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Glutamate-induced Extracellular Proteolysis™
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Background: Glutamate-induced excitotoxicity is a poorly understood but major cause of neuronal degeneration.

Results: Glutamate increased membrane translocation of Annexin A2 (AnxA2), thereby increasing plasmin generation.
Conclusion: Glutamate-induced membrane translocation of AnxA2 is an important mediator of excitotoxicity.

Significance: Our study provides a mechanistic insight into glutamate-induced excitotoxicity and signifies AnxA2 as a potential

target in neurodegenerative diseases.

Glutamate-induced elevation in intracellular Ca>* has been
implicated in excitotoxic cell death. Neurons respond to
increased glutamate levels by activating an extracellular proteo-
Iytic cascade involving the components of the plasmin-plasmin-
ogen system. AnxA2 is a Ca®>"-dependent phospholipid binding
protein and serves as an extracellular proteolytic center by
recruiting the tissue plasminogen activator and plasminogen
and mediating the localized generation of plasmin. Ratiometric
Ca’* imaging and time-lapse confocal microscopy demon-
strated glutamate-induced Ca*>* influx. We showed that gluta-
mate translocated both endogenous and AnxA2-GFP to the cell
surface in a process dependent on the activity of the NMDA
receptor. Glutamate-induced translocation of AnxA2 is
dependent on the phosphorylation of tyrosine 23 at the N ter-
minus, and mutation of tyrosine 23 to a non-phosphomimetic
variant inhibits the translocation process. The cell surface-
translocated AnxA2 forms an active plasmin-generating com-
plex, and this activity can be neutralized by a hexapeptide
directed against the N terminus. These results suggest an
involvement of AnxA2 in potentiating glutamate-induced cell
death processes.

Excessive accumulation of excitatory amino acids such as
glutamate has been implicated in the pathogenesis of several
neurodegenerative diseases (1). The hypothesis of glutamate
excitotoxicity has been proposed to explain the molecular
mechanisms of glutamate-induced neuronal dysfunction and
degeneration (2, 3). Glutamate-induced intracellular increase
in Ca®>" levels leads to the hyperactivation of several normal
Ca®"-mediated physiological processes, including the activa-
tion of intracellular kinases, phosphatases, phospholipases, and
proteases that contribute to the degeneration of the neurons
(4). Despite intensive research, the mechanisms that contribute
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to glutamate-induced cellular loss are yet to be elucidated. In
neurodegenerative diseases like age-related macular degenera-
tion and retinitis pigmentosa, glutamate excitotoxicity has been
linked to successive loss of photoreceptor cells (5). To have a
better understanding of the mechanistic events of glutamate
excitotoxicity that lead to retinal degeneration, we investigated
the glutamate-induced, Ca®>*-mediated signaling events in a
cone-photoreceptor cell line, 661W. 661W has been shown to
express several markers of photoreceptor cells and to be sensi-
tive to oxidative stress, similar to observations recorded in pri-
mary retinal photoreceptor cells (6). Thus, understanding the
molecular mechanisms of glutamate-induced retinal degener-
ation can lead to the development of better therapeutic
approaches for neurodegenerative diseases, including age-re-
lated macular degeneration and retinitis pigmentosa. Our study
provides new insights into one of the mechanisms that might
contribute to glutamate-induced loss of photoreceptors in the
retina.

Recent evidence suggests that the components of the plas-
min-plasminogen system are involved in retinal degeneration
after ischemic and excitotoxic injury (7). The plasmin-plasmin-
ogen system is composed of a proteolytic cascade comprising
the two plasminogen activators, tissue plasminogen activator
(tPA)? and urokinase plasminogen activator, that culminate in
the conversion of the inactive zymogen substrate plasminogen
to active plasmin (8). Plasmin, a potent trypsin-like endopepti-
dase, cleaves the components of the extracellular matrix, like
laminin, and contributes to the detachment-induced apoptosis
or anoikis (8, 9). The culminating step in the plasmin-plasmin-
ogen proteolytic cascade is the generation of cell surface plas-
min (8). This is a highly regulated process mediated by several
cell surface receptors that act as binding sites for both the sub-
strate plasminogen and its activator, tPA (10).

AnxA2 has been identified as a common receptor with distinct
domains for the binding of tPA and its substrate, plasminogen (11).
AnxA2-mediated coassembly of tPA and plasminogen accelerates
the catalytic efficiency of tPA-mediated plasmin generation
60-fold (11). The mechanisms that regulate the plasmin-gener-

2 The abbreviations used are: tPA, tissue plasminogen activator; PGK, phos-
phoglycerate kinase; TIRF, total internal reflection.
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ating activity of AnxA2 could have potential contributions in
the pathogenesis of diseases in which the plasmin-plasminogen
system is implicated.

AnxA2 is a member of the family of Ca®>*-dependent anionic
phospholipid-binding proteins involved in mediating several
intracellular actions of Ca®>" (12). The anionic phospholipid-
and Ca®"-binding properties of AnxA2 are imparted by the
conserved carboxyl terminal core domain, whereas the variable
N terminus is the site for posttranslational modifications and
interactions with other proteins (13). The Ca®>*-binding resi-
dues in the conserved domain of AnxA2 comprise four repeats
of a 70-amino acid sequence called annexin repeats, and they
confer the ability of AnxA2 to interact reversibly with the cel-
lular membranes in a regulated manner (14). The N terminus
possesses phosphorylation sites on tyrosine 23, which is a sub-
strate for phosphorylation by Src kinase (12, 15), serine 25,
which has been reported to be phosphorylated by protein
kinase C in vitro and in vivo (16), and serine 11, which can only
be phosphorylated in vitro (17). Studies have also indicated that
AnxA2 is initially targeted to the phospholipid component of
the plasma membrane and that this binding mediates the phos-
phorylation of tyrosine 23 by Src kinase (18). Our previous
studies have shown that phosphorylation of AnxA2 at tyrosine
23 significantly promotes the transport of AnxA2 to the plasma
membrane (19).

Most members of the annexin family, including AnxA2,
are recruited to cellular membranes in response to several
stimuli that induce intracellular Ca?* mobilization (20).
Interaction of AnxA2 at the N terminus with p11/S100A10
or by phosphorylation has been proposed to play a regulatory
role in the Ca®*-dependent association to the cell mem-
branes (21). Here we used a glutamate-induced Ca®" influx
model in 661W cells to examine the Ca®>*-induced translo-
cation of AnxA2 and its N-terminal phosphorylation
mutants to the outer surface of the plasma membrane. Our
data indicate that glutamate induces the cell surface translo-
cation of AnxA2 and that phosphorylation of tyrosine 23 at
the N terminus of AnxA2 is an essential prerequisite for the
translocation process. We also show that glutamate-induced
cell surface translocation of AnxA2 is associated with a con-
comitant increase in the cell surface generation of plasmin,
which can be inhibited by a peptide directed against the N
terminus of AnxA2. Taken together, the data shown here
suggest that glutamate induces the cell surface translocation
of AnxA2, which can potentiate the glutamate-induced
degeneration of photoreceptor cells.

MATERIALS AND METHODS

Cell Culture and Glutamate Treatment—Initially, all work
was done on a supposed retinal ganglion cell line, RGC-5, but
later on it was found to be the transformed mouse photorecep-
tor cell line 661W (22). 661W was cultured in low-glucose
DMEM (Invitrogen) supplemented with 10% FBS (Invitrogen),
100 units/ml penicillin, and 100 pg/ml streptomycin (Invitro-
gen) in a humidified atmosphere of 95% air and 5% CO, at
37 °C. Differentiation of the 661W cells was achieved by sup-
plementing the conditioned medium derived from human non-
pigmented ciliary epithelial cells according to methods pub-
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lished previously (23). L-Glutamate (Glu) (Sigma-Aldrich)
concentrations of up to 500 um were used on the basis of liter-
ature published previously (24 -27).

Plasmid Constructs and Transient Transfection—For the
construction of a plasmid expressing AnxA2-GFP fusion pro-
tein (AnxA2-GFP), full-length AnxA2 was cloned into the
pEGFP-N1 vector (Clontech). We used site-directed mutagen-
esis kits (Clontech) to generate both single and double phos-
phorylation and non-phosphorylation mutants of AnxA2 at
tyrosine 23 and serine 25. The protein products of the mutants
will be subsequently called AnxA2Y23E-GFP, AnxA2Y23F-
GFP, AnxA2S25E-GFP, AnxA2S5A-GFP, AnxA2S11A-GFP,
AnxA2S11E-GFP, AnxA2Y23ES25E-GFP, AnxA2Y23FS25E,
AnxA2Y23ES25A, and AnxA2Y23FS25A. Transient transfec-
tion was performed according to protocols published previ-
ously (28).

Elution of Cell Surface AnxA2—Ca®"-binding proteins on
the cell surface were eluted by a procedure described previously
(29). Briefly, confluent 661W cells were washed with ice-cold
PBS and incubated in the presence of EDTA (Invitrogen) for 20
min at 37 °C. The EDTA washed from the cells is henceforth
referred to as EDTA eluates. The EDTA eluates were centri-
fuged and concentrated using NANOSEP Omega 10K filters
(Pall Corp.) and subjected to SDS-PAGE and Western blot
analysis. The EDTA eluates were checked for lack of cytosolic
proteins by immunoblotting with anti-3-phosphoglycerate
kinase (PGK) antibodies.

Cell Surface Biotinylation— 661W cells treated with gluta-
mate were washed three times with ice-cold PBS and biotiny-
lated with 0.5 mg/ml of sulfo-N-hydroxysulfosuccinimide
(NHS) biotin (Pierce) for 30 min at room temperature accord-
ing to protocols published previously (30). After a series of
washes, the cells were lysed in the presence of Triton-X-100
lysis buffer, and the surface -labeled proteins were purified by
incubation with avidin-conjugated Sepharose (Sigma) over-
night at 4 °C. After another series of washes, Laemmli sample
buffer was added to release the surface proteins, and they were
separated by SDS-PAGE (4 —12%), transferred onto nitrocellu-
lose membranes, and immunoblotted with anti-AnxA2 anti-
body (BD Transduction Laboratories) to detect endogenous
AnxA2 or anti-GFP antibody (Cell Signaling Technology) to
detect AnxA2-GFP fusion protein. pAnxA2 Tyr-23 antibody
that specifically recognizes the phosphorylated tyrosine residue
at the 23rd position of AnxA2 was obtained from Santa Cruz
Biotechnologies.

Total Internal Reflection (TIRF) Microscopy—For TIRF
microscopy (31), cells were grown on 22-mm glass coverslips
(VWR International) and fixed in 2% ice-cold paraformalde-
hyde in PBS for 10 min at 4 °C. The cells were treated with
anti-AnxA2 antibody (BD Transduction Laboratories, 1:500
dilution) for 3 h, washed three times with PBS, and later treated
with appropriate Alexa Fluor-conjugated secondary antibody
(Molecular Probes, 1:1000 dilution). The cells were observed
under an Olympus IX71 microscope equipped with a commer-
cial TIRF attachment using an Olympus X60 numerical aper-
ture 1.45 PlanApo oil objective and a Hamamatsu C4742-95
high-resolution digital camera utilizing a progressive scan
interline transfer charge-coupled device chip with no mechan-
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ical shutter and Peltier cooling. Images were acquired with
identical image acquisition parameters to monitor differences
in the fluorescence intensity between treated and untreated
cells. The TIRF microscope (Olympus IX 71with an Olympus
TIRF attachment) was set into TIRF mode by looking at a 100X
dilution of suspension of 0.1 um of fluorescent microspheres
(Molecular Probes, catalog no. F8800, FluoSpheres® carboxy-
late-modified microspheres, 0.1 wm, orange fluorescent, 2%
solids). The TIRF mirror was adjusted until microspheres
begun to flicker. That is, they would appear briefly and disap-
pear rapidly from the field of view. This indicated that the TIFR
angle was adjusted correctly. That is, spheres briefly entered the
TIRF volume and rapidly diffused away from it. If the angle was
too large, nothing could be seen. If the angle was too small, the
TIRF was not defined, and many spheres could be seen with low
contrast and no flicker.

Live Cell Imaging of Glutamate-induced Intracellular Ca**
Dynamics— 661W cells were grown on sterile glass coverslips
and loaded with 3 um Ca®" indicator dye, Fluo-3 (Molecular
Probes), in Ca®*-free, HEPES-buffered saline solution for 30
min at 37 °C. Ca®>*-dependent fluorescence responses of Fluo-3
were monitored in real time by live cell confocal imaging under
a Zeiss LSM 410 microscope using a Zeiss X40, 1.2 numerical
aperture C-Apochromat water immersion objective. After the
addition of 500 um glutamate, cells were imaged at an interval
10 s using LSM 4 software (Carl Zeiss) at 488-nm excitation and
526-nm emission wavelengths. To assess the extent of photo-
bleaching of Fluo-3, the loaded cells were exposed to laser illu-
mination continuously for 5 min.

Intracellular Ca®" ([Ca®"],) Measurement— 661W cells cul-
tured in Ca®" -free medium were loaded with 3 um Fura-2/AM
(Molecular Probes) incubated with 1 um thapsigargin, followed
by treatment with 500 puMm glutamate or 5 um A23187. Ca**
mobilization in 661W cells was measured using a ratiometric
Ca®" imaging technique with Fura-2/AM Ca”" indicator dye at
340- and 380-nm excitation wavelengths and 510-nm emission
wavelength according to protocols published previously (32).
Imaging was performed using a Diaphot microscope (Nikon)
and Metafluor software (Universal Imaging). The nanomolar
concentrations of [Ca®*], was calculated using the Grynkiewicz
equation (33).

Immunoprecipitation and Immunoblotting— 661W cells
were transiently transfected with the wild-type pAnxA2-GFP
plasmid. The cells were treated with glutamate for 4 h and sub-
jected to EDTA cell surface elution and whole cell lysis (Triton
X-100 lysis buffer and 10% glycerol). The eluates and the lysates
were incubated at 4 °C for 12 h with 2 ug of anti-GFP antibody
(Cell Signaling Technology) immobilized on agarose beads
(Sigma). The beads were washed in Triton X-100 lysis buffer in
the presence of 10% glycerol and resuspended in Laemmli sam-
ple buffer. The immunoprecipitates were analyzed by SDS-
PAGE and subjected to immunoblotting with anti-phosphoty-
rosine (Cell Signaling Technology) and anti-phosphoserine
(Millipore) antibodies. All blots were exposed to identical expo-
sure times.

Plasmin Generation Assay—We performed a chromogenic
plasmin generation assay in the presence of a competitive pep-
tide inhibitor for the binding of tPA to AnxA2. 661W cells
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grown on 12-well plates were treated with 500 um glutamate for
4 h. After a few washes with PBS, the cells were treated with 10
nM recombinant tPA (Molecular Innovations) in the presence
of either an experimental peptide (LCKLSL) or a control pep-
tide (LGKLSL) or in the absence of both for 1 h at 37 °C. The
assay was performed according to protocols published previ-
ously (34). The reaction was initiated by the addition of 100 nm
Glu-plasminogen (American Diagnostica). The reaction was
monitored by taking 100-ul aliquots of the reaction mixture
every 4 min in a 96-well plate and adding 100 ul of 1 mm chro-
mogenic plasmin substrate, S-255 (Diapharma), dissolved in
Hanks’ balanced salt solution. The rates of plasmin generation
were monitored by measuring the change in absorbance at 405
nm (Synergy HT-BioTek). The data are represented as a fold
change in plasmin generation by normalizing the relative fluo-
rescence units per minute of the untreated controls to the
treated samples.

Image Analysis—Quantification of AnxA2 cell surface fluo-
rescence was performed using TIRF microscopy by using the
“Analyze Particle” plugin in Image] (http://rsbweb.nih.gov/ij)
set at a fixed threshold. The Image] “Measure” function was
used to measure the integrated fluorescence density of the
selected cell. For background correction, the integrated fluores-
cence of the background was measured. The corrected total
cellular intensity was estimated by multiplying the area of the
selected cell and the background fluorescence and subtracting
them from the integrated cellular density. For comparison pur-
poses, all images were acquired with identical image acquisition
parameters and subjected to background correction by sub-
tracting the mean fluorescence intensity of the area void of cells
from that of individual cells. Mean values of fluorescence inten-
sity = S.E. are given.

Statistical Analysis—Results were expressed as mean = S.E.,
and statistical analysis was performed using GraphPad Prism
4.02 software. One sample Student’s ¢ test was performed, and
p < 0.05 was considered significant.

RESULTS

AnxA2 Is Bound to the Extracellular Surface of 661W Cells in
a Ca®" -dependent Manner—One of the most important char-
acteristics of AnxA2 is its ability to interact with the plasma
membrane in a Ca®*-dependent manner. Substantial evidence
indicates that an elevation in the intracellular Ca>"* concentra-
tion is a major stimulus for the translocation of AnxA2 to the
plasma membrane (12). We first studied the Ca®>"-dependent
membrane association of AnxA2 in 661W cells by treatment
with mild concentrations of a Ca*>* ionophore, A23187 (5 um).
To elute cell surface AnxA2, we used EDTA as stated previ-
ously (29). In the presence of mild concentrations (5 um) of a
Ca”* ionophore, A23187, the cell surface levels of AnxA2 in
the EDTA eluates were found to be elevated 1.8-fold (# = 3)
when compared with the dimethyl sulfoxide controls (Fig.
1A). We also analyzed the cell surface levels of AnxA2 after
Ca’" ionophore treatment by conjugating all cell surface
proteins with a water-soluble and cell-impermeable amine
reactive biotin and immobilized them with streptavidin.
Western blot analysis of biotin-conjugated and streptavidin-
immobilized cell surface extracts revealed that Ca®>* iono-
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FIGURE 1. AnxA2 translocates to the cell surface in response to increased concentrations of intracellular Ca%*, whereas glutamate mobilizes intra-
cellular Ca®* in 661W cells. A, representative Western blot analysis of EDTA cell surface eluates from 661W cells treated with the Ca®* ionophore A23187.
Following a 4-h treatment with A23187, the 661W monolayers were incubated with EDTA (Invitrogen) for 20 min at 37 °C. The cell surface eluates were
concentrated and immunoblotted for AnxA2 using a mouse monoclonal anti-AnxA2 antibody (left panel, top row). To normalize for loading, SDS-PAGE was
performed with identical concentrations of protein, as in the left panel, top row, and the gel was stained with Coomassie Blue (left panel, bottom row). An
~50-kD, Coomassie-stained band whose levels seemed invariant with the treatment conditions was used to account for differences in protein loading. DMSO,
dimethyl sulfoxide. ***, p < 0.001. B, for cell surface biotinylation, 661W cells treated with A23187 were incubated for 30 min in a cell-impermeable sulfo-N-
hydroxysulfosuccinimide biotin reagent. After cell lysis, the biotinylated proteins were precipitated with streptavidin-conjugated agarose beads and eluted
with Laemmli buffer. The extracts were immunoblotted with anti-AnxA2 antibody (left panel, top row). As a loading control, the blot was probed with
anti-Na,K-ATPase antibody (left panel, bottom row). A and B, fold change in A23187 treatment compared with dimethyl sulfoxide treatment is plotted. **, p <
0.01,and ***, p < 0.001. C, 66 1W cells preloaded with 3 um Fluo-3 for 30 min were imaged under a Zeiss LSM confocal microscope for 700 s after treatment with
500 um glutamate at a rate of one image taken every 10 s. The wavelengths were set to 488 nm excitation and 526 nm emission, and the images were taken at
identical image acquisition parameters under a X 20 objective. A significantincrease in Fluo-3 intensity was observed starting at 80 s, and levels were sustained
even after 570's. D, quantification of [Ca%*]; after thapsigargin and glutamate treatment was performed by converting the 340/380 ratio of Fura-2 fluorescence
intensity to nanomolar concentrations of intracellular Ca®" using the Grynkiewicz equation, as described previously (33). Fura-2 fluorescence ratios are shown
in supplemental Fig. 1B.

phore A23187 treatment resulted in a 2-fold increase in the
cell surface levels of AnxA2 (n = 3) compared with the
dimethyl sulfoxide control (Fig. 1B8). Coomassie staining and
immunoblotting with anti-Na,K-ATPase antibody were used
as loading controls for EDTA eluates and cell surface bioti-
nylated extracts, respectively.

Glutamate Induces Mobilization of Intracellular Ca’* in
661W Cells—We also studied glutamate-induced intracellular
Ca®>" mobilization by live cell confocal microscopy. In 661W
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cells preloaded with 3 um of Fluo-3, changes in fluorescence
intensity were observed starting 120 s after the addition of glu-
tamate, and the elevated levels were sustained even after 570 s
(Fig. 1C). To specifically demonstrate that it is the intracellular
Ca®" reserves that are responsible for membrane translocation
of AnxA2, cells cultured in Ca®> " -free medium were loaded with
Fura-2/AM and incubated with 1 um thapsigargin, followed by
treatment with 5 um A23187 (supplemental Fig. 14) or 500 um
glutamate (supplemental Fig. 1B).
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FIGURE 2. Glutamate induces cell surface translocation of endogenous and AnxA2-GFP in 661W cells. A, Western blot analysis of EDTA eluates from 661W
cells treated with 500 um glutamate for the indicated time periods. Coomassie staining of the EDTA eluates was used as a loading control B, EDTA eluates from
661W cells in the presence or absence of 500 um glutamate for 4 h were collected and immunoblotted with pAnxA2 Tyr-23 antibody. Na,K-ATPase served as a
loading control. Right panel, quantitation. **, p < 0.01. The fold change in pAnxA2 Y23 level with respect to vehicle control (1 m HCl) is shown. C, representative
images of TIRF microscopy performed on vehicle control-treated (1 m HCI) and glutamate-treated (250 um and 500 um) 661W cells according to the procedures
described above. The images were acquired at identical acquisition settings. A significant increase in the cell surface-associated levels of AnxA2 was observed
in glutamate-treated 661W cells compared with the untreated controls. A graphical representation of mean relative fluorescence units (relative fluorescence
units) of cell surface AnxA2 immunostaining was plotted after normalizing for the background intensity (right panel). D, 661W cells were transiently transfected
with either the pEGFP-N1 empty plasmid vector or the AnxA2-GFP plasmid vector and treated with glutamate (250 um and 500 um) for 4 h. EDTA eluates and
cell surface biotinylated extracts were collected. Western blotting with anti-GFP antibody revealed a 62-kD band representative of the AnxA2-GFP fusion
protein, whose levels were up-regulated on treatment with glutamate (500 um) in both the EDTA eluates (left panel, top row) and cell surface biotinylated
extracts (Biot.) (right panel, top row). The fusion protein was not detected in the empty vector-transfected cells. Coomassie-stained bands and Na,K-ATPase were
used as loading controls for EDTA eluates and biotinylated extracts, respectively. Each experiment was repeated three times (n = 3).

Glutamate-induced Intracellular Ca®* Mobilization Stimu-
lates the Translocation of Both Endogenous and AnxA2-GFP to

The 340/380 ratio of Fura-2 fluorescence intensity from sup-
plemental Fig. 1B was converted to nanomolar concentrations

of intracellular Ca®" using the Grynkiewicz equation (Fig. 1D)
(33). The addition of thapsigargin (1 uM) induced an initial
increase in [Ca®"], (~400 nm), followed by a recovery to steady
levels. The addition of glutamate induced [Ca®*]; to nearly 750
nMm.

These studies reveal that glutamate, at a concentration of 500
M, leads to a mobilization of intracellular Ca®>* from intracel-
lular Ca®" reserves. Each experiment was repeated at least
three times.
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the Cell Surface in 661W Cells—We studied the effect of gluta-
mate exposure on the translocation of AnxA2 to the plasma
membrane. In 661W cells, glutamate, at a concentration of 500
M, increased the cell surface levels of endogenous AnxA2 in a
time-dependent manner, starting 10 min after the addition of
glutamate. The surface levels of AnxA2, 4 h after treatment
with glutamate, remained elevated by 71 * 3.2% (mean = S.D.,,
n = 3) compared with the levels 0 min after treatment with
glutamate (Fig. 24). Coomassie-stained bands were used as a
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loading control for the EDTA eluates. Further, to directly show
that the glutamate induced membrane-translocated AnxA2 is
predominantly tyrosine 23-phosphorylated, we used a mouse
monoclonal antibody that specifically recognizes the phosphor-
ylated tyrosine residue at the 23rd position of AnxA2. Treat-
ment with glutamate showed a significant increase (almost 1.8-
fold) in pAnxA2 Tyr-23 when compared with the vehicle
control. (Fig. 2B).

To visualize the cell surface-associated AnxA2 exclusively,
661W cells treated with glutamate for 4 h were immunostained
with anti-AnxA2 antibody and examined by TIRF microscopy
(Fig. 2C, left panel). The evanescent field produced by total
internally reflected light excites the fluorescent molecules at
the cell-substrate interface, which is ideal for the visualization
of fluorescent molecules at the cell surface. Because TIRF
microscopy selectively excites the fluorophores present at
the plasma membrane, cell surface-associated AnxA2 was
observed as punctate spots on the membrane. On quantifica-
tion of the intensity of cell surface AnxA2, we observed a sig-
nificant difference in the expression levels of cell surface AnxA2
in glutamate-treated cells compared with the vehicle control
(Fig. 2C, right panel). These results suggest that glutamate-
treated 661W cells exhibit increased levels of cell surface-asso-
ciated AnxA2.

To further confirm glutamate-induced cell surface translo-
cation of AnxA2, we used a plasmid vector containing AnxA2
fused with GFP at its carboxyl terminus. We examined the cell
surface translocation of the AnxA2-GFP fusion protein on
treatment with glutamate. Western blotting of the EDTA elu-
ates (Fig. 2D, left panel) and cell surface-biotinylated extracts
(Fig. 2D, right panel) demonstrated an increase in the expres-
sion levels of AnxA2-GFP fusion protein in glutamate-treated
(250 and 500 um) 661W cells. These results suggest that gluta-
mate-mediated elevation in the intracellular levels of Ca®"
mobilizes AnxA2-GFP fusion protein to the plasma membrane
in a Ca>"-dependent manner. Coomassie staining and immu-
noblotting with anti-Na,K-ATPase antibody were used as load-
ing controls for EDTA elution and cell surface biotinylation,
respectively.

Glutamate-induced Cell Surface Translocation of AnxA2 is
NMDA Receptor-mediated—Glutamate-induced excitotoxic-
ity is mediated by the hyperstimulation of the NMDA -type glu-
tamate receptors (35). In the presence of MK-801 (10 um), a
selective antagonist of the NMDA receptor, glutamate-induced
elevation in the cell surface levels of annexin A2 was reduced
~9-fold at 2 h and 5-fold at 4 h compared with no MK-801
treatment (Fig. 3A4). 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydroben-
zo[f]quinoxaline-7-sulfonamide (NBQX), a non-NMDA
receptor antagonist, failed to result in a similar effect (Fig. 3B),
suggesting that the activity of the NMDA receptor is essential
for glutamate to exert its effects on AnxA2 translocation. Treat-
ment with a Ca®>" channel blocker, nifedipine (50 uM), did not
influence the glutamate-mediated cell surface translocation of
AnxA2 (Fig. 3C).

Phosphorylation of AnxA2 at Tyrosine 23 Is Critical for Glu-
tamate-induced AnxA2 Cell Surface Translocation—Because
the endogenous and wild-type AnxA2-GFP-fused protein
responded similarly to glutamate treatment, as shown before,
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we next asked whether the phosphorylation status of AnxA2 is
important in the translocation process. Because AnxA2 pos-
sesses three potential phosphorylation sites, tyrosine 23, serine
25, and serine 11, at its N terminus, we tested the involvement
of these three sites in the translocation process. For this pur-
pose, we constructed single point mutants with a phosphomi-
metic (AnxA2Y23E-GFP, AnxA2S25E-GFP, and AnxA2S11E-
GFP) and a non-phosphomimetic variant (AnxA2Y23F-GFP,
AnxA2S25A-GFP, and AnxA2S11A-GFP) at tyrosine 23, serine
25, or serine 11. On transient transfection of 661W cells and
glutamate treatment (500 um for 4 h), we studied the extent to
which the mutant variants were translocated to the cell surface
using EDTA cell surface elution and cell surface biotinylation.
In the case of the non-phosphomimetic tyrosine 23 mutant
AnxA2Y23F-GFP (Fig. 44), we could not detect any AnxA2-
GFP that translocated to the membrane in the presence or
absence of glutamate. On the other hand, in the case of the
phosphomimetic mutant AnxA2Y23E-GFP (Fig. 4B), we saw a
significant increase in AnxA2-GFP levels in glutamate-treated
cells when compared with non-treated cells, both in EDTA elu-
ates (2-fold) and biotinylated extracts (3-fold) (quantification in
supplemental Fig. 2A). The other variants at serine 25,
AnxA2S25A-GFP and AnxA2S25E-GFP (Fig. 4, C and D,
respectively) had a similar or increased cell surface distribution
with glutamate treatment compared with no glutamate treat-
ment. Furthermore, the serine 11 phosphorylation mutants
AnxA2S11E-GFP and AnxA2S11A-GFP did not influence the
cell surface translocation of AnxA2 (data not shown). The
intracellular levels of AnxA2-GFP did not seem to be affected
on glutamate treatment in the cell lysates of all phosphorylation
mutants.

To further investigate whether phosphorylation at tyrosine
23 occurs in conjunction with phosphorylation at serine 25 to
facilitate the cell surface translocation of AnxA2, we con-
structed phospho-mimicking and non-phospho-mimicking
double mutants of AnxA2 at tyrosine 23 and serine 25. Both cell
surface biotinylation and EDTA elution in AnxA2Y23FS25A-
GFP and AnxA2Y23FS25E-GFP double non-phosphomimetic
mutants detected no AnxA2-GFP, indicating that phosphory-
lation of the tyrosine 23 site is required for cell surface translo-
cation of AnxA2. (Fig. 5, A and B). The other two mutants,
AnxA2Y23ES25A-GFP and AnxA2Y23ES25E-GFP, were ob-
served to have a similar cell surface distribution as that of the
single mutants, with elevated cell surface levels on glutamate
treatment and invariant cytosolic levels (Fig. 5, Cand D, respec-
tively) (quantification in supplemental Fig. 3, A and B). For all
mutants, Coomassie staining and immunoblotting with anti-
Na,K-ATPase were used as loading controls for EDTA eluates
and biotinylated extracts, respectively. The purity of the EDTA
eluates was tested in each case by immunoblotting with PGK.
Taken together, these results indicate that tyrosine 23 at the N
terminus of AnxA2 plays a predominant role in the cell surface
translocation of AnxA2.

Glutamate-induced Cell Surface AnxA2 Is Phosphorylated
Predominantly at Tyrosine 23—EDTA eluates of 661W cells
transfected with AnxA2-GFP fusion construct were immuno-
precipitated with anti-GFP antibody. On Western blotting with
anti-AnxA2 antibody, a time-dependent increase in the cell
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FIGURE 3. Glutamate-induced AnxA2 cell surface translocation is NMDA receptor-mediated. A, Western blot analysis (left panel) of the cell surface
biotinylated extracts from 661W cells treated for different times with MK-801 (10 um), a NMDA receptor antagonist, in the presence of glutamate. Right panel,
quantitation. **, p < 0.01. B, the effect of an inhibitor for the non-NMDA receptor, NBQX (25 um), on glutamate-induced cell surface translocation of AnxA2 was
tested in a time dependent manner. A Western blot analysis (left panel) for the cell surface biotinylated extracts is shown. Right panel, quantitation. C, Western
blot analysis (left panel) for the cell surface biotinylated extract showing the effect of calcium channel blocker nifedipine on the glutamate-induced translo-
cation of AnxA2 to the membrane in a time-dependent manner. Right panel, quantitation. Anti-Na,K-ATPase antibody served as a loading control for A-C. The
fold change to the respective vehicle (dimethyl sulfoxide) control treatments is shown. For comparison, we also checked the cell surface levels of AnxA2 in
untreated and glutamate-treated cells in the absence of MK-801, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[flquinoxaline-7-sulfonamide (NBQX), and nifedi-
pine for the indicated time. Each experiment was repeated three times (n = 3).

surface levels of AnxA2-GFP fusion protein was observed inthe have a significant contribution to the cell surface pool of
EDTA eluates (Fig. 6A). Next, we investigated the phosphory- AnxA2. As a control for loading the light chain of the immuno-
lation status of glutamate-induced cell surface AnxA2. For this  precipitated antibody (IgG LC) was used. The fold change com-
purpose, the immunoprecipitates were immunoblotted with  pared with GFP antibody treatment is shown.

anti-phosphotyrosine and anti-phosphoserine antibodies. It Because we detected that cell surface-associated AnxA2 is
was observed that the cell surface-associated AnxA2-GFP predominantly tyrosine-phosphorylated, we wanted to check
fusion protein was tyrosine-phosphorylated and that its levels ~whether it is the tyrosine 23 residue that is responsible for the
were elevated on treatment with 500 um glutamate (Fig. 68).In  membrane translocation of AnxA2. For this, we tested whether
contrast, we did not detect any serine-phosphorylated AnxA2- inhibition of the phosphorylation event could prevent the cell
GEFP in the EDTA eluates of glutamate-treated and untreated surface translocation of AnxA2 by using a specific antibody
cells (Fig. 6C). From these data, it appears that glutamate-in- against pAnxA2 Y23. EDTA eluates were collected, concen-
duced mobilization of intracellular Ca®" leads to the transloca-  trated, and immunoblotted with pAnxA2 Tyr-23 antibody.
tion of tyrosine-phosphorylated AnxA2 to the cell surface. On  Treatment with sodium orthovanadate, a tyrosine phosphatase
the other hand, serine-phosphorylated AnxA2 does notseemto inhibitor, augmented the cell surface levels of pAnxA2 Tyr-23
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FIGURE 4. Cell surface translocation of single phosphorylation mutants at
tyrosine 23 and serine 25 on glutamate treatment. A, 661W cells were trans-
fected with a plasmid vector expressing a non-phosphomimetic mutant at tyro-
sine 23 (AnxA2Y23F-GFP) and subjected to glutamate treatment for 4 h. The
EDTA eluatesand cell lysates were collected. SDS-PAGE and Western blotting was
performed with anti-GFP antibody (top row). To determine the purity of the EDTA
eluates, Western blotting was performed with PGK (center row). As a control for
loading, the gel was stained with Coomassie (bottom row). The cell surface AnxA2
was extracted by conjugation with a hydrophilic, cell-impermeable biotin analog
and precipitated with streptavidin. Western blotting of the cell surface biotiny-
lated extracts (Biot.) was performed with anti-GFP antibody (right column, top). As
a control for loading, the blot was probed with anti-Na,K-ATPase antibody (right
column, bottom). WCL, whole cell lysate. B, 661W cells were transfected with a
plasmid vector expressing the phosphomimetic mutant at tyrosine 23
(AnxA2Y23E-GFP) and treated with glutamate for 4 h. The EDTA eluates and cell
lysates were collected and subjected to Western blotting with anti-GFP antibody
(top row). Immunoblotting with PGK (center row) and Coomassie staining of the
gel (bottom row) were performed as described above. The cell surface biotiny-
lated extracts were collected, and Western immunoblotting was performed with
anti-GFP antibody (right column). Na,K-ATPase was used to control for loading. C
and D, 661W cells were transfected with a plasmid vector expressing a non-phos-
phomimetic mutant (AnxA2525A-GFP) and a phosphomimetic mutant at serine
25 (AnxA2S25E-GFP), respectively, treated with glutamate, and subjected to
Western blotting as described above.
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FIGURE 5. Distribution of tyrosine 23 and serine 25 double phosphoryla-
tion mutants of AnxAz2 in response to glutamate treatment. A-D, 661W
cells were transiently transfected with plasmid vectors expressing phospho-
mimetic and non-phosphomimetic double mutants at tyrosine 23 and serine
25 (AnxA2Y23FS25A-GFP, AnxA2Y23FS25E-GFP, AnxA2Y23ES25A-GFP, and
AnxA2Y23ES25E-GFP). The cells were treated with 500 um glutamate for 4 h.
The EDTA eluates and cell surface biotinylated extracts were collected as
mentioned previously and immunoblotted with anti-GFP antibody. The EDTA
eluates were tested for their purity by immunoblotting with anti-PGK anti-
body. A Coomassie-stained gel was used as a loading control for the EDTA
eluates. The biotinylated extracts were probed with anti-Na,K-ATPase anti-
body to determine equal loading. WCL, whole cell lysate; Biot., biotinylated
extracts. All the blots were exposed to identical exposure times.

in both untreated (2.5-fold increase) and glutamate-treated
cells (3-fold increase) (n = 4) (Fig. 7A), whereas okadaic acid, a
serine/threonine phosphatase inhibitor, had no effect on the
cell surface levels of pAnxA2 Tyr-23 (Fig. 7B). In addition, when
we treated the cells with genistein, a general tyrosine kinase
inhibitor, we observed that the glutamate-induced transloca-
tion of AnxA2 was inhibited markedly inhibited in both gluta-
mate-treated (almost 13-fold) and untreated cells (almost
10-fold). (Fig. 7C). Fig. 7C, right panel, shows the quantification
of the respective blots. The fold change compared with the
respective vehicle treatments is shown. These results confirm
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FIGURE 6. Glutamate-induced cell surface AnxA2 is tyrosine-phosphory-
lated. A, 661W cells transfected with a plasmid vector expressing wild-type
AnxA2-GFP were treated with 500 um glutamate for 1, 2, and 4 h. The cells
were incubated in EDTA (Invitrogen) for 20 min. The EDTA eluates were
immunoprecipitated with anti-GFP antibody, subjected to SDS-PAGE, and
analyzed by Western blotting (WB) with anti-AnxA2 antibody. The eluates
were incubated with nonspecific anti-mouse IgG as negative controls. LC,
light chain. B and C, immunoprecipitates of the EDTA eluates collected as
mentioned above were immunoblotted with anti-phosphotyrosine and anti-
phosphoserine antibodies. The IgG light chain of the antibody used forimmu-
noprecipitation was used as a control for loading. All blots were exposed to
identical exposure times. The fold change to the respective GFP antibody
treatments is shown. C, because we could not detect any serine-phosphory-
lated (P-Ser) AnxA2-GFP in the EDTA eluates of glutamate-treated and
untreated cells, it could not be quantified. P-Tyr, tyrosine-phosphorylated.

thatitis predominantly the tyrosine 23 residue that is phosphor-
ylated upon glutamate treatment, leading to its translocation to
the membrane.

Glutamate Enhances AnxA2-mediated Cell Surface Plasmin
Generation—Having demonstrated that glutamate induces the
cell surface translocation of AnxA2, we examined whether the
increased cell surface pool of AnxA2 is associated with a con-
comitant increase in the AnxA2-mediated generation of
plasmin.

To test this, we made use of a competitive peptide inhibitor of
tPA binding to AnxA2. Previous reports have identified a hexa-
peptide, LCKLSL, from regions 7—12 as the minimum sequence
required for the binding of tPA to AnxA2 (36). The competitive
peptide was assayed for its ability to inhibit the binding of tPA
to AnxA2 both in vitro and in vivo, and it has been observed that
the LCKLSL peptide resulted in a 40—60% reduction in the
binding of tPA to AnxA2 (37). It was has also been observed that
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FIGURE 7. Tyrosine 23 phosphorylation of AnxAz2 is critical for its cell sur-
face translocation. 661W cells were incubated with or without glutamate
(500 uMm, 4 h) in the presence or absence of the respective chemicals. EDTA
eluates were collected, concentrated using Nanosep 10KD filters, and immu-
noblotted with mouse monoclonal antibody that specifically recognizes the
phosphorylated tyrosine 23 residue of AnxA2. Na,K-ATPase was used as the
loading control. A, Western blot analysis of EDTA eluates after incubation with
the tyrosine phosphatase inhibitor sodium orthovanadate (Sod. Orth., 1 mm)
(left panel). Right panel, densitometric analysis of the Western blot analyses.
Glu, glutamate. **, p < 0.01. B, Western blot analysis of EDTA eluates after
incubation with the serine/threonine phosphatase inhibitor okadaic acid (OA,
100 nm) (left panel). Right panel, densitometric analysis of the Western blot
analyses. C, Western blot analysis of EDTA eluates after incubation with the
general tyrosine kinase inhibitor genistein (Gen, 100 um) (left panel). Right
panel, densitometric analysis of the Western blot analyses (n = 3). ***, p <
0.001. The fold change with respect to vehicle treatment is shown.

peptides with a replacement of the cysteine residue at position
8 with glycine (LGKLSL) did not possess any inhibitory effects
(36).

As shown in Fig. 8, the hexapeptide LCKLSL, at a concentra-
tion of 250 uM, resulted in a 1.4 * 0.2-fold (mean * S.E., n = 6)
reduction in plasmin generation on glutamate treatment com-
pared with the control peptide, LGKLSL. The peptide seemed
to have only moderate effects on the baseline levels of plasmin
generation in untreated cells (data not shown). Taken together,
these results suggest that the glutamate-induced increase in the
cell surface levels of AnxA2 directly contributes to a corre-
sponding increase in the AnxA2-mediated cell surface genera-
tion of plasmin.

DISCUSSION

In this study, we provide evidence to show that a glutamate-
mediated increase in the intracellular levels of Ca®*results in
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FIGURE 8. Glutamate enhances AnxA2-mediated cell surface plasmin
generation. A, 661W cells were cultured in monolayers and treated with 500
uM glutamate for 4 h. The cells were washed gently and treated with recom-
binant tPA (10 nm) in the presence of either the experimental (LCKLSL) or the
control peptide (LGKLSL) at the indicated concentrations for 1 hat 37 °C. After
three washes, recombinant plasminogen (100 nm) was added to the reaction
mixture, and the reaction was monitored by removing aliquots every 4 min
and measuring the amount of plasmin generated by cleavage of a chromo-
genic substrate of plasmin, S-2251. To serve as controls, either tPA or gluta-
mate was omitted from the reaction mixture. The fold change in plasmin
generation was obtained by normalizing different treatment groups with the
untreated controls, whose value was set to 1.0 (A4p5 nm = 3.68). *, p = 0.05
(n =6).

the cell surface translocation of both endogenous and AnxA2-
GEP to the cell surface. We also observed that AnxA2 translo-
cates to the cell surface in the presence of a Ca>* ionophore,
A23187, suggesting that elevated intracellular Ca>" levels are a
key stimulus for the translocation process. Furthermore, we
show that the Ca®*-dependent cell surface translocation of
AnxA2 requires the phosphorylation of tyrosine 23 at the N
terminus of AnxA2 and that mutation of this residue signifi-
cantly inhibits the translocation process. The cell surface-
translocated AnxA2-GFP fusion protein was observed to be
tyrosine-phosphorylated on glutamate treatment. We con-
firmed the involvement of the tyrosine 23 by using a specific
antibody that recognizes the phosphorylated 23rd tyrosine res-
idue of AnxA2. Further, on use of a tyrosine phosphatase inhib-
itor, sodium orthovanadate, we saw an increase in the mem-
brane translocation of pAnxA2 upon glutamate treatment,
whereas the translocation process was inhibited upon treat-
ment with a tyrosine kinase inhibitor, genistein. These results
are in agreement with our previous findings that show the
requirement of tyrosine 23 phosphorylation in the cell surface
translocation of AnxA2 (19).

Our data on both the single mutants of serine 25 or tyrosine
23 as well as the double mutants at tyrosine 23 and serine 25
suggest that tyrosine 23 is predominantly responsible for the
glutamate-induced membrane translocation of AnxA2. We
also questioned the involvement of serine 11 in the cell surface
translocation of AnxA2, and our data on the phosphomimetic
and non-phosphomimetic single mutants at serine 11 suggest
that this residue does not influence the translocation process.
Furthermore, we also demonstrated that the cell surface AnxA2
is an active plasmin-generating complex and that this activity
can be inhibited by a hexapeptide directed against the N termi-
nus of AnxA2. These results indicate that the N terminus of
AnxA2 is important not only for its membrane translocation
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but also for plasmin generation and, thereby, extracellular
matrix degradation. During ischemic and excitotoxic damage,
photoreceptors and inner retinal cells are vulnerable to elevated
levels of extracellular glutamate caused by disruptions in gluta-
mate homeostasis (38). Elevated intracellular concentrations of
Ca®" occur as a result of hyperstimulation of glutamate recep-
tors and entry of extracellular Ca®" or the release of Ca®" from
the intracellular store-operated Ca>" channels (39). In addi-
tion, cell-mediated proteolysis alters cell-extracellular matrix
interactions, which could potentiate the excitotoxic injury.
Studies in the CNS have shown that, under conditions of ische-
mic injury, extracellular tPA and plasmin can exacerbate ische-
mic neuronal damage by further damaging the blood-brain bar-
rier, activation of the NMDA receptor by cleavage of the NR1
subunit, amplification of intracellular Ca** signaling, and acti-
vation of matrix-bound metalloproteinases (40, 41). tPA also
potentiates neuronal loss, and inhibitors of the tPA/plasmin
proteolytic cascade have been found to confer protection to
CNS neurons (42). Because the retina is commonly viewed as an
extension of the CNS, the mechanism of action of tPA could be
similar in the two systems. We propose that, although secreted
levels of tPA are not found to be induced on ischemic injury in
the retina, under ischemic conditions when there is a leakage of
circulating plasminogen, extracellular tPA and plasminogen
can bind to their cell surface receptors and potentiate the gen-
eration of plasmin, which could contribute to the loss of retinal
ganglion cells. Plasmin-plasminogen activators, along with
matrix metalloproteinases, have been implicated as key repre-
sentatives in this process. These receptors for plasmin genera-
tion act as docking sites for the binding of circulating plasmin-
ogen and tPA and result in not only an increase in the catalytic
efficiency of plasmin generation but in the protection of plas-
min from being degraded by its physiological inhibitors (43).
Inhibiting the activity of the AnxA2 catalytic center using
small-molecule hexapeptides can have potential implications
on inhibiting the pathological processes associated with
enhanced plasmin generation (37). Because cell surface AnxA2
is the major fibrinolytic receptor facilitating the enhanced gen-
eration of plasmin, regulation of the cell surface translocation
of AnxA2 may be an important process in the generation of
plasmin and its downstream effects. It is also known that
AnxA2 binds to the membrane in a Ca®*-dependent manner.
Elevation of intracellular levels of Ca*>* has been shown previ-
ously to be one of the key stimuli that translocate AnxA2 to the
cell surface (44).

The data presented here suggest a role for AnxA2 in poten-
tiating the glutamate-induced loss of photoreceptors in the ret-
ina. Previous reports have indicated that even a modest increase
in the cell surface levels of AnxA2 can have profound implica-
tions in the pathogenesis of several diseases. Dysregulation in
the cell surface expression levels of AnxA2 has been shown to
manifest as bleeding diseases, conferring on the cells the ability
to generate increased levels of plasmin (45). Many cancer cells
have also been shown to abundantly express cell surface
AnxA2, which confers on them the invasive and metastatic
behavior by the generation of plasmin or by the plasmin-medi-
ated activation of matrix metalloproteinases (46). Therefore,
modulating the activity of a potent plasmin-generating recep-
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tor, AnxA2, can serve as a potential therapeutic target for pho-
toreceptor-degenerative diseases like retinitis pigmentosa and
age-related macular degeneration.
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