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Abstract

The Lasp-1 gene, which has been localized to the q12-
q2 1 region of human chromosome 17, is amplified and
overexpressed in human breast cancers. In addition to
the previously reported LIM and SH3 domains of Lasp- 1,
we report here the identification of an actin-binding
domain in the core of the protein. This domain is func-
tional as we demonstrate that Lasp- 1 binds actin in vivo
and in vitro. In addition, confocal analysis of the Lasp- 1
subcellular distribution shows that the protein is colocal-

Introduction
Human Lasp- 1 (LIM and SH3 protein) cDNA (Ac-
cession No. X82456) was cloned from a breast
cancer-derived metastatic lymph node cDNA li-
brary (1). The human gene maps to the q12-q21
region of chromosome 17 and is amplified and
overexpressed in 12% of breast cancers (2), sug-
gesting that Lasp-1 may contribute to molecular
processes involved in breast cancer genesis
and/or progression. Lasp-1 has been well con-
served throughout evolution, with the mouse
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ized with actin at peripheral cell extensions in individual
epithelial cancer cells and in transformed fibroblastic
cells. Moreover, Lasp- 1 is tyrosine phosphorylated in
fibroblast cell lines transformed by a constitutively active
form of c-Src (c-SrcYS27F). Altogether, our results show
that Lasp- 1 defines a new type of actin-binding protein
and suggest that the protein may play a role in a signal-
ing pathway involved in the organization of the cytoskel-
eton.

cDNA (Accession No. X96973) showing 96% ho-
mology to its human counterpart (3). Expression
analyses performed on human (4) and mouse
tissues (3) revealed an almost ubiquitous basal
expression of the gene.

Human Lasp-1 encodes a protein of 261 res-
idues, containing at its N- and C-termini a LIM
(Lin-1 1, Isl-1 and Mec- 3) and SH3 (Src homol-
ogy 3) domain, respectively (4). The LIM domain
is a two-zinc finger-like structure found in an
increasing number of proteins (for review, see
refs. 5,6). It is found as a unique structural motif
in "LIM-only" proteins, but it is also often asso-
ciated with additional structural and functional
domains, including DNA-binding homeodo-
mains, serine/threonine protein kinases, SH3-
binding sites, or GAP domains (6). The LIM do-
main has been shown to mediate protein-
protein interactions, by dimerization with LIM
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domains of partner proteins (7,8) or through
interaction with tyrosine-containing tight turn
or basic helix-loop-helix motifs (9,10). The SH3
domain, which was first identified in the nonre-
ceptor protein tyrosine kinase c-Src, is involved
in protein-protein interactions through binding
to proline-rich sites (for review see ref. 11).

Protein-protein interactions mediated through
LIM and SH3 domains are known to be involved
in the regulation of protein activity. For example,
the LIM domains of muscle LIM protein (MLP)
promote differentiation of myogenic cell lines
(12), and the SH3 domains of c-Src and c-Abl
have negative autoregulatory effects on the cat-
alytic and oncogenic activities of these tyrosine
kinases (13,14). Moreover, LIM and SH3 do-
mains participate in regulating the subcellular
localization of proteins interacting with the cy-
toskeleton. Thus, the third LIM domain of pax-
illin and the SH3 domains of Cas and of activated
c-SrcY527F were shown to be responsible for the
localization of the proteins to focal adhesion sites
(15-17), whereas the SH3 domains of Grb2 and
phospholipase Cy (PLC y) were required for the
localization of these proteins to sites of mem-
brane ruffling and the actin cytoskeleton, respec-
tively (18).

The presence of LIM and SH3 domains sug-
gested that Lasp- 1 might act as an adaptor pro-
tein involved in a cell-signaling pathway. In this
report, we show that in addition to the LIM and
SH3 domains, Lasp- 1 contains two actin-binding
repeats. Lasp- 1 and actin colocalize in membrane
extensions of epithelial cancer cells and trans-
formed fibroblastic cells, and directly interact in
vitro. Moreover, Lasp- 1 is tyrosine phosphory-
lated in fibroblastic cells transformed by an acti-
vated mutant of c-Src. Altogether, our results
suggest that Lasp- 1 might participate in the mod-
ifications of the cytoskeleton that occur during
tumor progression.

Materials and Methods
Cell Culture and DNA Constructs

The SK-OV-3 ovarian cancer, the BT-474, MDA-
MB-361, MCF7 human breast cancer, and mon-
key kidney COS- 1 cell lines were provided by the
American Type Culture Collection (ATCC; Rock-
ville, MD), routinely maintained in our labora-
tory and cultured as recommended. The cell lines
3T3, 3T3/N overexpressing wild-type c-Src and
the 3T3/A overexpressing the activated point
mutant c-SrcY527F (19,20) were maintained in

Dulbecco's modified Eagles medium (DMEM)
(4.5 g/L glucose) supplemented with 10% fetal
calf serum (FCS) and 1% gentamycin.

A BamHI fragment (1.3 kb) corresponding to
the open reading frame of the human Lasp-1
cDNA (Accession No. X82456) was cloned into
the BamHI site of the pCMVneo vector (21) to
generate the pLasp expression vector. Fragments
encoding full-length mouse Lasp- 1 (Accession
No. X96973 [3]) or truncated forms were ampli-
fied by polymerase chain reaction (PCR) and
cloned into the NheII site of the pBC vector (22).
The full-length (residues 1-263), N-terminal
portion (residues 1-130) and C-terminal portion
(residues 131-263) of mouse Lasp-I fused to
GST were used to generate GST-Lasp, GST-N-
Lasp, and GST-C-Lasp fusion proteins, respec-
tively. Full-length mouse Lasp- 1 cDNA was
cloned into the NheI site of the pAT4 vector (23)
to generate the pAT4Lasp expression vector.

Antibodies

To generate the pab8O5 polyclonal anti-Lasp-1
antibody, the synthetic peptide KYHEEFEK-
SRMGPSGGEGM (corresponding to residues
121-139 of human Lasp-1) was coupled to
ovalbumin through an additional N-terminal
cysteine residue and injected into New Zealand
rabbits. This peptide is strictly conserved between
human and mouse Lasp-1 (3,4). Immunoreac-
tive serum was affinity purified against the syn-
thetic peptide coupled to Sulfolink coupling gel
(Pierce, Rockford, IL) using conditions described
by the manufacturer. The 4G10 monoclonal an-
ti-phosphotyrosine and the 327 monoclonal anti
c-Src antibodies were generous gifts from D.
Morrison (National Cancer Institute, Frederick,
MD) and J. Brugge (ARIAD Pharmaceuticals
Inc., Cambridge, MA), respectively. The mono-
clonal anti-GST antibody was obtained from Dr.
Y. Lutz (IGBMC, Illkirch, France). Horse-radish
peroxidase- conjugated donkey anti-rabbit or
goat anti-mouse antibodies, Texas Red-conju-
gated donkey anti-rabbit, and FITC-conjugated
donkey anti-mouse antibodies were purchased
from Jackson ImmunoResearch Laboratories,
Inc. (West Grove, PA). The AC-40 monoclonal
anti-actin antibody and rabbit muscle actin were
from Sigma (St. Louis, MO).

Immunoprecipitation
Cells were rinsed with phosphate buffered saline
(PBS) and lysed 10 min on ice in TBS-triton
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buffer (20 mM Tris HCl, pH 8, 150 mM NaCl, 1%
Triton X-100, 10% glycerol, 1 mM PMSF, 1 mM
sodium orthovanadate, 20 mM sodium molyb-
date, 1 mM NaF). Lysates were clarified by cen-
trifugation and protein content was determined
by the Bradford method (Biorad Laboratories,
Richmond, CA). Immunoprecipitation was per-
formed with 0.5 mg of proteins. After preclearing
with protein A-Sepharose beads (Pharmacia,
Uppsala, Sweden), lysates were incubated with
antibodies for 2 hr at 4°C, then 1 hr with protein
A Sepharose. Bound immune complexes were
washed three times in LSB buffer (50 mM Tris
HCI, pH 7.8, 250 mM NaCl, 0.1% NP40, 0.4 mM
MPSF, 1 mM sodium orthovanadate, 20 mM
sodium molybdate, 1 mM NaF). The pellets were
resuspended in Laemmli buffer and heated 5 min
at 100°C before analysis by SDS-polyacrylamide
gel electrophoresis (PAGE).

SDS-PAGE and Western Blotting
Cell extracts were resolved by 10% SDS-PAGE
and electrotransferred to nitrocellulose sheets
(Schleicher and Schuell, Dassel, Germany). For
Western immunoblotting analysis, blots were
incubated with pab8O5 anti-Lasp- 1 (diluted
1/20000), 4G10 anti-phosphotyrosine (1/10),
anti-actin (1/4000), or anti-GST (1/1000) anti-
bodies, then probed with horse-radish perox-
idase- conjugated donkey anti-rabbit or goat
anti-mouse antibodies (diluted 1/ 1000). Immu-
noreactivity was detected by enhanced chemilu-
minescence (NEN, Boston, MA) according to the
recommendations of the manufacturer.

For farwestern blotting analysis, blots were
incubated overnight in 50 mM Tris-HCl, pH 8,
150 mM NaCl, 1 mM DTT, 0.3% Tween, and 3%
bovine serum albumin (BSA), then 2 hr in bind-
ing buffer (2 mM Tris-HCl, pH 8, 0.2 mM CaCl2,
0.2 mM ATP, 0.5 mM DTT) in the presence of 25
Ag/ml actin. After two washes with PBS, 0.1%
Tween blots were subjected to immunodetection
with the AC-40 monoclonal anti-actin antibody
as described above.

GST-Pull Down Assay

COS-1 cells were transiently transfected by cal-
cium-phosphate coprecipitation (24) with 10 jig
of pBC-derived vectors. Forty eight hours later,
glutathione-S-transferase (GST)-pull down as-
says were performed as described (22). Briefly,
cells were scraped in 1 ml PBS, pelleted, and
resuspended in 150 ,ul lysis buffer (20 mM Tris

HCI, pH 7.5, 0.4 M NaCl, 5 mM DTT, 20% glyc-
erol, 0.4 mM PMSF, 1 mM sodium orthovana-
date, 20 mM sodium molybdate, 1 mM NaF).
After two cycles of freezing and thawing, lysates
were clarified by centrifugation and protein con-
tent was determined by the Bradford method.
Four hundred micrograms of protein extracts
were incubated 2 hr with glutathione (GSH)-
Sepharose beads (Pharmacia, Uppsala, Sweden)
in 1 ml of LSB buffer. Depending on the exper-
iment, washing stringencies varied. For endoge-
nous actin copurification, beads were washed
three times with LSB buffer. For farwestern blot
analysis, beads were washed more stringently,
once with 50 mM Tris HCI, pH 7.8, 0.1% NP40,
1 M NaCl, 0.4 mM PMSF, followed by two
washes with 50 mM Tris HCI, pH 7.8, 0.5%
NP40, 250 mM NaCl, 0.4 mM PMSF. The sam-
ples were then resuspended in Laemmli buffer,
boiled for 5 min, and analyzed by SDS-PAGE and
immunoblotting as described above.

Immunofluorescent Labeling and Confocal Laser
Scanning Microscopy
BT-474 or SK-OV-3 cells were grown for 24 hr
on glass coverslips in 100-mm dishes, washed
twice with PBS, fixed 30 min in PBS containing
2% paraformaldehyde, then permeabilized 10
min in PBS, 0.1% Triton X- 100. 3T3 and 3T3/A
cells were grown for 24 hr on glass coverslips,
then transfected with 50 ng of pAT4Lasp vector
together with 10 ,ug of pBluescript carrier
DNA, and incubated 24 hr at 37°C before fix-
ation as described above. Permeabilized cells
were incubated 30 min in PBS, 0.1% Triton
X-100, 3% BSA, and 1 hr with the first anti-
body diluted in PBS. Dilutions were 1/2000 for
purified pab8O5 anti-Lasp- 1 antibody and
1/200 for monoclonal anti-Src 327 antibody.
After three washes with PBS containing 0.1%
Triton X-100, cells were incubated 1 hr with
the secondary antibodies diluted in PBS (1/200
for Texas Red-conjugated donkey anti-rabbit
and 1/40 for FITC-conjugated donkey anti-
mouse). Actin was labeled by adding 0.0005%
FITC -phalloidin (Molecular Probes, Eugene,
OR) after 40 min in the secondary antibody
labeling mix. DNA was counterstained with
Hoechst 33258 and the coverslips were
mounted on microscope slides in glycerol/PBS
(4/1) containing 5% propylgallate. Observa-
tions were made either with a Microphot-FXA
microscope (Nikon Corporation, Tokyo, Japan)
or with a confocal microscope equiped with an
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A. Structure of human Lasp-1 protein.
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Fig. 1. Lasp-1 protein organization. (A) Sche-
matic representation of human Lasp-I (261 amino
acids). The LIM domain, actin-binding repeats (RI
and R2), and SH3 domain are dotted, hatched, and
gray, respectively. Alignment of the LIM (B), actin-
binding (C), and SH3 (D) domains of Lasp-1 with
corresponding domains of N-Rap, nebulin, nebulette,
and Ylz4. h, human; m, mouse; c, chicken; ce, Cae-
norhabditis elegans. Amino acids are designated by the
one-letter code, and numbers indicate their position.
Gaps (.) are introduced to optimize the alignment.

Residues conserved in all (B, D) or in four out of
five (C) sequences are in boldface and reported in
the consensus sequence. In (B), cysteines and histi-
dines involved in the LIM domain are shown by
closed circles. In (C), only the repeats of nebulin,
N-Rap, and nebulette that are the most homologous
with those of Lasp-1 are represented. The conserved
SD-YK motifs of nebulin-like actin-binding repeats
are marked by open circles. In (D), the asterisks in-
dicate the last residue of the proteins.

argon-krypton laser and suitable barrier filters
(Leica TCS4D, Heidelberg, Germany).

Immunohistochemistry

Immunohistochemical analysis was performed
on paraffin-embedded tissue sections of breast
carcinoma samples, using a peroxidase-antiper-
oxidase system (DAKO, Carpinteria, CA) for rev-

elation as previously described (25).

Sequence Analysis

Sequence comparison of the human and mouse

Lasp-1 protein sequence with protein databases
were performed with the GCG sequence analysis
package (Wisconsin Package, version 8.1-UNIX,
Genetic Computer Group).

Results
Lasp-1 Contains Two Actin-Binding Motifs

Comparison of the human Lasp-1 protein se-

quence with protein databases revealed that in
addition to the LIM and the SH3 domains (4),
Lasp- 1 contains two tandemly repeated actin
binding modules (RI and R2, residues 62-133;
Fig. lA and C). These repeats are similar to those
identified in nebulin (Fig. IC), a giant filamen-
tous actin-binding protein of -800 kD that is
abundant in vertebrate skeletal muscle where it
acts as a "molecular ruler" (26,27). The amino
acid sequence of nebulin shows that 97% of this
molecule consists of 185 repetitions of an -35-
residue module (Fig. IC), each module constitut-
ing the basic structural unit of the actin-binding
domain (26-28). Such actin-binding repeats

SH3
61

I- I.
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Fig. 2. Expression of Lasp-l in cell lines. The
pab8O5 anti-Lasp- antibody was used to detect
Lasp- protein by Western blot analysis of crude cell
lysates (6 ,ug of total protein) from SK-OV-3 ovarian
cancer and BT-474, MDA-MB-361, and MCF7 breast
cancer cell lines (lanes 1-4, respectively) and from
COS-1 cells untransfected (lane 5) or transfected
with the human Lasp- cDNA cloned in the pCMV-
neo expression vector (pLasp, lane 6).

were also reported in other nebulin-related pro-

teins (Fig. 1C), including nebulette, a 107 kD
cardiac muscle protein (29) and N-Rap, a 185 kD
striated muscle actin-binding protein (30). The C.
elegans protein Ylz4 also contains two such motifs
(31). In addition to these actin-binding domains,
N-Rap and Ylz4 harbor an N-terminal LIM do-
main (Fig. iB), whereas nebulin contains a C-
terminal SH3 domain (Fig. ID), both of which
are highly homologous to the respective domains
of Lasp- 1.

The presence of these two actin-binding mo-
tifs suggested that Lasp- 1 may associate with the
cytoskeleton through interactions with actin.

Lasp-1 Expression in Human Cancer Cell Lines

In order to study the protein expression of hu-
man and mouse Lasp- 1, we generated a rabbit
polyclonal antibody (pab8O5) using a synthetic
peptide strictly conserved in human and mouse

Lasp- 1. Using this antibody, we performed West-
ern blot analysis on cell extracts from various
human cell lines established from ovarian cancer

(SK-OV-3, Fig. 2, lane 1), breast cancer (BT-474,
MDA-MB-361, MCF7, Fig. 2 lanes 2-4), and
from simian COS-1 cells, wild type or transiently

transfected with the human Lasp- 1 cDNA (Fig. 2.
lanes 5, 6). In all cell lines, the pab8O5 antibody
detected a single band of approximately 40 kD, a
molecular weight that did not correspond to that
of 29 kD deduced from the Lasp-1 open reading
frame. This size discrepancy could be explained
either by post-translational modifications or by
the high proline content of the protein (6.9%).
The human Lasp- 1 transiently expressed in
COS-1 cells (Fig. 2, lane 6) showed the same
molecular weight as the endogenous simian pro-
tein (Fig. 2, lane 5). Consistent with our previous
observations of Lasp- 1 amplification and mRNA
overexpression in BT-474 and SK-OV-3 cells
([4], and our unpublished results) is the finding
that the highest levels of Lasp- 1 protein were
observed in these malignant cell lines (Fig. 2,
lanes 1, 2).

In Vivo Subcellular Localization of Lasp-1 in
Human Breast Carcinoma

In human invasive breast carcinomas in which
Lasp- 1 was amplified and overexpressed, immu-
nohistochemical analysis on paraffin-embedded
sections showed an intense cytoplasmic staining
in the malignant epithelial cells (Fig. 3). In con-
trast, low levels of Lasp-1 were detected in nor-
mal epithelial and stromal cells. This result is
consistent with the previously described ubiqui-
tous basal expression of Lasp- 1 observed by
Northern blot analysis in normal human and
mouse tissues (3,4). Thus, in human breast car-
cinomas, amplification of Lasp-1 gene leads to an
overexpression of the protein that is restricted to
malignant epithelial cells.

In Vitro Subcellular Localization of Lasp-1 in
Human Breast Cancer Cells

Confocal immunofluorescence experiments us-
ing the BT-474 and SK-OV-3 cell lines, which
express high levels of Lasp- 1 protein (Fig. 2,
lanes 2 and 1, respectively), revealed that Lasp- 1
had a diffuse cytoplasmic localization (Fig. 4), as
observed in vivo in breast cancer (Fig. 3). In
addition, in individual cells, Lasp- 1 protein accu-
mulated in membrane extensions including
membrane rufflings at the apical side of the cell,
filopodia, and lamellipodia (Fig. 4A, A-D). Since
actin was known to concentrate in such cell ex-
tensions and Lasp- 1 was presumed to be an actin
binding protein, colocalization experiments were
performed in individual BT-474 and SK-OV-3
cells using the pab8O5 anti-Lasp- 1 antibody and
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Fig. 3. Subcellular localization
of Lasp-l in breast carcinomas.
Paraffin sections of human inva-
sive breast carcinoma were immu-
nostained using the pab8O5 anti-
body. High levels of Lasp- 1 were
detected in the cytoplasm of malig-
nant epithelial cells (closed arrow),
whereas normal epithelial cells
showed basal levels of Lasp- 1 ex-
pression (open arrow). Magnifica-
tion: X60.

FITC-phalloidin to stain actin. The pattern of lo-
calization of the two proteins partially over-
lapped. Lasp-1 did not colocalize with the actin
stress fibers (Fig. 4B and D), which consist of
long bundles of actin filaments that traverse the
cell and are linked to the plasma membrane at
focal adhesions (32). In addition, no Lasp-1
staining was detectable at cell-cell junctions, nor
at adhesion plaques which form at cell-substra-
tum contact sites, two regions where actin was
observed (data not shown). However, Lasp- 1
was found to colocalize with actin in cell mem-
brane extensions (Fig. 4B, g and 4D, m). Further-
more, treatment of BT-474 or SK-OV-3 cells with
cytochalasin D led to a partial redistribution of
Lasp- 1 in the actin aggregates that arose from the
drug-induced depolymerization of actin micro-
filaments (Fig. 4C, j and 4E, p). These results are

in favor of an interaction between Lasp- 1 and
the actin cytoskeleton at the site of cell mem-
brane extensions.

Lasp- 1 and Actin Directly Interact

To determine if Lasp-1 was able to bind actin,
full-length (GST-Lasp), N-terminal (GST-N-
Lasp), and C-terminal (GST-C-Lasp) versions of
mouse Lasp-1 cDNA (3) were fused to GST
(Fig. 5A), and the fusion proteins were expressed
in COS- 1 cells. AGST-pull-down assay was per-
formed (Fig. SB, left panel) and copurification of
actin was tested by Western blot analysis using
the AC-40 anti-actin antibody (Fig. 5B, right
panel). In this assay, we observed that endoge-
nous actin (Fig. 5, lane 1') copurified with GST-
Lasp (Fig. 5B, lane 2'), indicating that Lasp-l

Fig. 4. Lasp-1 is colocalized with actin in cell
membrane extensions of human BT-474
breast and SK-OV-3 ovarian cancer cells. (A)
Confocal immunofluorescent microscopy analysis of
the subcellular distribution of Lasp- 1 in BT-474 cells.
Cells were fixed with paraformaldehyde, permeabil-
ized, and Lasp-1 was immunostained with the
pab8O5 polyclonal antibody and Texas Red-conju-
gated donkey anti-rabbit antibody. Two optical sec-
tions parallel to the cell substratum, spaced by 1 pum,
are shown, from bottom (a, c) to top (b, d) of two
different optical fields. The closed arrows and arrow-
heads show accumulation of Lasp-1 in filopodium

and apical membrane extensions, respectively.
Lasp- 1 is not detectable at cell-cell junctions,
shown by open arrowheads. Bar, 10 ,um. (B-E)
Double labeling of Lasp-I and actin with (C, E) or
without (B, D) cytochalasin D treatment in BT-
474 (B, C) and SK-OV-3 (D, E) cells. Lasp-I (e, h,
k, n) immunostaining is as in (A). Actin (f, i, 1, o)
is stained with fluorescein-phalloidin. The false
color imaging represents Lasp-1 as red and actin as
green and colocalization of the two proteins as
yellow (g, j, m, p). cyt D, cytochalasin D. Arrows
show colocalization of Lasp-1 and actin. Bar,
10 Jim.
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Fig. 5. Actin binding of Lasp-1. (A) Schematic
representation of mouse GST-Lasp, GST-N-Lasp, and
GST-C-Lasp. Symbols are as in legend of Figure IA.
GST is represented by a cross-hatched box. (B)
Mouse Lasp-1 interacts with endogenous actin in
COS-1 cells. GST-Lasp, GST-N-Lasp, and GST-C-Lasp
(lanes 2 and 2', 3 and 3', and 4 and 4' respectively)
expressed in COS-1 cells, and purified by GST-pull
down were separated by SDS-PAGE and transferred
to nitrocellulose. The blot was first probed with the
AC-40 anti-actin antibody (right panel), stripped,

bound actin. As expected, the GST-C-Lasp con-

struct containing the SH3 domain did not bind
actin (Fig. 5B, lane 4'). Surprisingly, the GST-N-
Lasp construct, harboring the R1 and R2 actin
binding motifs, was also unable to trap actin in
this assay (Fig. SB, lane 3').

To further study the actin binding capacity of
Lasp- 1, a gel overlay assay was carried out. GST-
Lasp, GST-N-Lasp, or GST-C-Lasp was tran-
siently expressed in COS- 1 cells, purified by GST-
pull down assay (Fig. 5C, left panel) and
analyzed by farwestern blotting (Fig. 5C, right
panel). Blots were incubated with purified actin,
and bound actin was revealed using the AC-40
anti-actin antibody (Fig. 5C, right panel). As ex-

pected, numerous proteins were able to interact
with actin in the crude COS-1 cell extract
(Fig. 5C, lane 1'). Concerning the Lasp-1 recom-

binant proteins, the binding to actin was ob-
served with GST-Lasp and GST-N-Lasp (Fig. 5C,
lanes 2' and 3'), both constructs containing the

then reprobed with an anti-GST antibody (left pan-
el). Lanes 1 and 1': COS-1 cell lysate. (C) Farwest-
ern experiment showing the binding of mouse
Lasp-1 to purified actin. GST-Lasp, GST-N-Lasp, and
GST-C-Lasp (lanes 2 and 2', 3 and 3', and 4 and 4'
respectively) immobilized on nitrocellulose sheets as
in (B) were incubated 2 hr with purified actin (25
gg/ml) before immunodetection with the AC-40
anti-actin antibody (right panel). The same blot was
reprobed with anti-GST antibody (left panel). Lanes
1 and 1': COS-1 cell lysate.

RI and R2 actin-binding motifs. This interaction
was specific, since GST-C-Lasp that also contains
GST but is devoid of RI and R2 motifs did not
bind actin (Fig. 5C, lane 4'). Thus, in this in vitro
condition, R1 and R2 actin-binding motifs were

functional.

Lasp-1 Is Localized in Podosomes of c-SrcY527F
Transformed Cells

Fibroblastic cells transformed by activated ty-
rosine kinase oncogenes of the Src family have
been shown to develop podosomes, a distinct
type of membrane extension. Podosomes can be
regarded as modified adhesion plaques (3 3,34) in
which the oncogenic proteins accumulate. The
c-SrcY527F mutant, showing constitutive tyrosine
kinase activity (35), was localized to these focal
adhesion sites, leading to an alteration of these
particular cell structures (1 5). Podosomes are

also known to be enriched in cytoskeletal and
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Fig. 6. Localization of Lasp-1 in transformed
3T3/A cells. 3T3/A cells, transiently overexpressing
mouse Lasp-1, were fixed with paraformaldehyde,
permeabilized, and immunostained with the pab8O5
anti-Lasp-1 polyclonal antibody (a and d), and either
immunostained with the 327 monoclonal anti-src

Hoechst

c-src Y527F Hoechst

antibody (e) or labelled with fluorescein-phalloidin
to stain actin (b). Nuclei were stained with Hoechst
33258 (c and f). Lasp-I was colocalized with actin (a
and b), or c-SrcY527F (d and e) in podosomes (ar-
rows). Bar, 10 ,um.

associated proteins (33,36). Accordingly, we ob-
served that the 3T3/A c-SrcY527F_transformed
NIH3T3 mouse fibroblastic cell line (19,20)
showed high levels of actin and c-SrcY527F in
their podosomes (Fig. 6b and e, respectively).
These cells were transiently transfected with the
pAT4Lasp vector in order to overproduce mouse
Lasp-1. As expected, Lasp-1 protein was prefer-
entially localized to 3T3/A podosomes (Fig. 6a
and d). Thus, as observed for overexpressed en-
dogenous Lasp- 1 in BT-474 epithelial breast can-
cer cells, in 3T3/A c-SrcY527F transformed fibro-
blasts, overexpressed Lasp- 1 colocalized with
actin in membrane extensions.

Lasp-I Is Tyrosine Phosphorylated in
c-SrcY527F Transformed Cells
Podosomes were reported to be enriched in
phosphotyrosine-containing proteins (33,36).
Since Lasp- 1 colocalized with c-SrcY527F in podo-
somes of 3T3/A cells, we investigated the ty-
rosine phosphorylation status of Lasp- 1 in these
transformed cells. Lasp- 1 contains 16 tyrosines,

some of which are in the context of potential
tyrosine phosphorylation sites (37), suggesting
that the protein could be phosphorylated on
these residues (4). This hypothesis was tested by
Western blot analysis using the 4G10 monoclo-
nal antiphosphotyrosine antibody. Cell extracts
were prepared from 3T3, 3T3/N, and 3T3/A cell
lines (Fig. 7), which are immortalized, immortal-
ized and expressing c-Src protooncogene, and
c-SrcY527F_transformed mouse fibroblastic cell
lines, respectively. As previously reported (38),
the transformation of fibroblastic cells by
c-SrcY527F mutant leads to a dramatic increase in
the phosphorylation of numerous proteins
(Fig. 7, lane 2). Lasp-I tyrosine phosphorylation
was not detectable in 3T3/N and 3T3/A crude
extracts (Fig. 7, lanes 1 and 2). However, after
Lasp- 1 immunopurification with the pab8O5 an-
tibody, we observed the presence of a doublet
showing tyrosine phosphorylation of Lasp-1 in
3T3/A cells (Fig. 7, lane 5), but not in 3T3 and
3T3/N cells (Fig. 7, lanes 3 and 4). Lasp-l stain-
ing of the same blot using pab8O5 antibody
showed that similar amounts of Lasp-1 protein

actinLasp - 1

Lasp- 1
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Fig. 7. Tyrosine phosphorylation of Lasp-1 in
3T3/A cells transformed with the c-SrcY527F
variant. Crude extracts from 3T3/N (lane 1) and
3T3/A (lane 2), and Lasp- immunopurified with
the pab8O5 antibody from 3T3 (lane 3), 3T3/N (lane
4), and 3T3/A (lane 5) were analyzed using the
4G10 antiphosphotyrosine (anti PY) antibody (upper
panel). The same blot was stripped and probed with
the pab8O5 antibody (lower panel).

were present in each lysate (Fig. 7, lower panel).
The doublet could reflect the presence of several
tyrosine phosphorylation sites on Lasp-1 and/or
a concomitant phosphorylation of serine/threo-
nine residues. Alternatively, a new tyrosine-
phosphorylated protein could have copurified
with Lasp- 1. These experiments demonstrate
that Lasp- 1 is tyrosine phosphorylated in
c-SrcY527F-transformed cells.

Discussion
Lasp-1: A Novel Type of Protein Containing LIM,
SH3, and Actin-Binding Domains

LIM and SH3 domains were previously identified
in the sequence of Lasp- 1 in the N-terminal and
C-terminal regions of the protein, respectively
(4). In the present study, we observed that, in
addition, Lasp- 1 contains two actin-binding mo-

tifs. These actin-binding sites are highly homol-
ogous to those found in nebulin, the main com-

position of which is 185 repeats of such a motif
(26-28). The structural organization of Lasp-1
presents homologies with nebulin, which con-

tains actin-binding repeats and a C-terminal SH3

domain (27), and with N-Rap and Ylz4, which
contain actin-binding repeats and an N-terminal
LIM domain (30,31). Lasp-1 is the first described
protein containing LIM, SH3, and actin-binding
domains, thus constituting a novel type of pro-
tein. From its particular structure, we hypothe-
sized that Lasp- 1 is a modular protein involved in
protein-protein interactions, and most probably
interacting with actin.

In Breast Cancer Cells, Lasp-1 Is Colocalized with
Actin in Membrane Extensions

The Lasp-l gene was reported to be amplified and
its mRNA overexpressed in 12% of human breast
cancers (2). Consistant with this, in a human
breast carcinoma overexpressing the Lasp-1 gene,
we observed high levels of Lasp- 1 protein. More-
over, overexpressed Lasp- 1 protein was localized
in the cytoplasm of malignant epithelial cells,
whereas normal epithelial and stromal cells ex-
hibited a basal level of Lasp- 1 expression, as
would be expected from its ubiquitous pattern of
mRNA expression observed in normal tissues
(3,4). In vitro, confocal analyses revealed that, in
addition to the homogeneous cytoplasmic distri-
bution of Lasp- 1, the protein accumulated at
higher levels in the cell membrane extensions.

Malignant cells are known to undergo dra-
matic cytoskeletal modifications, notably in or-
der to acquire motility properties (39). Migrating
cells exhibit a polarized morphology, including
membrane ruffling and lamellipodia at the lead-
ing edge of the cell, and filopodia, consisting of
short protruding bundles of actin filaments (40).
Membrane extensions develop following the lo-
cal polymerization of actin, leading to a compact
meshwork of actin filaments and an increased
concentration of components associated with the
cytoskeleton (40). Colocalization experiments
performed in BT-474 and SK-OV-3 cells showed
that Lasp-1 and actin were colocalized at cell
membrane extensions and were still colocalized
in aggregates following actin depolymerization
by cytochalasin D. According to the widespread
distribution of actin filaments in cells, Lasp- 1 was
not always colocalized with actin. Lasp- 1 was not
observed along stress fibers nor at cell-substra-
tum contact sites. Thus, the colocalization of
Lasp- 1 and actin in membrane extensions is
compatible with a possible interaction of the two
proteins. In order to test this hypothesis, further
in vivo and in vitro experiments were per-
formed.
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Lasp-1 Is an Actin-Binding Protein

Copurification experiments indicated that actin
was associated with Lasp-1 in vivo. In addition,
this association was shown to be direct in vitro
using a gel overlay assay. Finally, R1 and R2
actin-binding motifs were likely to be responsible
for this interaction as the truncated form of
Lasp-1, harboring these motifs (GST-N-Lasp),
was able to bind actin in vitro, whereas GST-C-
Lasp, lacking these motifs, was nonfunctional in
this assay.

However, an in vivo actin-binding assay

showed that, although containing the RI and R2
sites, the GST-N-Lasp recombinant protein was

unable to bind endogenous actin. As shown be-
fore, Lasp-1 is colocalized with actin in mem-

brane extensions. In addition, SH3 domains have
been shown to be involved in targeting processes

of proteins to specific subcellular sites, e.g., Grb2
to membrane ruffling (18), and c-SrcY527F, pax-

illin, and Cas to focal adhesion (15-17). More-
over, the SH3 domain of nebulin is thought to be
the first point of attachment of the protein to
microfilaments in vertebrate muscle, preceding
the formation of contacts made through actin-
binding sites (41). In a similar manner, the SH3
domain of Lasp- 1, which is deleted in GST-N-
Lasp, could help in the localization of Lasp- to
specific sites of the cytoskeleton, such as mem-

brane extensions, where it could interact with
actin. This hypothesis is consistent with the in
vitro experiments where GST-N-Lasp was able to
bind actin. Altogether, these results indicated
that Lasp- 1 is a novel actin-binding protein, and
its actin-binding sites are functional.

Lasp-1 Is Colocalized with Activated c-Src in 3T3/A
Transformed Cells

Podosomes, another type of membrane exten-

sion, are structures considered to be modified
adhesion plaques (33,34). They are characterized
by decreased cell adhesiveness and are found in
cells that tend to be motile, such as monocytes,
osteoclasts, and many transformed cells, and
most notably in cells transformed by viruses car-

rying oncogenes encoding tyrosine kinases such
as src (33,34,36). It has been shown that actin
and c-SrcY527F both accumulate in podosomes
(15,33). Since the 3T3/A-transformed cell line
that constitutively expressed the activated mu-

tant c-SrcY527F develops these particular mem-

brane extensions, the Lasp-1 protein was tran-
siently overexpressed in this cell line. Lasp- 1

colocalized with both actin and c-SrcY527F in po-

dosomes. The recruitment of Lasp- 1 in these
modified adhesion plaques where mobile cells
adhere transiently to the extracellular matrix
suggests that Lasp- 1 may participate in regulat-
ing the migration processes of such transformed
cells.

Lasp-l Is Phosphorylated on Tyrosine Residues in
c-SrcYS27F Transformed Cells

Numerous cytoskeleton-associated proteins, in-
cluding FAK, paxillin, and cortactin, have been
reported to be phosphorylated directly or indi-
rectly by c-Src, or hyperphosphorylated upon
cell transformation by active c-Src mutants
(32,42). Similarly, hyperphosphorylation of
Lasp- 1 was observed in the 3T3/A cell line trans-
formed by c-SrcY527F. However, phosphorylation
of Lasp- 1 upon c-SrcY527F transformation is not a
direct event, since using in vitro assays, we were
unable to demonstrate neither interaction be-
tween Lasp-I and c-SrcY527F nor direct phos-
phorylation of Lasp- 1 by this tyrosine kinase
(our unpublished results). Thus, an unidentified
protein tyrosine kinase activated in c-SrcY527F
transformed cells must be responsible for Lasp- 1
phosphorylation.

Altogether, our results show that Lasp- 1,
which contains R1 and R2 actin-binding sites in
addition to LIM and SH3 domains, is a new type
of actin-binding protein. It is now becoming clear
that the cytoskeleton not only affects the shape
and motility of cells but is also intimately in-
volved in the transduction of extracellular signals
through the recruitment of components of signal
transduction cascades (43). It is tempting to spec-
ulate that Lasp- 1 might be an adaptor protein
involved in such processes.
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