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Cell transformation by v-Src involves rearrangement of the
actin cytoskeleton, disassembly of focal adhesions, and the
development of anchorage-independent growth. Here, we re-
port that this is dependent on annexin 2, a v-Src substrate and
calcium-dependent regulator of actin dynamics. Using a ther-
moactivatable mutant of v-Src, we show that at the permissive
temperature, annexin 2 becomes phosphorylated and colocal-
izes with activated v-Src and focal adhesion kinase both at the
plasma membrane and in a Rab11-positive compartment of the
endosomal pathway. In cells depleted of annexin 2 by small
interfering RNA, v-Src becomes activated at the permissive
temperature but does not target to the plasma membrane or to
perinuclear vesicles, and cell transformation does not occur.
Our findings reveal a dual role for annexin 2, first as a regulator
of v-Src trafficking and targeting and second as a v-Src effector
in the reorganization of actin.

Annexin 2 was first identified as a major substrate of v-Src,
the transforming gene product of the Rous sarcoma virus (1–3).
It belongs to a large family of highly conserved proteins, mem-
bers of which are present in all eukaryotic phyla and at least one
prokaryote (4, 5). There are 12 annexin genes in humans, and
they are implicated in the pathology of numerous diseases,
including hematological disorders and cancer (6). The proteins
are characterized by their ability to bind and order membrane
phospholipids, particularly membranes enriched in choles-
terol, with binding being most commonly but not invariably
regulated by Ca2� (7). Some annexins have been shown to
interact with actin (8–11), and we recently demonstrated that
annexin 2 regulates actin dynamics in vitro and in vivo by inhib-
iting actin polymerization at the rapidly growing barbed ends of
actin filaments (12). Annexin 2 is associated with early endo-
somes (13), recycling endosomes (14), and phagosomes and
enlargeosomes (15) and is critical for the actin-dependent rock-
eting of macropinosomes (16). In these contexts, annexin 2 has
the capacity to bind the negatively charged lipid components of
the vesicles while also potentially regulating the actin-based
structures that promote vesicle formation, budding, and trans-
port. Spatial and temporal control of annexin 2 activitymay occur
through binding to phosphatidylinositol 4,5-bisphosphate on the

vesicles (17, 18), which is known to regulate the activity of many
proteins involved in actin remodeling at these sites (19, 20).
Annexin 2 forms a heterotetrameric complex with S100A10

in vivo, and it was this complex that was first reported to bundle
actin filaments in vitro. Phosphorylation of annexin 2 by v-Src
was shown to completely inhibit this activity (21), suggesting
that v-Src or c-Src could play a role in regulating annexin-actin
interactions in vivo. Such a role for annexin 2 would be consist-
ent with some of the downstream consequences of v-Src acti-
vation, which include remodeling of the cytoskeleton, extensive
cellular ruffling, stress-fiber breakdown, and ultimately, focal
adhesion turnover (22, 23). c-Src and v-Src phosphorylate a
broad and largely overlapping range of substrates, many of
which are implicated in cell motility and cell transformation
(24–28) and among which focal adhesion kinase (FAK)2 is a
prime target. FAK is a key regulator of focal adhesion dynamics
and becomes phosphorylated on a number of tyrosines, some of
which have been identified as targets of Src kinases (29–31).
Indeed, Src and FAK form a complex that regulates focal adhe-
sion turnover by phosphorylatingmembers of the Rho family of
small GTPases, the large scaffold protein paxillin, myosin light
chain kinase, and ERK (32).
Recent publications have demonstrated the importance of

the phosphorylation of annexin 2 in the epithelial-to-mesen-
chymal transition induced by v-Src overexpression or treat-
ment with hepatocyte growth factor (33) and in the insulin-
mediated transformation of baby hamster kidney cells (BHK-IR
cells) (34). In both studies, expression of a pseudo-phosphoryl-
ated mutant of annexin 2 was sufficient to partially phenocopy
the transformed phenotype. In this study, we used small inter-
feringRNA (siRNA) to deplete fibroblasts of annexin 2 and then
examined the effects of activation of a temperature-sensitive
mutant of v-Src on cell morphology, F-actin, the localization of
activated Src, and the phosphorylation of FAK. Consistent with
previous reports, we observed that annexin 2 becomes phos-
phorylated when v-Src is active (3, 33). We demonstrate that
cells lacking annexin 2 fail to undergo the phenotypic changes
and anchorage-independent growth that characterize transfor-
mation and show that phosphorylation of FAK on tyrosine 576
is defective. We also show that the targeting of activated Src to
the plasma membrane and its subsequent internalization and
sorting onto Rab11-positive endosomes are compromised.
Thus, our data reveal amajor role for phosphorylated annexin 2* This work was supported by Wellcome Trust Program Grant GR072694MF.
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as a downstream effector of Src, inducing dynamic restructur-
ing of the actin cytoskeleton, and also show that it has an essen-
tial upstream activity, regulating Src targeting and subsequent
recycling.

EXPERIMENTAL PROCEDURES

Cell Lines and Antibodies—Rat-1 fibroblasts containing the
L29A temperature-sensitive, constitutively active mutant of
v-Src were a kind gift from Margaret Frame. MIO cells are a
spontaneously immortalized human Müller (retinal glial) cell
line described elsewhere (12). The anti-annexin 2 monoclonal
antibody HH7 was a kind gift from Volker Gerke, and the anti-
body to total Src was a kind gift from Michael Way. Anti-FAK
antibodies came from Santa Cruz Biotechnology, and FAK-
pY576, FAK-pY925, Src family-pY416, and paxillin-pY118
came from BIOSOURCE. Alexa Fluor-conjugated phalloidins
were obtained fromMolecular Probes.
Indirect Immunofluorescence—Cells were fixed in 3.7%

paraformaldehyde in phosphate-buffered saline (PBS) for 20
min, washed twice with PBS, and then stained with primary
antibodies in PBS containing 0.2% Triton X-100 overnight at
4 °C. Cells were washed three times for 10 min with PBS and
then incubated with secondary antibodies and/or Alexa Fluor-
conjugated phalloidin (to observe the F-actin cytoskeleton) for
45 min at 37 °C. They were then washed a further three times
and mounted in VECTASHIELD. Images were collected on a
Leica SP2 AOBS confocal microscope.
Annexin 2 Depletion with siRNA—Annexin 2-specific siRNA

oligonucleotides (target sequence AAGTGCCTATGGGT-
CAA)were obtained fromQiagen. R1LA29 cells were plated on
Matek dishes or in 24-well plates inDulbecco’smodified Eagle’s
medium � 10% fetal calf serum overnight to provide a 40%
confluent population. Complexes were made according to the
manufacturer’s instructions in Opti-MEM. Cells were trans-
fected for 2 days and then treated with a second dose of siRNA
complexes for a further 2 days. In most experiments, an siRNA
duplex designed against green fluorescent protein (GFP) was
used as a control. In the experiments in which the cells were
subsequently to be transiently transfectedwithGFP constructs,
an siRNA duplex designed against human annexin 11 (which
hadbeen shownnot towork in these cells)was used as a control.
The efficiency of protein depletion was assessed by Western
blotting.
Rescue of Knockdown Phenotype Using hdanx2-GFP—Cells

were depleted of annexin 2 for 3 days as described above and
then were transiently transfected with either a GFP empty vec-
tor (Clontech) or a vector encoding GFP fused to the C termi-
nus of annexin 2 (referred to as hdanx2-GFP) into which three
silent mutations had been introduced (12). These variations
from the normal sequence render transcripts from the con-
struct resistant to hybridization with the siRNA complexes and
are therefore not subject to degradation. Cells were left for a
further 2 days in the presence of siRNA to allow endogenous
annexin 2 to be robustly depleted in siRNA-transfected cells
and to give the introduced hdanx2-GFP construct time to be
expressed. After the first 24 h, some cells were placed at 35 °C to
activate v-Src. Cells were then fixed and stained for F-actinwith
Cy5-phalloidin and Src-pY416 (to allow identification of the

knockdown phenotype) and were imaged by confocal micros-
copy. Green cells expressing either hdanx2-GFP or GFP alone
were counted and scored as being either transformed or
untransformed. At least 300 GFP- or hdanx2-GFP-expressing
cells were analyzed on three separate plates in three independ-
ent experiments.
Immunoprecipitation, SDS-PAGE, and Western Blotting—

1� 108 R1LA29 cells werewashed twicewith cold PBS, scraped
off the flask with a rubber policeman, and resuspended in lysis
buffer (150mMNaCl, 20mMTris-HCl, pH 7.4, 1mMEGTA, 2%
Triton X-100, 1 mM Na3VO4). They were passaged 10 times
though a 22-gauge needle and then spun on a microcentrifuge
at 13,000 rpm for 10 min. The supernatant was carefully
removed so as not to disturb the pellet and was spun again for a
further 10min. 400�l of supernatant was then incubated for 90
min at 4 °C with 8 �g of the anti-annexin 2 monoclonal anti-
body or totalmouse IgG control (Caltag Laboratories) and 35�l
of 50% Protein G-Sepharose 4B (Sigma). The samples were
washed four times with 1.5 ml of lysis buffer and once with 1.5
ml of Tris-buffered saline (150 mM NaCl, 20 mM Tris-HCl, pH
7.4). Following SDS-PAGE and Western blotting, tyrosine-
phosphorylated annexin 2 was identified using the pTyr-100
monoclonal antibody (Cell Signaling).
Anchorage-independent Growth—Cells were initially depleted

of annexin 2 for 3 days with siRNA or treated with a GFP-
specific control siRNA. They were then grown in soft agarose
(0.4% agarose matrix in Dulbecco’s modified Eagle’s medium
with 5% fetal bovine serum on a lower layer of 0.6% agarose in
Dulbecco’s modified Eagle’s medium with 5% fetal bovine
serum) at 41 or 35 °C for the final 48 h to activate v-Src and to
allow colonies to form. Colonies were observed by low power
phase microscopy and were classified according to how many
cells were present in each clump of cells. The data were calcu-
lated from the mean of three plates.
Statistical Methods—Student’s t test was carried out to test

the significance of all quantified observations. Two-tailed tests
were carried out assuming that control and test samples were of
equal variance.

RESULTS

Redistribution of Annexin 2, v-Src, and FAK-pY576 during
Transformation—To test the hypothesis that a functional rela-
tionship may exist between annexin 2, Src, and FAK, we used
the well characterized Rat-1 embryonic fibroblast model of
v-Src transformation that expresses the thermoactivatable
LA29 mutant of Src (R1LA29 cells). In agreement with other
studies, we found that when cells were cultured at 41 °C (the
nonpermissive temperature), theF-actin cytoskeletonappeared to
be predominantly organized into basal stress fibers, with the
cells flattened and apparently contact-inhibited (27). Annexin 2
is distributed throughout the cytoplasm in such cells but is
excluded from the nucleus, and there is little detectable staining
of Src-pY416 (Fig. 1A). Phosphorylation of Src at tyrosine 416
(Src-pY416) stabilizes the protein in an open conformation (25)
and is indicative of its activity. Over a 48-h time course follow-
ing a switch to the permissive temperature (35 °C), annexin 2
became enriched at the cell cortex, and Src-pY416 was
observed at the focal adhesions (not visible in Fig. 1, which
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shows a confocal section through the middle of the cell, but
clear in Fig. 3A) and then also the plasmamembrane. Transfor-
mation was also accompanied by dramatic rearrangement of
the F-actin cytoskeleton and a change in cell shape. Thus, cells
switched from a flattened, stress fiber-dominated phenotype to
become rounder, elongated, or fusiform with cortical F-actin.
Western blot analysis revealed rapid appearance of Src-pY416,
FAK-pY925, and paxillin-pY118 at 1 h (Fig. 1B). Phosphoryla-
tion of FAK on tyrosine 576 (in the kinase domain activation
loop) appeared somewhat later. In some experiments, we
observed an apparent biphasic peak of phosphorylation of Src
and FAK-pY925 (as shown in these blots), but this was not seen
consistently. We did not observe tyrosine phosphorylation of

annexin 2 in cells at 41 °C, but after 4 h at 35 °C, it became
detectable and was strongly phosphorylated by 18 h (Fig. 1C).
These findings are consistent with published reports of annexin
2 tyrosine phosphorylation by the temperature-sensitive NY68
Src mutant (35, 36). Interestingly, the relocalization of annexin
2 to the cortex is evident even after 1 h at the permissive tem-
perature (see example in Fig. 3), suggesting that annexin 2
translocates before it becomes tyrosine-phosphorylated. By
48 h, many of the cells showed marked enrichment of Src-
pY416 and annexin 2 in the cortex, in ruffles, on large macropi-
nosomes, and on perinuclear vesicles (Fig. 1A, inset). When we
examined R1LA29 cells transiently transfected with a GFP
fusion of the temperature-sensitive LA29 Src mutant, we ob-
served migration of v-Src-GFP from what appeared to be focal
adhesions (short, linear, and basal structures at the periphery of
the cell) to largemacropinosomes when they were grown at the
permissive temperature (supplemental Fig. 1 and movie). The
protein appeared to spool off the focal adhesion onto the nas-
cent macropinosome. Similar results were observed for c-Src-
GFP (data not shown).
In agreement with other studies (33, 34), we were able to

partially phenocopy cellular transformation by overexpression
of an annexin 2Y23E-GFP (phosphomimetic) fusion protein.
Cells overexpressing this construct showed varying degrees of
actin remodeling, including the restructuring of stress fibers,
cellular ruffling, and macropinosome formation (data not
shown). Taken together, these observations support the notion
that annexin 2, when phosphorylated by v-Src on tyrosine 23, is
an important effector of actin remodeling.
Annexin 2 Is Required for Plasma Membrane Targeting of

v-Src—To determine whether annexin 2 is required for the
relocalization of temperature-sensitive v-Src, we used siRNA to
deplete R1LA29 cells of annexin 2 prior to switching the cells to
the permissive temperature. At the restrictive temperature,
annexin 2-depleted cells were not morphologically different
fromwild-type cells, and there was no obvious difference in the
staining intensity or localization of active Src, F-actin, or FAK-
pY576 (Figs. 2A and 3). At the permissive temperature, how-
ever, cells lacking annexin 2 failed to exhibit the relocalization
of active Src, FAK-pY576, paxillin-pY118, and actin to the
perinuclear endosomal compartment, membrane ruffles, or
macropinosomes, and the morphological changes associated
with transformation did not occur. The cells remained large
and flat with abundant stress fibers. Cells depleted of annexin 2
still contained active Src, as observed onWestern blotting (Fig.
2B), but this was almost entirely localized at focal adhesions
(see white arrowheads at the 24-h time point in Fig. 2A). Fig. 2
(C andD) shows histograms representing the proportion of Src
phosphorylation on tyrosine 416 observed at various time
points and the efficiency of annexin 2 knockdown achieved at
each time point. Therewas no statistically significant difference
in the kinetics of v-Src phosphorylation (believed to be an auto-
catalytic event) between control and annexin 2-depleted cells,
suggesting that v-Src activation alone is insufficient to elicit the
morphological changes associated with transformation.
Phosphorylation of FAK on tyrosine 576 was visualized by

immunostaining both control and annexin 2-depleted cells
(Fig. 3). Levels of FAK-pY576 were almost undetectable by
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FIGURE 1. Annexin 2 and Src-pY416 relocalize during v-Src transformation
of R1LA29 cells. A, R1LA29 cells were grown at the nonpermissive temperature
(41 °C) and then switched to the permissive temperature (35 °C) for 8 and 48 h.
Cells were stained for annexin 2 (anx 2), Src-pY416, and F-actin. The inset on the
48-h merged image shows the colocalization of annexin 2 and Src-pY416 at the
plasma membrane (arrowheads). Scale bars, 20 �m. B, cell extracts were prepared
from cells grown at 41 and 35 °C for the times indicated. Samples were immuno-
blotted for annexin 2, tubulin (as a loading control), total Src, total FAK, and also
for tyrosine-phosphorylated forms of Src, FAK, and paxillin. Protein bands were
visualized by enhanced chemiluminescence. C, annexin 2 is phosphorylated on
tyrosine when v-Src is active. Annexin 2 was immunoprecipitated (IP-anx 2) from
extracts of cells grown at 41 or 35 °C for 4 or 18 h. The samples were resolved by
SDS-PAGE, Western-blotted (w. blot), and probed with antibodies to phosphoty-
rosine. No phosphorylated annexin 2 was immunoprecipitated by control mouse
IgG (IP-IgG), and it was virtually undetectable in cells grown at 41 °C. However, a
phosphoannexin 2 band was clearly visible after 4 h at 35 °C, which became
prominent by 18 h (asterisk). All blots are representative of three independent
experiments.
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Western blot analysis following siRNA treatment for annexin 2
(Fig. 2B), whereas total FAK in the cells remained constant
(data not shown). In annexin 2-depleted cells, FAK-pY576
remained tightly associated with the focal adhesions (Fig. 3,
pink arrowheads), whereas in annexin 2-positive cells, FAK-
pY576 levels increased, and the protein relocated, togetherwith
annexin 2, to the cortex and to perinuclear vesicles (white
arrowheads). The kinetics of phosphorylation of other potential
targets of activated Src such as paxillin-pY118 and FAK-pY925
(data not shown) were not affected by the depletion of annexin
2 (Fig. 2B).
We also investigated annexin 2 involvement in the activation

of endogenous c-Src by performing siRNA experiments to
deplete annexin 2 in MIO cells, an untransformed, spontane-

ously motile glial cell line described
in previous studies (12). In these
cells, Src-pY416 is normally en-
riched at dynamic ruffles and at the
cell cortex, whereas in cells depleted
of annexin 2, Src-pY416 was mislo-
calized to the ends of F-actin stress
fibers (supplemental Fig. 2). We
showed previously that the abun-
dant F-actin stress fibers in annexin
2-depletedMIO cells are tethered at
focal adhesions (12); thus, annexin 2
depletion in both MIO and R1LA29
cells results in the accumulation of
active Src at focal adhesions.
To confirm that the resistance of

annexin 2-depleted cells to transfor-
mation by Src was a direct result of
the loss of annexin 2 and not due to
some other epiphenomenon, we
performed a “reversal of phenotype”
experiment in which an siRNA-re-
sistant “hardened” annexin 2-GFP
fusion protein (hdanx2-GFP) was
expressed in knockdown R1LA29
cells (12). The proportion of cells
that appeared to be flat and untrans-
formed (by examination of the actin
phenotype, cell shape, and localiza-
tion of active Src to the plasma
membrane) was established at both
the permissive and nonpermissive
temperatures. As expected, a higher
proportion of cells remained mor-
phologically untransformed when
annexin 2 was depleted. However,
more of these cells subsequently
adopted a transformed phenotype
when the hdanx2-GFP construct
was expressed compared with those
transformed with GFP alone, indi-
cating that ectopic overexpression
of annexin 2 can indeed compensate
for loss of the endogenous protein

(supplemental Fig. 3).
Targeting of Annexin 2 and Src to Rab11-positive Vesicles—In

cells in which v-Src is fully active, we observed relocalization of
annexin 2, Src-pY416, FAK-pY576, FAK-pY925, paxillin-
pY118, PAK1 (data not shown), and F-actin not only to
dynamic actin-rich ruffles at the cell cortex but also to cytoplas-
mic and perinuclear vesicles (Fig. 4, A and D). A subset of the
annexin 2-positive vesicles, most notably those at the perinu-
clear compartment, also labeled positively for the recycling
endosomal marker Rab11 (Fig. 4B, pink arrowheads). To con-
firm this result and to examine the role of annexin 2 in the
formation of this endosomal compartment, cells were tran-
siently transfected with Rab11-GFP (Fig. 4C). At the nonper-
missive temperature anddespite forced expression, Rab11-GFP
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FIGURE 2. Membrane targeting of activated Src requires annexin 2. A, R1LA29 cells were depleted of
annexin 2 by siRNA treatment for 4 days at 41 °C. Cultures were then moved to 35 °C for the times indicated
prior to fixation and immunostaining for annexin 2 (anx 2), Src-pY416, and F-actin. The top panel shows confo-
cal sections at the base of cells grown at 41 °C, with both annexin 2-positive and annexin 2-negative cells in the
field of view. Annexin 2 is present throughout the cytoplasm, the actin cytoskeleton is dominated by stress
fibers, and Src-pY416 is undetectable. After 4 h at 35 °C, annexin 2, actin, and Src-pY416 appear at the actin-rich
cortex and in a perinuclear vesicular domain (pink arrowheads), whereas there is no appearance of Src-pY416 at
these sites and no change in cell shape in annexin 2-depleted cells. After 24 h, Src-pY416 is clearly enriched at
the focal adhesions (white arrowheads) in annexin 2-depleted cells, but there is no morphological transforma-
tion. Insets show diagrammatic representations of the confocal plane. Scale bars, 25 �m. B, whole cell extracts
were prepared from R1LA29 cells following a 4-day culture at 41 °C in the presence of control or annexin 2
siRNA and from cells that had been switched to the permissive temperature for the times indicated and
immunoblotted as described in the legend to Fig. 1B. The right panel shows extracts from the control siRNA-
treated cells at the restrictive temperature and after 36 h at the permissive temperature. There is an increase in
phosphorylation of Src on phospho-Tyr416 and of paxillin on phospho-Tyr118, but phosphorylation on FAK at
phospho-Tyr576 is impaired. C, densitometric analysis of Src-pY416 Western blots in control and annexin 2-de-
pleted cells shows that the band intensity, indicative of Src activation, increases in a similar manner under both
experimental conditions. KD, knockdown. D, a densitometric analysis shows that annexin 2 levels are main-
tained at least 50% below the control (Ctrl; when normalized to tubulin) for the duration of the experiment.
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was very faint in all cells, exhibiting some perinuclear enrich-
ment with vesicles throughout the cytoplasm. In contrast, fol-
lowing a period of growth at the permissive temperature,
Rab11-GFP-positive vesicles formed amore prominent perinu-
clear aggregation, in addition to a marked increase in Rab11-
GFP at the plasma membrane. The Rab11-GFP-positive
perinuclear compartment also stained for annexin 2 (Fig. 4C),
which, taken with the data in Fig. 4A, shows that annexin 2,
Src-pY416, and Rab11 all accumulate in this compartment. In
cells switched to the permissive temperature and depleted of
annexin 2 (Fig. 4C,white arrowhead), the localization of Rab11-
GFP resembled that observed in normal cells at the nonpermis-
sive temperature (blue arrowheads). These observations show
that although annexin 2 is not required for the targeting of
Rab11 to the perinuclear endosomal compartment, annexin 2 is
absolutely required for the association of activated v-Src with
this compartment.
Remodeling of Focal Adhesions and Cell Transformation—

Although the relative importance of phosphorylation on the
various tyrosines in FAK is not fully understood, the current
consensus is that phosphorylation of Tyr576 and Tyr577, which
are in the kinase activation loop, is indicative of enhanced
kinase activity (31).We therefore hypothesized that if annexin 2
has an essential role in Src targeting and activation, then phos-
phorylation of FAK, remodeling of focal adhesions, and cell
transformationwould be defective in cells lacking annexin 2. To
address these questions, we performed a semiquantitative anal-
ysis in which R1LA29 cells were depleted of annexin 2 with
siRNA, and the fluorescence intensity of FAK-pY576 staining
was determined at individual focal adhesions or invadopodia
(actin-rich structures analogous to focal adhesions that form in
the transformed cells) (Fig. 5A). Although there was no differ-
ence in the integrated fluorescence signal from untransformed
control and knockdown cells at 41 °C, at the permissive tem-
perature, there was �50% less FAK-pY576 staining at the focal
adhesions of annexin 2-depleted cells compared with the inva-
dopodia of the morphologically transformed annexin 2-posi-
tive cells (Fig. 5B). The quantitative reduction in immuno-
staining of FAK-pY576 in the annexin 2-depleted cells is
consistent with the results in Figs. 2B and 3 and reinforces the
idea that annexin 2 is required for the tyrosine phosphorylation
of FAK on tyrosine 576 by activated v-Src, a key step promoting
the dynamic remodeling of both the actin cytoskeleton and
focal adhesions that are necessary for cell transformation.
Finally, to examine whether the changes in Src signaling and

cell morphology observed upon siRNA-mediated annexin 2
depletion have consequences for anchorage-independent
growth, we performed an assay in which proliferation of both
control and annexin 2-depleted R1LA29 cells was examined at
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the nonpermissive and permissive temperatures in soft agar. At
41 °C, as expected, �95% of both control and annexin 2-de-
pleted cells remained as single cells, indicating that the cells
were unable to proliferate when Src was inactive. However, at
35 °C, when Src is active, only 25% of control cells failed to
divide, whereas nearly 60% of cells in the annexin 2-depleted
culture remained as single undivided cells (Fig. 6). These findings

confirm the supposition implied by
the morphological consequences of
annexin 2 depletion, namely that
annexin 2 is necessary for v-Src-me-
diated cell transformation.

DISCUSSION

In this study, we have used a cell
line expressing a temperature-sen-
sitive mutant of v-Src to investigate
the role of annexin 2 in v-Src-medi-
ated cell transformation. Although
in vitro experiments have shown
that tyrosine phosphorylation of
annexin 2 by Src leads to reduced
affinity for phospholipid bilayers
(37) and impaired actin-bundling
activity (21), the effects of tyrosine
phosphorylation on annexin 2 in
vivo are less clear. Here, our data
suggest that v-Src activation stimu-
lates annexin 2-dependent remod-
eling of the actin cytoskeleton. This
is consistentwith our previous stud-
ies in human Müller cells in which
we showed that annexin 2 is
involved in the remodeling of actin
filaments by barbed end capping
(12) and with recent reports that
tyrosine phosphorylation of an-
nexin 2 is sufficient to induce the
changes in actin dynamics that
accompany transformation and epi-
thelial-to-mesenchymal transition
(33, 34).
Interestingly, in the study of de

Graauw et al. (33), pseudo-phos-
phorylated annexin 2 also induced
hepatocyte growth factor-indepen-
dent branching and restructuring of
Madin-Darby canine kidney cells
grown as cysts in a three-dimen-
sional collagen matrix. When cells
were depleted of annexin 2 in this
system, the cysts failed to form a
proper lumen, underlining the
importance of annexin 2 in main-
taining cellular junctions and polar-
ity, a process known to be depend-
ent upon c-Src (38–40). In their
study, annexin 2 was shown to exert

its effects on actin dynamics by regulating ROCK- and LIM
kinase-dependent phosphorylation of cofilin on serine 3 (33),
which is an established step in v-Src transformation of fibro-
blasts (41). A further possibility is that phosphorylation of
annexin 2 brings about actin remodeling as a direct conse-
quence of its association with actin, without the necessity of
signaling through ROCK. This suggestion is not ruled out by
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published observations because the molecular link between
annexin 2 and the ROCK/LIM kinase/cofilin pathway is not
fully understood. Indeed, it is possible that both direct and indi-
rect mechanisms could exist.
Unlike othermembers of the Src family that are bothmyristoy-

lated and palmitoylated and therefore constitutively associated
with membranes, c-Src itself is only myristoylated. Its membrane
binding is therefore partially dependent upon a number of pro-
tein-protein interactions mediated by three “anchorage domains”
(42). Using the LA31 thermoactivatable v-Src protein, it was
shown that membrane recruitment of v-Src is synchronous with
its thermoactivation. Membrane association is weak, dependent
upon cholesterol, and represents incorporation into “lipid rafts”
(in this case enriched inGM1 ganglioside but lacking flotillin-2 or
caveolin) as well as nonraft components on endosomes (43). Dif-
ferential localization of v-Srcwas shown to have consequences for
its downstream signaling. Cholesterol depletion impaired Src
recruitment to the plasma membrane and its subsequent activa-
tion of phosphatidylinositol 3-kinase/Akt while preserving its
association with internal endosomes and mitogen-activated pro-
tein kinase (MAPK)-ERK activation. The kinetics of activation of
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these pathways suggest that localization to and signaling from the
endosomal compartment precedes that at the plasmamembrane.
The colocalization we observed between annexin 2 and

active Src, FAK-Y576, and paxillin-Y118 on internal mem-
branes during transformation is consistent with the idea that
trafficking and targeting of v-Src to the plasma membrane are
coupled to the retrieval and recycling of v-Src and other focal
adhesion components viamacropinosomes or endosomes. This
is significant in light of previous studies showing that the cellu-
lar localization and organization of recycling endosomes are
dependent upon annexin 2 (44). These observations show that
annexin 2 is required for the intracellular targeting of activated
Src to the appropriate vesicular compartments and plasma
membrane. When the failure of v-Src to accumulate on the
perinuclear Rab11-positive endosomal recycling compartment
in annexin 2-depleted cells is also taken into account, these
results suggest that without annexin 2, there is neither endoso-
mal traffic of v-Src to nor macropinocytic/endocytic cycling
from the plasma membrane. This result thus identifies these
perinuclear vesicular structures as the previously reported
endosomal recycling compartment throughwhich Src has been
shown to traffic en route to the plasma membrane (45). Traf-
ficking through this compartmentwas shown to be essential for
full activation of v-Src and was blocked in cells expressing a
dominant-negative mutant of Rab11. Instead, activated Src
remains on the focal adhesions, but even at this site, it fails to
phosphorylate FAK on tyrosine 576, and so there is no turnover
of the focal adhesion, and cell transformation fails to occur.
Given that annexin 2 is essential for the formation of actin tails

that propel endosomes and macropinosomes from the plasma
membrane to the interior of the cell (16, 18, 46), we propose that
annexin 2 forms part of the actin regulatory machinery that regu-
lates the endosomal trafficking and activation of Src. In a recent
study, tyrosine phosphorylation of annexin 2 was shown to pro-
mote its associationwith endosomalmembranes (47). Thus, v-Src
activation and its subsequent phosphorylation of annexin 2 could
be the trigger to promote association of both proteins with mem-
branes and to initiate actin-dependent dynamic cycling through
the endosomal pathway.
In conclusion, our observations identify a functional link

between v-Src and annexin 2 in cell transformation, a connec-
tion that was first hinted at more than 20 years ago when
annexin 2 was discovered and cloned as a major cellular sub-
strate of v-Src (3). Our data suggest a role for annexin 2 not only
in the trafficking of Src to the plasma membrane that is essen-
tial for its activation but also in the stimulation of actin dynam-
ics and the remodeling of focal adhesions that are required for
transformation. Given the correlation between altered patterns
of expression, phosphorylation, and localization of Src and
annexin 2 in many high-grade metastatic cancers (6, 24–28,
48–52), an improved understanding of the cross-talk between
these ubiquitous proteins is imperative.
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