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Extracellular Trafficking of Annexin A2
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Annexin A2 (AnxA2), a Ca>*-dependent phospholipid-bind-
ing protein, is known to associate with the plasma membrane
and the endosomal system. Within the plasma membrane,
AnxA2 associates in a Ca®>* dependent manner with cholesterol-
rich lipid raft microdomains. Here, we show that the association
of AnxA2 with the lipid rafts is influenced not only by intracel-
lular levels of Ca®>* but also by N-terminal phosphorylation at
tyrosine 23. Binding of AnxA2 to the lipid rafts is followed by the
transport along the endocytic pathway to be associated with the
intralumenal vesicles of the multivesicular endosomes. AnxA2-
containing multivesicular endosomes fuse directly with the
plasma membrane resulting in the release of the intralumenal
vesicles into the extracellular environment, which facilitates the
exogenous transfer of AnxA2 from one cell to another. Treat-
ment with Ca®>* ionophore triggers the association of AnxA2
with the specialized microdomains in the exosomal membrane
that possess raft-like characteristics. Phosphorylation at Tyr-23
is also important for the localization of AnxA2 to the exosomal
membranes. These results suggest that AnxA2 is trafficked from
the plasma membrane rafts and is selectively incorporated into
the lumenal membranes of the endosomes to escape the endo-
somal degradation pathway. The Ca®>*-dependent exosomal
transport constitutes a novel pathway of extracellular transport
of AnxA2.

AnxA2” is a member of the multigene family of Ca*>* and
phospholipid-binding proteins, which interact with negatively
charged phospholipids in a Ca®"-dependent manner (1).
Plasma membrane-associated AnxA2 is implicated in several
membrane-related events including fibrinolysis, exocytosis and
endocytosis, cell-cell adhesion, and membrane-cytoskeletal
interactions (2). AnxA2 is a soluble protein predominantly dis-
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tributed in the cytosol of the cells at resting Ca*" levels and
translocated to cellular membranes under elevated concentra-
tions of intracellular Ca®>*(3). In vitro studies using artificial
membranes have shown that AnxA2 preferentially binds to the
acidic phospholipids, which are enriched in the cytoplasmic
leaflet of cellular membranes (4).

The mechanism of cell surface translocation of AnxA2 may
occur via a non-classical secretory pathway as AnxA2 lacks a
signal sequence that could direct it across the classical endo-
plasmic reticulum-Golgi secretory pathway (5). One of the cen-
tral questions in understanding the Ca*>*-dependent plasma
membrane dynamics of AnxA2 is how the protein is recruited
from the intracytoplasmic leaflet of the plasma membrane to
the extracytoplasmic leaflet to be localized to the cell surface.

Membrane association of AnxA?2 is largely attributed to the
hypervariable N-terminal domain that precedes the conserved
Ca®" binding core domain (6). Previous reports suggest that
AnxA?2 preferentially binds to cholesterol and phosphatidyl-
inositol 4,5-bisphosphate-rich domains of the membrane
called lipid rafts (7). Although AnxA2 influences the raft
dynamics and promotes the formation of lipid microdo-
mains, the mechanisms that influence the raft association
and the subsequent functions of lipid raft-associated AnxA2
are not well understood.

Lipid rafts are implicated in diverse cellular processes includ-
ing cell adhesion, membrane trafficking, and signal transduc-
tion events (8). The highly fluid raft microdomains serve as
platforms for the segregation and sorting of proteins to differ-
ent cellular compartments (9, 10). The most intriguing obser-
vation, however, is the involvement of lipid rafts in sorting of
lipid and proteins in the endocytic and secretory pathways (11).
Lipid raft endocytosis is characterized as a general mechanism
for pathogen entry (12), recycling of extracellular ligands (13),
and cell surface trafficking of glycosylphosphatidylinositol-an-
chored proteins (14). Recent studies have suggested that lipid
raft-associated proteins are trafficked through the endocytic
pathway as a result of invagination of the plasma membrane
rafts into the endocytic vesicles (15). Proteins that are targeted
to the endosomal pathway after internalization from the plasma
membrane are progressively shuttled first to the early endo-
somes and later incorporated into the multivesicular endo-
somes (MVEs) or endosome carrier vesicles to be destined to
the late endosomal pathway (16). MVEs are critical intermedi-
ates of the endocytic pathway that are formed when the limiting
membrane of the early endosomes invaginates into its lumen
(17). MVEs contain secreted intralumenal components called
exosomes with protein and lipid composition identical to the
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endosomes reflecting their endosomal origin (18). Exosomes
not only possess proteins that are necessary for their biogenesis
and maintenance but also contain several plasma membrane
and cytosolic proteins (19). Exosomes are also identified to pos-
sess distinct membrane domains enriched in cholesterol and
GM1 gangliosides and similar in composition to the plasma
membrane rafts (20, 21). The presence of raft-like domains in
the exosomes suggests that exosomes participate in the sorting
of raft-associated proteins. Raft-like domains are found to be
present not only in the MVE intralumenal vesicles but also in
the late endosomes, and they are thought to originate by the
endocytosis of the plasma membrane rafts occurring via clath-
rin-dependent (22) and -independent pathways (15).

In the present study we questioned whether AnxA2 is traf-
ficked from the plasma membrane lipid rafts to the intralume-
nal vesicles of the MVEs to be later released into the extracel-
lular space upon fusion of the MVEs with the plasma
membrane. We first sought to determine the molecular mech-
anisms by which AnxA2 is initially recruited to the plasma
membrane lipid rafts. Upon elevation of cytosolic Ca** levels,
AnxA2 is sorted from the plasma membrane rafts first to the
exosomal membranes. Within the exosomal membrane,
AnxA2 is localized to distinct regions that possess raft-like
characteristics, and exosomes are also identified to serve as
potential intercellular carriers of AnxA2.

The data presented here provide novel insights into the
membrane dynamics of AnxA2. We suggest the importance of
Tyr-23 phosphorylation in the Ca®>* -dependent recruitment of
AnxA2 to the plasma membrane rafts. Localization of AnxA2in
the lipid rafts targets AnxA2 into the intralumenal vesicles of
the MVE and its further assortment into the raft-like regions
of the exosomal membrane. Upon fusion of the MVEs with the
plasma membrane, the MVE intralumenal vesicles, called exo-
somes, are secreted into the extracellular space, and the
released AnxA2 rebinds to the surface of the target cell in a
Ca®*-dependent manner.

EXPERIMENTAL PROCEDURES
Antibodies and Reagents

The following antibodies were used: mouse monoclonal anti-
AnxA2 (BD Biosciences), mouse monoclonal anti-Na™,K"-
ATPase (a6-FC) (Developmental Studies Hybridoma Bank
(University of Iowa), rabbit polyclonal anti-PGK (25), rabbit
polyclonal anti-GFP (D5.1) (Cell Signaling), mouse monoclonal
anti-GFP (Roche Diagnostics), mouse monoclonal anti-phos-
photyrosine (Tyr(P)-100) (Cell Signaling), mouse monoclonal
anti-caveolin 1 (pY14) (BD Biosciences), mouse monoclonal
anti-transferrin receptor (H68.4) (Zymed Laboratories Inc.),
mouse monoclonal anti-heat shock cognate protein-70 (SPA-
816) (hSC-70) (Stressgen), rabbit polyclonal anti-CD44 anti-
body (Abcam), rabbit polyclonal anti-CD81 (H-121) (Santa
Cruz Biotechnology), anti-Rab5 antibody (Cell signaling). Anti-
mouse and anti-rabbit IgG (Sigma) and peroxidase-conjugated
goat anti-rabbit and anti-mouse IgG were from Promega.
Reagents were purchased from the following sources: Ca>"
ionophore A23187, methyl-B-cyclodextrin (Sigma), filipin
(Sigma), Alexa-conjugated cholera toxin subunit B (CTXB)
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(Invitrogen), sulfo-NHS-Biotin (Pierce), avidin-conjugated
Sepharose (Sigma), Fluo-3 AM (Invitrogen), phosphatidyl(N-
sulforhodamine B sulfonyl)ethanolamine (N-Rh-PE) (Avanti
Polar Lipids), brefeldin A (Sigma), Triton X-100 (Sigma),
CHAPS (Sigma), BODIPY-Laccer (Avanti Polar lipids),
Alexa594-conjugated transferrin (Molecular Probes).

Cell Culture and lonophore Treatment

NIH 3T3 mouse fibroblasts and MDA-MB231 cells were cul-
tured at 5% CO, in Dulbecco’s modified Eagle’s medium high
glucose and low glucose medium respectively (DMEM; Invitro-
gen) supplemented with 10% fetal bovine serum (FBS) and 5%
penicillin-streptomycin. A polyclonal population of LNCaP-C1
cells stably expressing GFP was cultured in RPMI 1640 medium
(Invitrogen) supplemented with 10% FBS and 5% penicillin-
streptomycin. For ionophore treatment, subconfluent cultures
were treated with 5 um Ca®>* ionophore A23187 for the indi-
cated periods of time. For transfections, cells were cultured in
100-mm dishes to 70% confluence. 20 ug of DNA was incu-
bated with 30 ul of Lipofectamine 2000 (Invitrogen) and was
later added to 15 ml of Opti-MEM (Invitrogen) for 6 h and
returned to normal growth medium.

Plasmids and Constructs

For the construction of a plasmid expressing full-length
AnxA2, the cDNA of AnxA2 was cloned into the pEGFP-N1
vector. The N-terminal phosphomimetic and non-phosphomi-
metic mutants at Tyr-23 were generated by using QuikChange
site-directed mutagenesis kit (Stratagene). In this report, the
plasmids are referred to as AnxA2WT-GFP, AnxA2Y23E-GFP,
and AnxA2Y23F-GFP.

Confocal Microscopy

For immunocytochemistry, cells expressing AnxA2Y23E-
GFP and AnxA2Y23F-GFP were treated with 5 um Ca** iono-
phore A23187. The cells were later subjected to monosialogan-
glioside GM1 labeling with 8 ug/ml Alexa 555-conjugated
cholera toxin B subunit. The cells were washed, fixed with 4%
paraformaldehyde, and subjected to immunocytochemistry.
The coverslips were mounted on glass slides with Prolong Gold
mounting media (Invitrogen). Confocal images were obtained
using Zeiss LSM 510 META confocal microscope equipped
with a 63X Plan-Apochromat objective and HeNel, HeNe2,
and argon lasers. The weighted colocalization coefficients were
calculated using the Zeiss LSM enhanced colocalization soft-
ware (Zeiss), which is a measure of the sum of the number of
co-localizing pixels relative to the sum of the total number of
pixel intensities after background correction.

EDTA Elution and Cell Surface Biotinylation

Confluent cultures were washed with 0.5 mm EDTA and PBS
buffer (Versene, Invitrogen) for 20 min at 37 °C, and the super-
natant was designated EDTA eluate. Cell surface proteins were
subjected to biotinylation with 0.5 mg/ml sulfo-NHS biotin
(Pierce) and recovered with avidin-conjugated Sepharose
(Sigma) as previously described with slight modifications (63).
Briefly, cells were washed with ice-cold PBS, chilled on ice for 5
min to block endocytosis, and biotinylated with 1 mg of EZ-
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Link Sulfo-NHS-LC-Biotin (Pierce) for 1 h at 4 °C. Cells were
later washed twice with ice-cold PBS and subsequently incu-
bated on ice with 50 mm glycine, PBS for 15 min to quench the
biotinylation reaction. Subsequently, cells were lysed in TNE
buffer (25 mm Tris-HCI, pH 7.5, 150 mMm NaCl, 5 mm EDTA)
containing 1% Triton X-100 plus protease and phosphatase
inhibitor mixture (Promega). The post-nuclear supernatants
were incubated in 60 ul of NeutrAvidin beads (Pierce). After
incubation for 1 h at4 °C, the supernatant was removed, and the
beads were washed twice with each buffer A (10 mm Tris-Cl, pH
7.4, 150 mMm NaCl, 2 mm EDTA, 0.2% Nonidet P-40), boiled in
sample buffer, and subjected to SDS-PAGE Western immuno-
blot analysis. Alternatively, the post-nuclear supernatants were
recovered and subjected to Triton X-100 extraction of the
detergent-resistant membranes (DRMs) as described below.

Isolation of Exosomes

Fetal bovine serum contains endogenous exosomes; to elim-
inate exosomes from FBS, the culture medium (DMEM, 10%
FBS, and 5% penicillin-streptomycin) was centrifuged over-
night at 120,000 X g. Exosomes were isolated from the culture
medium by serial centrifugation as previously published (64).
The culture medium was subjected to serial centrifugations at
800 X g for 10 min to remove the cells and at 12,000 X g for 30
min to remove the cell debris. The exosomes were pelleted from
the supernatant by centrifugation at 100,000 X g for 15 h,
washed, resuspended, and repelleted in PBS using a SW28 rotor
(Beckman).

Extraction of Lipid Rafts by Triton X-100

Separation of the membrane into Triton-soluble and -insol-
uble components was performed as published (35). Briefly, cells
were lysed in buffer A (25 mm MES, 150 mm NaCl, pH 6.5). The
lysate was treated with an equal volume of the buffer A mixed
with 2% Triton X-100, 2 mm Na;VO,, and 2 mm PMSF and
incubated on ice for 30 min. The lysates were centrifuged at
14,000 X g for 30 min, and the supernatant was collected and
referred to as the Triton-soluble (TS) fraction. The insoluble
pellets were resuspended with buffer B (1% Triton X-100, 10
mM Tris-Cl, pH7.6,500 mm NaCl,2mmNa; VO, 60 mMm B-octyl-
glucoside, and 1 mm PMSF) for 30 min on ice and centrifuged at
14,000 X g for 20 min. The supernatant was collected and
referred to as the Triton-insoluble (TT) fraction.

Sucrose Gradient Fractionation

Cells—Lipid raft fractions were isolated according to the pre-
viously published protocols with a few modifications (32).
Briefly cells were grown to near confluence, transfected, and
treated in four 100-mm dishes. The cells were lysed in 500 mm
Na,COg, pH 11, with a mixture of protease and phosphatase
inhibitors, and the lysate was homogenized with 20 strokes in a
prechilled Dounce homogenizer followed by homogenization
with a Polytron homogenizer 3 times for 10 s with intervals of
10-15 s followed by sonication 3 times for 20 s with an interval
of 60 's. Two ml of the homogenized sample was mixed with 2 ml
of 90% sucrose in MBS (25 mMm MES, 150 mm NaCl, pH 6.0). A
discontinuous sucrose gradient was generated by overlaying
with 4 ml of 35% sucrose in 1X MBS and 250 mm Na,CO,
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followed by overlaying with 4 ml of 5% sucrose in 1X MBS and
250 mMm Na,COj. The gradient was centrifuged at 40,000 X gin
a SW40Ti rotor (Beckman). Twelve 1-ml fractions were col-
lected from the top of the tube, and the fractions were subjected
to trichloroacetic acid (TCA) precipitation followed by SDS-
PAGE and Western immunoblotting.

Exosomes—Exosomes collected by serial centrifugation were
subjected to further purification as described previously (20).
The exosomal pellet was resuspended in 5 ml of 2.6 M sucrose,
20 mm Tris-HCI, pH 7.2, a linear sucrose gradient of (2.0-0.25
M sucrose, 20 mm Tris-HCI, pH 7.2) was layered on the top of
the exosome suspension in a SW41 tube for 16 h at 270,000 X g
(Beckman), and the pellets were subjected to SDS-PAGE and
Western immunoblotting.

Lipid rafts were isolated from the exosomes as described (21).
Freshly isolated vesicles (2 mg) from the culture medium were
suspended in 1.5 ml of buffer A (50 mm Tris-HCI, pH 7.2/150
mM NaCl, pH 7.2) in combination with 1% Triton X-100 or 1%
CHAPS with protease and phosphatase inhibitors. The suspen-
sion was mixed in 1.5 ml of 95% sucrose, overlaid with 3 ml of
35% sucrose and 3 ml of 5% sucrose, and centrifuged at
150,000 X g for 16 h at 4 °C. 1-ml fractions from the top were
collected and subjected to SDS-PAGE and immunoblot
analysis.

Fluorescent Lipid N-Rh-PE Labeling of the MVEs and
Intracellular Ca** Labeling with Fluo-3 AM

MVEs were labeled with N-Rh-PE as described previously
(30). Briefly the ethanolic solution of the fluorescent lipid (<1%
v/v) was injected by a Hamilton syringe into the medium, and
after vigorous vortexing the cells were incubated in the medium
for 60 min at 4 °C. The cells were later washed with PBS to
remove any unbound lipids and loaded with 15 um Fluo-3 AM
(Molecular Probes) for 30 min at 37 °C. After subjecting the
cells to ionophore treatment, cells were washed with PBS and
immediately mounted on glass coverslips and visualized under
the Zeiss LSM 510 confocal microscope using a 40X objective.

Immunofluorescence Analysis of Exosomal Protein Transfer

Exosomes were freshly harvested from the culture medium
of MDA-MB231 cells, suspended in 1X PBS, and quantified for
protein concentration by a BCA assay (Pierce). LNCaP-Cl1 cells
were cultured on coverslips and incubated with 30 ug of exo-
somes collected from MDA-MB231 cells for 12 h at 37 °C. The
cells were fixed and stained with anti-AnxA2 antibody (1:1000).
LNCaP-C1 cells were incubated in 0.5 mm EDTA for 1 h to
chelate off MDA-MB231-derived cell surface AnxA2.

Quantification of Released Exosomes

Quantification of secreted exosomes was performed by
measuring the activity of acetylcholine esterase as previously
described (27). Briefly, 50 ul of the pelted exosomes was sus-
pended in 100 ul of PBS, 37.5 ul of this PBS-diluted fraction was
incubated in the presence of 1.25 mm acetylthiocholine and 0.1
mM 5'mb5’-dithiobis(2-nitrobenzoic acid), and the reaction
mixture was brought to a final volume of 300 ul in a 96-well
plate. The incubation was carried out at 37 °C, and the change
in absorbance at 412 nm was monitored every 5 min. The data
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presented represent the enzymatic activity 20 min after
incubation.

Electron Microscopy

Enriched exosomal fractions were fixed for 10 min at room
temperature in 2% formaldehyde in PBS, pH 7.4, and either
adsorbed onto freshly ionized Formvar/carbon-coated grids for
20 min or filtered onto 1-cm, 0.45-mm cellulose nitrate filter
paper circles. Some grids were negatively stained in 2% uranyl
acetate in water. Other grids and filters were washed in PBS
containing 0.01 M glycine and subsequently processed like cov-
erslips as described. Briefly, after blocking in PBS supplemented
with 10% FCS, the grids/filters were incubated in primary IgG
(20 pg/ml) in 10% FCS (4 h to overnight), washed in PBS con-
taining 0.01 M glycine and 2.5% FCS, and incubated in the sec-
ondary goat anti-rabbit 5-nm gold conjugate diluted 1:50 in
10% ECS (2 h). Filters were washed in PBS containing 5% FCS
and 0.01 M glycine followed by 100 mm cacodylate buffer, pH
7.4, fixed in 1% OsO4 in 100 mm cacodylate buffer for 1 h at
4 °C, treated with1% tannic acid in 100 mm cacodylate buffer
(pH 7.4), and subsequently stained en bloc in 2% uranyl acetate
for 2 h. The filters were then dehydrated in ethanol, embedded
in Epox, and processed for routine electron microscopy. Sec-
tions were picked up onto 300 mesh nickel grids and stained
with lead citrate and uranyl acetate. Grids were observed in a
Tecnai 12TWIN transmission electron microscope operating
at 100 kV.

RESULTS

Phosphorylation at Tyr-23 Promotes the Association of
AnxA2 with the Low Density TI Membrane Fractions on Iono-
phore Stimulation—Increase in the intracellular levels of Ca®>*
is known to precede the activation of pp60c-Src, a tyrosine
kinase that phosphorylates AnxA2 at Tyr-23 (26). We investi-
gated the involvement of Tyr-23 phosphorylation in cell surface
trafficking of AnxA2 on ionophore treatment. EDTA eluates
from cells expressing AnxA2Y23E-GFP and stimulated with
ionophore were immunoblotted with GFP antibody to reveal a
marked increase in the cell surface levels of AnxA2Y23E-GFP
as compared with the vehicle control (Fig. 14, left panel). How-
ever, in cells expressing AnxA2Y23F-GFP, both basal and iono-
phore-stimulated cell surface levels of AnxA2 were markedly
reduced (Fig. 1A, right panel). lonophore treatment did not
result in any significant changes in the intracellular levels of
AnxA2 in cells expressing either of the constructs. PGK and
Coomassie staining of the gel were used as loading controls for
whole cell lysates and EDTA eluates, respectively.

Immunoprecipitation of EDTA eluates from cells expressing
AnxA2WT-GFP with anti-GFP (Fig. 1B) and anti-AnxA2 anti-
bodies (supplemental Fig. 14) revealed a marked increase in the
cell surface levels of tyrosine-phosphorylated AnxA2. The role
of tyrosine phosphorylation in the cell surface translocation of
AnxA2 was further confirmed by pretreating the cells with
sodium orthovanadate, a tyrosine phosphatase inhibitor, before
stimulation with ionophore. For recovery of cell surface pro-
teins we used biotinylation and avidin-based affinity purifica-
tion. We observed an increase in the ionophore-induced cell
surface levels of AnxA2 in cells pretreated with sodium
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orthovanadate, indicating that augmentation of tyrosine phos-
phorylation increases the association of AnxA2 to the cell sur-
face (supplemental Fig. 1B). These results demonstrate that in
addition to intracellular Ca>", phosphorylation at Tyr-23 reg-
ulates the trafficking and association of AnxA2 with the plasma
membrane. To investigate the role of Tyr-23 phosphorylation
in the association of AnxA2 with the lipid raft domains of the
plasma membrane, we separated the plasma membrane into
raft and non-raft regions based on their solubility in Triton
X-100. Immunoblotting with the non-raft marker, transferrin
receptor (Tfr), raft marker caveloin-1, and cytosolic PGK was
performed to ascertain the purity of the TS non-raft, low den-
sity TI raft, and cytosolic fractions, respectively. Ionophore
treatment resulted in increased association of AnxA2Y23E-
GFP with the TT raft fractions, which is accompanied by a con-
comitant increase in the cell surface levels of AnxA2 compared
with the cells treated with the DMSO control (Fig. 1C). An
increase in the association of AnxA2Y23E-GFP with the TS
non-raft fractions was also observed upon ionophore treat-
ment. The association of AnxA2Y23F-GFP with the TT and TS
fractions was markedly reduced in ionophore-stimulated cells,
and a decrease in the cell surface expression of AnxA2 was also
evident in both the ionophore and DMSO-treated cells (Fig.
1D).

To further demonstrate the importance of Tyr-23 phosphor-
ylation in the raft association of AnxA2, cells transfected with
AnxA2Y23E-GFP or AnxA2Y23F-GFP were either unstimu-
lated or stimulated with the ionophore. The lipid rafts were
subsequently labeled with Alexa 594-conjugated CTXB, which
preferentially binds to GM1 gangliosides of the raft microdo-
mains. Immunostaining for CTXB and GFP indicated a pre-
dominant colocalization of AnxA2Y23E-GFP with the GM1-
rich raft microdomains, which was markedly reduced in the
cells expressing AnxA2Y23F-GFP on ionophore treatment
(Fig. 2C, right panel). In cells not treated with the ionophore,
the extent of lipid raft formation was moderate, and both pro-
teins, AnxA2Y23E-GFP and AnxA2Y23F-GFP, were retained
in the cytosol (Fig. 1E).

Colocalization analysis was performed using WCIF_image]
colocalization analysis tool. The extent of colocalization was
measured by calculating the Pearson’s correlation coefficient
(PCC), which is used to measure the correlation of intensity
distribution between the two channels (red and green), and
Manders’s overlap coefficient (MOC) indicates the actual over-
lap of two signals. Because MOC is a true representation of
colocalization, we have estimated the extent of colocalization
by measuring the MOC. The MOC values for the cells express-
ing AnxA2Y23E-GFP and AnxA2Y23F-GEP in the presence of
the ionophore was measured to be 0.82 = 0.03 and 0.25 * 0.05,
respectively. These results suggest a significant colocalization
of Tyr-23-phosphorylated AnxA2 in the raft domains com-
pared with the non-phosphorylated AnxA2.

Immunoprecipitation of TS and TI fractions from cells
expressing AnxA2Y23E-GFP, AnxA2Y23F-GFP, and empty
GEFP vector indicated an increased recovery of AnxA2-GFP in
the TT fractions of cells expressing AnxA2Y23E-GFP compared
with the cells expressing AnxA2Y23F-GFP (supplemental Fig. 1C).
Triton extraction of the cells expressing the empty GFP vector
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FIGURE 1. Tyrosine 23 phosphorylation is essential for Ca>*-dependent association of AnxA2 to the Tl fractions. A, GFP immunoblotting of EDTA eluates
and whole cell lysates (WCL) isolated from cells expressing AnxA2Y23E-GFP and AnxA2Y23F-GFP in the presence and absence of ionophore is shown. PGK and
Coomassie staining were used as loading controls for WCL and EDTA eluates, respectively. B, EDTA eluates from AnxA2WT-GFP-expressing cells were immu-
noprecipitated with anti-GFP antibody and immunoblotted (/B) with phosphotyrosine antibody. The endogenous levels of AnxA2 are shown in the lower
panels. IgGHC, IgG heavy chain; IgGLC, IgG light chain. C and D, cells transfected with AnxA2Y23E-GFP and AnxA2Y23F-GFP were treated with either the
ionophore or DMSO control. The vehicle control and ionophore-treated cells were incubated in EDTA and PBS buffer to collect the EDTA eluates, and after lysis,
the cytosolic fraction (Cyt) was separated, and the plasma membrane was subjected to fractionation with Triton X-100 into TS and Tl fractions. The purity of the
fractions was determined by immunoblotting with caveolin (Cav-T), Tfr, and PGK antibodies. The distribution of AnxA2 in each of the fractions was analyzed by
immunoblotting with AnxA2 antibody. E, ionophore-stimulated cells (right panel) and vehicle control-treated cells (left panel) expressing AnxA2Y23E-GFP and

AnxA2Y23F-GFP were incubated with CTXB (red) and subjected to immunocytochemistry with GFP antibody (green). Bars, 20 um.

followed by immunoprecipitation of the TS and TI extracts
from AnxA2Y23E-GFP-transfected cells with control IgG pro-
vided negative controls.

We further tested if tyrosine-phosphorylated AnxA2 could
be immunoprecipitated from the raft microdomains on iono-
phore treatment. For this purpose immunoprecipitation with
GEFP antibody was performed on TI extracts collected from
ionophore stimulated and unstimulated cells. Tyrosine-phos-
phorylated AnxA2 was observed in the TI fractions of cells
stimulated with the ionophore (supplemental Fig. 1D). The
endogenous levels of AnxA2 in the input fractions are shown in
the supplemental Fig. 1D lower panel. These results show that
the association of AnxA2 with the detergent-resistant raft
domains of the plasma membrane is dependent on the phos-
phorylation status of AnxA?2 at Tyr-23.
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Tyrosine 23 Phosphorylation Imparts on AnxA2 the Ability to
Associate with Low Buoyant Density Lipid Rafts Isolated on
Sucrose Floatation Gradients—To confirm the importance of
Tyr-23 phosphorylation in the raft association of AnxA2, we
separated the raft microdomains based on their density on
sucrose flotation gradients. The cholesterol-rich light mem-
brane fractions 4 — 6 were distributed at the interface between 5
and 35% and contain an enrichment of raft marker caveolin-1;
the heavier membrane fractions 7-9 showed a predominant
expression of the non-raft marker Tfr; most cellular cytosolic
proteins were localized to the bottom of the gradient to frac-
tions 10-12. In ionophore-unstimulated cells, AnxA2 was
found to be predominantly localized to the heavier fractions
with very little distribution in the high and low density fractions
of the membrane, reflecting the principal distribution of the
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FIGURE 2. AnxA2 is recruited to the low density sucrose flotation gradients on ionophore stimulation. A, resting and stimulated NIH 3T3 cells transfected
with AnxA2WT-GFP were lysed in Na,CO; buffer and subjected to 45-5% discontinuous sucrose-density gradients. Twelve fractions were collected, and after
TCA precipitation, they were subjected to Western immunoblot analysis with AnxA2 antibody to determine the distribution of AnxA2 in each of the fractions.
Fractions were immunoblotted for caveloin-1 (Cav-T1) and Tfr to identify the lighter raft and heavier non-raft regions of the membrane, respectively. Fraction 1
represents the top of the gradient. Fractions 4- 6 represent the lighter fractions, and fractions 7-12 represent the heavier fractions. Band C, the distribution of
AnxA2 in the raft, non-raft, and the cytosolic fractions was determined in cells transfected with AnxA2Y23E-GFP and AnxA2Y23F-GFP and either stimulated or
unstimulated with the ionophore. D, ionophore-treated and -untreated cells transfected with the empty vector pEGFP-N1 were fractionated on sucrose
gradients. The amount of AnxA2 in each fraction was quantified by scanning three independent gels using the Alpha Imager software.
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protein in the cytosol (Fig. 2, A-C, left panels). On ionophore
stimulation, however, we observed a significant flotation of
AnxA2 to the lighter sucrose fractions in cells expressing
AnxA2WT-GFP and AnxA2Y23E-GFP (Fig. 2, A and B, right
panels). In ionophore-treated cells expressing AnxA2Y23F-
GEP, however, the association of the protein to the lighter frac-
tions was significantly compromised, and the protein is pre-
dominantly localized to the heavier fractions (Fig. 2C, right
panel). Cells transfected with empty GFP vector showed the
localization of GFP to the cytosolic fractions in both unstimu-
lated and ionophore-stimulated cells (Fig. 2D, left and right
panels). In the above experiments, endogenous levels of AnxA2
showed increased association with the raft fractions in iono-
phore-stimulated cells compared with the unstimulated con-
trols (Fig. 2, A-D). Densitometry analysis of the Western
immunoblots revealed that ~30—40% of the total cellular pro-
tein was localized to the low density rafts in ionophore-stimu-
lated cells transfected with AnxA2WT-GFP and AnxA2Y23E-
GEFP, respectively, as opposed to 5% association in cells
transfected with AnxA2Y23F-GFP. These results also provide
compelling evidence that phosphorylation of AnxA2 at Tyr-23
is critical for the Ca®>*-dependent raft association of AnxA2.

Depletion of Cellular Cholesterol Inhibits the Ca**-depen-
dent Translocation of AnxA2 to the Low Density Triton-insolu-
ble Regions of the Membrane—Because raft microdomains are
involved in the sorting of proteins across the plasma membrane
(14, 23), we examined the effect of depletion of membrane rafts
on the extracellular trafficking of AnxA2. Methyl-S-cyclodex-
trin (MBCD) extracts cholesterol and induces variable amounts
of cholesterol in the biological membranes, thereby disrupting
the integrity of the lipid rafts. The effective concentration of
MPBCD required to deplete cholesterol from the cellular mem-
branes of NIH 3T3 cells was determined from a previous study
(24). Pretreatment of NIH 3T3 cells with MBCD solubilized a
significant fraction of AnxA2 from the cell surface of iono-
phore-stimulated cells (Fig. 3A4). MBCD-pretreated cells
showed ~30% increase in cell surface levels of AnxA2 as com-
pared with ~80% increase in untreated cells upon ionophore
stimulation for 6 h.

Previous studies have indicated that AnxA2 is effectively
released from the cholesterol-containing liposomes by treat-
ment with filipin, a cholesterol-sequestering drug that inhibits
lipid raft-dependent endocytosis (25). In our studies we
observed that filipin inhibits the endocytosis of CTXB but does
not influence the endocytosis of transferrin (supplemental Fig.
2). We studied the effect of filipin on the lipid raft localization
and extracellular trafficking of AnxA2 in the presence of the
ionophore. NIH 3T3 cells were incubated with filipin before
treatment with the ionophore for the indicated periods of time,
and extracellular AnxA2 was recovered by cell surface biotin-
ylation. The cells were later processed for DRM isolation. West-
ern immunoblot analysis of the cell surface and pooled DRM
fractions indicated that ionophore treatment induces not only
the cell surface expression of AnxA2 but also results in an
increased association of AnxA2 with the DRM fractions. In
addition, ionophore-induced extracellular and DRM associa-
tion of AnxA2 was inhibited in cells pretreated with filipin (Fig.
3B). These results show that Ca®>*-dependent association of
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AnxA2 with the cell surface and the DRMs is largely dependent
on the cellular levels of cholesterol. To determine the Ca®*-de-
pendent association of AnxA2 to the lipid rafts in the presence
or absence of MBCD, we performed co-staining of AnxA2-GFP
fusion proteins with CTXB, a marker frequently used to label
lipid rafts. In ionophore-untreated cells AnxA2 was observed to
be diffusely distributed in the cytosol and is scarcely localized to
the CTXB-rich regions of the membrane (Fig. 3C, top panel). In
the presence of MBCD, the CTXB-positive staining in the
membrane was reduced, and AnxA2 remained predominantly
in the cytosol (Fig. 3C, second panel). In cells treated with the
ionophore, AnxA2WT-GFP co-localized with CTXB in the
membrane and also in discrete compartments in the cytosol
(Fig. 3C, third panel). A marked reduction in the CTXB and
AnxA2-GFP colocalization in both the plasma membrane and
internalized vesicles was observed when cells were pretreated
with MBCD in the presence of the ionophore (Fig. 3C, fourth
panel). We also observed that cytosolic AnxA2 co-localized
with LAMP-1, a late endosomal marker in cells treated with the
ionophore (Fig. 3C, fifth panel). LAMP-1 was also found to be
co-localized with CTXB in the cytosol (Fig. 3C, sixth panel).
Lack of colocalization of AnxA2WT-GFP with calnexin, an
endoplasmic reticulum marker, further confirmed that these
vesicles belong to the endosomal system (Fig. 3C, seventh
panel). The extent of AnxA2 and CTXB colocalization at the
membrane was measured to be 0.78 = 0.0.06 in ionophore-
treated cells. Upon treatment with MBCD before ionophore
treatment, the MOC values for AnxA2 and CTXB colocaliza-
tion was measured to be 0.29 * 0.08.

AnxA2 Is a Component of the Secretory Exosomes Released
from Ionophore-stimulated Cells—Previous studies have sug-
gested that proteins that are trafficked to the intracellular lipid
raft-containing vesicles are routed to the MVE pathway and
lysosomes (8). We wanted to determine whether AnxA2 is a
secretory component of the exosomes, which are the intra-
lumenal vesicles of the MVEs. For this purpose we first investi-
gated ionophore-induced formation of MVEs in NIH 3T3 cells.
To visualize the ionophore-induced formation of intracellular
MVEs, NIH 3T3 cells preloaded with a fluorescent lipid analog
N-Rh-PE were simulated with ionophore. A significant increase
in the number of N-Rh-PE-stained intracellular MVEs was
observed around the perinuclear region in a time-dependent
manner upon ionophore treatment (Fig. 4A). Intracellular
MVEs typically enclose a number of small 30-100-nm intra-
lumenal vesicles characterized as exosomes. To establish that
ionophore-induced MVE formation is associated with
increased secretion of exosomes, cells were treated with
monensin, a drug that stimulates MVE exocytosis and enhances
the secretion of exosomes, and wortmannin, a drug that inhibits
the formation of MVEs. Quantification of secreted exosomes
revealed a marked increase in the number of secreted exosomes in
monensin and ionophore-treated cells compared with the
wortmannin and untreated control cells (Fig. 4B). To provide
further proof of the role of Ca®>* in influencing the secretion of
exosomes, the cells were treated with either ionophore alone or
ionophore in combination with either EDTA or BAPTA-AM. A
significant increase in the number of secreted exosomes was
observed in cells stimulated with ionophore alone compared
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FIGURE 3. Association of AnxA2 with cholesterol-rich regions of the membrane. A, NIH 3T3 cells were treated with 5 mm MBCD for 20 min to deplete the
cholesterol in the cellular membranes before treatment with 5 um ionophore for the indicated periods of time. The cell surface-biotinylated extracts were
subjected to immunoblot analysis for AnxA2, and the blots were reprobed for Na*,K*-ATPase for protein loading. B, NIH 3T3 cells pretreated with filipin were
untreated or treated with the ionophore for the indicated periods of time (30 min and 1 h). Western immunoblotting of cell surface and DRM-associated AnxA2
recovered by cell surface biotinylation was followed by DRM extraction. C, confocal microscopy of NIH 3T3 fibroblasts expressing AnxA2WT-GFP untreated
(panels 1 and 2) and treated with the ionophore (panels 3-5) is shown. Colocalization of AnxA2WT-GFP with CTXB in the presence or absence of MBCD (panels

3 and 4, respectively) and calnexin (panel 5). Bars, 20 um.

with the cells stimulated with ionophore in combination with
either EDTA or BAPTA-AM (Fig. 4C). We also observed that
ionophore stimulation induced a marked increase in the num-
ber of secreted exosomes in a time-dependent manner in com-
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parison to the unstimulated cells (Fig. 4D). To visualize the
secretion of exosomes in a Ca®>*-dependent manner, cells were
preloaded with Fluo-3 AM followed by labeling of the MVEs
with a fluorescent lipid analog N-Rh-PE. The formation of
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FIGURE 4. lonophore treatment induces the secretion of exosomes in NIH 3T3 cells. A, confocal microscopy of NIH 3T3 cells preloaded with the fluorescent
lipid analog N-Rh-PE and stimulated with the ionophore for the indicated periods of time are shown. Bars, 20 um. B, shown is quantification of secreted
exosomes over 24 h in untreated cells and cells treated with monensin (1 um), wortmannin (50 nm), and A23187 (5 um). C, exosomes collected from the culture
medium of cells stimulated with ionophore in combination with 1.5 mm EDTA and 20 um BAPTA-AM were quantitated by measuring the activity of acetylcho-
line esterase E (AChE). The -fold change in the enzymatic activity was plotted by normalizing the activity of the control to 1. * represents the significance at p <
0.5. D, quantification of the time-dependent secretion of the exosomes in the absence and presence of the ionophore by measuring the activity of acetylcho-
line esterase E is shown. The data are plotted as the mean absorbance units = S.E. versus time in min. £, NIH 3T3 cells were preloaded for 1 h at 37 °Cwith 15 um
Fluo-3 AM, and the cells were later loaded with N-Rh-PE for 3 h at 37 °C and left untreated (upper panels) or treated (lower panels) with the ionophore. The
colocalization of Fluo-3 AM and N-Rh-PE at dense areas closer to the plasma membrane indicates the presence of intracellular Ca?*in the MVEs. Bars, 20 um.

MVEs containing luminal Ca>* was observed in ionophore-
stimulated cells, which were markedly reduced in unstimulated
cells (Fig. 4E). Taken together, these results further support that
ionophore treatment induces the release of secreted exosomes.

Based on our observations that ionophore stimulation results
in increased secretion of exosomes, we next determined
whether AnxA2 is associated with secretory exosomes in a
Ca*"-dependent manner. Exosomes were extracted from the
culture medium by serial centrifugation, and the recovered
high speed pellet was further purified by layering on sucrose
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gradients. Exosomes are known to migrate to a density ranging
from 1.06-1.15 g/ml in a linear sucrose gradient (33). Consis-
tent with these observations, upon ionophore treatment, NIH
3T3-secreted exosomes migrated to fractions with a density of
1.08-1.16 g/ml and co-fractionated with hsc70 and Tfr (Fig.
5A). The purity of the exosomal fraction was further confirmed
by immunoblotting the exosomes collected from the pooled
sucrose gradient fractions and the cell lysate with antibodies
against exosomal resident proteins and markers of the endo-
plasmic reticulum (calnexin) and mitochondrion (cytochrome

JOURNAL OF BIOLOGICAL CHEMISTRY 30919



Ca’*-mediated Exosomal Transport of Annexin A2

A 1 2 3 a4 5 6 7 8 9 10 11 12
1.01 1.02 106 1.08 1.11 1.13 1.16 1.19 1.23 1.26 1.29 1.32| Density g/ml
— - — AnxA2
T G — — Hsc70
. v e e Tfr
B E L C
, o A23187 - +
XA2 | . -
An S o AnxA2 e
HSC70 | S S
CD81 | e
A23187 (hr)_0 05 1 4 6
AnxA2 - o=
LAM s
i AnxA2WT-GFP
v ; Hsc70 - -
|
CytC —_— ——
AnXA2WT-GFP
k
ACHn | s —
CD63 | e e
Hsc70| == —x

PFA+EX

FIGURE 5. Exosomal association of AnxA2 on ionophore stimulation. A, pelleted exosomes were subjected to flotation on linear sucrose gradients (0.5-2 m
sucrose) and subjected to ultracentrifugation. The fractions were collected and analyzed for expression of AnxA2 and exosome markers hsc70 and Tfr.
Exosomes are shown to migrate to their characteristic density on the sucrose gradient. B, Western immunoblotting of the exosomal pellet and whole cell lysate
with exosomal protein markers (CD81, CD63, hsc70, and LAMP-1), endoplasmic reticulum (ER), and mitochondrial (cytochrome ¢ (CytC)) markers (left panel) is
shown. Colocalization of intracellular MVEs expressing AnxA2WT-GFP with the fluorescent lipid analog (N-RH-PE), lysobisphosphatidic acid (LBPA), CD81 and
cytochrome c (right panel). Bars, 20 um. L, whole cell lysate; E, exosomal membrane. C, exosomes collected from ionophore-treated cells were subjected to
Westernimmunoblot analysis to detect the expression of AnxA2 and hsc70 (upper panel). Exosomes were collected from cells stimulated with ionophore for the
indicated periods of time and probed for AnxA2 and hsc70 (lower panel). D, LNCaP-C1 cells stably expressing empty GFP (green) were incubated with exosomes
derived from MDA-MB231 cells for 30 min to 4 h. The overlay images indicate AnxA2-specificimmunostaining on the surface of LNCaP-C1 cells (left panel). E,
LNCaP-C1 were incubated with MDA-MB231-derived exosomes for the incubated periods of time and subjected to total internal reflection fluorescence
microscopy. As a control, cells were treated with 2% paraformaldehyde (PFA) after incubation with exosomes (EX) and analyzed by total internal reflection
fluorescence microscopy (right panel). Bars, 20 um.

¢). As shown in Fig. 5B, the expression of AnxA2 was observed of transient transfection with AnxA2WT-GFP plasmid, the

in the exosomal pellet along with the expression of exosomal
makers (CD81, LAMP-1, CD63, and hsc70). The absence of
calnexin and cytochrome ¢, which are markers for the endo-
plasmic reticulum and mitochondria, further confirmed the
purity of the exosomal pellet (Fig. 5B, left panel). To confirm the
association of AnxA2 with the MVEs, we studied the distribu-
tion of GFP-tagged-AnxA2 and the exogenously delivered
N-Rh-PE, which is sorted and retained in the MVEs. Within 6 h
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expression of AnxA2 was observed around the perinuclear
region, which co-localized with N-Rh-PE (in 92% of the cells
tested, n = 47). GFP-tagged AnxA2 co-localized with lysobis-
phosphatidic acid, a late endosomal marker (in 78% of the cells
tested, n = 53), and CD81, an exosomal raft-enriched protein
(in 83% of the cells tested, n = 51). AnxA2 did not co-localize
with the mitochondrial marker cytochrome ¢ (Fig. 5B, right
panel). Next, we wanted to demonstrate the Ca®>*-dependent
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association of AnxA2 with the exosomes. We observed that
ionophore treatment resulted in increased exosomal levels of
both AnxA2 and hsc70 (Fig. 5C, upper panel), suggesting the
ionophore-induced secretion of the exosomes. Furthermore,
we quantitated the extent of exosomal secretion after iono-
phore treatment. Exosomes collected from the ionophore-
treated cells for the indicated periods of time showed increased
levels of AnxA2, which are accompanied by a concomitant
increase in the levels of a exosomal resident protein, hsc70 (Fig.
5C, lower panel).

To determine whether AnxA2 secreted from the exosomes
can be exogenously transferred from one cell type to another
cell type, we made use of AnxA2-null LNCaP-C1 cells stably
expressing GFP and exosomes derived from MDA-MB231
cells. Cancer cells are known to secrete abundant levels of exo-
somes (34), and hence, we made use of a breast cancer cell line,
MDA-MB231, for exogenous exosomal transfer. LNCaP-C1 cells
were incubated with exosomes derived from MDA-MB231 cells
for a period of 30 min to 4 h and subjected them to immuno-
staining with AnxA2 antibody. AnxA2-specific immunostaining
was observed as punctate spots on the surface of LNCaP-Cl1 cells
(Fig. 5D). Furthermore, incubation of LNCaP-C1 cells with MDA-
MB231-derived exosomes for prolonged periods of time (4 h)
resulted in the internalization of AnxA?2 as visualized by the intra-
cellular localization of AnxA2-specific immunostaining.

To further analyze incorporation of AnxA2 in LNCaP-C1
cells delivered from exogenous MDA-MB231-derived exo-
somes, we performed total internal reflection fluorescence
microscopy to detect AnxA2-specific immunostaining in the
subplasmalemmal regions and on the cell surface. Total inter-
nal reflection fluorescence microscopy showed an accumula-
tion of AnxA2-positive exosomes on the cell periphery that was
detectable as early as 30 min after incubation with exosomes.
Incubation of exosomes for 4 h resulted in their subsequent
internalization in the intracellular endosomal compartments.
LNCaP-C1 cells incubated with exosomes for 4 h and treated
with EDTA to chelate off peripheral AnxA2 showed the pres-
ence of only the internalized exosomes around the perinuclear
regions. We observed that exosome internalization is an active
process, as cross-linking the proteins with paraformaldehyde
before the addition of exosomes prevented both exosome accu-
mulation and intracellular entry (Fig. 5E).

AnxA2 Associates with the Low Density Triton-insoluble
Regions of the Exosomes in Ionophore-stimulated Cells—We
recovered the low density Triton-insoluble fractions from the
exosomes and analyzed the distribution of AnxA2. Because
NIH 3T3 cells secreted basal levels of exosomes under unstimu-
lated conditions, it was not experimentally feasible to recover
the low density Triton-insoluble membranes from these cells.
Triton-permeated exosomal fractions from ionophore-stimu-
lated cells were overlaid on sucrose gradients and immuno-
blotted for CD81 (exosomal raft-associated protein) and
AnxA2. AnxA2 was found to be enriched in the low density
fractions overlapping with CD81 (Fig. 64). To address the role
of Tyr-23 phosphorylation in the association of AnxA2 with
exosomes on ionophore treatment, we collected the whole cell
lysate, plasma membrane, and exosomal membrane fractions
from cells expressing AnxA2WT-GFP, AnxA2Y23E-GFP, and
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AnxA2Y23F-GFP. The SDS-PAGE and immunoblotting with
AnxA2 antibody revealed the distribution of AnxA2 in these
fractions. As shown in Fig. 6B, ionophore treatment resulted in
an increased association of both AnxA2WT-GFP and
AnxA2Y23E-GFP with the plasma membrane and exosomal
membrane as opposed to the markedly diminished distribution
of AnxA2Y23F-GFP. Furthermore, to demonstrate the associ-
ation of AnxA2 with the TI fractions of the exosomal mem-
brane, the exosomal membranes from ionophore-stimulated
cells were permeated with Triton X-100 and incubated in the
presence of 1% CHAPS and layered on sucrose flotation gradi-
ents. Increased association of AnxA2-GFP fusion protein with
the low density exosomal raft-like domains was observed in
cells expressing AnxA2WT-GFP and AnxA2Y23E-GFP (Fig. 6,
C and D, respectively). In contrast, cells expressing
AnxA2Y23F-GFP showed a markedly diminished association
of AnxA2 with the exosomal raft-like domains (Fig. 6E). The
fractions were also immunoblotted with CD81 and Tfr to iden-
tify the low density and high density membrane fractions,
respectively. To further demonstrate the association of wild-
type AnxA2 and Tyr-23 phosphorylation mutants with the
secreted exosomes, we performed flow cytometry analysis of
exosomes. As shown in supplemental Fig. 3, the exosomes con-
tained a strong expression of surface CD81 and CD63 com-
pared with the isotype controls. In contrast, the expression of
CD45 and Na®,K*-ATPase, which are plasma membrane
markers, was not observed on the exosomes, confirming that
the exosomal preparation was not contaminated by fragments
of the plasma membrane. Moreover, the exosomes showed a
strong expression of AnxA2WT-GFP and AnxA2Y23E-GEFP in
ionophore-stimulated cells. However, the expression of
AnxA2Y23F-GFP was significantly compromised. When exo-
somes were depleted of Ca®>" by treating with EDTA, a marked
reduction in the endogenous levels of AnxA2 was observed,
suggesting that AnxA2 is bound to the surface of exosomes in a
Ca®>"-dependent manner.

To further characterize the localization of AnxA2 in the
secretory exosomes, we performed electron microscopy of the
exosomes released from the conditioned medium of iono-
phore-treated and -untreated cells. Release of exosomes from
the basal cells was observed to be significantly lower than cells
treated with the ionophore. Immunogold labeling localized
AnxA2 to small irregularly shaped vesicles with sizes ranging
from 20 to 40 nm in basal cells. The exosomes released from
basal cells (Fig. 6F, left panel) did not seem to possess a defined
morphology, and the expression of AnxA2 was found to be
predominantly in the lumen. Exosomes isolated from iono-
phore-treated cells, however, had a defined cup-like morphol-
ogy with sizes ranging from ~100 to 150 nm. Immunoelectron
micrographs also showed a predominant surface expression of
AnxA2 in exosomes along with luminal expression of AnxA2
(Fig. 6F, right panel).

DISCUSSION

Our studies demonstrate that cell surface trafficking of
AnxA2 is a multistep process mediated by a highly coordinated
sequence of events in the intracellular endocytotic pathway.
Elevated levels of Ca®>" mobilize cytosolic AnxA2 to the choles-
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FIGURE 6. Separation of exosomal membranes on sucrose flotation gradients. A, the exosomal pellet from pooled sucrose flotation gradients was
incubated in the presence of 1% CHAPS and 1% Triton X-100, respectively, and layered on sucrose gradients. The fractions were collected from the top and
subjected to Western immunoblotting with anti-CD81 and anti-AnxA2 antibodies. B, equal amounts of protein from the whole cell lysate (L), plasma membrane
(M), and exosomal (E) fractions collected from the ionophore-stimulated cells expressing AnxA2WT-GFP, AnxA2Y23E-GFP, and AnxA2Y23F-GFP were
analyzed by Western immunoblot for the expression of AnxA2. C, D, and E, exosomal pellets from the above fractions recovered from cells expressing
AnxA2WT-GFP, AnxA2Y23E-GFP, and AnxA2Y23F-GFP, respectively, were separated by differential centrifugation on sucrose gradients after incubation with
1% CHAPS. Fractions were immunoblotted with AnxA2 and probed for raft (CD81) and non-raft (Tfr) marker proteins. F, shown is electron microscopy of the
secreted exosomes from ionophore-treated and -untreated cells on staining with immunogold-labeled AnxA2 antibody. Scale, 50 nm.

terol-enriched domains of the plasma membrane called lipid
rafts. Phosphorylation at Tyr-23 imparts on AnxA2 its ability to
bind and stabilize with the lipid raft microdomains. After
recruitment to the plasma membrane lipid rafts, AnxA2 is
internalized from the lipid rafts by caveolae-mediated endocy-
tosis. We observed the Ca?"-dependent association of AnxA2
in the raft-like regions of the MVE intralumenal vesicles. This
process could be due to the endocytosis of plasma membrane
lipid rafts by clathrin-dependent or independent pathways.
Furthermore, AnxA2 associated with the MVE intralumenal
vesicles is released into the extracellular space upon fusion of
the MVEs with the plasma membrane. We also observed the
association of AnxA2 in the raft-like regions of the secretory
exosomes, which are originally the intralumenal vesicles of the
MVE. Finally, our results indicate that the association of AnxA2
with the raft-like regions of the plasma membrane and the
organelle membranes is largely dependent on the phosphory-
lation at Tyr-23.
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One of the unresolved issues in AnxA2 biology is how the
protein is translocated to the cell surface subsequent to stimuli
that induce an increase in the intracellular levels of Ca?* (2, 3).
In an effort to identify the membrane dynamics that result in
Ca®"-dependent cell surface translocation of AnxA2, we used
an ionophore-stimulated model in NIH 3T3 cells. Ionophore-
induced elevation of intracellular Ca>" has been a particularly
valuable model to study Ca®>"-dependent relocation of AnxA2
to cellular membranes (36). Relocation to the plasma mem-
brane is related to several functions of AnxA2 including mem-
brane trafficking, signaling events associated with Ca®>" han-
dling, and membrane-cytoskeletal interactions (37, 38).

Previous studies have indicated that AnxA2 is asymmetri-
cally distributed in the plasma membrane as a result of its pref-
erential localization to distinct membrane domains rich in
phosphatidylinositol 4,5-bisphosphate (39, 40). Because phos-
phatidylinositol 4,5-bisphosphate-rich regions compose the
detergent-insoluble regions of the membrane, AnxA2 has been
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identified as a raft-associated protein (41). Although the impor-
tance of Ca®" in the localization of AnxA2 to the raft microdo-
mains has been established, it is not known whether localiza-
tion of AnxA2 to the lipid rafts is influenced by prior signaling
events at the membrane. In our studies we observed that dis-
ruption of the rafts by MBCD or filipin diminishes the cell sur-
face levels of AnxA2 under elevated levels of intracellular Ca>™".
In our experiments filipin was more efficient than MBCD in
inhibiting the DRM and cell surface levels of AnxA2. This effect
could be due to the release of AnxA2 from cholesterol-rich
membranes by filipin as suggested by a previous study (25). It is
also known that MBCD does not release AnxA2 from the cho-
lesterol-rich membranes, and hence, the observed effect of
MPBCD on the cell surface AnxA2 is only a result of the disrup-
tion of lipid rafts and not because of the release of AnxA2 from
the cholesterol-rich membranes.

Tyr-23 Phosphorylation and Lipid Raft Association of AnxA2—
Previous studies have indicated the importance of Ca®>" as an
indispensable stimulus for the relocation of AnxA2 to the
membrane microdomains concentrated in the inner leaflet of
the plasma membrane (38, 41— 43). Although N-terminal phos-
phorylation of AnxA2 has been implicated in the regulation of
several membrane activities of AnxA2, its involvement in the
lipid raft association of AnxA2 has not been previously
explored. The present study addressed the role of N-terminal
phosphorylation events in the Ca>"-dependent lipid raft local-
ization of AnxA2. Here, we demonstrated that the distribution
of AnxA2 to the lipid rafts and also the raft aggregation is mark-
edly influenced by intracellular levels of Ca®>*. This transloca-
tion is also accompanied by a concomitant increase in the levels
of AnxA?2 associated with the non-raft regions, suggesting the
possibility that AnxA2 binds non-specifically to the non-raft
regions of the membrane because of its affinity to the acidic
phospholipids and is later recruited to the raft microdomains.
Our studies involving both the detergent and non-detergent-
based extraction of lipid rafts indicated that only the phospho-
mimetic mutant at Tyr-23 could be recovered from the lipid
rafts. It is well established that proteins recruited to the lipid
rafts are phosphorylated in the raft microenvironment by the
raft-resident kinases (44). Because the Src kinase Lyn, which is
known to phosphorylate AnxA2 at Tyr-23, is localized to the
rafts, it is possible that phosphorylation of AnxA2 at Tyr-23
occurs in the kinase-enriched lipid rafts (45). We suggest that
phosphorylation at Tyr-23 may impart on AnxA2 the stability
of association with the lipid rafts, whereas the non-phosphory-
lated AnxA2 is destabilized from the raft microdomains.

Lipid Rafts and Protein Sorting—Having demonstrated the
involvement of Tyr-23 phosphorylation in the raft recruitment
of AnxA2, one of the central questions that would arise subse-
quently is the role of raft-associated AnxA2. Rafts are originally
identified as submicroscopic freely floating assemblies of liquid
ordered domains of proteins and lipids (46). The dynamic
nature of the rafts enables the movement of both proteins and
lipids into and out of the rafts, and rafts are involved in the
potentiation of intracellular signaling events (47). Lipid rafts are
also known to contribute to membrane trafficking by the for-
mation of transport carriers that form as a result of domain-
induced budding from the lipid rafts at the cell surface and the
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sorting of proteins into a distinct class of endocytic vesicles
(28, 48).

Vesicular Sorting of Lipid Raft-associated AnxA2—The inter-
nalization of plasma membrane lipid rafts by the intracellular
endocytic system has been extensively studied for the transport
of glycosylphosphatidylinositol-anchored proteins (31). Endo-
cytosis of protein and lipid raft components can occur via clath-
rin-dependent and -independent pathways (15). Recent evi-
dence suggests that a majority of the proteins sorted into the
lipid raft-internalized vesicles are targeted to early and recy-
cling endosomes via a clathrin-independent pathway (11, 49).
In our studies we observed the presence of AnxA2 and CTXB-
positive internalized vesicles in the cytosol on ionophore treat-
ment, suggesting that AnxA2 follows similar pathways of lipid
raft internalization. Although the mechanisms of lipid raft
endocytosis are not known, studies have suggested that pro-
teins and lipids endocytosed via the caveolar pathway are inte-
grated into the classical endosomal system. The budded cave-
olae referred to as endocytic caveolar carriers have different
cellular destinations (50, 51). These vesicles can form a special-
ized organelle called caveosome in a Rab5-independent manner
or can fuse with the endosomes in a RAB5-independent man-
ner (52). Our studies also suggest that AnxA2 is a component of
the raft-like microdomains on the late endosomes (data not
shown). Although previous studies have suggested that the
endosomal rafts are delivered from the plasma membrane
by endocytosis via caveolae (53), further studies are essential to
establish a direct relation between plasma membrane and
endosomal rafts.

Proteins targeted to late endosomes have highly complex
sorting systems because of the presence of distinct membrane
domains in the late endosomal membranes (54). Sorting of pro-
teins to the late endosomes is a common mechanism for the
targeting of proteins to the endoplasmic reticulum and Golgi
and transport of certain proteins from the plasma membrane by
association with the intralumenal vesicles of the MVEs called
exosomes (29). During the process of MVE formation, proteins
in the limiting membrane of the early endosomes are targeted
to the internal vesicles of the MVE (54).

AnxA2 is known to associate with the endosomal membrane
in a Ca®>" -independent manner that is different from its Ca**-
dependent interaction with the negatively charged phospholip-
ids (55, 56). The Ca®*-independent interaction of AnxA2 with
the vesicular membranes is because of the presence of two cop-
ies of the YXX¢ (X is any other amino acid, and ¢ is a hydro-
phobic amino acid) motif in the N terminus of AnxA2 (57). This
motif is known to be essential in the interaction of AnxA2 with
the clathrin adapter proteins that are involved in the sorting of
the cargo to the clathrin-coated vesicles (58). Phosphorylation
of AnxA2 at Tyr-23 hinders the interaction of AnxA2 with the
clathrin complexes and thereby prevents the endocytosis via
clathrin-coated vesicles (58). In the present study we have iden-
tified the Ca*>"-dependent interaction of AnxA2 with the lipid
rafts and its subsequent association with the endosomal system.
Our results also indicate that AnxA2 is phosphorylated at
Tyr-23 in response to ionophore-induced elevation in intracel-
lular Ca®". Hence, we suggest that phosphorylation at Tyr-23
hinders the clathrin-dependent endocytosis, and AnxA2 is pos-
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sibly endocytosed from the lipid rafts by clathrin-independent
endocytosis mediated by caveolae.

Exosomes are internal bilayer vesicles of the MVEs that orig-
inate when a limiting membrane of a late endosome is sponta-
neously invaginated (59). Maturing MVEs that contain several
of these internally pinched-off vesicles have three distinct des-
tinations, 1) further maturation to form lysosomes, 2) serve as
temporary storage for cellular proteins to avoid a degradation,
or 3) secreted as exosomes by the fusion of the MVE limiting
membrane with the plasma membrane (60). Biochemical anal-
ysis of the secreted exosomal membranes are similar in lipid
composition to the rafts, and several raft markers such as GM1,
GM3, flotilin, Src kinase, Lyn, and the glycosylphosphatidyl-
inositol-anchored proteins CD55, CD58, and CD59 are known
to be associated and secreted by the exosomes (21). These stud-
ies suggest that raft-like domains in the late endosomes and
MVEs originate as a result of the pinching off of the plasma
membrane into intracellular vesicles.

Sorting of AnxA2 from the Plasma Membrane Lipid Rafts to
the Exosomes—We demonstrate that ionophore stimulation
induces the secretion of exosomes, and exosomal AnxA2 can be
exogenously transferred from one cell to another, suggesting
the physiological role of exosomes in intercellular communica-
tion. The observation that elevated levels of intracellular Ca>*
promotes the secretion of exosomes is also supported by previ-
ous findings that Ca>"* influences multiple membrane fusion
events in the trafficking of proteins across the endocytic path-
way (61, 62). Furthermore, the isolation of raft-like microdo-
mains from the exosomes has enabled us to determine that
AnxA2 is a raft-associated component of the secretory exo-
somes. We have also studied the exosomal association of
Tyr-23 phosphorylation mutants of AnxA2, and our observa-
tions demonstrated that the Tyr-23 phosphomimetic mutant of
AnxA2 possessed the increased ability to associate with the
secretory exosomes, whereas the non-phosphomimetic mutant
failed to do so. These observations in addition to our previous
findings that prevention of Tyr-23 phosphorylation inhibits the
plasma membrane raft association of AnxA2 suggested to us
that the raft association of AnxA2 is critical for its entry into the
exosomes.

In summary, our data provide insights into several unre-
solved issues concerning the Ca®*-dependent cell surface
translocation of AnxA2. The data presented here suggest sev-
eral mechanistic approaches that facilitate the sorting of
AnxA2 from the raft microdomains of the plasma membrane to
the cell surface via its association with the DRMs of the endo-
somal system. These results outline the importance of secretory
exosomes as functional carriers of AnxAz2. In conclusion, these
observations may suggest an alternate mechanism of non-clas-
sical protein secretion.
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