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The Activity of Aminoacyl-tRNA Synthetase-Interacting
Multi-Functional Protein 1 (AIMP1) on Endothelial Cells is
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ABSTRACT

AIMP1 was first found as a factor associated with the aminoacyl-tRNA synthetase (ARS) complex. However, it is also secreted and acts on
different target cells such as endothelial cells, macrophages, and fibroblasts as an extracellular regulator, respectively, of angiogenesis,
inflammatory responses and dermal regeneration. AIMP1 has also been reported to suppress in vivo tumor growth. In this study, we
investigated the signaling pathways activated by exogenous AIMP1 in an in vitro endothelial model. AIMP1 decreases EC viability through an
a5B1 integrin-dependent mechanism and inhibits cell adhesion, is internalized and shows an asymmetric pattern of distribution and
accumulation in cell protrusions. Experiments of affinity purification, pull down, and co-immunoprecipitation showed that AIMP1 interacts
with four cytoskeletal proteins (filamin-A, a-tubulin, vinculin, and cingulin). a-Tubulin also gets phosphorylated upon cell treatment with
AIMP1 and colocalization between AIMP1 and filamin-A as well as between AIMP 1 and cingulin was observed through immunofluorescence
assays. In this work, we propose that AIMP1 effect on EC adhesion is mediated by the assembly of a cytoskeletal protein complex on the
cytosolic face of the cell membrane which could regulate cellular architecture maintenance and remodeling. Moreover, this activity is able to

indirectly influence cell viability. J. Cell. Biochem. 112: 1857-1868, 2011. © 2011 Wiley-Liss, Inc.
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A IMP1 (ARS-interacting multifunctional protein 1) is a
cofactor of the aminoacyl-tRNA synthetase (ARS) complex

which is composed of nine different enzymes and three non-
enzymatic cofactors, including AIMP1 [Quevillon et al., 1997].
AIMP1 is also the precursor of EMAP II (endothelial monocyte-
activating polypeptide II) [Shalak et al., 2001] which possesses a
wide range of activities toward endothelial cells (ECs), neutrophils,
and monocyte/macrophages in vitro [Kao et al., 1994a,b].
Interestingly, AIMP1 itself shows cytokine properties and secreted
AIMP1 acts on different target cells such as monocyte/macrophages
[Ko et al., 2001; Park et al., 2002a,b], ECs [Chang et al., 2002; Park
et al., 2002c], and fibroblasts [Park et al., 2005b]. It activates
monocytes/macrophages to induce various proinflammatory cyto-
kines, such as tumor necrosis factor (INF)-a, interleukin-8 (IL-8),
macrophage chemotactic protein-1 (MCP-1), macrophage inflam-
matory protein-1a (MIP-1a), and IL-18 [Ko et al., 2001; Park et al.,
2005b], and controls angiogenesis by a dual mechanism involving
the migration and death of ECs [Park et al., 2002c, 2005b].

Furthermore, AIMP1, as well as EMAP II, have been reported to
suppress in vivo tumor growth [Schwarz et al., 1999; Lee et al.,
2006].

For EMAP II an activity on the EC actin cytoskeleton has been
reported, with different effects during adhesion, in which it causes
disassembly of actin network stress fibers [Schwarz et al., 2005]
and in adherent cells, where intracellular actin fibers and focal
adhesion are noted to be increased [Keezer et al., 2003]. Instead, a
role for AIMP1 in cytoskeleton remodeling has never been
investigated.

The cytoskeleton is composed of different structures, microfila-
ments, microtubules (MTs), and intermediate filaments (IFs) which
dominate mechanical properties of cytoplasm [Janmey, 1991].
Cytoskeleton remodeling in dynamic cellular processes produces
changes in cell shape and motility in response to external stimuli. It
is therefore involved in signal transduction [Revenu et al., 2004] and
fundamental to a variety of biological processes such as directing
cell polarity, facilitating membrane and organelle traffic, cell
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adhesion, chromosome segregation, cell migration, and cell division
[Pelling et al., 2007; Chesarone et al., 2010]. This process
necessitates the activation of the cell motility machinery, resulting
in actin cytoskeleton remodeling which requires tight spatial and
temporal regulation of actin filament assembly and organization
[Stossel, 1993; Sechi and Wehland, 2000]. These features of the actin
cytoskeleton are regulated by a cohort of actin-associated
cytoskeletal proteins (e.g., filamin, talin, vinculin, profilin, cofilin),
which were initially considered to be structural components
organizing a stable actin cytoskeleton, but are now known to be
cellular dynamics regulators and key signaling process components
[Revenu et al., 2004]. Together with the actin cytoskeleton, also MTs
and IFs play an important role in the cell mechanical properties
[Gundersen and Cook, 1999; Zhu et al.,, 2000]. MTs are found
extensively throughout the cell in the cytoplasm between the
nucleus and the cell membrane; they are dynamic structures, able to
grow and depolymerize in response to signaling pathways and
environmental conditions [Pelling et al., 2007].

Since it is not yet determined how AIMP1 exerts its complex
extracellular activities, we conducted a series of in vitro experiments
to investigate the signaling pathways activated by exogenous
AIMP1 in ECs and proposed a cellular mechanism by which AIMP1,
upon cell uptake, acts on ECs through the assembly of a protein
complex composed of at least four cytoskeletal proteins on the
cytosolic face of the cell membrane (a-tubulin, vinculin, cingulin,
and filamin-A).

ANTIBODIES, CHEMICALS, AND OTHER REAGENTS
Unless otherwise indicated, all chemicals, solvents, and reagents
were purchased from Sigma-Aldrich Co. (St. Louis, MO).

Primary antibodies used were provided by Santa Cruz Biotech-
nology (Santa Cruz, CA), except for rabbit anti-pERK/ERK, anti-
pJNK/JINK, and anti-pAKT/AKT antibodies which were from Cell
Signalling Technology (Beverly, MA) and mouse anti-a5B1 integrin
antibody from Millipore (Billerica, MA).

CELL CULTURE

The EC model used was an immortalized Porcine Aorta Endothelial
Cell line (PAEC) kindly given by Prof. Bussolino (IRCC, Candiolo,
TO). Cells were cultured in Ham'’s F-12 medium supplied with 10%
fetal bovine serum (FBS), 100 pg/ml penicillin-streptomycin 10 U/
rl and 2 mM glutamine in a humified 5% CO, incubator at 37°C.

PRODUCTION AND PURIFICATION OF RECOMBINANT AIMP1
Human AIMP1 was expressed as a His-tag fusion protein in
Escherichia coli TOP F10 cells. The growing bacteria were harvested
and resuspended in phosphate buffer (50 mM NaH,PO,, 300 mM
NaCl, 50 pg/ml RNAse, 4U/ml benzonase nuclease, 2 mM DTT,
0.5mM PMSF, 1x protease inhibitor cocktail, pH 8.0), sonicated,
centrifuged and purified using a Ni-Sepharose column (Ni
Sepharose high performance, GE Healthcare, Uppsala, Sweden)
and a Hi-Trap cationic-exchange column (Hi Trap SP HP; GE
Healthcare).

In order to remove lipopolysaccharides (LPS), the protein
underwent five cycles of Triton X-114 extraction [Liu et al.,
1997] after which the buffer was exchanged through dialysis with a
10kDa cutoff against pyrogen-free PBS containing 20% glycerol.
The protein was then filtered through a Posidyne membrane (0.2 pm,
Pall Gelman Laboratory, Ann Arbor, MI). The concentration of LPS
in the final AIMP1 preparation was below 20 pg/mg, as determined
with a Limulus Amebocyte Lysate QCL-1000 kit (BioWhittaker). In
parallel, 10ml of PBS-20% glycerol underwent the same protocol
used for LPS extraction from recombinant AIMP1 (rAIMP1) to be
used as the vehicle for control samples in all experiments.

AIMP1 STABILITY IN CELL CULTURE MEDIUM

Recombinant AIMP1, at a concentration of 250 nM, was incubated
at 37°C in conditioned Ham'’s F-12 medium supplied with 10% FBS.
The cultured medium used was taken from a PAEC plate that had
been kept in culture for 48 h. At defined time points 30 nl samples
were collected and loaded on SDS-PAGE for Western blot analysis.

CIRCULAR DICHROISM SPECTROMETRY

Circular dichroism spectra were recorded for rAIMP1 protein
(0.1 mg/ml) at temperatures between 20 and 90°C on a JASCO J-815
spectometer equipped with a Peltier temperature controller, using a
1-cm path length quartz cuvette. Spectra were recorded between the
wavelengths of 195 and 250 nm with a 1.0-nm step size and slit
bandwidth of 1.0 nm. Signal averaging time was 8s and ellipticities
were reported as mean residue ellipticity in deg.cm?/dmol. Spectra
recorded for the vehicle were subtracted from rAIMP1 spectra.

WESTERN BLOT ANALYSIS

Protein samples were loaded on SDS-PAGE, transferred to
nitrocellulose membrane and blocked with 5% non-fat milk powder
in TBS containing 0.1% Tween 20 (TBST). The membrane was
incubated with specific primary antibody diluted in TBST-1% milk
O.N. at 4°C; the appropriate HRP-conjugated secondary antibody
was diluted 1:10,000 in TBST-1% milk for 1 h at room temperature
and membrane developed using ECL Western blotting substrate kit
(Thermo Fisher Scientific, Rockford, IL).

CELL ADHESION ASSAY

Cell adhesion assay was performed using fibronectin (FN) pre-
coated 96-well plates (Becton Dickinson, Franklin Lakes, NJ). Cells
were serum-starved for 16 h, detached with 5 mM EDTA, supplied
with Ham'’s F-12 medium containing 1% FBS and 100 nM rAIMP1 or
vehicle and plated (5 x 10* cells/well) on FN pre-coated plates. After
20 min, cells were fixed with paraformaldehyde (PFA) 4% in PBS,
stained with 50 ul crystal violet solution (0.5% crystal violet, 20%
methanol) for 10 min at room temperature and stain was solubilized
with 100wl Sorenson’s buffer (0.1M sodium citrate, 500
ethanol, pH 4.2). After solubilization the optical density of each
well was measured with a multimode microplate reader (Infinite 200,
Tecan) at 595 nm. Triplicate wells and blank well without cells were
run for each treatment.
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CELL VIABILITY ASSAY

AIMP1 role in inhibiting cell viability was monitored by measuring
the cellular conversion of a tetrazolium salt into a formazan product
detected using a 96-well plate reader (CellTiter 96 Non-Radioactive
Cell Proliferation Assay; Promega, Madison, WI). Cells were serum-
starved for 16 h, then plated on 96-well dishes (1 x 10* cells/well),
treated with rAIMP1 or vehicle in presence of 10% FBS and
cultivated for 24h. After treatment, 15ul of Dye Solution
(containing the tetrazolium component) were added and cells
incubated for 4 h before adding the Stop Solution to solubilize the
formazan product. After an incubation of 1h, the absorbance at
570 nm was recorded using a 96-well plate reader (Tecan, Infinite
200).

The role of a5B1 integrin in AIMP1 inhibitory effect on EC
survival was monitored by measuring the cellular conversion of a
tetrazolium salt into a formazan product detected using a 96-well
plate reader (CellTiter 96 Non-Radioactive MTT Assay; Promega).
Cells were starved for 16 h in serum-free medium, detached with
5mM EDTA and 7 x 10*cells were incubated with 800 nM anti-
a5PB1 integrin antibody or control for 15 min at 4°C before plating.
Recombinant AIMP1 (100 nM) or vehicle were added in presence of
10% FBS, cells were plated in triplicate at a density of 2 x 10* cells/
well and cultivated for 24 h. MTT assay was performed after 24 h as
described above.

Absorbances were normalized to vehicle and expressed as values
relative to positive control.

FLOW CYTOMETRY

Cells were serum-starved for 16 h, then plated on 24-well dishes
(1 x 10° cells/well), treated with rAIMP1 or vehicle in presence of
10% FBS and cultivated for 4, 8, and 24 h. After treatment, the cells
were detached with 0.25% trypsin, washed twice in cold PBS-5%
FBS and resuspended in cold PBS-5% FBS at a concentration of
1 x 10° cells/ml. Apoptotic cells were determined by staining with
propidium iodide and annexin V (FITC Annexin V Apoptosis
Detection Kit; Becton-Dickinson) using a flow cytometer (FACS
Calibur). Analysis was performed with Cell Quest software.

IMMUNOFLUORESCENCE ANALYSIS

Indirect immunofluorescence analysis was performed on time
course experiments of PAEC stimulation with rAIMP1 to study the
subcellular localization of the exogenous protein. PAEC, maintained
in their growth medium, were plated (1 x 10* cells/well) in 24-well
plates onto glasses covered with 1% porcine gelatine (coating
layered O.N. at 4°C). Cells were cultured for 30 h, serum starved for
16h and treated with 50nM rAIMP1 in 500l of 10% FBS
containing culture medium.

After stimulation, cells were fixed in 4% PFA, permeabilized in
PBS-0.1% Triton X-100 and blocked in PBS-1% BSA-5% goat
serum. Cells were then incubated with primary antibodies followed
by Alexa Fluor 488- or Alexa Fluor 568-conjugated secondary
antibodies (Invitrogen, Carlsbad, CA). Moreover, cells were stained
for 30 min with propidium iodide to decorate nuclei or for 20 min
with phalloidin to stain the cytoskeleton. Fluorescence was
examined with a Leica confocal microscope at a 63 x magnification
(Leica TCS SPE). For confocal analysis, optical sections were

recorded at 0.5 wm intervals throughout the cells. Pictures were
handled with Leica LAS and Adobe Photoshop software.

CELL TREATMENT, PROTEIN EXTRACTION, AND SAMPLE
PREPARATION FOR 2-D ELECTROPHORESIS

For phosphoproteomic analysis, cells were serum starved for 16 h
and treated with 200 nM AIMP1 or vehicle in Ham’s F-12 without
FBS for 10 and 30 min. Four biological replicates were performed for
each treatment. After treatment, cells were washed twice with PBS
and twice in sucrose buffer (250 mM sucrose, 10 mM Tris-HCl, pH 7).
Protein extraction was performed following the protocol from Yan
et al. [2007]. Cell samples were lysed in solubilization buffer (40 mM
Tris, 7M urea, 2M thiourea, 4% 3-[(3-cholamidopropyl)dimethy-
lammonio]-1-propanesulfonate (CHAPS), 65mM dithiothereitol
(DTT), 1mM ethylenediamine-tetra-acetic acid, 1x protease
inhibitor cocktail, 0.1 g/l RNase A, and 0.1 g/l DNase) and sonicated
(5s/cycle, three cycles; 0°C). After centrifugation at 13,000 x g for
30 min at 4°C, the supernatant was collected as the protein sample.
Before subsequent analysis, the sample was concentrated and
desalted using the Ultrafree-0.5 Centrifugal Filter Device (Millipore)
according to manufacturer’s protocol. Protein concentration was
determined using Bradford protein assay kit (BioRad, Marnes-la-
Coquette, France).

2-D ELECTROPHORESIS

2-D electrophoresis (2-DE) was performed according to Jacobs et al.
[2001], with some modifications. Isoelectrofocusing of proteins was
performed at 20°C in 18 cm IPG 4-7 strips (GE Healthcare), using the
Ettan IPGphor system (GE Healthcare). Prior to SDS-PAGE, the IPG
strips were equilibrated twice for 15min in a buffer containing
50 mM Tris-HCl pH 8.8, 6 M urea, 30% glycerol, 2% SDS, plus 1%
DTT for the first equilibration step, 2.5% iodoacetamide, and traces
of bromophenol blue for the second one. SDS-PAGE was performed
on 12.5% polyacrylamide gels according to Laemmli [Laemmli,
1970] but without stacking gel, in a PerfectBlue Dual gel System,
20 x 20 cm (PeQLab). The run was carried out at 60 mA/gel at 16°C
until the tracking dye front reached the bottom of the gel. Each
treated sample was run simultaneously to its control.

In order to visualize phosphorylated proteins, gels were stained
with Pro-Q Diamond (Molecular Probes Inc, Eugene, OR) following
the protocol of Agrawal and Thelen [2005]. After image acquisition,
gels were stained for total protein with SYPRO Ruby protein gel stain
(Molecular Probes) according to the manufacturer’s protocol.

Images were acquired by CCD camera (ProXPRESS 2-D Perkin
Elmer) with the following parameters: excitation 540/25 and
emission 590/35nm for phosphoprotein staining, and excitation
460/80, emission 650/150 for Sypro staining, respectively. Before
MS analysis, the gels were stained in Coomassie Blue R350
[Marchetti-Deschmann et al., 2009].

IMAGE ANALYSIS

Image analysis was performed by the ImageMaster 2D Platinum 5.0
software package (GE Healthcare). Spot detection and gel matching
were carried out automatically and checked manually. The volume
of each spot was normalized to the total volume of spots in the gel
(vol9%). Analysis was performed in order to identify spots with
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qualitative (presence/absence) and quantitative (>1.5-fold) spot
volume increase/decrease between treatment and control. Spots that
fulfilled these criteria in at least three experiments were considered
significant and underwent mass spectrometry analysis. For ProQ
Diamond stained gels all spots were also required to be detected and
matched in SYPRO Ruby image counterpart.

Quantitative differences were calculated for both SYPRO Ruby
and ProQ Diamond images. Proteins found as having differential
spot volumes by ProQ Diamond staining were considered as
differentially phosphorylated only if they did not also show a
significant variation by SYPRO Ruby staining.

PROTEIN IDENTIFICATION BY MASS SPECTROMETRY (MS)

Protein spots or bands were excised from gels and, after trypsin
digestion, were analyzed by a HP 1100 nanoLC system coupled to a
XCT-Plus nanospray-ion trap mass spectrometer (Agilent), as
described in Mila et al. [2009]. Mass spectrometry data were fed
to the Mascot search algorithm for searching against the NCBI non-
redundant database number 20100402 (http://www.matrixscience.-
com). Hits with a probability-based MOWSE score higher than 47
were considered significant (P < 0.05). Since the protein database
for Sus scrofa is not complete, when a protein was not present as
porcine in the database, we accepted its identification from Bos
taurus or Homo sapiens.

SUBCELLULAR FRACTIONATION

PAEC were serum starved for 16 h and subcellular fractionation was
performed according to Kim et al. [1999] with some modifications.
All procedures were done at 4°C. PAEC from one 150-mm culture
dish (8 x 10°cells) were resuspended in 1ml of buffer A (25 mM
Tris pH 7.4, 1 mM EDTA, 0.5 mM EGTA, 10 mM NaCl, 0.5 mM PMSF,
1x protease inhibitor cocktail), put through three freezing and
thawing cycles in liquid nitrogen and homogenized 40 times with a
tight Dounce homogenizer (Kontes Glass, Vineland, NJ). A one-tenth
volume buffer A containing 2.5M sucrose was added to the
homogenate. The homogenate was centrifuged at 1,000 x g for
10min (step A). The supernatant of step A was centrifuged at
100,000 x g for 1h (step B). The pellet of step B was resuspended in
PBS-1% NP40 (containing 1x protease inhibitor cocktail and
0.5 mM PMSF) and stored as the membrane fraction; the supernatant
of step B was stored as the cytosolic fraction.

AFFINITY PRECIPITATION AND PURIFICATION OF AIMP1-BINDING
MOLECULES

The subcellular fractions were dialyzed for 16 h at 4°C against PBS
containing 1x protease inhibitor cocktail, then incubated with
rAIMP1 or vehicle for 2h at 4°C; rAIMP1 was then precipitated
using nickel affinity interaction (Ni Sepharose high performance;
GE Healthcare) for 1h at 4°C.

After incubation, the resin was spinned down, washed with
washing buffer (50 mM Na,HPO,, 200 mM NaCl, 0.1% NP40, 2 mM
EDTA, 2 mM Na;V0,, 1 mM PMSF, 1x protease inhibitor cocktail),
and resuspended in 30 pl loading buffer (62.5 mM Tris-HCl pH 6.8,
20% glycerol, 2% SDS, 5% B-mercaptoethanol, 0.025% bromo-
phenol blue). Samples were resolved on SDS-PAGE and stained with

Coomassie Brilliant Blue; the differential bands were excised and
identified by mass spectrometry analysis.

PULL-DOWN ASSAY

Subcellular fractions were dialyzed for 8 h against PBS containing
1x protease inhibitor cocktail at 4°C and were then incubated with
rAIMP1 or vehicle for 16 h at 4°C. Ni-Sepharose high performance
beads were added to the cellular fractions and incubated for 1h at
4°C. The samples were then centrifuged and the supernatant was
removed. The beads were washed with washing buffer
(50mM Na,HPO,, 200mM NaCl, 0.1% NP40, 2mM EDTA,
2mM Na;V0,, 1 mM PMSF, 1x protease inhibitor cocktail) and
resuspended in 200 pl loading buffer. 20 pl of sample were loaded
on SDS-PAGE and the putative rAIMP1-binding proteins were
identified through Western blot analysis.

CO-IMMUNOPRECIPITATION

Subcellular fractions were dialyzed for 8 h against PBS containing
1x protease inhibitor cocktail at 4°C, incubated with rAIMP1 for
16 h at 4°C and mixed, for 30 min at 4°C, with anti-filamin-A, anti-
a-tubulin, anti-vinculin, anti-cingulin, or control antibodies, pre-
coupled with protein A or G Sepharose beads. The samples were then
centrifuged and the supernatants removed. Beads were washed with
PBS-0.1% NP40 and resuspended in 20 pl loading buffer. Samples
were then loaded on SDS-PAGE and immunoblotted with anti-His-
probe antibody to recognize rAIMP1.

AIMP1 CONFORMATION AND STABILITY

The stability of AIMP1 in conditioned medium was verified. AIMP1
(250 nM) was incubated at 37°C in conditioned Ham’s F-12 medium
supplied with 10% FBS. At defined time points, 30 pl samples were
collected for SDS-PAGE and Western blot analysis. A high amount
of undegraded AIMP1 was still present after 54h of incubation
(Fig. 1A). In order to obtain information on the secondary and
tertiary structure of AIMP1, circular dichroism (CD) experiments
were performed using a JASCO spectrometer. CD can be used to
study how the structure of a molecule changes as a function of
temperature. The AIMP1 circular dichroic spectrum was recorded
between 195 and 250 nm at temperatures ranging from 20 to 99°C. A
change in signal was seen when temperature increased, suggesting a
progressive loss of the molecule’s 3-D organization (Fig. 1B).
Plotting the mean residue ellipticity of AIMP1 against temperature,
a steep change in CD signal occurs around 50-70°C, suggesting that
denaturation of the protein occurs at temperatures above 50°C
(Fig. 1Q).

AIMP1 INHIBITS CELL ADHESION

On the basis of the literature data describing EMAP II inhibitory
effect on MEC adhesion through a direct interaction between EMAP
II and «5B1 integrin [Schwarz et al., 2005], the hypothesis of an
inhibitory effect elicited by AIMP1 on PAEC adhesion was
investigated. To do this, a cell adhesion assay was performed: cells
were supplied with Ham’s F-12 medium containing 1% FBS and
100 nM AIMP1 or vehicle, plated on FN pre-coated plates and left to
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A: AIMP1 stability in conditioned medium. Recombinant AIMP1 (250 nM) was incubated with conditioned Ham's F-12 supplied with 10% FBS at 37°C for the

indicated times. The protein was immunoblotted using anti-EMAP Il antibody recognizing AIMP1. B: Thermal denaturation of AIMP1. Circular dichroism spectra were recorded

for AIMP1 (0.1 mg/ml) between 195 and 250 nm during heating from 20 to 90°C and reported as mean residue ellipticity (Omrw). Data were plotted for each 10°C interval as
indicated in figure. C: Thermal denaturation of AIMP1 shows a steep change in CD signal around 50-70°C. Mean residue ellipticity (deg.cm?/dmol) at 215 nm was plotted

against temperature.

adhere for 20 min. Measurement of absorbance values after crystal
violet staining showed that AIMP1 inhibits cell adhesion on FN
(Fig. 2A).

An inhibitory effect on EC adhesion on FN had already been
proposed for EMAP II [Schwarz et al., 2005]. In this work also AIMP1
was demonstrated to impair EC adhesion.

Since EC adhesion to FN can be mediated by a5B1 integrin, it is
possible that this receptor has a role in AIMP1 ability to interfere
with cell adhesion as is the case for EMAP II [Schwarz et al., 2005].

AIMP1 INHIBITORY EFFECT ON PAEC VIABILITY IS REVERTED BY
PRE-TREATMENT WITH ANTI-a:531 INTEGRIN ANTIBODY

Since an appropriate cell adhesion is necessary for cell survival and
proliferation, the role of a5B1 integrin in the effect elicited by
AIMP1 on EC survival was investigated. It is known from literature
that AIMP1 inhibits EC survival [Park et al., 2002c]. A viability assay
was performed to confirm AIMP1 inhibitory activity on EC survival.
Results showed that AIMP1 inhibits PAEC viability starting from a
concentration of 100 nM (Fig. 2B). It was then investigated whether
a5B1 integrin has a role in the inhibitory effect of AIMP1 on PAEC
survival. Indeed, pre-treatment of PAEC with anti-a5B31 integrin
antibody is able to revert AIMP1 inhibitory effect on PAEC viability
(Fig. 2C). This result shows the involvement of a5B1 integrin in
AIMP1 activity on ECs. On the basis of literature data and the results
obtained in this study from the biological assays, it could be
hypothesized that the impairment of cell adhesion could be one of
the mechanism through which AIMP1 interferes with EC survival.

Indeed, cells stimulated with AIMP1 during the adhesion process, as
in the viability assays, show increased apoptosis with respect to
control samples after 24 h (Fig. 2D).

AIMP1 ACTIVATES ERK AND JNK IN PAEC

In biological assays, AIMP1 showed an inhibitory activity on EC
viability and on endothelial cell adhesion. Western blot analysis was
performed to identify some of the signaling molecules activated
upon PAEC stimulation with AIMP1. On the basis of the
experimental results which show that AIMP1 activity on PAEC
could be mediated by a membrane receptor (581 integrin), the
possible phosphorylation of two major mitogen-activated protein
kinases (MAPKs) was investigated: JNK, which is involved in
apoptosis, cell differentiation and proliferation and ERK, involved in
functions including the regulation of meiosis, mitosis, post-mitotic
functions in differentiated cells and in a great variety of signaling
transduction pathways activated by extra-cellular molecules. Cells
were treated with AIMP1 in time course experiments, with six time
points from O to 180 min. Results show that AIMP1 induces ERK and
JNK activation through phosphorylation after 10-min treatment of
PAEC (Fig. 3).

LOCALIZATION OF EXOGENOUS AIMP1 AFTER TREATMENT OF
ENDOTHELIAL CELLS

In order to analyze AIMP1 subcellular localization, immunofluor-
escence experiments were performed. PAEC were treated with 50 nM
AIMP1 in time course experiments from 15min to 6 h. Exogenous
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Fig. 3. AIMP1 activates ERK and JNK after a 10-min treatment. Cells were
treated with 200nM AIMP1 in a time course experiment. Membranes were
blotted with anti-pERK (A) or anti-pJNK (B) antibodies and normalized to the
respective total ERK and JNK proteins.

AIMP1 was previously demonstrated to be internalized almost
immediately after cellular incubation [Yi et al., 2005] and this datum
was confirmed in this work using an immunofluorescence
technique. As soon as 30 min after AIMP 1 treatment, the exogenous
protein enters the cell but does not enter the nucleus, as verified by
confocal microscope analysis in cells treated with AIMP1 up to 6h
(data not shown). AIMP1 localization inside the cell or on the cell
membrane does not occur when the protein is heat inactivated for
30 min at 99°C before stimulation (Fig. 4A,B). Interestingly, AIMP1
distribution often appears to be asymmetric (Fig. 4C,D) and,
furthermore, AIMP1 localizes at the level of cell protrusions
(Fig. 4Q).

IDENTIFICATION OF AIMP1-BINDING MOLECULES

To understand exogenous AIMP1 activity on ECs it is important to
identify the molecules able to interact with it. To identify AIMP1-
binding proteins, the cytosolic and membrane fractions from PAEC
lysates were used. Since it was shown that starvation increases
EMAP II binding to the cell surface [Chang et al., 2002] serum
starvation was used as an experimental condition to isolate AIMP1-
binding proteins. AIMP1-binding proteins from the subcellular
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Fig. 4. Subcellular localization of exogenous AIMP1. A: Control: 1 h heat-denaturated AIMP1 (HD AIMP1) treated cells. B: 1 h AIMP1-treated cells. C: AIMP1 concentrates in
the cell protrusions. Actin is stained in red (phalloidin) and AIMP1 in green (anti-myc antibody). D: Exogenous AIMP1 distribution in the cell is asymmetric. Nucleus is stained in

red (PI) and AIMP1 in green (anti-myc antibody).

fractions were precipitated with Ni-Sepharose beads and the
precipitates were loaded on SDS-PAGE (Fig. 5A). Identification
of differential bands between AIMP1 samples and control samples
was performed by nanoliquid chromatography-nanospray-ion trap
mass spectrometry (LC-MS/MS).

Table I shows 10 of the putative AIMP1-interacting proteins
identified in the membrane and cytosolic fractions. Other proteins
were found, including glycyl-tRNA synthetase and coatomer
subunit beta protein (B-cop, data not shown), the interaction of
which with AIMP1 has already been described [Park et al., 2005a;
Han et al., 2007]. Interestingly, six of the identified proteins were
cytoskeletal or cytoskeleton-associated proteins which are involved
in cellular architecture maintenance and remodeling.

From the set of AIMP1-interacting proteins obtained from the
affinity purification we decided to focus on the cytoskeletal or
cytoskeleton-associated proteins. The results were validated through
pull-down and co-immunoprecipitation assays and confirmed
interaction with filamin-A, «-tubulin, vinculin, and cingulin
(Fig. 5B,C). These results suggest a possible involvement of proteins
controling adhesion and cytoskeletal remodeling in the signaling
pathway activated by exogenous AIMP1 in PAEC.

AIMP1 CO-LOCALIZES WITH CINGULIN AND FILAMIN-A IN
ENDOTHELIAL CELLS

To see whether AIMP1 co-localized in the cell or at the cell
membrane with the AIMP 1-interacting proteins previously identi-
fied or with a5B1 integrin, immunofluorescence double-staining
experiments were performed. After 1h treatment of subconfluent
PAEC with 100nM AIMP1, partial co-localization was observed
between AIMP1 and cingulin as well as between AIMP1 and filamin-
A (Fig. 6) but no co-localization was observed between AIMP1 and
vinculin, a-tubulin or a5B1 integrin (data not shown).

AIMP1 TREATMENT OF ENDOTHELIAL CELLS INDUCES «-TUBULIN
PHOSPHORYLATION

To further investigate the signaling pathways activated by
exogenous AIMP1 in PAEC, the phosphorylation events following
AIMP1 treatment were investigated through a 2-DE phosphopro-
teomic approach. This technique provides an overview of the entire
phosphoproteome in definite experimental conditions. PAEC were
treated with 200nM AIMP1 or vehicle for 10 and 30 min. About
1,200 protein spots were detected by the SYPRO Ruby stain and
about 120 spots were visualized by a phosphoprotein-specific stain.
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Fig. 5. ldentification of AIMP1-interacting proteins. A: Affinity purification
of AIMP1-interacting proteins. SDS—-PAGE stained in Coomassie Brilliant Blue
of two representative experiments performed with the membrane fraction (MF)
or with the cytosolic fraction (CF); the black arrows indicate the differential
bands between AIMP1-functionalized resin and control (ctrl), functionalized
with vehicle, obtained in these two representative experiments. Differential
bands were excised and proteins identified by mass-spectrometry analysis. B:
Pull-down assay. Subcellular fractions (membrane fraction or cytosolic frac-
tion) were incubated with AIMP1 or vehicle and precipitated by nickel affinity.
Cingulin, filamin-A, a-tubulin, and vinculin were immunoblotted with the
respective antibodies. C: Subcellular fractions were incubated with AIMP1 and
immunoprecipitated with anticingulin, anti-filamin-A, anti-a-tubulin, and
anti-vinculin antibodies, or control IgG. Precipitated proteins were immuno-
blotted with anti-His-probe antibody recognizing recombinant AIMP1.

From each class (AIMP1 10 min, control 10 min, AIMP1 30 min, and
control 30 min) a set of four gels was stained with ProQDiamond
followed by Sypro Ruby, imaged and analyzed as described in the
Materials and Methods section. The spots which significantly varied
among treated samples and controls were excised and identified by
LC-MS/MS. For both time points, no qualitative differences were
highlighted. No significant spots were identified following 30-min
treatment. The proteins which were differentially phosphorylated
between treated cells and controls upon 10-min treatment are o-
tubulin, elongation factor 18 and 60S acidic ribosomal protein P2
(indicated in Table II and Fig. 7). Among these differentially
phosphorylated proteins was a-tubulin, the phosphorylation of
which is twofold up-regulated in treated samples compared to the
controls (Fig. 7 and Table II).

Despite its role as a cofactor of the ARS complex [Quevillon et al.,
1997; Park et al. 1999; Kim et al., 2000b; Shalak et al., 2001], AIMP1,
when secreted, also acts as a cytokine on different cell types [Ko
et al., 2001; Park et al., 2002a,c, 2005b; Chang et al., 2002]. AIMP1
has shown to be a cytokine activating immune cells and ECs since it
is highly secreted from Raw 264.7 cells stimulated by TNF [Park
et al., 2005b]. AIMP1 has higher cytokine activity on immune and
ECs than its cleaved C-terminal domain, EMAP II [Park et al., 2002c;
Yi et al., 2005] which was initially thought to be the effective
cytokine [Kao et al., 1994a,b; Knies et al., 1998; Shalak et al., 2001].

Although the administration of both recombinant EMAP II and
AIMP1 has been shown to inhibit tumor growth by inhibition of
angiogenesis [Schwarz et al., 1999; Lee et al., 2006], the mechanism
surrounding their angiostatic effect is poorly understood. Angio-
genesis, the growth of new blood vessels, is essential for
pathological processes such as tumor growth and metastasis
[Carmeliet, 2005] and ECs play a key role in all aspects of this
cellular event [Jain, 2003]. In this work, we have analyzed the
signaling pathways activated by exogenous AIMP1 on endothelial
cells (PAEC) using a wide range of in vitro techniques.

EMAP II has also been shown to inhibit microvascular endothelial
cell (MEC) adhesion to FN and to delay cell spreading through a
direct interaction with «5B1 integrin [Schwarz et al., 2005].
Furthermore, EMAP II was shown to disassemble the cytoskeletal

TABLE 1. AIMP1-Interacting Proteins Obtained by Affinity Purification

Fraction LC-MS/MS identification Accession number Peptide number Seq. cov. (%) Score

CF Filamin-A gi116241365 34 32 1791
GRP78 8114916993 23 28 1058
Vimentin 8176097691 13 41 695
a-Tubulin gi81174755 4 11 313
Glycogen phosphorylase gi106073338 6 7 213

ME Cingulin gi194036221 4 3 67
Vinculin 8150403675 3 3 59
Ras GTPase-activating-like protein (IQGAP3) 81229462887 2 2 59
Protocadherin-11 X-linked 8175071591 2 2 57
Rho GTPase-activating protein 29 (ARHGAP29) gi194036908 2 2 52

First column indicates the subcellular fraction in which the protein was found, second and third columns report the name of the identified protein and its gi accession
number; the table also shows the number of peptides recognized by the Mascot algorithm and the percentage of sequence coverage; hits with a probability-based MOWSE
score higher than 47 were considered significant (P < 0.05).
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Fig. 6.  AIMP1 co-localizes with cingulin and filamin-A in the cells. A: Merge between anti-cingulin (green) and anti-myc (red) staining. B: Merge between anti-filamin-A
(green) and anti-myc (red) staining. The co-localization positions are indicated by the arrows. Cells were treated with 100 nM AIMP1 for 1h, then fixed and stained.

TABLE II. Phosphorylated Proteins Upon 10 Min AIMP1 Treatment of PAEC

LC-MS/MS Accession  Peptide Seq. Apparent Theoretical Mascot
Spot no.  Change-fold identification number number cov. (%) pI/MW (kDa) pI/MW (kDa) score
496 11.8 a-Tubulin gi81174755 18 42 ~5[~50 4.86/50 589
482 12.6 Elongation factor 18 gi172047287 15 32 ~5[~30 4.94/30 564
643 121 60S acidic ribosomal protein P2 gi3914781 4 21 ~4.5[~12 4.42/11.6 218

The spot number corresponding to each identified protein is indicated in the first column. Change fold values indicate the mean obtained from at least three experiments
(7: up-regulated in AIMP1 samples). Name of identified protein and gi accession number are shown in the third and fourth columns. The table also shows the number of
peptides recognized by the Mascot algorithm and the percentage of sequence coverage; hits with a probability-based MOWSE score higher than 47 were considered
significant (P < 0.05). Apparent pI and MW are obtained from the 2-DE gel, theoretical pI and MW are obtained from Mascot database.

ctrl AIMP1

ctrl AIMP1

Fig. 7. The phosphorylation of a~tubulin, elongation factor 18 and 60S acidic ribosomal protein P2 is up-regulated upon 10-min AIMP1 treatment of PAEC. Cells were treated
with 200 nM AIMP1. A. ProQ Diamond stained gel of a representative experiment. Spots that showed a significant change in volume percentage are indicated by the arrows and
identified by the spot number. B-D: Single spot magnifications of ProQ Diamond stained gels from control and treated samples (indicated by the arrow).
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architecture of actin fiber networks and FN matrix assembly
[Schwarz et al., 2005]. Evidence has been provided to show that
a5B1 integrin and its ligand FN are coordinately up-regulated in
blood vessels in human tumor biopsies and play critical roles in
angiogenesis, resulting in tumor growth in vivo. Three classes of
o5B1 integrin antagonists (antibody, peptide, and a new non-
peptide antagonist) have been shown to block growth factor-
stimulated angiogenesis [Kim et al., 2000a]. These results implicate
that integrin is the receptor for FN during angiogenesis [Kim et al.,
2000a] and may be an important target for EMAP II anti-angiogenic
function [Schwarz et al., 2005].

In this study, it was demonstrated that AIMP1 inhibits PAEC
adhesion on FN coating. We also confirmed that AIMP1 inhibits
PAEC viability and showed that «5B1 integrin is also involved in the
inhibitory effect elicited by AIMP1 on PAEC survival: this was
supported by the observation that, when blocking o531 integrin
with the specific antibody, AIMP1 effect on PAEC viability was
reverted. Furthermore, AIMP 1-induced apoptosis is at least partially
responsible for reduced viability of AIMP1-stimulated PAEC. Our
hypothesis is that cell adhesion impairment could be one of the
mechanisms through which AIMP1 interferes with EC survival.

To shed light on the mechanisms leading to these results, the
signaling pathways activated by exogenous AIMP1 in ECs were
investigated. We observed that stimulation with 200 nM AIMP1
activates both ERK and JNK in PAEC. Activation of these two kinases
following AIMP1 treatment of ECs has already been described [Park
et al., 2002c]. In particular, ERK was shown by the authors to be
activated in BAEC treated with 1 nM AIMP1, resulting in induction
and activation of MMP9 and in induction of EC migration, while
JNK activation was obtained with concentrations from 10 to 100 nM
and mediated EC death [Park et al., 2002c]. Since ERK and JNK
activation has been observed upon FN-induced o5B1 integrin
stimulation in other cell models [Mendes et al., 2010; Sen et al.,
2010], it would be interesting to investigate in the future both
whether o581 integrin is involved in the induction of cell migration
and ERK-dependent MMP9 expression as well as whether JNK is
involved in the transduction of AIMP1 effects on cell adhesion and
survival.

Immunofluorescence experiments performed on AIMP1-treated
PAEC showed that exogenous AIMP1 distributes in the cells with an
asymmetric pattern and that it concentrates in the cell protrusions.
Observation of the peculiar distribution pattern of AIMP1 when
administered to cells and co-localization with two important
cytoskeleton-related proteins (filamin and cingulin) led us to
speculate that AIMP 1 might affect cellular architecture maintenance
and remodeling. The ability of EMAP II to interfere with cell
cytoskeleton organization has already been described. Keezer et al.
[2003] demonstrated that, in adherent ECs, EMAP II stimulation
caused an increase of intracellular actin fibers and focal adhesion.
On the other hand, Schwarz et al. [2005] have demonstrated that
microvascular ECs exposed to EMAP II during the adhesion process
undergo rapid disassembly of the actin stress fiber network. These
results highlight two contexts in which EMAP II interferes with cell
cytoskeleton organization.

Results obtained by “fishing”” new AIMP1 interactors strengthen
the hypothesis of the role of AIMP1 in modifying cell structure by

controling adhesion and cytoskeletal remodeling. In particular, four
cytoskeletal or cytoskeleton-associated proteins interacting with
AIMP1 have been discovered: vinculin, cingulin, a-tubulin, and
filamin-A.

Among these, vinculin is localized at the cell membrane in cell-
cell junctions and cell-substrate junctions [Sechi and Wehland,
2000] and cingulin is localized at tight junctions in confluent
cells [Guillemot et al., 2004] while diffusely distributed within
the cytoplasm in subconfluent cells [Stevenson et al., 1989]; a/B
tubulin heterodimers constitute the MTs [Sechi and Wehland,
2000; Pelling et al.,, 2007] and filamins are actin-binding
proteins stabilizing the three-dimensional actin filament networks
and linking them to cellular membranes [Zhou et al., 2010].
Therefore, the signalling pathway activated by exogenous AIMP1
on ECs could involve these different types of cytoskeletal
structure.

The results of experiments in search of AIMP1 interactors,
together with the data from the biological assays and immuno-
fluorescence analysis, suggest a possible involvement of proteins
controling adhesion and cytoskeletal remodeling in the signaling
pathway activated by exogenous AIMP1 in PAEC.

Finally, the phosphoproteomic experiments demonstrated that a-
tubulin rapidly gets phosphorylated upon PAEC treatment with
AIMP1. The significance of a-tubulin phosphorylation is still under
debate. Wandosell et al. [1987] have shown that, when phosphory-
lated, tubulin does not assemble into polymers and, thus, is not
incorporated in MTs. Faruki et al. [2000] showed that phosphory-
lated tubulin was assembled into MTs only slightly less than
untreated tubulin. However, more recently, Fourest-Lieuvin et al.
[2006] observed a poor incorporation of phosphorylated tubulin in
MTs and concluded that phospho-tubulin has an impaired
polymerization capacity. Thus, treatment of PAEC with AIMP1
could impair MT formation by stimulating a-tubulin phosphoryla-
tion and interfere with processes such as cellular transport,
adhesion, regulation of cell shape, polarity, and motility. Never-
theless, the biological implications of a-tubulin phosphorylation
would need to be established.

The fact that the other proteins found to interact with AIMP1 in
this study (i.e., vinculin, cingulin, and filamin-A) were not found to
be differentially phosphorylated does not mean they do not undergo
post-translational modification (PTM) following PAEC stimulation
with exogenous AIMP1. They could undergo PTM other than
phosphorylation or at time points different from those analyzed in
this work. Furthermore, the sensitivity of the 2-DE phosphopro-
teomic technique may not be high enough to reveal all the four
proteins found to interact with AIMP 1. In this sense, a more sensitive
technique could be used in future studies in order to understand if
also vinculin, cingulin, and filamin-A undergo phosphorylation
upon PAEC treatment with AIMP1.

In conclusion, on the basis of our results and literature data, we
propose a cellular mechanism by which AIMP1 interacts with o581
integrin and, upon cell uptake, interacts with a complex composed
of at least four cytoskeletal proteins (a-tubulin, vinculin, cingulin,
and filamin-A) on the cytosolic face of the cell membrane.
Interaction and/or activation of these proteins could regulate
cellular architecture maintenance and remodeling.
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