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Abstract Actin filament-associated protein (AFAP) plays
a critical role in the regulation of actin filament integrity,
formation and maintenance of the actin network, function of
focal contacts, and cell migration. Here, we show that
endogenous AFAP was present not only in the cytoskeletal
but also in the cytosolic fraction. Depolymerization of actin
filaments with cytochalasin D or latrunculin A increased
AFAP in the cytosolic fraction. AFAP harbors an actin-
binding domain (ABD) in its C-terminus. AFAPAABD, an
AFAP mutant with selective ABD deletion, was mainly in the
cytosolic fraction when overexpressed in the cells, which was
associated with a disorganized cytoskeleton with reduced
stress fibers, accumulation of F-actin on cellular membrane,
and formation of actin-rich small dots. Cortactin, a well-
known podosome marker, was colocalized with AFAPAABD
in these small dots at the ventral surface of the cell, indicating
that these small dots fulfill certain criteria of podosomes.
However, these podosome-like small dots did not digest
gelatin matrix. This may be due to the reduced interaction
between AFAPAABD and c-Src. When AFAPAABD-trans-
fected cells were stimulated with phorbol ester, they formed
podosome-like structures with larger sizes, less numerous
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and longer life span, in comparison with wild-type AFAP-
transfected cells. These results indicate that the association of
AFAP with F-actin through ABD is crucial for AFAP to
regulate cytoskeletal structures. The AFAPAABD, as cyto-
solic proteins, may be more accessible to the cellular
membrane, podosome-like structures, and thus be more
interactive for the regulation of cellular functions.

Keywords Adaptor protein - Cytoskeleton - Matrix
degradation - Cell invasion - c-Src activation

Introduction

Actin filament-associated protein (AFAP) was first identified
as a substrate of the non-receptor tyrosine kinase v-Src [1].
AFAP harbors one Src Homology 3 (SH3) domain-binding
motif and several putative SH2 domain-binding motifs [2, 3].
It contains two pleckstrin homology domains, a leucine
zipper motif, and multiple putative serine/threonine phos-
phorylation sites. It interacts with actin filaments directly via
an actin-binding domain (ABD) located in its C-terminus
[2, 3]. AFAP functions as an adaptor protein, linking Src
tyrosine kinase family members and/or other signaling pro-
teins to actin filaments [4]. AFAP plays an essential role in
regulating actin filament integrity [1, 5-8], cytoskeleton
organization [9], function of focal contacts, and cell migra-
tion [10]. In MDA-MB-231 breast cancer cells, AFAP is
required for actin stress fiber formation and cell adhesion [5].
In prostate cancer cells, AFAP is highly expressed and con-
tributes to tumorigenic growth by regulating focal contact
formation and dynamics [11]. In mouse embryo fibroblasts,
PI3 K inhibitor LY294002 blocks protein kinase C (PKC)
activation-directed colocalization between AFAP and c-Src,
subsequent c-Src activation and cell migration [10].
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Podosomes are recently discovered actin-rich structures
that protrude into the extracellular matrix, resulting in
localized remodeling activities with enhanced invasiveness
[12, 13]. Podosomes not only establish close contact with
substratum but also degrade components of extracellular
matrix to assist motile cells to cross tissue boundaries.
AFAP is required to mediate PKCa-induced activation of
the tyrosine kinase c-Src and the subsequent formation of
podosomes [14]. AFAP is a substrate of PKCo, and PKCo-
AFAP interactions direct podosome formation in vascular
smooth muscle A7r5 cells. The phosphorylation of AFAP
at Ser277 by PKCu affects podosome lifespan [15]. Tks5, a
scaffolding protein, is localized to podosomes in v-Src-
transformed fibroblasts and in A7r5 cells, and serves as a
specific recruiting adapter for AFAP, p190RhoGAP, and
cortactin during podosome formation [16].

We cloned genes encoding rat [3] and human AFAP
[17] and found that AFAP is distributed along the actin
filaments in fetal rat lung epithelial cells and fibroblasts.
Mechanical stretch increases the tyrosine phosphorylation
of rat AFAP and the binding between AFAP and c-Src [3].
AFAP can directly activate c-Src through binding to its
SH3 and/or SH2 domains [17]. Mutations at these specific
binding sites on AFAP block the mechanical stretch-
induced c-Src activation [17]. Recently, we reported that
the interaction between AFAP and c-Src may lead to SRE/
AP-1 transcriptional activation [18]. As a c-Src-binding
partner, association with filamentous actin structures makes
AFAP a very good candidate as an intracellular transducer
for mechanotransduction [19].

Sawada and Sheetz reported that after removing cyto-
plasm with Triton extraction, the cytoskeletal structure can
still sense mechanical stretch by activating protein tyrosine
kinases [20]. We suspected that AFAP could be an
important mediator to this type of cellular process. In the
present study, when we separated the cytosolic fraction
from the cytoskeletal fraction, a portion of AFAP was
found in the cytosolic fraction, that is, it was not associated
with F-actin. We hypothesized that the association of
AFAP with F-actin is a dynamic process. AFAP associated
with or free from F-actin may have different roles in the
regulation of cellular function. To test this hypothesis, we
selectively deleted the actin-binding domain from AFAP
and compared its function with wild-type AFAP in actin
filament organization and podosome function.

Materials and methods
Reagents, constructs, and antibodies

Src (clone GD11) monoclonal antibody (mAb), phospho-
tyrosine (4G10) mAb, cortactin (p80/85, clone 4F11) mAb,
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and horseradish peroxidase (HRP)-conjugated goat anti-
mouse or anti-rabbit secondary antibodies were from
Upstate Biotechnology Inc. (Lake Placid, NY). Src phos-
pho-Tyr416 and phospho-Tyr527 polyclonal antibodies
were from Biosource International (Camarillo, CA). FAK
polyclonal antibody was from Cell Signaling (Danvers,
MA). Anti-GFP antibody was from Santa Cruz Biotech-
nology (Santa Cruz, CA). Anti-a-tubulin and anti-y-tubulin
mAbs were from Sigma (St. Louis, MO). AFAP (clone F1)
polyclonal antibody, constructs for AFAP wild-type (WT),
and the pCMV expression vector for c-Src were gifts from
Dr. Daniel C. Flynn (West Virginia University). Alexa
Fluor 594 labeled secondary antibodies, Oregon Green 488
phalloidin, Rhodamine phalloidin, TRITC and Hoechst dye
33342 were from Invitrogen Molecular Probes (Carlsbad,
CA). All other reagents, unless indicated, were purchased
from Sigma (St. Louis, MO).

AFAPAABD expression vector

pEGFP-c3-AFAPAABD construct was generated from
chicken full-length pEGFP-c3-AFAP by deleting 2,062-
2,112 bp (actin-binding domain), with QuikChange Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA) [11].
The forward primer is 5-CGT GCT GCC ATT GAA GTC
GAA GAG GAA TGT AAG ACG-3' and the reverse pri-
mer is 5'-CGT CTT ACA TTC CTC TTC GAC TTC AAT
GGC AGC ACG-3' [138].

Cell culture

COS7, C3H10T1/2, and human normal bronchial epithelial
BEAS2B cells were maintained in low-glucose Dulbecco’s
modified Eagle’s medium (GIBCO, Rockville, MD) with
10% fetal bovine serum. Culture medium also contained
penicillin (1 mg/ml) and streptomycin (I mg/ml) (GIBCO)
as previously described [3, 11, 17].

Biochemical studies

The detailed procedures for cell transfection, immunopre-
cipitation, and Western blotting have been described [11,
17, 21].

Preparation of Triton X-100 soluble and insoluble
fraction

The Triton X-100 soluble and insoluble fractions of cell
lysates were prepared with a protocol modified from
Sawada and Sheetz [20, 22]. Briefly, each cell culture plate
was overlaid with 5 ml of hot gelatin solution (2.5%),
incubated at room temperature for 2 min, and the extra
gelatin solution was then removed. Ice-cold PBS (5 ml/
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plate) was added to coated plates at room temperature for
5 min. C3H10T1/2 cells were cultured on the coated plates
with transfection of pEGFP vector, pEGFP-AFAP, or
pEGFP-AFAPAABD. Twenty-four hours after transfec-
tion, the cells were washed with PBS and then treated with
500 pl of PBS containing 0.25% Triton X-100 and a
cocktail of protease inhibitors for 1 min [20, 22]. The
Triton soluble fraction was collected. The remaining cel-
lular structures, as the Triton X-100 insoluble portion, were
collected with regular cell lysis buffer (50 mM Tris—HCl
pH 7.5, 150 mM NaCl, 2 mM EGTA, 2 mM EDTA, 1%
Triton X-100, 100 pg/ml soybean trypsin inhibitor,
100 pg/ml benzamidine hydrochloride, 1 mM PMSF,
50 pg/ml aprotinin, 50 pg/ml leupeptin, 50 pg/ml pepstatin
A, 50 pg/ml antipain, 50 mM sodium fluoride, 10 mM
sodium pyrophosphate, and 10 mM sodium orthovana-
date). To determine the distribution of endogenous AFAP,
non-transfected cells were treated with cytochalasin D or
latrunculin A at different concentrations for 2 h and Triton
soluble and insoluble fractions were then collected. Protein
concentrations were measured by the Bradford Protein
Assay (Bio-Rad Laboratories, Mississauga, Ontario). Equal
amounts of total protein were subjected to SDS-PAGE,
followed by Western blotting.

Immunofluorescent staining and in situ zymography

Cells were cultured on glass cover slips (22 x 22 mm,
VWR Scientific Inc, West Chester, PA) in a six-well plate
(Sarstedt, Rommelsdorfer, Germany). Cells were tran-
siently transfected with pEGFP vector, pPEGFP-AFAP, or
pEGFP-AFAPAABD. The staining protocol and micro-
scopic condition have been described in detail [23, 24].
Briefly, cells were fixed with 4% paraformaldehyde in PBS
for 10 min, and then permeabilized with 0.1% Triton X-100
in PBS for 30 min. The cells were stained with Rhodamine
phalloidin and Hoechst dye 33342 for actin filaments and
nuclei localization, respectively. The cover slips were
mounted on microscope slides with Fluorescent Mounting
Medium (Dako Cytomation Inc, Carpinteria, CA).

For staining of AFAP associated with Triton X-100
insoluble cytoskeleton, after removing the Triton X-100
soluble fraction, the remaining cellular components were
washed with PBS and fixed with 4% paraformaldehyde in
PBS for 10 min, triple stained with primary and Alexa
Fluor 594 labeled secondary antibody for AFAP, Oregon
Green 488 Phalloidin for F-actin, and Hoechst dye 33342
for nuclei.

For in situ zymography, glass cover slips were pre-
cleaned with nitric acid, sterilized with ethanol, treated with
50 pg/ml poly-L-lysine, and fixed with 0.5% glutaralde-
hyde. The cover slips were coated with a base layer of
gelatin sucrose gel and a layer of TRITC-conjugated gelatin

on top. The residual reactive groups in the gelatin matrix
were quenched with 5 mg/ml sodium borohydride. Cells
were seeded on the coated cover slips in six-well plates. The
cell culture and transfection were done under the same
conditions described above. Foci of degraded matrix were
observed as dark areas (diameter ~2 pm) under or near a
cell on the red fluorescent gelatin matrix [23, 24].

Cell imaging was collected with an inverted laser
scanning fluorescence confocal microscope (Olympus
FluoView FV1000-ASW, Model 1X81) equipped with a
60x UPlanApo water immersion objective [numerical
aperture (NA), 1.20] and a data acquisition system.

Live cell imaging

BEAS2B cells were transfected with designated plasmids
expressing pEGFP, pEGFP-AFAP, or pEGFP-AFAP-
AABD, using Lipofectamine 2000 (Invitrogen) as the
transfection reagent according to the manufacturer’s
instructions [11, 17]. After 48 h, the transfected cells were
subjected to live cell imaging [23]. The time-lapse series of
photographs was taken using the confocal microscope
mentioned above, equipped with a computer-driven camera
and autofocus system in a humidified chamber with 5%
CO, at 37°C. Differential interference contrast (DIC) and
fluorescence images were taken every 5 s for up to 25 min.
Original digital images were converted to movies with 30
frames/s by Olympus FluoView FV10-ASW Version
01.07.02 software.

GFP-positive cell sorting, cell invasion, and gelatin
zymograph assay

BEAS-2B cells were cultured in a 100-mm culture dish
until the density reached approximately 85% confluence
and then transfected with 10 pg GFP plasmids and 20 pl
Fugene 6 HD (Roche Diagnostic, Laval, Canada) for 6 h.
GFP-positive cells were sorted with a cell sorter MoFlo-
XDP (Beckman Coulter Canada, Inc, Mississauga, Canada)
42 h post-transfection. GFP-positive cells (5 x 10%) were
seeded into each invasion chamber of 24-well plate (Mil-
lipore, Billerica, MA) and cultured in 300 pl DMEM with
DMSO (as vehicle control) or 500 nM PDBu for 18 h. The
invading cells attaching to the chamber membrane were
stained and counted. Cell culture media (25 pl for each
sample) were analyzed with 10% zymogram gelatin gel
(Invitrogen, Burlington, Canada) as described previously
[24].

Statistics

Each experiment was performed at least three times. The
quantification of each value represents the mean £ standard
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deviation. Significance was determined by Student’s 7 test or
by one-way analysis of variance (ANOVA) followed by
Tukey’s post-hoc analysis where appropriate.

Results

Endogenous AFAP is found not only associated
with cytoskeleton but also in the cytoplasm

AFAP is well known for its distribution along stress fibers
[2, 17, 25]. The C3H10T1/2 cell line established from
C3H mouse embryo [26] is functionally similar to mes-
enchymal stem cells [27]. These cells display fibroblastic
morphology in culture and have been used to study the
interaction between AFAP and F-actin [6, 8, 17, 28].
When C3HI10T1/2 cells were cultured on gelatin-coated
plates and stained with Oregon Green 488 Phalloidin
(Green) for F-actin, anti-AFAP (Red), and Hoechst dye
(Blue) for nuclei, the endogenous AFAP was distributed
along the F-actin fibers with nuclear staining in some cells
(Fig. 1a). After the cells were treated with 0.25% Triton
buffer for 1 min to remove the cytosolic fraction, AFAP
staining was still found in the Triton-insoluble cytoskel-
eton portion, tightly bound to stress fibers (Fig. 1b). When
the Triton-soluble and -insoluble fractions were subjected
to Western blotting, AFAP, as well as cytoskeletal pro-
teins, f-actin and o-tubulin, were found in both fractions
(Fig. 1c, d). FAK has been found mainly in the cytosolic
fraction of 1.929 cells with Triton extraction [20, 22].
We found similar results in C3H10T1/2 cells. Similarly,
y-tubulin was found mainly in the Triton-soluble fraction
(Fig. 1c, d).

To determine whether the distribution of AFAP between
the cytoskeletal and cytosolic fractions can be regulated,
C3H10T1/2 cells were treated with microfilament de-poly-
merization reagents, cytochalasin D, or latrunculin A, for
2 h. AFAP was redistributed from the Triton-insoluble
cytoskeleton fraction to the soluble fraction in a cytochalasin
D or latrunculin A concentration-dependent manner. In
contrast, FAK, y-tubulin, a-tubulin and $-actin did not show
dramatic translocation between the two fractions (Fig. lc,
d). This suggested that endogenous AFAP was not only in
cytoskeletal but also in the cytosolic fraction, and the dis-
tribution of AFAP between these two fractions can be
regulated by the polymerization status of F-actin.

Actin-binding domain deletion in AFAP reduces its
capability in associating with actin filament

Flynn and coworkers have identified an actin-binding

domain in the C-terminus of AFAP between amino acids
594 and 616 [8]. We selectively deleted this domain from

@ Springer

AFAP and generated an AFAPAABD construct fused
with GFP (Fig. 2a). C3H10T1/2 cells were transfected with
pEGFP-AFAP or pEGFP-AFAPAABD, and extracted with
Triton buffer. AFAP-GFP fusion proteins were determined
by anti-AFAP or anti-GFP antibody. The GFP-AFAP
fusion protein detected by either antibody was much more
intense in the Triton-soluble fraction from the pEGFP-
AFAPAABD-transfected cells than that from cells trans-
fected with pEGFP-AFAP (Fig. 2b). The GFP-AFAP or
GFP bands in both fractions were quantified through den-
sitometry. The ratio of GFP-AFAP expressed in the Triton-
soluble over Triton-insoluble fraction was significantly
higher in the pEGFP-AFAPAABD-transfected cells than
that in the pEGFP-AFAP-transfected cells (Fig. 2c, d).

Overexpression of AFAPAABD induces cytoskeleton
reorganization in C3H10T1/2 cells

To investigate the intracellular distribution of AFAP-
AABD, C3H10T1/2 cells were transiently transfected with
pEGFP vector, pEGFP-AFAP, or pEGFP-AFAPAABD,
and then stained for F-actin. The pEGFP vector-transfected
cells clearly displayed long F-actin stress fibers and the
GFP signal appeared to be distributed in the cytoplasm
(Fig. 3, left column). In pEGFP-AFAP-transfected cells,
GFP-AFAP was well associated with F-actin stress fibers
(Fig. 3, middle column). In pEGFP-AFAPAABD-trans-
fected cells, however, the long stress fibers disappeared and
a few actin-rich small dots (shown by arrows) were found
at the periphery of the cells. AFAPAABD was found in the
cytoplasm and was co-localized with these actin-rich small
dots (Fig. 3, right column). These results suggest that the
actin-binding domain of AFAP is involved in the regula-
tion of actin filament structure. Overexpression of
AFAPAABD may compete with endogenous AFAP and
interfere with the organization of stress fibers.

AFAPAABD overexpression results in podosome-like
structure formation in C3H10T1/2 cells

In v-Src transformed NIH3T3 fibroblasts, AFAP has been
found in F-actin rich rosettes [2], also called podosomes, a
specialized cellular structure for cell invasion [29]. AFAP
also plays an important role in PKC activation-induced
podosome formation [14]. To determine whether these
F-actin rich small dots in pEGFP-AFAPAABD-transfected
cells share features of podosomes, C3H10T1/2 cells were
transfected with pEGFP, pEGFP-AFAP, or pEGFP-
AFAPAABD, and stained with antibody for cortactin, a
well-known podosome marker [29]. pEGFP-AFAPAABD
was found to be colocalized with cortactin in the small dots
(Fig. 4a). Z-stack confocal microscopy demonstrated that
these small dots are located at the ventral surface of the
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Fig. 1 Endogenous AFAP is present in both cytoskeletal and
cytosolic fractions. a Association of endogenous AFAP with the
cytoskeletal fraction. C3H10T1/2 cells were cultured on gelatin-
coated cover slips and stained with Oregon Green 488 Phalloidin
(green), anti-AFAP (red) and Hoechst dye for nuclei (blue). b After
cells were treated with 0.25% Triton X-100 for 1 min to remove
cytosolic portion, AFAP was still seen associated with F-actin.

cells as inverted columns into the cytoplasm (Fig. 4b),
which is a typical characteristic of podosome-like struc-
tures. The lack of binding to F-actin stress fiber by

¢, d Depolymerization of actin filaments leads to a shift of AFAP
from the Triton X-100 insoluble to soluble fraction. C3H10T1/2 cells
were cultured on gelatin-coated plates and treated with cytochalasin D
(¢) or latrunculin A (d) at the indicated concentrations for 2 h. Triton
X-100 soluble and insoluble fractions of cell lysates were collected
and analyzed by Western blotting for AFAP distribution. FAK,
y-tubulin, a-tubulin and S-actin were also probed for comparison

AFAPAABD may facilitate formation of the podosome-
like structures and AFAPAABD may be more accessible to
these structures.
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Fig. 2 Actin-binding domain A AFAP |
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AFAPAABD-induced podosome-like structures
do not digest matrix

Recently, a study reported that MMP-14-deficient mouse
bone marrow cells and spleen dendritic cells exhibit
podosomes but lose the ability to degrade extracellular
matrix after activation of the Toll-like receptor-signaling
pathway [30]. We also found that PKC activation-induced
podosome assembly and podosome-related ECM degrada-
tion can be decoupled in human lung bronchial epithelial
BEAS2B cells [24]. Therefore, we examined the proteo-
lytic activity of the AFAPAABD-induced podosome-like
structure with an in situ zymography assay. Interestingly,
these actin-rich small dots did not digest the gelatin matrix
in C3H10T1/2 cells (Fig. 5a). For comparison, we also
studied BEAS2B cells transfected with pEGFP-AFAP or
pEGFP-AFAPAABD. GFP-AFAP was mainly distributed
along stress-fibers in most of the cells (Fig. 5b, top panel).
By contrast, GFP-AFAPAABD was mainly along the cell
membrane and as small dots in the cytoplasm (Fig. 5b,
second panel). No matrix degradation was observed in
these cells. These results suggest that although overex-
pression of this mutant may promote formation of
podosome-like structures, these structures cannot digest
gelatin matrix.
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AFAPAABD reduces c-Src activation and AFAP/c-Src
interaction

Src tyrosine kinase is very important for podosome for-
mation and function [14, 31, 32]. To determine why
AFAPAABD-induced podosome-like structures do not
digest the gelatin matrix, we studied the role of the ABD
of AFAP in c-Src-induced protein tyrosine phosphoryla-
tion. We co-expressed c-Src with AFAP or AFAPAABD
in COS7 cells. Compared to c-Src/AFAP group, total
protein tyrosine phosphorylation and phosphorylation of
SrcY416 (a sign of Src activation) in the c-Src/AFAP-
AABD group was lower (Fig. 6a). When the cell lysates
were immunoprecipitated with AFAP antibody and
immunoblotted with anti-phosphotyrosine antibody, the
bands around 110 kDa (mainly AFAP) and around 60 kDa
(mainly c-Src) were much weaker, and the c-Src in the
immunoprecipitates of anti-AFAP was less in the c-Src/
AFAPAABD group than that in the c-Src/AFAP group
(Fig. 6b). When the cell lysates were immunoprecipitated
with anti-Src antibody, less AFAP was found in the c-Src/
AFAPAABD group than that in the c-Src/AFAP group
(Fig. 6b). These observations suggest that this mutant is
less capable of binding to c-Src and enhancing its
activation.
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Fig. 3 Expression of AFAPAABD induces cytoskeleton disorgani-
zation in C3H10T1/2 cells. Over-expression of AFAPAABD mutant
interfered with actin filamentous structure. C3HI10T1/2 cells were

PKC activation-induced podosome-like structures
formed by AFAPAABD in BEAS2B cells are larger,
faster, and longer lasting

We then used PKC activation-induced podosomes in
BEAS2B cells as a model system to compare the roles of
wild-type AFAP and AFAPAABD in podosome assembly
and function. We transiently transfected BEAS2B cells

pEGFP-AFAPAABD

transfected with pEGFP vector, pEGFP-AFAP, or pEGFP-AFAP-
AABD and stained with Rhodamine phalloidin for F-actin (red) and
Hoechst dye for nuclei (blue)

with pEGFP, pEGFP-AFAP, or pEGFP-AFAPAABD, and
then challenged the cells with PDBu (500 nM, 30 min). In
the pEGFP vector-transfected cells, the GFP signal was
evenly distributed in the cytoplasm (Fig. 7a, top panel). In
the pEGFP-AFAP-transfected cells, AFAP was localized at
stress fibers and actin-rich podosomal dots (Fig. 7a, middle
panel). In pEGFP-AFAPAABD-transfected cells, AFAP
appeared mainly as small dots (Fig. 7a, bottom panel). We
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Fig. 4 AFAPAABD is co- A
localized with cortactin in
podosome-like structure in
C3H10T1/2 cells. a C3H10T1/2
cells were transfected with
pEGFP vector, pPEGFP-AFAP or
pEGFP-AFAPAABD, and then
stained for cortactin (red), a
podosome marker. AFAPAABD
and cortactin are co-localized at
podosome-like small dots
(arrows). b Z-stack confocal
microscopy images indicate that
these small dots are inverted
columns at the ventral surface of
the cell

GFP

Cortactin

Overlay

quantified the number of podosome dots per cell and the
size of each podosome dot. Although there were less
podosomes in pEGFP-AFAPAABD-transfected cells
(Fig. 7b), they were larger in size, in comparison to that in
pEGFP-AFAP-transfected cells (Fig. 7c).

To compare the rate of podosome formation and the
turnover of podosomes, we performed live cell-imaging
analyses. The speed of PDBu-induced podosome formation
in the pEGFP-AFAPAABD-transfected cells was faster
than in the pEGFP-AFAP-transfected cells (Fig. 8a, b).
The lifespan of AFAPAABD-induced podosome-like
structures was longer (Fig. 8a, c).
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To determine whether PKC activation can lead these
podosome-like structures containing AFAPAABD to digest
gelatin matrix, we cultured BEAS2B cells on fluorescent-
labeled gelatin matrix and transfected with pEGFP-AFAP
or pPEGFP-AFAPAABD. The cells were stimulated with
PDBu (500 nM, 4 h) or with DMSO (as a vehicle control),
and matrix degradation was determined using the in situ
zymography assay. After PDBu stimulation, stress fiber-
like distribution of pEGFP-AFAP disappeared and podo-
some-like small dots were found in almost all cells
(Fig. 9a). Similarly, in the AFAPAABD group, podosome-
like small dots were the predominant observation (Fig. 9a).
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A pEGFP

PEGFP-AFAP

pEGFP-AFAPAABD

Fig. 5 AFAPAABD-induced podosome-like structures do not digest
extracellular matrix. Cells were cultured on TRITC-conjugated
gelatin matrix and transfected with pEGFP vector, pEGFP-AFAP,

Gelatin matrix degradation was equally effective in both
groups. The morphological features of GFP-positive cells
are summarized in Fig. 9b.

To further test whether the small dots found in AFAP-
AABD-transfected cells can affect cell invasion and MMP

PEGFP-AFAP

pEGFP-AFAPAABD

Phase Contrast

or pPEGFP-AFAPAABD. No matrix digestion occurred, as shown with
in situ zymography in C3H10T1/2 cells (a) or in BEAS2B cells (b)

activities, BEAS2B cells were transfected with pEGFP,
pEGFP-AFAP, or pEGFP-AFAPAABD. We then sorted
GFP-positive cells and performed a cell-invasion assay. In
DMSO control groups, neither GFP-AFAP nor GFP-
AFAPAABD affected cell invasion, in comparison to GFP
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Fig. 6 AFAPAABD reduces c-Src activation and AFAP/c-Src inter-
action. a Co-expression of AFAP/c-Src-induced total protein tyrosine
phosphorylation and SrcY416 phosphorylation were reduced when
AFAP was replaced with its AABD mutant. Whole-cell lysates of
COS7 cells expressing AFAP or AFAPAABD with or without c-Src
were immunoblotted with the indicated antibodies. b The

vector-transfected cells (data not shown). PDBu stimula-
tion (500 nM, 18 h) increased cell invasion by 2.8-fold;
however, there is no significant difference among the three
groups. We then analyzed MMP protein expression and
activities in the culture medium collected from GFP-posi-
tive cells treated with PDBu or DMSO with gelatin
zymography. No difference was found in terms of protein
levels and activities of MMP-9 and MMP-2 among DMSO-
treated cells. PDBu stimulation increased expression and
activities of MMP-9; however, it was not affected by
expression of GFP-AFAP or GFP-AFAPAABD (Fig. 9c).

Discussion

The distribution of AFAP in cells is predominately limited to
stress filaments. Interestingly, in the present study, we found
endogenous AFAP present in the cytosolic fraction. The
association of AFAP with F-actin may be a dynamic process,
as depolymerization of F-actin resulted in a redistribution of
endogenous AFAP from the cytoskeletal to the cytosolic
fraction. This phenomenon seems to be specific because
several cytoskeletal proteins we examined showed less re-
distribution. AFAP modulates changes in actin filament
integrity in different cell types, such as fibroblasts, epithelial,
endothelial cells, and cells in hematopoietic lineages [1].
Since the AFAPAABD mutant cannot bind actin filaments
well, they are more abundant in the cytosolic fraction.
Overexpression of this mutant may represent the
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phosphorylation of AFAP and c-Src and the interaction between
AFAP and c-Src were reduced when AABD mutant was used to
replace AFAP. The cell lysates were immunoprecipitated with anti-
AFAP and immunoblotted with designated antibodies. The cell
lysates were also immunoprecipitated with anti-Src antibody and
immunoblotted with anti-AFAP and anti-Src antibodies

phenomenon of an increase of AFAP in the cytoplasm, which
may change the ratio of AFAP between cytoskeletal and
cytosolic fraction, and interrupt the integrity of stress fiber.
Our results also suggest that these cytosolic AFAP may
translocate to the cellular membrane and promote formation
of podosome-like structures. We have recently shown that
AFAPAABD may more effectively mediate AP-1/SRE
transactivation initiated by Src or other signaling mecha-
nisms [18]. Therefore, cytosolic AFAP may participate in
multiple cellular functions (Fig. 10).

Anti-AFAP antibody also picked up signals in the
nucleus in the C3H10T1/2 cells. AFAP has been proposed
as one of the nuclear proteins in the AceView database
(http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/av.
cgi?db=human&term=AFAPI). Perhaps, it is easier for
cytosolic AFAP to move into the nucleus. The function of
AFAP in the nucleus, however, is unknown. Flynn’s group
has also found AFAP in both Triton-soluble and insoluble
fractions in Cos-1 cells overexpressing AFAP, which was
not altered by co-expression of c-Src or constitutively
active SrcY527F mutant [1]. Since the Triton-soluble
fraction also contains some membrane-bound cytoskeletal
component, we suspect that AFAP in this fraction may be
still able to bind actin. Under the experimental conditions
used in the present study, the depolymerization reagents,
cytochalasin D and latrunculin A, did not change the dis-
tribution of actin between cytoskeletal and cytosolic
fractions. This suggests that these treatments may affect the
actin polymerization dynamics without significantly


http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/av.cgi?db=human&term=AFAP1
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Fig. 7 AFAPAABD forms irregular podosome-like structures in
BEAS2B cells. a Expression of AFAPAABD changes the morphol-
ogy of PDBu-induced podosome-like structures in BEAS2B cells.
Cells were transiently transfected with pEGFP vector, pEGFP-AFAP,
or pEGFP-AFAPAABD. Cells were photographed 30 min after

altering the net polymerization. These phenomena should
be investigated further.

Dorfleutner et al. [5] used shRNA to downregulate the
expression of endogenous AFAP in MDA-MB-231 breast
cancer cells. Cells with reduced AFAP lost stress fiber;
F-actin staining was mainly at the cell membrane and small
dots, similar to what we observed in the present study.

C Size of Podosomes (pm)
6 1 **
5
41
3 1

1o [

0

GFP AFAP- AABD-
vector GFP GFP

adding PBDu (500 nM). b AFAPAABD expression significantly
reduced the number of podosome-like structures per cell.
¢ AFAPAABD expression significantly increased the size of podo-
some-like structures. *p < 0.05, **p < 0.01 compared to the AFAP-
GFP group

It seems that the expression level of AFAP is important in
maintaining the filamentous structure of the cytoskeleton.
In the present study, C3H10T1/2 cells transfected with
pEGFP-AFAPAABD showed disorganized cytoskeleton
with less stress fibers and small F-actin dots at the cell
periphery. Cortactin, a well-known podosome marker, was
co-localized with AFAPAABD in these small dots at the
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Fig. 8 Podosome-like
structures formed by
AFAPAABD in BEAS2B cells
are faster and have longer
lifespan. a Spontaneously
formed small dots were seen in
cells transfected with pEGFP-
AFAPAABD, and PDBu-
induced podosome-like
structures appeared faster and
lasted longer in these cells.
BEAS2B cells were transiently
transfected with pEGFP-AFAP
or pEGFP-AFAPAABD. Live
cell imaging was performed and
photographed after adding
PBDu (500 nM).

b AFAPAABD expression
significantly increases the speed
of the formation of podosome-
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ventral surface of the cell, which indicated that these dots
fulfilled certain criteria of podosomes. In human bronchial
epithelial BEAS2B cells, expression of pEGFP-AFAP-
AABD also disrupted stress filaments and led to formation
of podosome-like small dots. Overexpression of AFAP-
AABD did not reduce endogenous AFAP, but it may
function as a dominant negative mutant, and competitively
inhibit the function of endogenous AFAP.

Interestingly, the actin-rich dots formed in C3H10T1/2
or BEAS2B cells expressing AFAPAABD did not digest the
gelatin matrix. The protein levels and activities of MMP-9
and MMP-2 were not increased in these cells, and cell
invasion activity was also not enhanced. Src PTK activation
is crucial for podosome formation and function. Overex-
pression of a constitutively active SrcY527F induced
podosome formation [31, 33], whereas overexpression of a
dominant negative Src inhibited podosome formation [33].
AFAPAABD was mainly in the cytosolic fraction with
reduced affinity to c-Src compared to the full-length AFAP.
Phosphorylation of AFAP, SrcY416, and other proteins was
lower when AFAPAABD was co-expressed with c-Src,
suggesting that a lower association with stress fibers
reduced the interaction between AFAP and Src kinase.
Flynn’s group also found that tyrosine-phosphorylated
AFAP was mainly in Triton-insoluble fraction, indicating

@ Springer

cytoskeletal-associated AFAP has more interaction with
protein tyrosine kinase [1]. Therefore, the lack of proteo-
lytic activity of podosome-like structures in the pEGFP-
AFAPAABD-transfected cells may be due to a lower level
of activation of c-Src tyrosine kinase at these structures, or
due to the reduced recruitment of c-Src to these structures.

Previous studies have demonstrated that podosome
assembly and subsequent matrix degradation can be
uncoupled and regulated by distinct signaling pathways. In
human bronchial epithelial BEAS2B cells, Rottlerin, PKCo/
w/{ siRNA, PKC{ pseudosubstrate inhibitor, and MMP-9/-
14 siRNA can inhibit matrix degradation of PDBu-stimu-
lated podosomes without affecting podosome assembly
[24]. MMP-14-deficient mouse bone marrow cells and
spleen dendritic cells produce podosomes but lose the ability
to degrade extracellular matrix [30]. In CA1D cells (a Ras-
transformed invasive variant of the MCF10A human breast
cell line), the organization of the actin core of podosomes
requires a signaling pathway through PI3 K and Src kinases
upon TGF-f§ treatment. In contrast, the activation of MMP-9
through Smad2/3 that leads to the degradation of extra-
cellular matrix requires ERK signaling [34]. In v-Src
transformed NIH3T3 cells, Tks5 is required for podosome
formation, while Tks4 is required for MMP-14 recruitment
and extracellular matrix degradation [35]. Therefore,
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Fig. 9 Podosome-like structures formed by AFAPAABD in BEAS2B
cells digested gelatin matrix after PKC activation. a PDBu stimulation
induced formation of podosome-like small dots with significant
matrix digestion. BEAS2B cells were seeded on fluorescent-labeled
gelatin (red), and transiently transfected with pEGFP-AFAP or
pEGFP-AFAPAABD. Cells were stimulated with PBDu (500 nM) or
DMSO (as vehicle control) for 4 h, and matrix digestion was
determined with in situ zymography. b Effects of AFAPAABD
expression and PDBu stimulation on cytoskeletal structures were
quantified. Data shown are mean =+ standard deviation from two
separate experiments with approximately 50 cells analyzed in each

Q)O

podosome formation and matrix degradation activity of
podosomes could be regulated by different molecules.

As we reported recently [23, 24], when BEAS2B cells
were stimulated with PDBu, an activator of PKC, the cell
invasion, matrix degradation and MMP-9 expression and
activities were all significantly increased. However, there
were no significant differences between pEGFP-AFAP-
AABD and pEGFP-AFAP expressing cells. AFAP is
required for PKC-induced c-Src activation and podosome
formation [14]. AFAP binds c-Src through a stretch of
proline-rich sequences within its N-terminus; a single
amino acid mutation from proline to alanine in this region is

Overlay Phase Contrast

DMSO PDBu

=

V AFAP AABD V AFAP AABD

ro. MMP!
—Activated%\/lMPQ

-P
-Pro MMP2
-Activated MMP2

group. Stress fiber: GFP distribution along stress fibers. Lack of stress
fibers: GFP signal was found on cell membrane or as small dots.
¢ AFAPAABD expression did not alter MMP-9 and MMP-2 protein
expression and activation either under control condition or after
PDBu stimulation, in comparison to GFP vector or GFP-AFAP-
transfected cells. BEAS2B cells were transfected with pEGFP vector,
pEGFP-AFAP, or pEGFP-AFAPAABD. GFP-positive cells were
sorted with flow cytometry and then challenged with PDBu (500 nM)
or DMSO (vehicle control) for 18 h. Culture media were analyzed by
gelatin zymography

able to significantly reduce the interaction between these
two proteins [14, 17]. Overexpression of this mutant alone
did not cause rearrangement of the cytoskeleton [36], but
this mutant can block PKC-induced Src activation and
podosome formation [14]. Although we did not further
mutate this Src-binding site in AFAPAABD, the binding
between AFAPAABD and Src was reduced. Why were,
under PDBu stimulation, the gelatin matrix degradation and
cell invasion activities similar between pEGFP-AFAP-
AABD and pEGFP-AFAP expressing cells? We have found
that PDBu dramatically increased activities of Src, PI3 K,
Akt, MEK/ERK, and JNK in BEAS2B cells (manuscript
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Fig. 10 Proposed function of
AFAP in the cytosolic fraction.
The ratio between cytoskeletal
and cytosolic AFAP may be
essential for the regulation of
actin filament integrity.
Cytosolic AFAP may be more
accessible to cellular
membrane, podosome, nucleus,
and mediate signal transduction
and other cellular functions

under revision). These overwhelming signals may activate
MMP-9 and promote gelatin matrix degradation and cell
invasion.

In summary, we demonstrated the importance of actin-
binding domain of AFAP in mediating its function.
Using AFAPAABD as a surrogate of cytosolic AFAP, we
propose that this group of AFAP may be an important
reservoir for AFAP to participate in multiple cellular
functions (Fig. 10).
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