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We report that the actin filament-associated protein AFAP-110 is required to mediate protein kinase C�
(PKC�) activation of the nonreceptor tyrosine kinase c-Src and the subsequent formation of podosomes.
Immunofluorescence analysis demonstrated that activation of PKC� by phorbol 12-myristate 13-acetate
(PMA), or ectopic expression of constitutively activated PKC�, directs AFAP-110 to colocalize with and bind
to the c-Src SH3 domain, resulting in activation of the tyrosine kinase. Activation of c-Src then directs the
formation of podosomes, which contain cortactin, AFAP-110, actin, and c-Src. In a cell line (CaOV3) that has
very little or no detectable AFAP-110, PMA treatment was unable to activate c-Src or effect podosome
formation. Ectopic expression of AFAP-110 in CaOV3 cells rescued PKC�-mediated activation of c-Src and
elevated tyrosine phosphorylation levels and subsequent formation of podosomes. Neither expression of
activated PKC� nor treatment with PMA was able to induce these changes in CAOV3 cells expressing mutant
forms of AFAP-110 that are unable to bind to, or colocalize with, c-Src. We hypothesize that one major function
of AFAP-110 is to relay signals from PKC� that direct the activation of c-Src and the formation of podosomes.

Activation of either protein kinase C� (PKC�) or c-Src
results in similar effects on cell morphology, including changes
in actin filament integrity, cell shape changes, and stimulation
of signals associated with increased motility and invasion (20,
21, 23). Several studies support the existence of cross talk
between c-Src- and PKC�-mediated signaling pathways. Con-
stitutive activation of c-Src or stable expression of v-Src will
concomitantly stimulate an increase in PKC� signaling (8, 37,
44). These data indicate that PKC� could function down-
stream of c-Src. However, other data support a hypothesis that
PKC� can signal upstream of c-Src and stimulate c-Src activity.
Activation of PKC� has been demonstrated to initiate changes
in actin filaments that resemble those that occur in Src527F-
transformed cells (7, 9, 11, 16). Likewise, it was demonstrated
that stimulation of cells with phorbol esters will direct activa-
tion of c-Src in SH-SY5Y cells (5), while treatment of mouse
epidermis with the tumor promoter tetradecanoyl phorbol ac-
etate induced dose-dependent increases in c-Src kinase activity
and the phosphotyrosine content of the ErbB2 receptor, which
correlated with tumor-promoting ability (43). Furthermore, it
was demonstrated that PKC� can directly stimulate c-Src ac-
tivity in A7r5 rat aortic smooth muscle cells, and the induction
of Src kinase activity is necessary for PKC-mediated actin re-
organization (3). Thus, these data indicate that PKC� may
function upstream as an activator of c-Src. Although PKC� is
able to phosphorylate c-Src (15, 31), in vitro studies indicate
that PKC� does not activate c-Src directly (4, 29). Thus, al-
though these reports demonstrate the ability of PKC� to direct

activation of c-Src, the mechanism of PKC�-mediated c-Src
activation is unclear.

AFAP-110 is an adaptor protein that has been demonstrated
to bind to Src via SH2 and SH3 interactions (17, 18) and that
will bind to PKC� via the amino-terminal pleckstrin homology
(PH1) domain (32). A carboxy-terminal leucine zipper (Lzip)
motif stabilizes AFAP-110 multimer formation and provides
an autoinhibitory regulatory function for AFAP-110 (1, 32, 33,
35). While expression of wild-type AFAP-110 has little effect
on cell morphology, deletion of the Lzip motif (AFAP-
110�Lzip) followed by ectopic expression of AFAP-110�Lzip

results in significant changes in cell morphology, including loss
of actin filament organization and podosome formation, a fea-
ture common to Src-transformed cells (10, 26, 28, 30, 32–34,
39). The ability of AFAP-110�Lzip to alter actin filament integ-
rity was attributed to an ability to activate c-Src via SH3 bind-
ing, a function wild-type AFAP-110 was unable to accomplish
(1). Point mutations that abolished the ability of AFAP-110 to
bind to the Src SH3 domain (Pro713Ala) also prevented
AFAP-11071A/�Lzip from activating c-Src (1, 17). Thus, AFAP-
110 has an intrinsic ability to activate c-Src as an SH3 binding
partner, and this function is regulated by the Lzip motif.

Changes in the conformation of AFAP-110 and its ability to
multimerize via the Lzip motif occur in transformed cells,
indicating that specific cellular signals may direct AFAP-110 to
activate c-Src by relieving the autoinhibitory function of the
Lzip motif. Recent work in our laboratory indicated that PKC�
may be positioned to fulfill this function (32). The stability of
the AFAP-110 multimer is hypothesized to be governed by
interactions between the Lzip motif and the amino-terminal
PH1 domain (35). PKC� will bind to the PH1 domain, and
these sequences overlap with sequences that bind to the Lzip
motif (32, 35). Thus, PKC� binding and subsequent phosphor-
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ylation could displace the Lzip motif from intra- or intermo-
lecular interactions and effect a conformational change that
relieves the autoinhibitory function of the Lzip motif. There-
fore, we hypothesized that the deletion of the Lzip motif of
AFAP-110 mimicked the conformation and activity of PKC�-
phosphorylated AFAP-110 and resulted in a dominant-positive
form of AFAP-110 capable of independently activating c-Src.

These data led us to hypothesize that PKC� may induce the
activation of c-Src in an AFAP-110-dependent fashion. We
predicted that PKC� would be able to direct a conformational
change in AFAP-110 similar to the effects of deleting the Lzip
motif, which would enable AFAP-110 to direct the activation
of c-Src. One major characteristic of c-Src activation is the
formation of podosomes, actin-rich structures �0.5 �m in di-
ameter that exist on the cytoplasmic face of the ventral mem-
brane and facilitate the invasive potential of a cell (reviewed in
reference 26). In Src-transformed cells, podosomes are known
to contain a variety of proteins, including actin, cortactin,
AFAP-110, and c-Src. In this report, we demonstrate that
PKC� is able to activate c-Src and direct podosome formation
in an AFAP-110-dependent fashion.

MATERIALS AND METHODS

Reagents. Dulbecco’s modified Eagle’s medium, rhodamine-phalloidin,
TRITC–anti-mouse immunoglobulin G (IgG), TRITC–anti-rabbit IgG, anticor-
tactin monoclonal antibody (MAb), and anti-Flag polyclonal antibodies and
MAbs were purchased from Sigma. Phorbol 12-myristate 13-acetate (PMA) and
bisindolylmaleimide [I] were obtained from Calbiochem. PKC isoform antibod-
ies (PKC sampler kit) and antiphosphotyrosine MAbs and polyclonal antibodies
were obtained from BD Transduction Laboratories. The AFAP-110 antibodies
F1 and 4C3 were generated and characterized as previously described (36).
Anti-Src (N-18) and anti-Src (N-16) polyclonal antibodies were purchased from
Santa Cruz, while EC10 MAb and recombinant c-Src used in the Src kinase assay
were obtained from Upstate Biotechnology. Phospho-src family (Tyr416) anti-
body was purchased from Cell Signaling. Cy5 anti-mouse IgG and Cy5 anti-rabbit
IgG were obtained from Rockland. All Alexa Fluor antibodies used in the study
were purchased from Molecular Probes.

AFAP-110 expression vectors. The pEGFP-c3 expression system from Amer-
sham was used to express green fluorescent protein (GFP)-tagged forms of
AFAP-110. AFAP-110 was cloned into this vector as previously described (34).
CMV-1-AFAP-110�180-226 was previously described (1). Fragments from CMV-
AFAP-110, CMV-1-AFAP-110�180-226, and GEX-6P-AFAP-11071A were sub-
cloned into pEGFP-c3-AFAP-110 to create full-length, GFP-tagged forms of
these mutants. CMV-AFAP-11071A/�Lzip and CMV-AFAP-110�180-226/�Lzip

were generated as previously described (1). Flag-myr-PKC� and Flag-d/nPKC�
were kind gifts from A. Toker.

Src kinase assay. The abilities of recombinant wild-type AFAP-110 (rAFAP-
110) and rAFAP-110�Lzip to activate c-Src were assessed by using a modified Src
kinase assay protocol from Upstate Biotechnology. Briefly, GST–AFAP-110,
GST–AFAP-110�Lzip, and GST-Csk were immobilized on glutathione-Sepharose
4B beads from Amersham as previously described (17). Recombinant c-Src
(Upstate Biotechnology) was inactivated by incubation with GST-Csk in Csk
buffer (10 mM HEPES, pH 7.4, 5 mM MnCl2, 100 �M ATP) for 30 min at 30°C.
The GST-Csk was removed by centrifugation, and the inactive c-Src was ali-
quoted into 1.5-ml tubes. The GST–AFAP-110 and GST–AFAP-110�Lzip were
washed in mouse tonicity–phosphate-buffered saline with 1% Triton-X and then
in Src kinase buffer (100 mM Tris-HCl, 125 mM MgCl2, 25 mM MnCl2, 2 mM
EGTA, pH 8.0, 250 �M NaOV3, 2 mM dithiothreitol). The Src kinase reaction
was carried out for 1 min in the presence of Mg-ATP. The reactions were
stopped by the addition of 0.5 M EGTA, and the samples were separated by
sodium dodecyl sulfate–8% polyacrylamide gel electrophoresis (SDS–8%
PAGE) and transferred to polyvinylidene difluoride membranes. The mem-
branes were probed with antiphosphotyrosine antibody to demonstrate AFAP-
110 phosphorylation.

Cell culture and immunofluorescence. SYF, SYF/c-Src, and CaOV3 cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
calf serum. Transient transfection of SYF, SYF/c-Src, and CaOV3 cells for

immunofluorescence was carried out using Lipofectamine reagent (Invitrogen)
according to the manufacturer’s protocol. Thirty-six hours after transfection,
SYF and SYF/c-Src cells were serum starved for 12 h, while CaOV3 cells were
serum starved for 18 h, and all of the cells were subsequently fixed and perme-
abilized as previously described (33). For actin labeling, a 1:1,000 dilution of
tetramethyl rhodamine isothiocyanate (TRITC)-phalloidin was used. The anti-
body concentrations used were as follows: F1, 1:200 in 5% milk–TBS-T; anti-Flag
MAb, 1:1,000 in 5% bovine serum albumin (BSA); anti-Flag polyclonal antibody,
1:200 in 5% BSA; EC10, 1:500 in 5% BSA; antiphosphotyrosine polyclonal
antibody, 1:100 in 5% BSA; antiphosphotyrosine MAb, 1:200 in 5% BSA; phos-
pho-Src family (Y416), 1:250 in 5% BSA; anti-Src (N18), 1:500 in 5% milk–
TBS-T; anticortactin polyclonal antibody, 1:1,000 in 5% BSA; anticortactin
MAb, 1:500 in 5% BSA. All fluorescent secondary antibodies were diluted 1:200
in 5% BSA and are labeled according to use in the figure legends. Cells were
washed and mounted on slides with Fluoromount-G (Fisher). A Zeiss LSM 510
microscope was used to gather images, which represent confocal slices �1 �M
thick. To prevent cross-contamination among the different fluorochromes, each
channel was imaged sequentially using the multitrack recording module before
the images were merged. Scale bars were generated and inserted by LSM 510
software. For all figures, representative cells are shown (�100 cells were exam-
ined per image shown).

RESULTS

PKC� requires the presence of c-Src to effect changes in
actin filament integrity and podosome formation. It was pre-
viously demonstrated that PKC� can direct the activation of
c-Src in A7r5 rat aortic smooth muscle cells in response to
phorbol ester treatment (3). We sought to verify this finding in
our cell system using SYF cells, which are derived from mouse
embryonic fibroblasts engineered to contain null mutations in
the c-src, fyn, and c-yes genes (24) and which therefore do not
express Src family tyrosine kinases. We also utilized SYF/c-Src
cells, which are derived from SYF cells and express only the
c-Src tyrosine kinase family member, to examine the effects of
expressing a constitutively active form of PKC� (myrPKC�)
upon c-Src activation and changes in actin filament organiza-
tion. Expression of myrPKC� in SYF/c-Src cells resulted in
altered actin stress filament integrity, with actin filaments re-
organized into actin-rich, podosome-like structures (Fig. 1A,
images b and f). These actin-rich structures were between 0.2
and 0.5 �m in diameter and were apparent on the cytoplasmic
face of the ventral membrane, consistent with the definition of
a podosome (26). There was also an increase in cellular ty-
rosine phosphorylation (Fig. 1A, image c), as well as activation
of c-Src (Fig. 1A, image g). To confirm that these actin-rich,
podosome-like structures generated in response to myrPKC�
were actually podosomes, SYF/c-Src cells expressing myrPKC�
were labeled for cortactin, a protein known to be present in
podosomes subsequent to c-Src activation (Fig. 1B, image k)
(reviewed in reference 26). The data demonstrate that cortac-
tin colocalizes with actin in these structures, confirming their
identities as podosomes (Fig. 1B, image l). Finally, expression
of a dominant-negative form of PKC� (Fig. 1, image m) was
unable to effect actin-rich podosome formation or direct an
increase in cellular tyrosine phosphorylation (Fig. 1B, images
m to p). These results confirm that c-Src is activated in re-
sponse to PKC� activity, and this correlates with elevated
levels of cellular tyrosine phosphorylation and changes in actin
filament integrity, including the formation of podosomes.

In order to determine if PKC� requires the presence of
c-Src to effect changes in actin filament integrity, c-Src and
myrPKC� were expressed together or separately in SYF cells
in the presence of GFP epitope-tagged AFAP-110, which has
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FIG. 1. Myristoylated PKC activates c-Src and alters actin filaments. (A) SYF/c-Src cells were transiently transfected with Flag-tagged
myristoylated PKC and labeled with anti-Flag antibody (a and e), antiphosphotyrosine (c), phospho-Src family (Y416) antibody (g), and
TRITC-phalloidin (b and f). Expression of myrPKC resulted in the loss of actin filament integrity and the formation of actin-rich podosome-like
structures (b and f, arrows). These cells also displayed an increase in c-Src phosphorylation at the Y416 position (g). (B) SYF/c-Src cells were
transiently transfected with Flag-tagged myristoylated PKC or Flag-tagged dominant-negative PKC and labeled with anti-Flag antibody (i and m),
anticortactin (k), antiphosphotyrosine (o), and TRITC-phalloidin (j and n). Expression of myrPKC resulted in the formation of actin-rich
podosomes along the ventral surface, as indicated by the presence of cortactin in these structures (j and k, arrows). Likewise, actin and cortactin
are observed to colocalize in the merged image (l). Expression of dominant-negative PKC (m) resulted in no changes in actin filament integrity
(n) or immunoreactivity with the antiphosphotyrosine antibody (o). Anti-Flag MAb was visualized with Alexa Fluor 488–goat anti-mouse IgG.
Antiphosphotyrosine and phospho-Src family (Y416) antibody were visualized with Alexa Fluor 647–goat anti-rabbit IgG. Anticortactin was
visualized with Alexa Fluor 647–goat anti-mouse IgG.
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been shown to colocalize with actin filaments (34). In SYF cells
expressing GFP–AFAP-110 and c-Src (Fig. 2a to d), GFP–
AFAP-110 highlights the cortical actin matrix and stress fila-
ments that span the length of the cell (Fig. 2a), while c-Src
exhibits a perinuclear staining pattern (Fig. 2b), consistent with
previous reports that inactive c-Src is located on perinuclear
vesicles (38). In the absence of c-Src, myrPKC� was unable to
effect changes in AFAP-110 localization (Fig. 2e to h), and
GFP–AFAP-110 localized to well-formed stress filaments and
cortical actin filaments. The presence of well-formed actin
filaments in these cells may be facilitated by an increased
ability of AFAP-110 to cross-link actin filaments upon phos-
phorylation by PKC�, as noted previously (32). However, co-
expression of GFP–AFAP-110 and myrPKC� with c-Src in
SYF cells resulted in a complete disruption of actin filament
integrity and the formation of actin-rich punctate structures, as
well as the formation of motility structures, a phenotype that is
a hallmark of c-Src transformation (Fig. 2i to l). These data
indicate that myrPKC� requires c-Src in order to effect major
changes in cell shape and the actin cytoskeleton.

AFAP-110 activates c-Src by colocalizing with and binding
to the c-Src SH3 domain. Previous studies in our laboratory
demonstrated that wild-type AFAP-110 is unable to stimulate
the activation of c-Src in fibroblast cells, while coexpression of
the dominant-positive AFAP-110�Lzip was able to direct acti-
vation of c-Src in cell culture (1, 32). The ability of AFAP-
110�Lzip to activate c-Src was dependent upon SH3 interac-
tions with the c-Src SH3 domain. Mutations that abolish SH3
binding to c-Src (Pro713Ala71) prevent both stable complex
formation with c-Src and the ability of AFAP-110�Lzip/71A to
activate c-Src in cell culture (1). In order to clarify the mech-
anism by which AFAP-110 may be directed to activate c-Src in
cell culture, we utilized confocal microscopy to analyze GFP–
AFAP-110, GFP–AFAP-110�Lzip, and c-Src for colocalization
and activation of cellular tyrosine phosphorylation in SYF cells
(Fig. 3). Figure 3A, images a to d, demonstrates that AFAP-
110 is unable to colocalize with c-Src and confirms that wild-
type AFAP-110 is incapable of stimulating an increase in
cellular tyrosine phosphorylation. Furthermore, there was
no evidence for podosome formation based on GFP–AFAP-

FIG. 2. Myristoylated PKC alters actin filament integrity in a c-Src-dependent fashion in SYF cells. (Top row) SYF cells were transiently
transfected with both GFP–AFAP-110 (a) and pCMV-c-Src and immunolabeled with EC10 antibody (b). (a to d) In the absence of myrPKC, SYF
cells have normal morphology and numerous actin stress fibers. (d) Also, c-Src and GFP-AFAP-110 do not appear to colocalize. (Middle row) SYF
cells were transiently transfected with both GFP-AFAP-110 (e) and Flag-tagged myrPKC and immunolabeled with anti-Flag antibody (g). (e to
h) In the absence of c-Src, SYF cells display well-formed actin filaments and have normal morphology. (Bottom row) SYF cells were transiently
transfected with GFP-AFAP-110 (i), c-Src (j) and Flag-tagged myrPKC (k) and immunolabeled with MAb EC10 and anti-Flag antibody. (i to k)
In the presence of both c-Src and myrPKC, SYF cells lose actin filament integrity and instead form actin-rich punctate structures (l). Furthermore,
GFP–AFAP-110 and c-Src are also observed to colocalize in the presence of myrPKC (l). EC10 was visualized with Cy5 anti-mouse IgG, while
anti-Flag polyclonal antibody was visualized with TRITC–anti-rabbit IgG.
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110 localization, which decorates actin filaments. AFAP-
110�Lzip demonstrated strong colocalization with c-Src and was
able to direct the activation of cellular tyrosine phosphoryla-
tion (Fig. 3A, images e to h). GFP–AFAP-110�Lzip transfected
into SYF cells in the absence of c-Src displayed no increased
immunoreactivity to the antiphosphotyrosine antibody or evi-

dence for podosome formation (Fig. 3A, images i to l), indi-
cating that AFAP-110�Lzip activates c-Src and not another
tyrosine kinase present in these cells and that AFAP-110�Lzip

requires c-Src to direct podosome formation. In the presence
of c-Src, AFAP-110�Lzip was able to colocalize with cortactin in
podosomes that were detected on the cytoplasmic face of the

FIG. 3. Ability of dominant-positive AFAP-110 to activate c-Src correlates with colocalization of AFAP-110 with c-Src. (A) SYF cells were
transiently cotransfected with c-Src and either wild-type GFP–AFAP-110 (a) or dominant-positive GFP–AFAP-110Lzip (e) and immunolabeled
with EC10 (b and f) and antiphosphotyrosine (c and g). Cells coexpressing GFP–AFAP-110 and c-Src display immunoreactivity with the
phosphospecific antibody equivalent to that of surrounding nontransfected cells (c), as well as numerous GFP–AFAP-110-decorated actin filaments
(a). Likewise, no colocalization is observed between GFP–AFAP-110 and c-Src (d). Cells coexpressing GFP–AFAP-110�Lzip and c-Src display
increased immunoreactivity to the phosphospecific antibody (g), as well as complete disruption of actin filament integrity (e). Also, GFP–AFAP-
110�Lzip and c-Src are observed to colocalize (h). Transfection of GFP–AFAP-110�Lzip alone into SYF cells (i) resulted in no alteration in actin
stress fiber integrity (j), as well as no elevation in cellular tyrosine phosphorylation (k), indicating that AFAP-110�Lzip activates c-Src and not
another tyrosine kinase present in SYF cells. (B) SYF/c-Src cells were transiently transfected with GFP–AFAP-110�Lzip (m) and immunolabeled
with TRITC-phalloidin (n) and anticortactin (o). Expression of the Lzip mutant in SYF/c-Src cells results in a loss of actin stress fiber organization
and the formation of actin-rich podosome structures (n). Cortactin is also present in these structures ( o and p). (C) SYF cells were transiently
cotransfected with c-Src and either GFP–AFAP-11071A/�Lzip (q) or GFP–AFAP-110180-226/�Lzip (u) and immunolabeled with EC10 (r and v) and
antiphosphotyrosine (s and w). Cells coexpressing c-Src and GFP–AFAP-11071A/�Lzip display no elevation in cellular tyrosine phosphorylation (s).
In the context of the dominant-positive Lzip deletion, GFP–AFAP-11071A/�Lzip and c-Src are observed to colocalize (t). Cells coexpressing c-Src
and GFP–AFAP-110180-226/�Lzip display no elevation in cellular tyrosine phosphorylation immunoreactivity with the phosphospecific antibody,
equivalent to surrounding nontransfected cells (w). In the context of the dominant-positive Lzip deletion, GFP–AFAP-110180-226/�Lzip and c-Src
fail to colocalize (x). EC10 was visualized with Alexa Fluor 546–goat anti-mouse IgG, antiphosphotyrosine was visualized with Alexa Fluor
647–goat anti-rabbit IgG, cortactin was visualized with Alexa Fluor 647–goat anti-mouse IgG, and actin was visualized with TRITC-phalloidin.
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dorsal membrane of SYF/c-Src cells (Fig. 3B, images m to p).
Mutants of AFAP-110 that were unable to interact with the
c-Src SH3 domain (AFAP-11071A) or that contained deletions
in the PH1 domain and were unable to bind with PKC� (AFAP-
110�180-226) have each been shown to abolish the ability of AFAP-
110�Lzip to activate c-Src and alter actin filament integrity in vivo
(1). AFAP-11071A/�Lzip was unable to direct an increase in cellu-
lar tyrosine phosphorylation, although it was able to colocalize
with c-Src (Fig. 3C, images q to t). The inability to enhance
cellular tyrosine phosphorylation was most likely due to its
inability to engage the c-Src SH3 domain. Interestingly,
AFAP-110�180-226/�Lzip was also unable to direct the elevation
of cellular tyrosine phosphorylation; however, unlike AFAP-
110��Lzip/71A, there was no evidence for colocalization with
c-Src (Fig. 3C, images u to x). These cellular effects indicate
that deletion of the Lzip domain derepresses an intrinsic ability
of AFAP-110 to activate c-Src kinase via SH3 binding, while
the integrity of the PH1 domain is required to facilitate colo-
calization between AFAP-110 and c-Src.

FIG. 4. Both AFAP-110 and AFAP-110�Lzip are able to activate
c-Src in vitro. rAFAP-110 and rAFAP-110�Lzip were incubated with
c-Src and subjected to an in vitro kinase assay. Western blot analysis of
phosphotyrosine levels and control protein levels are shown. The blot
is representative of seven separate experiments.

FIG. 3—Continued.
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It was previously hypothesized that deletion of the Lzip
motif might affect a structural change that placed the SH3
binding motif in a more favorable conformation that facilitated
binding to the c-Src SH3 domain and activation of c-Src (33).
The data shown in Fig. 3 indicate that colocalization between
AFAP-110 and c-Src may also be important. Recently, it was
reported that rAFAP-110 could stimulate activation of c-Src
in vitro, based on in vitro kinase assays (27). Thus, our initial
hypothesis concerning how AFAP-110�Lzip could activate c-Src
ay not have been fully correct. To address this concern, we
performed an in vitro kinase assay using rAFAP-110 or

rAFAP-110�Lzip and incubated each with recombinant c-Src
that had been phosphorylated by c-Src kinase to inactivate the
kinase in vitro. Measurement of tyrosine phosphorylation of
rAFAP-110 or rAFAP-110�Lzip indicated that c-Src was able to
become activated by, and stimulate tyrosine phosphorylation
of, either rAFAP-110 or rAFAP-110�Lzip (Fig. 4). Further-
more, phosphorylation of rAFAP-110 by rPKC� did not en-
hance the ability of AFAP-110 to activate c-Src, relative to
unphosphorylated rAFAP-110, in vitro (M. Liu, personal com-
munication). Thus, our analysis indicates that both AFAP-
110�Lzip and AFAP-110 are capable of activating c-Src activity

FIG. 5. PKC activates c-Src and alters actin filament integrity in an AFAP-110-dependent fashion. (A) SYF/c-Src cells were transiently
cotransfected with Flag-tagged myrPKC and either GFP–AFAP-110 (a), GFP-AFAP-11071A (d), or GFP–AFAP-110180-226 (g) and labeled with
anti-Flag antibody (b, e, and h) and antiphosphotyrosine (c, f, and i). Cells coexpressing GFP–AFAP-110 and myrPKC display increased
immunoreactivity with the phosphotyrosine antibody compared to surrounding nontransfected cells (c). Cells coexpressing GFP–AFAP-11071A and
myrPKC display immunoreactivity to the phosphotyrosine antibody equivalent to that of surrounding nontransfected cells (f), as well as contiguous
actin filaments coincident with AFAP-110 (d). Identical results were observed upon coexpression of GFP–AFAP-110�180-226 with myrPKC (g to
i). Actin-rich punctate structure is shown. (B) SYF/c-Src cells were transiently cotransfected with Flag-tagged myrPKC and either GFP–AFAP-110
(j), GFP–AFAP-11071A (m), or GFP–AFAP-110180-226 (p) and immunolabeled with anti-Flag antibody (k, n, and q) and phospho-Src family (Y416)
antibody (l, o, and r). Cells coexpressing GFP–AFAP-110 and myrPKC display increased immunoreactivity with the phospho-Src family (Y416)
antibody compared to surrounding nontransfected cells (l). The arrow indicates podosomes. Cells coexpressing GFP–AFAP-11071A and myrPKC
display immunoreactivity to the phospho-Src family (Y416) antibody equivalent to that of surrounding nontransfected cells (o), as well as
contiguous actin filaments coincident with AFAP-110 (m). Identical results were observed upon coexpression of GFP–AFAP-110�180-226 with
myrPKC (p to r). Anti-Flag MAb was visualized with Alexa Fluor 647–goat anti-mouse IgG, while antiphosphotyrosine and phospho-Src family
(Y416) antibodies were visualized with Alexa Fluor 546–goat anti-rabbit IgG.
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in vitro; however, only AFAP-110�Lzip activates c-Src in vivo.
Thus, we predict that the ability of AFAP-110 to activate c-Src
is dependent upon its ability to (i) colocalize with c-Src and (ii)
bind to the c-Src SH3 domain. Therefore, deletion of the Lzip
motif and release of its autoinhibitory function must allow
AFAP-110 to colocalize with c-Src by an unknown mechanism,
and it is this event that enables it to bind to and activate c-Src.

PKC� activates c-Src in an AFAP-110-dependent fashion.
AFAP-110 is a binding partner for both PKC� and c-Src. It was
previously demonstrated that AFAP-110 is able to activate
c-Src in cell culture upon removal of the autoinhibitory Lzip
motif (AFAP-110�Lzip) (1, 33, 35). PKC� is able to bind to
sequences in the PH1 domain of AFAP-110 that overlap with
the Lzip binding motif (32, 35). Because PKC� can direct ac-
tivation of c-Src and effect a conformational change in AFAP-
110 that correlates with its intrinsic ability to activate c-Src, we
hypothesized that AFAP-110 may be positioned to relay sig-
nals from PKC� that direct activation of c-Src. To test this
hypothesis, SYF/c-Src cells were cotransfected with myrPKC�
and AFAP-110. As a control, two mutant forms of AFAP-110,
AFAP-11071A and AFAP-110�180-226, were also cotransfected
with myrPKC�. AFAP-11071A fails to bind to the c-Src SH3 do-
main and failed to initiate activation of c-Src (1), while AFAP-
110�180-226 contains a deletion in the PH1 domain which was
previously shown to prevent AFAP-110�Lzip/�180-226 from acti-
vating c-Src (32) and to modulate localization with c-Src. The
data demonstrate that myrPKC� can direct an increase in
cellular tyrosine phosphorylation (Fig. 5, images a to c) and

FIG. 6. PKC is present in SYF cells. SYF cells were lysed, and 40 g
of protein was separated by SDS-PAGE and Western blotted with
isoform-specific PKC antibodies, as indicated. Molecular weight mark-
ers are shown on the left.

FIG. 5—Continued.
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c-Src activation (Fig. 5, images j to l). In addition, as AFAP-
110 colocalizes with actin filaments (34), it is apparent that
PKC� can direct AFAP-110-associated actin filaments into
structures that resemble podosomes in both size and localiza-
tion (Fig. 5, images a and j). However, both AFAP-11071A (Fig.
5, images d to f and m to o) and AFAP-110�180-226 (Fig. 5,
images g to i and p to r) blocked the ability of myrPKC� to
direct actin filament reorganization. These data indicate that
AFAP-11071A and AFAP-110�180-226 have a dominant-nega-

tive function over PKC� in terms of activating c-Src, cellular
tyrosine phosphorylation, and directing AFAP-110 to colocal-
ize with structures that resemble podosomes. Therefore, we
speculate that AFAP-110 can mediate PKC�-directed activa-
tion of c-Src and subsequent changes in actin filament organi-
zation.

To explore this further, we sought to activate endogenous
PKC� with PMA and to determine whether it could direct
AFAP-110 to colocalize with c-Src. PMA is a phorbol ester

FIG. 8. PMA stimulates an increase in AFAP-110 tyrosine phosphorylation, as well as the association between AFAP-110 and c-Src in
SYF/c-Src cells. (A) SYF/c-Src cells were treated with DMSO, 100 nM PMA (for 30 min), or 100 nM PMA (for 30 min) and 6 �M bisindolyl-
maleimide [I] (for 6 h), and AFAP-110 was immunoprecipitated (IP) from the lysates using the F1 polyclonal antibody and resolved on an SDS–8%
PAGE gel. Western blot analysis was performed using an antiphosphotyrosine antibody, and the blots were stripped and reprobed for AFAP-110
with antibody F1. (B) SYF/c-Src cells were treated with DMSO, 100 nM PMA (for 30 min), or 100 nM PMA (for 30 min) and 6 �M bisindol-
ylmaleimide [I] (Bis) (for 6 h), and c-Src was immunoprecipitated from the lysates using the anti-Src (N-18) antibody and resolved on an SDS–8%
PAGE gel. Western blot analysis was performed using an antiphosphotyrosine antibody, while the blots were stripped and reprobed with antibody
F1 or anti-Src antibodies to discern AFAP-110 levels and c-Src levels in the immunoprecipitate, respectively. AFAP-110 coimmunoprecipitated
with c-Src in response to PMA treatment, while pretreatment with bisindolylmaleimide [I] resulted in abolition of this interaction.

FIG. 7. PMA directs AFAP-110 to colocalize with c-Src, while PKC inhibitors block PMA-induced colocalization. (A) SYF cells were
transiently cotransfected with either GFP–AFAP-110 (a), GFP–AFAP-11071A (e), or GFP–AFAP-110�180-226 (i) and c-Src, treated with 100 nM
PMA for 30 min, and labeled with MAb EC10 (b, f, and j) and antiphosphotyrosine antibody (c, g, and k). Upon PMA stimulation, SYF cells display
a loss of actin stress fiber integrity (a), as well as an increase in immunoreactivity with the antiphosphotyrosine antibody (c). PMA treatment also
induced colocalization of GFP–AFAP-110 and c-Src (d). Cells cotransfected with GFP–AFAP-11071A (e) and c-Src displayed immunoreactivity
with the antiphosphotyrosine antibody equivalent to that of surrounding nontransfected cells (g) in response to PMA treatment. Cells cotransfected
with GFP–AFAP-110�180-226 (i) and c-Src displayed immunoreactivity with the phosphotyrosine antibody equivalent to that of surrounding
nontransfected cells (k) in response to PMA treatment. (B) SYF cells were cotransfected with either GFP–AFAP-110 (m), GFP–AFP-11071A (q),
or GFP–AFAP-110�180-226 (u) and c-Src and pretreated with 6 �M bisindolylmaleimide [I] for 6 h and 100 nM PMA for 30 min and then fixed
and labeled with EC10 MAb (n, r, and v) and antiphosphotyrosine antibody (o, s, and w). In the presence of bisindolylmaleimide [I], PMA
treatment of cells cotransfected with GFP–AFAP-110 and c-Src resulted in no changes in actin filament integrity (m). Likewise, bisindolylmale-
imide [I] treatment blocked PMA-induced elevation in cellular tyrosine phosphorylation levels (o) and the colocalization of GFP–AFAP-110 and
c-Src (p). In the presence of bisindolylmaleimide [I], PMA treatment of cells cotransfected with GFP–AFAP-11071A and c-Src resulted in no
elevation in cellular tyrosine phosphoryation (s). Similar results were observed in cells cotransfected with GFP–AFAP-110�180-226 and c-Src (u to
x). EC10 was visualized with Cy5 anti-mouse IgG, while antiphosphotyrosine was visualized with TRITC–anti-rabbit IgG.
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that directs the activation of classical (�, �, and �) and novel
(	, ε, and 
) PKC family members (reference 45; reviewed in
reference 2). In order to verify the expression pattern of PKC
family members in SYF cells, we performed Western blot
analysis of SYF cell lysates with antibodies that immunoreact
with individual PKC isoforms (Fig. 6). The data demonstrate
that among the PKC family members, PKC� is strongly rep-
resented, as are PKC	 and -� and, to a lesser extent, PKCε.
Previous data indicate that AFAP-110 is a substrate and bind-
ing partner for PKC� and a potential binding partner for
PKC�, -�, and -� as well (32). These data indicate that the
PKC� isoform is the only one present in SYF cells that can (i)
bind AFAP-110 and (ii) be activated by PMA. c-Src was then
coexpressed with AFAP-110 in SYF cells, and the cells were
treated with 100 nM PMA for 30 min to activate endogenous
PKC�. Immunofluorescence analysis demonstrates that in the
presence of PMA, there is a loss in actin filament organization
(as evidenced by AFAP-110 localization), with podosome-like
structures present, increased cellular tyrosine phosphorylation,
and AFAP-110 and c-Src colocalization (Fig. 7A, images a to
d). However, cells expressing mutants unable to bind c-Src
(AFAP-11071A) or PKC� (AFAP-110�180-226) retained normal
actin filament integrity after PMA treatment and background
levels of cellular tyrosine phosphorylation (Fig. 7A, images e to
l), indicating that interactions with both PKC� and c-Src are
required for c-Src activation and alterations in actin filament
integrity. Furthermore, AFAP-110�180-226 failed to colocalize
with c-Src in response to PMA stimulation (Fig. 7A, image l).
As a control, a 6-h pretreatment with 6 �M bisindolylmaleim-
ide [I] was used to block PKC� activity, resulting in AFAP-110
being unable to colocalize with c-Src in response to PMA, and
it also blocked the PMA-mediated increase in cellular tyrosine
phosphorylation (Fig. 7B, images m to x). These data suggest
that the ability of PMA to mobilize colocalization of AFAP-

110 with c-Src is dependent upon activation of PKC� and not
upon other PMA-inducible proteins (2).

To verify that PKC� activation was directing interactions
between AFAP-110 and c-Src, SYF/c-Src cells were treated
with dimethyl sulfoxide (DMSO) or 100 nM PMA, and the
lysates were subjected to immunoprecipitation and Western
blot analysis. Treatment with PMA resulted in a relative in-
crease in endogenous AFAP-110 tyrosine phosphorylation
(Fig. 8A), as well as the direct association of AFAP-110 and
c-Src, as demonstrated by the ability to immunoprecipitate
endogenous c-Src and to Western blot for bound endogenous
AFAP-110 (Fig. 8B). Pretreatment with bisindolylmaleimide
[I] resulted in an inhibition of c-Src and AFAP-110 tyrosine
phosphorylation to levels equivalent to the DMSO control
lane. Likewise, bisindolylmaleimide [I] treatment resulted in
the abolition of binding between c-Src and AFAP-110. These
data are in agreement with the immunofluorescence micros-
copy data and indicate that in response to PKC� activation,
AFAP-110 forms a direct interaction with c-Src that correlates
with increased tyrosine phosphorylation of AFAP-110.

The presence of AFAP-110 is required for PKC�-directed
c-Src activation and podosome formation. Because dominant-
negative AFAP-11071A and AFAP-110�180-226 were able to
block PKC�-directed activation of c-Src, we sought to deter-
mine whether the presence of AFAP-110 was required for
myrPKC�-directed activation of c-Src and subsequent podo-
some formation. We hypothesized that if AFAP-110 was re-
quired, then in cells that lack AFAP-110, activation of PKC�
would fail to direct an increase in c-Src activation and subse-
quent podosome formation. We screened various human can-
cer cell lines for steady-state expression levels of AFAP-110
and found that in A2780 and CaOV3 cells, AFAP-110 expres-
sion levels were at or below detection limits (Fig. 9A). CaOV3
cells do express detectable levels of c-Src and PKC�, although

FIG. 9. AFAP-110 is not detected in CaOV3 ovarian cancer cells. Confluent monolayers of SYF/c-Src, MCF10A, A2780, CaOV3, and CEF
cells were lysed, and 25 g of protein was separated on an SDS–8% PAGE gel. (A) Western blot analysis was performed using F1 polyclonal
antibody to determine AFAP-110 levels and monoclonal antiactin antibody as a loading control. The blots were done separately, and the results
were combined. (B) Western blot analysis was performed using c-Src N-16 polyclonal antibody and anti-PKC MAb to detect endogenous c-Src and
PKC protein levels. The blots were done separately, and the results were combined.
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FIG. 10. PMA treatment of CaOV3 cells overexpressing c-Src does not result in a significant increase in cellular tyrosine phosphorylation.
(A) CaOV3 cells were transiently transfected with c-Src and then treated with DMSO, 100 nM PMA (for 30 min), or 100 nM PMA (for 30 min)
and 6 �M bisindolylmaleimide [I] (for 6 h). After fixation, the cells were labeled with MAb EC10 (a, e, and i), TRITC-phalloidin (b, f, and j), and
antiphosphotyrosine antibodies (c, g, and k). DMSO treatment resulted in no change in cellular morphology or actin filament integrity (a and b),
and the cells displayed only slight immunoreactivity to the antiphosphotyrosine antibody compared to surrounding nontransfected cells (c).
Likewise, treatment with PMA resulted in no change in cellular morphology or actin filament integrity (e and f), as well as immunoreactivity to
the antiphosphotyrosine antibody comparable to that with DMSO treatment (g). Pretreatment with bisindolylmaleimide [I] produced similar
results (i, j, and k). (B) myr-PKC was transiently transfected into CaOV3 cells and labeled with anti-Flag MAb (m), TRITC-phalloidin (n), and
antiphosphotyrosine antibody (o). Expression of myrPKC had no effect on cell morphology or actin filament organization (n). These cells also
displayed immunoreactivity to the antiphosphotyrosine antibody equivalent to that of surrounding nontransfected cells (o). EC10 and anti-Flag
MAbs were visualized with Alexa Fluor 488–goat anti-mouse IgG, and antiphosphotyrosine was visualized with Alexa Fluor 647–goat anti-rabbit
IgG. Actin was visualized by staining it with TRITC-phalloidin.
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FIG. 11. AFAP-110�Lzip elevates cellular tyrosine phosphorylation and the formation of actin rosette structures in CaOV3 cells. (A) CaOV3
cells were transiently transfected with either GFP–AFAP-110 (a) or GFP–AFAP-110�Lzip (e) and c-Src (b and f) and immunolabeled with
antiphosphotyrosine antibody (c and g). Expression of GFP–AFAP-110 and c-Src resulted in no significant increase in cellular tyrosine phos-
phorylation (c). Alternatively, expression of GFP–AFAP-110�Lzip resulted in a significant increase in cellular tyrosine phosphorylation (g), as well
as the disruption of actin filament integrity and the formation of actin-rich podosome structures (e [arrow]). (B) CaOV3 cells were transiently
transfected with either GFP–AFAP-110 (i) or GFP–AFAP-110�Lzip (l) and c-Src and immunolabeled with anticortactin antibody (j and m).
Expression of GFP–AFAP-110 (i) does not result in the formation of podosomes, as indicated by the diffuse cortactin staining (j). Expression of
GFP–AFAP-110�Lzip results in the alteration of actin stress fiber integrity and the formation of cortactin-rich podosomes (n [arrow]). EC10 was
visualized with Alexa Fluor 546–goat anti-mouse IgG, anticortactin antibody was visualized with Alexa Fluor 647–goat anti-mouse IgG, and
antiphosphotyrosine was visualized with Alexa Fluor 647–goat anti-rabbit IgG.
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expression levels were relatively low (Fig. 9B). Thus, we chose
to utilize the human ovarian cancer CaOV3 cell line to deter-
mine whether activation of PKC� required AFAP-110 to ac-
tivate c-Src and effect podosome formation.

In each case where AFAP-110 constructs are able to activate
c-Src, there is a concomitant increase in cellular tyrosine phos-
phorylation. As endogenous c-Src levels are low in CaOV3
cells, we ectopically expressed c-Src and used the MAb EC10
to visualize the localization of c-Src. However, it was first im-
portant to demonstrate that the expression of exogenous c-Src
did not stimulate an increase in cellular tyrosine phosphoryla-
tion upon activation of PKC�. Treatment of CaOV3 cells ex-
pressing c-Src alone with DMSO (the solvent for PMA) did not
significantly increase cellular phosphotyrosine levels relative to
background (Fig. 10A, images a to d). Likewise, treatment with
PMA was also unable to effect significant changes in cellular
phosphotyrosine levels (Fig. 10A, images e to h). As a control,
we pretreated CaOV3 cells with bisindolylmaleimide [1] to
block PMA-directed PKC� signaling (Fig. 10A, images i to l).
Expression of myrPKC� in CaOV3 cells was also unable to
effect significant changes in cellular tyrosine phosphorylation
or podosome formation (based on the appearance of F-actin)
above background (Fig. 10B, images m to p). Therefore, we
conclude that activation of PKC� in CaOV3 cells overexpress-
ing exogenous c-Src does not lead to a significant increase in
cellular tyrosine phosphorylation or the formation of podo-
somes.

In order to determine if AFAP-110 could mediate c-Src
activation in CaOV3 cells, we transfected vectors expressing
GFP–AFAP-110 or GFP–AFAP-110�Lzip into CaOV3 cells
and examined cellular tyrosine phosphorylation levels and
podosome formation. In the presence of wild-type GFP–
AFAP-110, no elevation in cellular tyrosine phosphorylation or
podosome formation was observed (Fig. 11A, images a to d).
However, expression of the dominant-positive AFAP-110�Lzip

construct resulted in an increase in cellular tyrosine phosphor-
ylation, as well as the formation of AFAP-110�Lzip-associated
podosomes (Fig. 11A, images e to h), a phenotype similar to
c-Src activation. Similarly, AFAP-110�Lzip and c-Src coexpres-
sion also resulted in an increase in c-Src activation, as revealed
by antiphospho (Y416) antibodies (data not shown). Immuno-
staining with a polyclonal cortactin antibody demonstrated
that in response to AFAP-110�Lzip expression, AFAP-
110�Lzip and cortactin colocalized in podosomes (Fig. 11B,
images l to n), unlike AFAP-110 and cortactin (Fig. 11B, im-
ages i to k). These data indicate that dominant-positive AFAP-
110�Lzip is capable of stimulating an increase in cellular ty-
rosine phosphorylation and podosome formation in CaOV3
cells.

To address the issue of whether the presence of AFAP-110
could rescue the ability of PKC� to stimulate c-Src activation
and podosome formation in CaOV3 cells, we ectopically ex-
pressed both AFAP-110 and c-Src in these cells using a dual
expression vector to ensure successful coexpression in all trans-
fected cells. The cells were then stimulated with DMSO, 100
nM PMA, or 100 nM PMA plus 6 �M bisindolylmaleimide [I].
Transfected cells treated with DMSO displayed no change in
cellular phosphotyrosine levels (Fig. 12A, images a to d) or
colocalization of AFAP-110 and c-Src (data not shown). How-
ever, PMA treatment directed an increase in cellular tyrosine

phosphorylation and the formation of podosomes (Fig. 12A,
images e to h). AFAP-110 and c-Src also colocalized in re-
sponse to PMA treatment (data not shown). Pretreatment with
bisindolylmaleimide [I] resulted in complete abolishment of
PMA-induced effects on AFAP-110 and c-Src colocalization,
cellular tyrosine phosphorylation, and podosome formation
(Fig. 12A, images i to l). Likewise, PMA treatment also result-
ed in an increase in c-Src activation (Fig. 12B, images q to t),
and this elevation in c-Src activation is abolished by pretreat-
ment with bisindolylmaleimide [I] (Fig. 12B, images u to x).
Collectively, these data indicate that AFAP-110 plays an im-
portant role in relaying signals from PKC� that direct activa-
tion of c-Src and podosome formation.

As the expression of exogenous AFAP-110 in CaOV3 cells
made the cells sensitive to treatment with PMA, we next asked
if mutants of AFAP-110 that were unable to either interact or
colocalize with c-Src could abolish the effects we observed
following treatment with PMA. CaOV3 cells transiently trans-
fected with the Src binding mutant AFAP-11071A displayed
normal cell morphology and no elevation in cellular tyrosine
phosphorylation in response to treatment with DMSO, and
AFAP-11071A and c-Src do not appear to colocalize in the
merged image (Fig. 13A, images a to d). In response to treat-
ment with 100 nM PMA, actin filament integrity was un-
changed and there was no elevation in cellular tyrosine phos-
phorylation (Fig. 13A, images e to h); however, AFAP-11071A

and c-Src colocalized. This effect was abolished upon pretreat-
ment with 6 �M bisindolylmaleimide [I] (Fig. 13A, images i to
l). In a similar manner, expression of the PKC� binding mutant
AFAP-110�180-226 did not alter actin filament integrity or cel-
lular tyrosine phosphorylation in response to 100 nM PMA
treatment (Fig. 13B, images m to x). However, unlike AFAP-
11071A, AFAP-110�180-226 and c-Src were not colocalized in
response to PMA treatment, indicating that AFAP-110 is ca-
pable of relaying signals from PKC� to c-Src, resulting in c-Src
activation, increased cellular tyrosine phosphorylation, and the
formation of podosomes.

DISCUSSION

There is significant evidence to indicate the existence of
cross talk between PKC� and c-Src. Activation of each of these
kinases results in substantial changes in actin filament integrity
and cell morphology. Both c-Src and PKC� activation direct
the formation of motility structures (lamellipodia and filopo-
dia), and both kinases can be detected in podosomes (26). In
fact, c-Src and PKC� activation is sufficient to induce the
formation of podosomes (19, 26, 42). Further, both kinases will
stimulate increased cell motility and invasive potential (re-
viewed in references 6, 14, 22, and 40). Although several stud-
ies have documented the fact that activation of c-Src results in
the subsequent activation of PKC�, other studies have con-
versely demonstrated that PKC� can direct the activation of
c-Src (3–5). The ability of PKC� to activate c-Src is not due to
direct interactions between the two kinases. Although PKC�
can phosphorylate c-Src, in vitro studies using purified c-Src
and PKC� demonstrated that PKC� was unable to directly
activate c-Src (4). Thus, the ability of PKC� to activate c-Src
was likely due to the activity of other proteins that relayed
signals from PKC�, which in turn directed the activation of
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c-Src. In this study, we sought to determine whether the c-Src
and PKC� binding partner AFAP-110 was responsible for me-
diating PKC�-directed activation of c-Src and the subsequent
changes in the cytoskeleton that are hallmarks of Src activa-
tion, namely, podosome formation.

Previous work demonstrated that AFAP-110 has an intrinsic
ability to cross-link actin filaments and activate c-Src, and both
of these functions were regulated by the Lzip motif, which
provides an autoinhibitory function (1, 35). Mechanistic stud-
ies demonstrated that the Lzip motif contacted sequences in
the PH1 domain that also overlapped with the PKC� binding
site (32, 35). Activation of PKC� was sufficient to displace
these interactions, which in turn destabilized the AFAP-110
multimer, revealing its intrinsic abilities to activate c-Src and

cross-link actin filaments (32, 33, 35). Given that (i) PKC� can
activate c-Src, (ii) AFAP-110 has an intrinsic ability to activate
c-Src, and (iii) PKC� can effect conformational changes in
AFAP-110 that are hypothesized to release autoinhibition by
the Lzip motif, we hypothesized that AFAP-110 could modu-
late PKC�-directed activation of c-Src and subsequent changes
in the actin-based cytoskeleton that are hallmarks of c-Src ac-
tivation.

Our data confirm that PKC� can direct the activation of
c-Src in vivo. Using murine embryonic fibroblast cells, ectopic
expression of constitutively activated PKC� (myrPKC�) was
sufficient to direct an increase in cellular tyrosine phosphory-
lation and c-Src activation. An analysis of actin filament orga-
nization in these cells, using confocal microscopy and scanning

FIG. 12. Expression of AFAP-110 results in an increase in cellular tyrosine phosphorylation and c-Src activation in response to PMA treatment
of CaOV3 cells. CaOV3 cells were transiently transfected with the dual expression vector pCMV-AFAP-110/c-Src and then treated with DMSO,
100 nM PMA (for 30 min), or 100 nM PMA (for 30 min) and 6 �M bisindolylmaleimide [I] (for 6 h). After fixation, the cells were immunolabeled
with the AFAP-110 MAb 4C3 (a, e, i, m, q, and u), TRITC-phalloidin (b, f, j, n, r, and v), and either antiphosphotyrosine (c, g, and k) or phospho-
Src family (Y416) antibody (o, s, and w). Treatment with DMSO resulted in immunoreactivity to the antiphosphotyrosine antibody equivalent to
that of surrounding nontransfected cells (c), as well as no elevation of Src kinase activity (o). DMSO treatment also had no affect on actin filament
integrity (b and n). Treatment with PMA resulted in the loss of actin stress fiber integrity and the formation of actin-rich podosome structures
(f and r [arrows]). Likewise, in response to PMA treatment, transfected cells displayed a great increase in immunoreactivity to the antiphospho-
tyrosine antibody (g) and elevated Src kinase activity (s) compared to surrounding nontransfected cells. Pretreatment with bisindolylmaleimide [I]
resulted in complete abolition of the affects observed upon treatment with PMA (i to l and u to x). 4C3 MAb was visualized with Alexa Fluor 488–
goat anti-mouse IgG, and actin was visualized with TRITC-phalloidin, while antiphosphotyrosine and phospho-Src family (Y416) antibodies were
visualized with Alexa Fluor 647–goat anti-rabbit IgG.
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Z planes with a thickness of 1 �m, revealed the formation of
actin-rich punctate structures that were �0.2 to 0.5 �m in
diameter and that were located on the cytoplasmic face of the
ventral membrane. In addition, these structures contained cor-
tactin. Each of these features is defining for podosomes in cells
where Src is activated. The ability of PKC� to direct podosome
formation and c-Src activation was dependent upon its kinase
activity, as kinase-dead PKC� was unable to activate c-Src or
effect podosome formation. Interestingly, the ability of acti-
vated PKC� to effect significant changes in stress filament
organization and podosome formation was also dependent
upon the presence of c-Src. Thus, PKC� can activate c-Src and
direct podosome formation, and furthermore, PKC� requires
c-Src in order to effect podosome formation and changes in
stress filament integrity.

Previous work demonstrated that AFAP-110 aligns strictly
with stress filaments and the cortical actin matrix (34). Dele-
tion of the Lzip motif releases autoinhibition and enables
AFAP-110�Lzip to activate c-Src and effect significant changes
in cellular morphology. Our data demonstrate that AFAP-
110�Lzip is able to direct an increase in cellular tyrosine phos-
phorylation and confirm that AFAP-110 is able to direct the
activation of c-Src. The ability of AFAP-110�Lzip to activate

c-Src was dependent upon its ability to (i) engage the c-Src
SH3 domain and (ii) colocalize with c-Src. With regard to the
latter, we had previously shown that deletions in the PH1
domain, as well as point mutations which prevent SH3 binding
to c-Src, were able to abolish the ability of AFAP-110�Lzip to
activate c-Src. Here, we demonstrate that deletions in the PH1
domain prevent colocalization of AFAP-110�Lzip with c-Src
and the subsequent activation of c-Src. In vitro kinase data
support this hypothesis, as both recombinant AFAP-110 and
recombinant AFAP-110�Lzip have the potential to activate c-
Src, but in cells, only AFAP-110�Lzip can direct c-Src acti-
vation. These data indicate that (i) AFAP-110 is capable of
activating c-Src and (ii) upon release of the Lzip motif from the
PH1 domain, AFAP-110 is directed to move to and colocalize
with c-Src in a fashion dependent upon the integrity of the PH1
domain. Although we do not know how the PH1 domain fa-
cilitates colocalization, it is well known that pleckstrin homol-
ogy domains can function as both protein and lipid binding
partners (reviewed in reference 25). Thus, it is possible that a
protein chaperone delivers AFAP-110 to c-Src or, conversely,
that lipid and/or membrane binding properties are revealed
that promote colocalization with c-Src. This mechanism is un-
der investigation. Interestingly, the ability of AFAP-110�Lzip to

FIG. 12—Continued.
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direct the formation of, and colocalize with, podosomes is
confirmed based on the colocalization of AFAP-110�Lzip and
cortactin to these actin-rich punctuate structures on the cyto-
plasmic face of the ventral membrane. Furthermore, the ability
of AFAP-110�Lzip to direct the formation of podosomes is
dependent upon the presence of c-Src.

We were able to demonstrate that AFAP-110 does modulate
PKC�-directed activation of c-Src by using two different tech-
niques. Overexpression of myrPKC� in murine embryonic
fibroblasts was sufficient to induce increases in cellular phos-
photyrosine content and c-Src activation. Using confocal mi-
croscopy and examining scanning Z planes 1 �m thick indi-
cated that all of the phosphotyrosine signal and c-Src activation
is detected on the cytoplasmic face of the dorsal membrane.
This observation is distinct from an examination of Src527F

expression in cells, where phosphotyrosine signals can be de-
tected throughout the cell (A. Gatesman and D. C. Flynn,

unpublished observation), indicating that PKC� may direct the
activation of c-Src and subsequent tyrosine phosphorylation of
a subset of potential substrates. Overexpression of mutants of
AFAP-110 that fail to bind the c-Src SH3 domain, or fail to
colocalize with c-Src, each blocked myrPKC� from activating
c-Src and directing podosome formation. Given that AFAP-
110 does colocalize with cortactin in podosomes and AFAP-
110 always colocalizes with F-actin, podosome formation was
hypothesized based on the presence of AFAP-110 in these
punctate structures along the dorsal membrane. These obser-
vations were confirmed by using PMA, an activator of endog-
enous PKC�. Treatment of cells with PMA resulted in activa-
tion of c-Src in an AFAP-110-dependent manner. The ability
of PMA to induce the activation of c-Src was sensitive to the
presence of bisindolylmaleimide [I], an inhibitor of PKC that
binds to the catalytic domain. These data confirm that PMA-
directed activation of c-Src occurs in a fashion dependent upon

FIG. 13. Mutants of AFAP-110 that abolish interactions with c-Src or PKC are able to block the effects of AFAP-110 in response to PMA
treatment in CAOV3 cells. (A) CaOV3 cells were transiently cotransfected with GFP–AFAP-11071A (a, e, and i) and c-Src and then treated with
DMSO, 100 nM PMA (for 30 min), or 100 nM PMA (for 30 min) and 6 �M bisindolylmaleimide [I] (for 6 h). After fixation, the cells were
immunolabeled with EC10 (b, f, and j) and antiphosphotyrosine antibodies (c, g, and k). PMA treatment resulted in normal cell morphology (a,
e and i), as well as no change in cellular tyrosine phosphorylation (g) from that observed upon treatment with DMSO (c). Likewise, pretreatment
with bisindolylmaleimide [I] and PMA also resulted in no elevation in cellular tyrosine phosphorylation above background (k). Identical results
were obtained upon expression of GFP–AFAP-110�180-226 and c-Src after treatment with PMA. EC10 was visualized with Alexa Fluor 546–goat
anti-mouse IgG, while antiphosphotyrosine antibody was visualized with Alexa Fluor 647–goat anti-rabbit IgG. (B) Same as panel A, except that
the dominant-negative mutant, AFAP-110�180-226 was transfected.
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the catalytic activity of PKC and not upon any other PMA-
associated functions. In addition, PMA was able to direct an
increase in tyrosine phosphorylation of endogenous AFAP-110
and was able to direct complex formation between AFAP-110
and c-Src. Collectively, these data indicate that PKC� directs
c-Src activation in an AFAP-110-dependent manner.

We sought to determine if PKC� could direct the activation
of c-Src and podosome formation in the absence of AFAP-110.
For this analysis, we utilized a cell line, CaOV3, that contained
AFAP-110 protein expression levels that were at or below the
levels of detection. The data indicate that neither myrPKC�
nor PMA was able to induce an increase in cellular phospho-
tyrosine content, c-Src activation, or podosome formation. Ec-
topic expression of AFAP-110�Lzip was able to direct an in-
crease in cellular phosphotyrosine content, c-Src activation, and
podosome formation, indicating that it is possible to activate
these signals in these cells. Ectopic expression of AFAP-110
restored the ability of myrPKC� and PMA to stimulate the
activation of c-Src, increased cellular phosphotyrosine content,
and podosome formation, while mutants of AFAP-110 that fail
to activate c-Src failed to relay these signals. These data con-
firm that AFAP-110 plays an important role in relaying signals
from PKC� that direct the activation of c-Src and podosome
formation.

Collectively, these data indicate that PKC� directs the acti-
vation of c-Src via AFAP-110. We hypothesize the following
model. Activation of PKC� displaces autoinhibitory interac-
tions between the Lzip motif and the PH1 domain of AFAP-
110. This enables AFAP-110 to move to and colocalize with
c-Src in a PH1 domain-dependent manner. AFAP-110 then
initiates the activation of c-Src through SH3 binding. Activated
c-Src then stimulates signals that direct the formation of po-
dosomes. These data are significant for several reasons. First,
they establish a mechanism by which PKC� can activate c-Src.
Second, they establish a mechanism by which PKC� can direct
the formation of podosomes. Podosomes are actin-rich struc-
tures that form on the ventral membrane and are hypothesized
to play an important role in modulating the invasive potential
of a cell. Both PKC� and c-Src activation are sufficient to
induce an increase in cell motility and invasive potential. In-
deed, it has been hypothesized that activation of c-Src occurs
concomitant with acquisition of the invasive phenotype (13).
Podosomes are rich in cross-linked F-actin and contain a
variety of actin-binding proteins and signaling proteins, such
as actin, cortactin, AFAP-110, and c-Src (26). Interestingly,
AFAP-110 may contribute to the formation of podosomes in
two ways. Here, PKC� would affect a conformation change
upon AFAP-110 that allows it to colocalize with and activate

FIG. 13—Continued.
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c-Src, which our data indicate is sufficient to initiate signals that
direct podosome formation. In addition, the conformational
change directed in AFAP-110 that allows it to activate c-Src is
also sufficient to increase the ability of AFAP-110 to cross-link
F-actin (35). Cross-linked F-actin exists in the core of the
podosome. Although our analysis does not distinguish the lo-
calization of AFAP-110 in the core or fringe of a podosome, it
is possible that AFAP-110 may be positioned to facilitate actin
cross-linking within the newly formed podosome core. It is also
possible that AFAP-110 colocalization to podosomes may be
required to facilitate c-Src colocalization to podosomes, as
AFAP-110 is a binding partner for activated Src (18).

These data also have implications for signal transduction
and possibly cancer progression. AFAP-110 is a PH1 domain
binding partner for PKC�, PKC�, and PKC� (32). Further-
more, AFAP-110 is an SH3 binding partner for Fyn and Lyn,
but not c-Yes (12, 17, 41). Thus, AFAP-110 may be positioned
to relay signals from other PKC family members that direct the
activation of a subset of Src family kinases. In each instance,
this may result in the formation of podosomes. Given that
PKC� and c-Src expression levels and activation states are
increased in a variety of invasive human cancers, it may be
possible that AFAP-110 expression levels in these same can-
cers could facilitate the relay of signals that direct the activa-
tion of c-Src and the acquisition of the invasive phenotype.
These studies are under way.
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