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Background: Fibronectin harbors a cryptic antiadhesive site that is able to inactivate �-1 integrins.
Results: Spontaneous anoikis of nontransformed fibroblasts was caused by exposure of this antiadhesive site and its recognition
by membrane-resident eEF1A.
Conclusion: eEF1A functions as a membrane receptor triggering cell detachment, resulting in anoikis.
Significance: The results demonstrate a new function of eEF1A that contributes to cell regulation, including anoikis.

Anoikis, apoptosis because of loss of cell anchorage, is crucial
for tissue homeostasis. Fibronectin not only provides a scaffold
for cell anchorage but also harbors a cryptic antiadhesive site
capable of inducing �1-integrin inactivation. In this study, this
cryptic antiadhesive site is implicated in spontaneous induction
of anoikis. Nontransformed fibroblasts (NIH3T3) adhering to a
fibronectin substratumunderwent anoikis during serum starva-
tion culture. This anoikis was caused by proteolytic exposure of
the cryptic antiadhesive site in fibronectin by matrix metallo-
proteinase. Eukaryotic elongation factor 1A (eEF1A) was iden-
tified as a membrane receptor for the exposed antiadhesive site.
Serum starvation raised themembrane residence of eEF1A, and
siRNA-based disruption of this increase rendered cells anoikis-
resistant. By contrast, cells became more susceptible to anoikis
in parallel with increased membrane residence of eEF1A by
enforced expression. These results demonstrate that eEF1A acts
as a membrane receptor for the cryptic antiadhesive site of
fibronectin, which contributes to cell regulation, including
anoikis, through negative regulation of cell anchorage.

Cell adhesion to the extracellular matrix (ECM)2 is an essen-
tial biological event for cell survival and proliferation in multi-
cellular organisms. Disruption of integrin-mediated cell adhe-
sion leads to a specific type of apoptosis known as anoikis in
most nontransformed cells (1, 2). Anoikis plays an important
role in the physiological elimination of cells during develop-
ment and maintenance of tissue homeostasis. It also functions
in the pathogenesis of disease states, such as ischemia and tissue

fibrosis (3, 4). The development of resistance to anoikis has
been implicated in disordered tumor cell growth andmetastasis
(5, 6). In contrast to our understanding from numerous studies
of the intracellular signaling for apoptosis that follows disrup-
tion of cell anchorage, the molecular basis underlying cell
detachment is not fully understood. Moreover, little informa-
tion is available regarding whether cell detachment is an active
cellular process triggered by a distinct biochemical factor or a
secondary process resulting from other biological events, such
as degradation of the ECM.
The ECM provides not only a structural scaffold for cell

anchorage but also a variety of biological signals for regulation
of cellular processes such as survival, growth, differentiation,
gene expression, and migration. It has become apparent that
some of these signals are derived from cryptic functional sites
within the ECM protein molecules that are exposed by proteo-
lytic cleavage or conformational change in the ECM protein
molecules (7, 8). Fibronectin, a key protein component of the
ECM, plays a major role in survival and proliferation of many
cell types through signal transduction via the fibronectin recep-
tors (integrin�5�1 and�4�1) (9, 10). Several cryptic functional
sites have also been found in fibronectin, particularly in the
fibronectin type III repeat (FNIII) (11–14). We found previ-
ously that the amino acid sequence YTIYVIAL, buried within
the structure of the 14th FNIII repeat, opposes cell adhesion to
the extracellular matrix (15, 16). This antiadhesive site can be
exposed by either proteolytic cleavage with matrix metallopro-
teinase (MMP)-2 or a conformational change in fibronectin
(17). A 22-mer fibronectin peptide with the exposed antiadhe-
sive site FNIII14 is capable of inhibiting cell adhesion to the
ECM by inducing the conformational change in �1-integrins
necessary for its functional inactivation (18, 19). On the basis of
this antiadhesive effect, peptide FNIII14 influences a variety of
anchorage-dependent cellular processes, such as cell survival
(18, 20), differentiation (21, 22), and migration/invasion (19).
The antiadhesive effect of the cryptic site appears to be
expressed through an interaction with a membrane protein of
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50 kDa (p50) (21, 23), although its identity has not been
clarified.
In this study, we investigated the spontaneous induction of

anoikis in nontransformed fibroblasts (NIH3T3) adhering to
the fibronectin substratum, which occurs during serum starva-
tion culture. Serum starvation culture has been used as an in
vitro culture model to mimic the in vivo microenvironment of
ischemic tissue and the tumor niche, which is characterized by
nutritional starvation and reduced oxygen levels (24, 25). We
first showed that apoptosis of NIH3T3 cells is due to spontane-
ous cell detachment from the fibronectin substratum. Anoikis
during serum starvation culture was caused by proteolytic
exposure of the cryptic antiadhesive site in fibronectin towhich
cells adhered. It is surprising that eukaryotic translation elon-
gation factor 1A (eEF1A)was identified as a putativemembrane
receptor mediating the antiadhesive effect of this exposed site.
eEF1A is a key player of the cytoplasm in polypeptide chain
elongation during protein translation (26, 27). Although there
have been no reports of the membrane localization of eEF1A,
our results of immunofluorescence confocal microscopic and
flow cytometric analyses and immunoprecipitation studies
support the residence of eEF1A on the outer cell surfaces.
Membrane residence of eEF1A was increased during serum
starvation culture, and disruption of this increase by RNA
interference rendered cells resistant to anoikis. Enforced
expression also raised membrane residence of eEF1A, which
rendered cells more susceptible to serum starvation-induced
anoikis. Besides the canonical role as a cytosolic factor in poly-
peptide chain elongation during protein translation, our results
provide evidence of a new function of eEF1A as a membrane
receptor for triggering cell detachment from the ECM, which
contributes to cell regulation, including anoikis.

EXPERIMENTAL PROCEDURES

Materials and Antibodies—BB-94 (Matimastat) was pur-
chased from Tocris Bioscience and used at concentrations of
50–100 nM. The MMP-2/MMP-9 inhibitor II, (2R)-[(4-biphe-
nylylsulfonyl)amino]-N-hydroxy-3-phenylpropionamide was
obtained from Calbiochem. Peptide FNIII14 (TEATIT-
GLEPGTEYTIYVIALC) and its inactive mutant peptide
FNIII14mut (TEATITGLEPGTEYTAYVAALC) were pur-
chased fromOperon Biotechnology (Tokyo). Monoclonal anti-
bodies recognizing the active conformation of the human
(AG89) andmouse (9EG7) integrin �1 subunit were purchased
from MBL and BD Biosciences, respectively. 9EG7 was used
also for activation of mouse �1-integrins. Anti-human
fibronectin monoclonal antibody (FNH3-8), recognizing the
12th type III repeat of the heparin-binding domain II, was
obtained from TaKaRa Bio, Inc. Anti-EF1A monoclonal anti-
body (CBP-KK1) was from Upstate (Millipore). A function-
blocking antibody against the antiadhesive site of fibronectin
was prepared as follows. Rabbits were immunized with a syn-
thetic peptide (CLEPGTEYTIYVIALK) containing the active
sequence coupled with thyroglobulin. The IgG fraction of rab-
bit serum was applied to Sepharose beads coupled with the
synthetic peptide immunogen. Eluted IgG was used as anti-
FNIII14 antibody. Conjugation of peptide FNIII14with ovalbu-
min (FNIII14-OVA) was prepared using maleimide-activated

ovalbumin (Pierce) according to the manufacturer’s protocol.
Anti- GST monoclonal antibody was obtained from Abgent,
Inc.
Cells and Transfection—Nontransformed mouse NIH3T3

fibroblast cells were cultured in DMEM containing 10% calf
serum. Human fibrosarcoma-like cell line WI38VA and mouse
colon cancer cell line Colon26M3.1 were grown in RPMI 1640
mediumcontaining10%fetalbovineserum.HumaneEF1AcDNA
was amplified by polymerase chain reaction using a cDNA library
obtained from U937 cells and two primers (5�-CTGCGC-
GAATTCAAATGGGAAAGGAAAAGACT-3� and 5�-ATT-
AGGGCGGCCGCTCATTTAGCCTTCTGAGCTTT-3�). The
PCR product digested by EcoRI and NotI was subcloned into
EcoRI-NotI-digested pCMV-Myc mammalian expression vector
(Clontech). The identity of the inserted cDNA was confirmed by
DNA sequencing with a 3730xl DNA analyzer (Applied Biosys-
tems). Cells were washed and used at 48 h following transfection
using LT-1 transfection reagent (TaKaRa) for NIH3T3 cells or
Lipofectamine for WI38VA13 cells. siRNA of eEF1A1 (sense,
GGAUGUCUACAAAAUUGGUtt and antisense, ACCAAU-
UUUGUAGACAUCCtg) (GenBankTM accession no. NM_
001402) and the negative control siRNA were obtained from
Ambion. The siRNAs were transfected into cells using NIH3T3
transfection reagent (AltogenBiosystems), and the cellswere used
at 48 h after transfection.
Antiadhesive Effect—The antiadhesive effect of peptide

FNIII14 or FNIII14-OVA was evaluated by the inhibitory
effects either on cell adhesion to fibronectin (19) or �1-integrin
activation as follows. For cell adhesion, cells suspendedwith the
serum-free medium with or without the sample to be tested
were seeded onto a 96-well plate coated with fibronectin, incu-
bated for 30–60min, and then fixedwith formalin. After wash-
ing off unadhered cells, cells adhered to the fibronectin substra-
tumwere counted as described previously (28). For �1-integrin
activation, activation of �1 integrins on the cells was evaluated
by flow cytometric analysis (FACS Aria, BD Biosciences) using
9EG7, a monoclonal antibody recognizing the active �1-integ-
rin conformation-specific epitope (29), as described previously
(18).
Cell Survival—Cell survival during serum starvation culture

was determined as described previously (28). Briefly, cells sus-
pended with serum-free medium were seeded onto a 96-well
plate coated with fibronectin and cultured in the presence or
absence of the sample to be tested for the indicated periods. The
number of surviving cells was evaluated on the basis of theWST
assay using the cell counting kit (Wako Pure Chemicals,
Tokyo).
Affinity Labeling of p50 and Its Purification and Iden-

tification—Amembrane protein, p50, that has specific binding
affinity for peptide FNIII14 was affinity-labeled using biotin-
ylated FNIII14 as described previously (23). Briefly, cells were
incubated with biotinylated FNIII14 in the presence or absence
of a 10-fold molar excess of unlabeled FNIII14 or an inactive
control peptide, FNIII14mut. Biotinylated FNIII14 was pre-
pared by labeling peptide FNIII14 with water-soluble, mem-
brane-impermeable analog of NHS-LS-biotin, EZ-link sulfo-
NHS-LC-biotin (Pierce) (30). Binding of biotinylated FNIII14
to p50 was covalently cross-linked with a water-soluble
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cross-linker, 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide
(Pierce). Cell viability after affinity labeling was higher than
90%. p50 was detected by immunoblot analysis of cell lysates
using peroxidase-labeled avidin. For the identification of p50
protein, 5 � 109 K562 cells was used for the affinity labeling,
and the crude membrane-enriched fraction was prepared (31).
The lysate of themembrane-enriched fraction was subjected to
affinity chromatography usingmonomeric avidin-immobilized
beads (Pierce). p50 bound to the beads was eluted with biotin
and separated by SDS-PAGE. In-gel tryptic digestion, MALDI-
TOF-MS, and protein identification by peptide mass finger-
printing were performed as described previously (32).
Immunofluorescence Confocal Microscopy—Cells were

seeded on eight-well chamber slides coated with fibronectin
and allowed to adhere for 3 h. Live cells were incubatedwithout
permeabilization with anti-eEF1A IgG (Upstate) (5 �g/ml) in
PBS(-) containing 1% BSA at 4 °C for 2 h. After washing off the
primary antibody, cells were fixed with 4% paraformaldehyde
for 10min, washedwith PBS(-), and then blockedwith 5%BSA-
containing PBS(-). The primary antibody was labeled with
FITC-conjugated goat anti-rabbit IgG at a dilution of 1:2000
with PBS(-) containing 1% BSA for 60 min. Alternatively,
immunofluorescence staining was performed after fixation
with paraformaldehyde and permeabilization with 0.1% Triton
X-100. In either case, cells were observed by confocal laser
scanning microscopy (Fluoview FV1000, Olympus). The
images acquired were processed with FV10-ASW software
(Olympus).
Flow Cytometry—Flow cytometry was performed on a FAC-

Scan cytometer (FACS Aria) according to the manufacturer’s
protocol. The cell suspension was incubated with anti-eEF1A
IgG (2 �g/ml) (Upstate) or anti-�1 integrin 9EG7, followed by
FITC-labeled anti-mouse IgG. In the analyses, propidium
iodide-positive cells were excluded in our final flow cytometry
analysis to avoid inaccuracies caused by dead or decaying cells.
Cell Surface Biotinylation and Immunoprecipitation Anal-

ysis—Subconfluent cells were incubated with cell membrane-
impermeable EZ-Link sulfo-NHS-LC-biotin (Pierce) (30) or
with PBS (control) for 60 min at 4 °C. Cell viability after biotin-
ylation was higher than 95%. After washing, cell lysates were
incubatedwith anti-biotin goat IgG, immunoprecipitated using
protein G beads, and subjected to immunoblot analysis using
anti-EF1A monoclonal antibody and peroxidase-labeled anti-
mouse IgG.
Preparation of Recombinant eEF1A Protein—cDNAs encod-

ing full-length human eEF1A was amplified by PCR with a
specific primer set as follows. Sense, 5�-AAGGATCCATGGG-
AAAGGAAAAGACTCATATCAACAT-3� and antisense, 5�-
GAGAATTCTCATTTAGCCTTCTGAGCTTTCTGGG-3�.
PCR products were sequenced and inserted into pGEX-2TK
using the BamHI and EcoRI sites within the primer domain.
Escherichia coli Rosetta-competent cells were transformed
with pGEX-2TK containing human eEF1A1 DNA, and protein
expression was induced with 0.1 mM isopropyl-�-D-thiogalac-
topyranoside. Cells were then collected and lysed by sonication
in PBS containing 1% Triton X-100 and proteinase inhibitors.
GST-tagged human eEF1A was trapped from the soluble frac-
tion using glutathione-Sepharose 4B (GEHealthcare), and then

trapped protein was eluted by 50 mM Tris HCl (pH 8.0) con-
taining 5 mM glutathione (reduced form).
Binding Analysis of eEF1A Protein with Peptide FNIII14—

The binding of peptide FNIII14 to GST-eEF1A fusion protein
was confirmed by ELISA. In brief, anti-GST monoclonal anti-
body (0.5 �g/ml) was coated onto an ELISA plate, and the plate
was blocked with Tris-buffered saline containing 0.1% Tween
20 and 2%BSA (blocking buffer). Thewellswere incubatedwith
GST-eEF1A (500 nM) in blocking buffer at 37 °C for 2 h. After
washing four times with blocking buffer, the wells were then
incubated with the increasing concentrations of biotinylated
FNIII14 or biotinylated FNIII14mut at 37 °C for 2 h in the pres-
ence or absence of unlabeled FNIII14 (10-fold molar excess of
biotinylated FNIII14). After extensive washing, the amount of
biotinylated FNIII14 bound to eEF1A was measured at 450 nm
using streptavidin-peroxidase and o-phenylenediamine.
Statistics—Unpaired Student’s t tests were used for statistical

evaluation. Data are presented as mean � S.D.

RESULTS

Proteolytic Exposure of the Cryptic Antiadhesive Site within
the FibronectinMoleculeCausesAnoikis—NIH3T3 cells adhere
to the fibronectin substratum mainly via integrin �5�1 (28).
When NIH3T3 cells adhering to the fibronectin were cultured
under serum-starved conditions, the number of viable cells
decreased in a time-dependent manner, which was in parallel
with an increase in the detached cell number (Fig. 1A). This
decrease in the viable cell number was accompanied by an
increase in DNA fragmentation, whichwas blocked by addition
of the general caspase inhibitor z-VAD fmk (Fig. 1, A and B).
NIH3T3 cells became resistant to apoptosis depending on the
coating concentration of fibronectin (Fig. 1C). Moreover,
serum starvation-induced apoptosis was reduced by treatment
with an anti-�1 integrin antibody, 9EG7, that is able to activate
�1-integrins (29) (Fig. 1C). In contrast, the decrease in cell via-
bilitywas accelerated by theRGD-containing peptide, an antag-
onist for integrin �5�1 (Fig. 1A). Thus, apoptosis of NIH3T3
cells adhering to the fibronectin substratum was shown to be
anoikis.
Peptide FNIII14 added in solution, which was capable of

interfering with NIH3T3 cell adhesion to the fibronectin by
inactivating �1-integrins (supplemental Fig. S1), accelerated
anoikis in NIH3T3 cells adhering to the fibronectin substratum
(Fig. 2A). Of note, peptide FNIII14 also accelerated anoikis
when coated on the culture plate in combinationwith fibronec-
tin (Fig. 2A). The peptide FNIII14 coated over the fibronectin
substrate would mimic the exposed antiadhesive site in the
fibronectin substratum to which cells adhere. Therefore, the
results led to speculate that anoikis of NIH3T3 cells might
be triggered by exposure of the cryptic antiadhesive site within
the fibronectin molecule. To verify this, we prepared an anti-
body capable of blocking the antiadhesive effect of peptide
FNIII14. A polyclonal antibody (�-FNIII14, see “Materials and
Methods”) able to abrogate the antiadhesive effects of peptide
FNIII14 was obtained (supplemental Fig. S1, A and B). Of
importance, this function-blocking antibody was also capable
of reducing anoikis of NIH3T3 cells (Fig. 2B). Preimmune con-
trol IgG and another antibody recognizing the heparin-binding
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domain II of fibronectin, which is located near the peptide
FNIII14 region, had no effect (Fig. 2B). Furthermore, either a
broad-spectrumMMP inhibitor (BB-94) or a specific inhibitor
of MMP-2 and MMP-9 ((2R)-[(4-biphenylylsulfonyl)amino]-
N-hydroxy-3-phenylpropionamide) also reduced anoikis of
NIH3T3 cells (Fig. 2C). Supporting this result is the fact that
gelatinolytic activity was detected in the culture medium at
around 68 and 62 kDa (Fig. 2D), which corresponds to the
molecular weight of the proform and active form of MMP-2,
respectively. In fact, degradation of fibronectin molecules
coated as the adhesion substratum was observed during the
culture of NIH3T3 cells, in which the fibronectin molecule was
degraded in a time-dependent manner, concomitant with
increases in fibronectin fragments containing the epitope of the
anti-FNIII14 antibody (supplemental Fig. S2). These results
suggest that proteolytic exposure of the cryptic antiadhesive
site in fibronectin was responsible for anoikis.
Identification of a Membrane Receptor for Triggering Cell

Detachment—We previously detected a membrane protein of
around 50 kDa (p50) that specifically binds to peptide FNIII14
with the exposed antiadhesive site (21, 23). p50 was detected on
a number of cell lines, including NIH3T3 (Fig. 3, A and C) and
human fibroblasts (WI38VA13) (supplemental Fig. S3), both of
which were susceptible to the antiadhesive effect of peptide
FNIII14, but not on other cell lines, including Colon26M3.1,
which did not respond to peptide FNIII14 (Fig. 3, B and D).

Taken together with the result that FNIII14 also exhibited an
antiadhesive effect when coated on the culture plate, it appears
that p50 might act as a membrane receptor associated with
anoikis induction. To identify this putative membrane recep-
tor, p50 affinity labeled with biotinylated FNIII14 was isolated
(supplemental Fig. S4) and subjected to mass spectrometric
analysis. Surprisingly, the sequences of four peptides derived
from purified p50 were found to be identical to those of eEF1A
(supplemental Fig. S4) (33).
The canonical role of eEF1A in protein translation is associ-

ated with a cytoplasmic function (26, 27). To ascertain whether
eEF1A is indeed resident on the outer surface of the plasma
membrane, we sought to verify the location of eEF1A on the
plasma membrane by immunofluorescence confocal micros-
copy and flow cytometry using a monoclonal antibody recog-
nizing human eEF1A and WI38VA13 cells, which highly
express eEF1A. In this series of analyses, we took particular care
to avoid any inaccuracies that may be caused by dead or decay-
ing cells. In confocal microscopic analysis, cells were immuno-
stained alive without requiring fixation or permeabilization.
With regard to WI38VA13 cells, immunoreactivity of anti-
EF1Amonoclonal antibody was detected along the cell periph-
ery with no significant fluorescence inside the cell (Fig. 4A).
When the images of longitudinal optical sections were recon-
structed, the labeling along the cell periphery, but not inside,
was evident (Fig. 4A). No specific fluorescence was detected in

FIGURE 1. Serum starvation-induced anoikis of NIH3T3 cells adhering to the fibronectin substratum. NIH3T3 cells were seeded onto a 96-well plate
coated with fibronectin (0.25 �g/ml or as indicated) and then cultured with serum-free medium. After culture for the indicated periods, the number of viable
cells was evaluated by WST assay (see “Materials and Methods”). A, time-dependent decrease in cell survival (E, �, and ‚ with solid lines) and increase in cell
detachment (●, f, and Œ with dashed lines) during serum starvation. E and ●, medium alone (control); ‚ and Œ, � peptide GRGDSP (200 �g/ml); � and f, �
z-VAD fmk (100 �M). Each point represents the mean � S.D. of triplicate determinations. One of three individual experiments is shown. *, p � 0.001 compared
with viable cells for control on day 0; **, p � 0.001 compared with percentage of detached cells for control on day 0. B, DNA fragmentation in serum starvation
culture. a, none (medium alone) on day 0 (sub-G1, 9%). b, none (medium alone) on day 2 (sub-G1, 63%). c, � z-VAD fmk on day 2 (sub-G1, 18%). DNA
fragmentation was assayed using the cycle TEST PLUS DNA reagent kit. Data shown are representative of three individual experiments. C, effect of integrin
activation on survival of NIH3T3 cells cultured with serum-free medium with or without the addition of IgG and/or 9EG7 on plates coated with the indicated
concentration of fibronectin Each point represents the mean � S.D. of triplicate determinations. One of three individual experiments is shown. *, p � 0.005
compared with the value on day 0; **, p � 0.01 compared with the value for fibronectin concentration of 0.25 �g/ml on Day 2; ***, p � 0.05 compared with the
control.
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Colon26M3.1 cells (Fig. 4B), which did not respond to peptide
FNIII14. Control cells incubated with preimmune IgG failed to
exhibit specific staining. On the other hand, when cells were
fixed and permeabilized, immunofluorescence was detected in
the cytoplasm (Fig. 4C). In flow cytometric analysis, cells were
also incubated with propidium iodide in parallel with the
immunofluorescence staining to exclude dead and decaying
cells from the final analysis. Flow cytometry patterns revealed
cell surface residence of eEF1A onWI38VA13 cells but not on
Colon26M3.1 cells (Fig. 4D).

To define the molecular relationship between eEF1A and
p50, a membrane protein with specific binding affinity for pep-
tide FNIII14, p50, of WI38VA13 cells affinity-labeled with
biotinylated FNIII14 was examined. p50 affinity labeled with
biotinylated FNIII14 could be immunoprecipitated by anti-
biotin antibody and detected by anti-EF1A antibody as a clear
50-kDa band (Fig. 5A, a). Similarly, p50 affinity-labeled with
biotinylated FNIII14, which was immunoprecipitated by anti-
EF1� antibody, could be detected by anti-biotin antibody (Fig.

5A, b). Furthermore, cell surface proteins were tagged with
membrane-impermeable biotin (30) with no significant de-
crease in cell viability, and the cell lysate was then subjected to
immunoprecipitation with anti-eEF1A antibody. As expected,
a 50 kDa band was detected by anti-biotin antibody in the pre-
cipitate (Fig. 5B). The immunoprecipitation study also showed
that p50 of NIH3T3 cells is immunochemically indistinguish-
able from eEF1A (supplemental Fig. S5).
The binding between eEF1A and peptide FNIII14 was exam-

ined by ELISA. Purified GST-eEF1A fusion protein was immo-
bilized onto an ELISA plate coated with anti-GST monoclonal
antibody and then incubated with biotinylated FNIII14. As
shown in supplemental Fig. S6, eEF1A had the ability to bind to
biotinylated FNIII14, but not to biotinylated FNIII14mut, in a
dose-dependent manner, and the binding of biotinylated
FNIII14 to eEF1A was displaced competitively by unlabeled
FNIII14. Thus, these results strongly suggest that eEF1A is res-
ident on the outer surface of the plasma membrane and acts
there as a specific binding protein for peptide FNIII14.

FIGURE 2. Exposure of the cryptic antiadhesive site in fibronectin is responsible for serum starvation-induced anoikis. NIH3T3 cells were cultured under
various conditions in serum-free medium for 1 or 2 days, and cell viability was determined as described under “Materials and Methods.” A, NIH3T3 cell
suspension with or without 9EG7 (20 �g/ml) were seeded onto a 96-well plate coated with either fibronectin alone (0.25 �g/ml) (a) or fibronectin (0.25 �g/ml)
and FNIII14-OVA (0, 50, or 200 �g/ml) (b). Cells were cultured with serum-free medium in the presence (a) or absence (b) of peptide FNIII14 at the indicated
concentrations (0 –100 �g/ml). *, p � 0.01 compared with day 0. **, p � 0.05 compared with the value without FNIII14 on day 2; ***, p � 0.01 compared with
control. B, cells were seeded onto a 96-well plate coated with fibronectin and then cultured with or without the following factors: IgG, preimmune normal IgG
(20 �g/ml); �-HepII, anti-heparin-binding domain II of fibronectin (FNH3– 8) (20 �g/ml); �-FNIII14, anti-FNIII14 function-blocking antibody (0, 10, or 20 �g/ml).
*, p � 0.01 compared with day 0; **, p � 0.05 compared with the value without antibody on day 2. C, cells were seeded onto a 96-well plate coated with
fibronectin and then cultured with or without the following factors: BB-94, a broad spectrum MMP inhibitor (50 or 150 nM); BiPS, (2R)-[(4-biphenylylsulfonyl)-
amino]-N-hydroxy-3-phenylpropionamide, a specific inhibitor of MMP-2 and MMP-9 (2.5 or 10 �M). *, p � 0.01 compared with day 0; **, p � 0.05 compared with
the value without MMP inhibitors on day 2. Each point represents the mean � S.D. of triplicate determinations. One of three or four individual experiments is
shown. D, gelatin zymography of culture supernatant of NIH3T3 cells. NIH3T3 cells (1 � 104 cells in lane 1 and 5 � 104 cells in lane 2) were cultured on the
fibronectin substrate with serum-free medium for 18 h. An aliquot of the supernatant was subjected to gelatin zymography. Data shown are representative of
two individual experiments.
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FIGURE 3. Correlation between cellular susceptibility to peptide FNIII14 and p50, a membrane protein with specific binding affinity to peptide
FNIII14. A and B, effects of peptide FNIII14 (indicated concentrations) or inactive control peptide FNIII14mut (100 �g/ml) (mut) on adhesion of NIH3T3 (A) or
Colon26M3.1 (B) cells were assayed. Each point represents the mean � S.D. of triplicate determinations. One of three individual experiments is shown. *, p �
0.01 compared with the value without FNIII14 on fibronectin. C and D, p50 of NIH3T3 (C) and Colon26M3.1 (D) cells was detected by affinity labeling using
biotinylated FNIII14 (Bi-III14) in the presence or absence of a 10-fold molar excess of unlabeled FNIII14 (III14) or inactive control peptide FNIII14mut (III14mut),
as described under “Materials and Methods.” Bands with asterisks in C and D represent staining because of nonspecific binding of biotinylated FNIII14, which
are detected in many other cell types (supplemental Fig. S3) (21, 23) but are not detected by immunoblot analysis (IB) using anti-EF1A antibody (supplemental
Fig. S4). Data shown are representative of three individual experiments.

FIGURE 4. Subcellular localization of eEF1A in WI38VA13 and Colon26M3.1 cells. Subcellular localization of eEF1A was investigated in living WI38VA13 (A)
and Colon26M3.1 (B) cells or in WI38VA13 cells fixed with paraformaldehyde (C) as visualized by confocal microscopy. A and B, cells were incubated with
anti-EF1A monoclonal antibody at 4 °C for 2 h (incubation at low temperature to avoid internalization of antigen-antibody complex) and then with FITC-labeled
anti-mouse IgG antibody at room temperature for 1 h. a in A and B show differential interference contrast images. b, the images were constructed from a z-series
of optical sections. c and d, the images were produced by vertically slicing the original z-series dataset; a consecutive series of longitudinal optical sections.
C, WI38VA13 cells were fixed with 4% paraformaldehyde and then permeabilized with 0.03% Triton X-100. Cells were incubated with anti-eEF1A, FITC-labeled
anti-mouse IgG antibody and then propidium iodide. a is the image of a cross-section. b and c show the images of longitudinal optical sections as above. D, flow
cytometric analysis of membrane-resident eEF1A. WI38VA13 and Colon26M3.1 cells were incubated with anti-EF1A monoclonal antibody followed by FITC-
labeled anti-mouse IgG. All data shown are representative of three individual experiments.
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Functional Association between Membrane-resident eEF1A
and Serum Starvation-induced Anoikis—First, we examined
the functional association between membrane-resident eEF1A
and the antiadhesive effect of peptide FNIII14. Enforced over-
expression of eEF1A caused an increase in the membrane resi-
dence of eEF1A, as detected by affinity labeling and flow cytom-
etry (Fig. 6, A and B). This was accompanied by an increase in
the membrane level of the FNIII14-binding protein p50 (Fig.
6A). Furthermore, inhibition of cell adhesion to the fibronectin
(Fig. 6C) and �1-integrin activation (D) by FNIII14 became
more remarkable in cells after overexpression of eEF1A. Con-
versely, siRNA-based down-regulation of eEF1A expression
reduced the p50 band intensity and cell surface residence of
eEF1A (Fig. 7, A and B). Down-regulation of eEF1A expression
also made cells resistant to the antiadhesive effects of peptide
FNIII14 (Fig. 7C). Thus, susceptibility of cells to the antiadhe-
sive effect of FNIII14 was dependent on the level of membrane
residence of its receptor, eEF1A.
Finally, the functional association between membrane-resi-

dent eEF1A and anoikis was examined. As shown in Fig. 8A, the
membrane-resident level of eEF1Awas increased prior to anoi-
kis.When this increasewas disrupted byRNA interference (Fig.
8A), cells became more resistant to anoikis (B). Conversely,
overexpression of eEF1A, which caused an increase in the level
of membrane residence of eEF1A (Fig. 8C), rendered cells more
susceptible to anoikis (D). This increased susceptibility to anoi-
kis was reversed by the �-FNIII14 function-blocking antibody

FIGURE 5. Molecular relationship between p50 and eEF1A. A, WI38VA13
cells were affinity-labeled with biotinylated FNIII14, and their lysates were
immunoprecipitated (IP) using normal goat IgG (Ig) or anti-biotin goat IgG
(�Bi) and protein G beads. After centrifugation at 2,000 xg, Supernatants (Sup)
and precipitates (PPT) were subjected to immunoblot analysis (IB) using anti-
EF1A monoclonal antibody (a). b, immunoprecipitation was performed with
anti-EF1A monoclonal antibody (�EF) and immunoblot analysis using perox-
idase-labeled anti-biotin antibody. B, membrane proteins were labeled with a
water-soluble, membrane-impermeable biotin without any remarkable
decrease in cell viability. Cell lysates were immunoprecipitated with normal
goat IgG or anti-biotin goat IgG and then subjected to immunoblot analysis
using anti-EF1A monoclonal antibody as a primary antibody and peroxidase-
labeled anti-mouse IgG as a secondary antibody. Data shown are represent-
ative of three to four individual experiments.

FIGURE 6. Effect of enforced expression of eEF1A on cellular susceptibility to peptide FNIII14. WI38VA13 cells were transfected with an empty vector
(Vector) or eEF1A and then examined as follows. A, cells were affinity labeled with (�) or without (-) biotinylated FNIII14 and then subjected to immunoblot (IB)
analysis using anti-EF1A (�-EF), anti-myc (�-Myc), anti-biotin (�-Bi), and anti-actin (�-Actin) antibodies. B, cells treated as indicated were incubated with
preimmune normal IgG (blue lines) or anti-EF1A monoclonal antibody (red lines) as primary antibody and with FITC-labeled anti-mouse IgG and then subjected
to flow cytometry. C, inhibition of cell adhesion to the fibronectin substratum by peptide FNIII14 was assayed using cells transfected with an empty vector (blue
line with �) or with eEF1A (red line with f). Each point represents the mean � S.D. of triplicate determinations. One of three or four individual experiments is
shown. *, p � 0.01 compared with control (without FNIII14). D, inhibition of Mn2�-dependent �1-integrin activation by peptide FNIII14 was assayed by flow
cytometry using AG89, a monoclonal antibody against an active conformation of �1-integrins. Data shown in A, B, and D are representative of three individual
experiments.
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FIGURE 7. Effect of down-regulation of eEF1A expression on cellular susceptibility to peptide FNIII14. NIH3T3 cells were transfected with control siRNA
or eEF1A siRNA and then examined as follows. A, cells were affinity-labeled with (�) or without (-) biotinylated FNIII14 and then subjected to immunoblot
analysis (IB) using anti-biotin (�-Bi), anti-EF1A (�-EF), and anti-actin (�-Actin) antibodies. B, cells treated as indicated were incubated with preimmune normal
IgG (blue lines) or anti-EF1A monoclonal antibody (red lines) as primary antibody and then subjected to flow cytometric analysis. C, inhibition of cell adhesion
to the fibronectin substratum by peptide FNIII14 was assayed using untreated cells (blue line with ●) or cells transfected with control siRNA (red line with f) or
with eEF1A siRNA (pale blue line with Œ). Each point represents the mean � S.D. of triplicate determinations. One of three or four individual experiments is
shown. *, p � 0.05 compared with control (without FNIII14). D, inhibition of Mn2�-dependent �1-integrin activation by peptide FNIII14 was assayed by flow
cytometry as in Fig. 6D. Data shown in A, B, and D, are representative of three individual experiments.

FIGURE 8. Functional association between membrane-resident eEF1A and serum starvation-induced anoikis. In down-regulation of eEF1A expression,
NIH3T3 cells were transfected with control siRNA (Cont-si or cont siRNA) or eEF1A siRNA (eEF-siR or eEF1A siRNA) (a–d in A). In up-regulation of eEF1A, cells were
transfected with empty vector (vector) or eEF1A (eEF1A) (a– d in C). After culture for 48 h, parts of cells were subjected to evaluation of membrane-resident
eEF1A by flow cytometry as in Fig. 6B, and other parts were subjected to cell survival assay (B and D). Data shown in A and C are representative of four individual
experiments. Each point in B and D represents the mean � S.D. of triplicate determinations. One of four or five individual experiments is shown. *, p � 0.01
compared with control; **, p � 0.01 compared with cells transfected with control siRNA or vector; ***, p � 0.01 compared with lack of antibody.
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(Fig. 8D). These results suggest that an increase in the mem-
brane residence of eEF1A, as well as proteolytic exposure of the
cryptic antiadhesive site, was responsible for cell detachment
from the fibronectin substratum, resulting in anoikis.

DISCUSSION

Exposure of the Antiadhesive Site and Increased Membrane
Residence of eEF1A Cause Induction of Anoikis—Cell detach-
ment from the ECM is a trigger for the induction of anoikis. It
has been presumed that two biochemical processes, pericellular
proteolysis and retraction of ECM proteins, are mainly respon-
sible for cell detachment in vivo (34). However, considering the
central role of integrins in cell adhesion, we propose that a
change in the ligand-binding activity of integrins is also
involved. Integrins switch between an active, high ligand-bind-
ing affinity conformation and an inactive, low ligand-binding
affinity conformation (35, 36). Integrin-mediated cell regula-
tion is characterized by the presence of this inactive state. It is
therefore likely that inactivation of �1-integrins causes anoikis
by triggering cell detachment. However, little is known about
endogenous factors capable of inducing integrin inactivation.
We have previously demonstrated the presence of the cryptic
antiadhesive site within the fibronectin molecule. In this study,
we have shown that this cryptic antiadhesive site, once exposed,
can play a decisive role in anoikis induction. Serum starvation
appeared to stimulate MMP-2 excretion by NIH3T3 cells,
which contributed to exposure of the cryptic antiadhesive site
within the fibronectin molecule. Surprisingly, eEF1A was iden-
tified as a membrane receptor that mediates the anti-adhesive
effect of this exposed site. An increase in the membrane resi-
dent level of eEF1A also caused anoikis, although its mecha-
nism remains unclear. Thus, serum starvation served as an
inducer for the emergence of key determinants (an extracellular
stimulus and its receptor) necessary for cell detachment. Serum
starvation culture mimics the in vivo microenvironment of
ischemic tissue and tumors (37, 38). Besides nutritional starva-
tion, reduced oxygen is characteristic of ischemia and the
tumor niche (38). It would be interesting to investigate the
effect of hypoxia on membrane residence of eEF1A and expo-
sure of the cryptic antiadhesive site within the fibronectin
molecule.
Membrane Localization of the Translation Elongation Factor—

This is not the first demonstration that the translation elonga-
tion factor is expressed on the cell surface. Themembrane loca-
tion of EF-Tu, the prokaryotic homolog of eEF1A, has been
demonstrated in several prokaryotic cells (39–43). Interest-
ingly, it was reported that EF-Tu expressed on the outer mem-
brane surface has binding affinity toward ECM components,
including fibronectin. Several bacterial pathogens, including
Mycoplasma pneumoniae and Pseudomonas aeruginosa, utilize
the ECM-binding affinity of membrane-resident EF-Tu to
infect mammals and to spread to other organ sites. The amino
acid sequences of EF-Tu and eEF1A from various species are
highly similar. Probably because of this structural similarity,
they share many biochemical functions (26–27). Binding to
ECM components, including fibronectin, may be a common
characteristic for membrane-resident EF-Tu and eEF1A,
although their biological significances are entirely different.

On the other hand, colonization of mucosal surfaces is the
key initial step inmost bacterial infections (44). The accelerated
turnover and shedding of mucosal epithelial cells, so-called
exfoliation, is implicated in the innate defense mechanism
against bacterial infection (45, 46). Attachment of bacteria
seems to causally induce exfoliation of the infected epithelial
cells. It was demonstrated recently that some bacterial patho-
gens use special tactics to keep their infectious foothold. They
prevent detachment of infected epithelial cells through stabili-
zation of cell adhesion either by raising cell surface levels of
�1-integrins or by stimulating �1-integrin activation (46, 47).
Thus, the exfoliation of infected epithelial cells seems to be
controlled through an active cellular process stimulated by a
distinct biochemical factor(s). It would be interesting to deter-
minewhethermembrane-resident eEF1Aof host cells or EF-Tu
on pathogens is involved in the detachment of mucosal epithe-
lial cells. In any case, future studies should focus on the molec-
ular mechanisms underlying membrane transport of eEF1A
and inactivation of �1-integrins by the membrane-resident
eEF1A.
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