, dissociation of KRS may also affect the cellular
levels of other synthetase components within the com-
plex although it is to be determined how much these
changes would affect global translation.

Although 37LRP showed the potential for the inter-
action with KRS (Fig. 24, B), KRS appears to bind
preferentially to 67LR in the plasma membrane (Fig.
2C). It is not yet understood how KRS undergoes a
conformational change to form a complex with 67LR in
the membrane. Human KRS appears to exist as a
homodimer that has a potential to form a homo- or
heterotetramer (37). Because 67LR is formed by the
dimerization of 37LRP (50), KRS and 67LR may form
an o,Psy or ayfs complex. The T52D mutation did not
appear to change the homodimer formation of KRS
(data not shown), implying that KRS may remain a
dimer after being phosphorylated at T52. KRS binds
only to the region containing both extracellular and
transmembrane domains (Fig. 2H). Perhaps the bind-
ing of KRS to each separate domain is not strong
enough or KRS binds specifically to the junction region
between extracellular and transmembrane domains.
Although it is not yet clear whether KRS can be located
high enough to cover all 67LR, at least cells would have
enough intracellular pool of KRS because it is a house-
keeping enzyme for protein synthesis. All of these
remaining questions call for further detailed investiga-
tion.

Post-translational modification was shown to be re-
sponsible for the control of association/dissociation of
a few different components in MSC. For instance,
phosphorylated EPRS is detached from MSC by IFN-y
treatment for translational silencing of the target tran-
scripts (51). GCN2-dependent phosphorylation of MRS
releases the bound tumor suppressor, AIMP3/pl8, to
repair DNA damage (52). Among the nonenzymatic
components, phosphorylated AIMP2 is translocated
into nucleus on DNA damage for the activation of p53
(53), and JNK-dependent phosphorylation of AIMP1 is
involved in the control of its interaction with gp96 (54).
These results indicate that MSC components, when
dissociated from MSC, would respond specifically to
different cellular stimuli through differential phos-
phorylation and execute their unique activities while
they work together for protein synthesis when they are
bound to MSC.

Although the biogenesis and physiological implica-
tion of 67LR are not yet completely understood, the
increased level of 67LR has been acknowledged as a
signature for metastatic cancer (19, 55-58). However,
the regulator and molecular mechanism for the mem-
brane stability of 67LR were not determined. Here we
identified KRS as a positive regulator for 67LR and its
effect on cell migration. It remains to be seen whether
the effect of these two translational components on cell
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migration is also recapitulated in vivo and applied to
the metastatic behavior of cancer.
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