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Cell adhesion to thrombospondin-1 (TSP-1) correlates with assembly of cell–substratum
contact structures that contain fascin microspikes. In this analysis, cell-matrix require-
ments for assembly of fascin microspikes were examined in detail. In six cell lines, cell
spreading on a TSP-1 substratum correlated with expression of fascin protein and
formation of fascin microspikes. Microspikes were not formed by H9c2 cells adherent on
fibronectin, vitronectin, collagen IV, or platelet factor 4. However, both fascin micro-
spikes and focal contacts were assembled by cells adherent on laminin-1. Using mixed
substrata containing different proportions of TSP-1, and fibronectin, fascin microspike
formation by H9c2 and C2C12 cells was found to be reduced on substrata containing 25%
fibronectin and abolished on substrata containing 75% fibronectin. Adhesion to interme-
diate mixtures of TSP-1 and fibronectin resulted in coassembly of fascin microspikes and
focal contacts, colocalization of fascin with actin stress fiber bundles and altered distri-
butions of b1 integrins, cortical a-actinin, and tropomyosin. In cells adherent on 50%
TSP-1:50% fibronectin, GRGDSP peptide treatment decreased focal contact assembly and
altered cytoskeletal organization but did not inhibit microspike assembly. Treatment
with chondroitin sulfate A or p-nitrophenol b-d-xylopyranoside decreased microspike
formation and modified cytoskeletal organization but did not inhibit focal contact for-
mation. In polarized migratory and postmitotic C2C12 cells, fascin microspikes and
ruffles were localized at leading edges and TSP matrix deposition was also concentrated
in this region. Depletion of matrix TSP by heparin treatment correlated with decreased
microspike formation and cell motility. Thus, the balance of adhesive receptors ligated at
the cell surface during initial cell–matrix attachment serves to regulate the type of
substratum adhesion contact assembled and subsequent cytoskeletal organization. A role
for fascin microspikes in cell motile behavior is indicated.

INTRODUCTION

It has long been appreciated that the interactions of
cells with extracellular matrix (ECM) macromolecules
play a role in regulating cell adhesion, shape, and
movement: processes that are central to tissue organi-
zation in metazoan organisms and that contribute to
many pathological conditions if disregulated (re-
viewed by Hynes and Lander, 1992; Gumbiner, 1996).

To date, the cell–substratum contact structure most
thoroughly studied in vitro has been the focal contact,
or focal adhesion, that corresponds morphologically
to a site of very close apposition between the ventral
plasma membrane of a cell and its substratum (Aber-
crombie et al., 1971; Izzard and Lochner, 1976; Heath
and Dunn, 1978). In molecular terms, focal contacts
are distinguished by the colocalization of ligand-occu-
pied clustered integrins on the cell surface with the
termini of actin microfilament bundles and a charac-
teristic assembly of intracellular proteins including
talin, vinculin, paxillin, and focal adhesion kinase
(FAK) beneath the the plasma membrane. Focal con-
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tacts not only link integrins to the actin cytoskeleton
but also generate intracellular signals (reviewed by
Burridge et al., 1988; Turner and Burridge, 1991;
Juliano and Haskill, 1993; Jockusch et al., 1995;
Schwartz et al., 1995). The abundance of focal contacts
in fibroblastic cells correlates inversely with their
speed of movement on a planar substratum (Izzard
and Lochner, 1976; Couchman and Rees, 1979; Kolega
et al., 1982).

Various other actin-containing structures implicated
in cell–substratum interactions have been described,
including close contacts (Izzard and Lochner, 1976),
point or dot contacts (Streeter and Rees, 1987; Tawil et
al., 1993), invadopodia (Mueller and Chen, 1991), po-
dosomes (Tarone et al., 1985), and filopodia (reviewed
by Grinnell, 1978). These structures tend to be tran-
sient localized features of the cell surface or cell-type–
specific structures and remain less well characterized
than focal contacts. However, the available informa-
tion indicates that the molecular composition of these
structures has similarities with that of focal contacts.
Point contacts contain certain b1 integrins and vincu-
lin but lack talin or FAK (Tawil et al., 1993; Arregui et
al., 1994); invadopodia contain talin, phosphotyrosine-
containing proteins, and b1 integrins, predominently
a3b1 (Mueller et al., 1989, 1992; Coopman et al.., 1996);
and podosomes contain vinculin (Tarone et al., 1985).
Filopodia that attach to substratum display small ad-
hesion plaques containing integrins and vinculin, and
filopodial formation and dynamics are altered in the
absence of vinculin (Samuels et al., 1993; Varnum-
Finney and Reichardt, 1994; Goldman et al., 1995).
Acute laser inactivation of vinculin or talin affects
filopodial bending or motility, respectively (Sydor et
al., 1996).

Analysis of the structure and regulation of focal
contacts has been aided by the use of cell adhesion
assays in serum-containing medium or on matrix gly-
coproteins such as fibronectin. These conditions stim-
ulate cell spreading and the rapid assembly of many
focal contacts, which are readily visualized by staining
for abundant structural components such as vinculin
or talin (see, for example, Geiger, 1979; Singer et al.,
1988; reviewed by Hynes, 1990). In contrast, cells that
spread on thrombospondin-1 (TSP-1), a matrix glyco-
protein to which cells adhere through multiple cell
surface binding molecules including proteoglycans,
glycolipids, CD36, CD47, several less well-character-
ized molecules, and in some cell types certain inte-
grins, predominantly avb3 (Lawler et al., 1988; re-
viewed by Frazier, 1991; Lahav, 1993; Adams et al.,
1995; Bornstein, 1995), do not assemble focal contacts
but display a distinctive organization of actin micro-
filaments in the cell cortex, characterized by radial
actin microspikes (Adams and Lawler, 1994). These
microspikes contain the actin-bundling protein fascin.
Whereas fascin is diffusely distributed in cells adher-

ent on fibronectin, vinculin remains diffuse in cells
adherent on TSP-1 and is not present in microspikes.
Thus, cell spreading on fibronectin or on TSP-1 results
in the formation of biochemically distinct structures
involved in cell–substratum adhesion (Adams, 1995).
It is possible that these two types of contact structure
could play functionally distinct roles in the coordina-
tion of cell adhesive and motile behavior.

The aim of this analysis was to examine the phe-
nomenon of fascin microspike formation in detail,
with reference to ECM substratum requirements. To
this end, the correlation among cell spreading on
TSP-1, fascin expression, and microspike formation
was examined, also the ability of cells to form micro-
spikes or focal contacts when adherent on different
adhesive substrata or on mixed TSP-1/fibronectin
substrata. Because the cortical microspikes and lamel-
lae formed by cells adherent on platelet TSP-1 resem-
ble structures at the leading edge of motile cells (Aber-
crombie et al., 1971; Couchman and Rees, 1979; Heath
and Holifield, 1991), the distributions of fascin, TSP,
and fibronectin and the role of matrix TSP in micro-
spike formation were examined in polarized migra-
tory C2C12 myoblasts. The results of these experi-
ments demonstrate that the formation of fascin
microspikes or focal contacts and microfilament orga-
nization is regulated according to the ECM ligand
provided and provide evidence for a role of matrix
TSP and fascin microspikes in cell migratory behavior.

MATERIALS AND METHODS

Cell Lines
The cell lines used included A10 rat aortic smooth muscle cells
(Kimes and Brandt, 1976a), A549 human lung carcinoma cells,
C2C12 mouse skeletal myoblasts (Blau et al., 1985), C32 human
melanoma cells, COS-7 green monkey kidney cells (Gluzman, 1981),
G361 human melanoma cells, G8 mouse skeletal myoblasts (Chris-
tian et al., 1977), H9c2 rat myoblasts (Kimes and Brandt, 1976b),
HT1010 human fibrosarcoma (Rasheed et al., 1974), MDCK canine
kidney cells, MG-63 human osteosarcoma cells, RT4 human bladder
carcinoma cells, and SK-N-SH human neuroblastoma cells (Spen-
gler et al., 1973). Most cell lines were cultured in DMEM containing
10% fetal calf serum; however, the myoblast cell lines were cultured
in DMEM containing 20% fetal calf serum. All cells were maintained
in a humidified 10% CO2 atmosphere at 37°C.

Gel Electrophoresis and Western Blotting
To examine fascin expression in a panel of cell lines, growing
cultures containing 5 3 105 cells per dish were lysed directly in
SDS-PAGE sample buffer containing 100 mM dithiothreitol. SDS-
PAGE was carried out according to the method of Laemmli (1970)
on 12.5% polyacrylamide gels. Proteins were transferred to nitro-
cellulose (0.22 mm, pore size, Bio-Rad, Watford, UK) at 60 V for 18 h,
using a Transblot apparatus (Bio-Rad) and transfer buffer composed
of 25 mM Tris(hydroxymethyl)aminomethane base, 92 mM glycine,
and 20% methanol (Towbin et al., 1979). Nonspecific binding sites
were blocked by overnight incubation at 4°C in TBS containing 2%
bovine serum albumin and 0.05% Tween 20. Blots were incubated
with a 1:750 dilution of fascin antibody in TBS containing 0.05%
Tween 20 (TBS-Tween) for 2 h at room temperature with vigorous
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shaking, washed three times over 45 min in TBS-Tween, shaken
with a 1:750 dilution of peroxidase-conjugated rabbit anti-mouse
IgG (ICN Biomedicals Inc.) for 2 h and washed 3 times in TBS-
Tween. Bound antibody was visualized by incubating the blots in
TBS containing chloronaphthol (Sigma, St. Louis, MO; 1 mg/ml) and
30% (v/v) hydrogen peroxide solution (2 ml/ml).

Adhesion Assays
Platelet TSP-1 was prepared as previously described (Adams and
Lawler, 1994). Rat plasma fibronectin was obtained from Telios (San
Diego, CA); human placental collagen IV, rat plasma vitronectin,
mouse EHS laminin (laminin-1; Wewer and Engvall, 1994), platelet
factor 4, chondroitin sulfate A, heparin, and b-xylosides were ob-
tained from Sigma. The 40-kDa chymotryptic heparin-binding frag-
ment of plasma fibronectin and GRGDSP peptide were obtained
from Life Technologies (Paisley, Scotland). Cell adhesion assays
were carried out in serum-free medium on coated glass coverslips
as previously described (Adams and Lawler, 1994; Adams, 1995),
typically for periods of 1 h at 37°C. In experiments using a mixed
substratum, glycoproteins were diluted to equimolar coating con-
centrations, mixed in different ratios by volume, and used for coat-
ing. Soluble inhibitors were added at the time of plating the cells.
Nonadherent cells were removed by gentle washing in TBS contain-
ing 2 mM CaCl2, and adherent cells were fixed and processed for
immunofluorescence.

Immunofluorescence Microscopy
For immunofluorescent staining using rhodamine-phalloidin (Sig-
ma), mouse monoclonal antibody against vinculin (VIN 11.5, ICN
Immunobiologicals), mouse monoclonal antibody against tropomy-
osin (TM311, Sigma), mouse monoclonal antibody to phosphoty-
rosine (4G10, Upstate Biotechnology, Lake Placid, NY) or mouse
monoclonal antibody to paxillin (antibody 349, Transduction Labo-
ratories, Lexington, KY), cells were fixed in 3.7% formaldehyde for
10 min, then permeabilized for 10 min in a buffer composed of 50
mM 2-(N-morpholino)ethanesulfonic acid, pH 6.1, 5 mM MgCl2, 3
mM ethylene glycol-bis(b-aminoethyl ether)-N,N,N9,N9-tetraacetic
acid, 100 mM KCl, and 0.2% Triton X-100 (O’Neill et al., 1990). For
staining with mouse monoclonal antibody to fascin (Yamashiro-
Matsumura and Matsumura, 1986, the generous gift from George
Mosialos, Harvard Medical School) or mouse monoclonal antibody
to a-actinin (BM-75.2, Sigma), cells were fixed and permeabilized in
absolute methanol for 10 min. For staining with rabbit polyclonal
antisera to platelet TSP (R1, as used in Adams and Lawler [1994],
and R3, raised against a glutathione S-transferase fusion protein
encoding the type 1 repeats of human TSP-1; a gift from Jack Lawler,
Harvard Medical School), fibronectin (Sigma), or rabbit antiserum
to human fibronectin receptor (Life Technologies), cells were fixed
with 2% paraformaldehyde in PBS. Staining with primary antibod-
ies or phalloidin was carried out for 90 min at room temperature,
and then, if necessary, cells were washed and stained for 45 min
with appropriate fluorescein isothiocyanate-conjugated secondary
antibodies (ICN Immunobiologicals), washed, and mounted in Vec-
tastead mounting medium (Vector Laboratories, Loughborough,
UK). Samples were examined by epifluorescence using a Zeiss
Axioplan microscope and photographs were taken on Kodak T-Max
400 film.

Confocal Microscopy
Cells were stained as described above and examined by confocal
microscopy, using a Leica DM-RBE microscope and laser. Images
were acquired in the Leica TCS NT programme. Thirty-two or 45
serial optical sections were made throughout the entire depth of a
cell using a picture size of 512 3 512 pixels. Three-dimensional (3D)
image reconstruction was carried out using the NIH Image pro-
gramme.

Time-Lapse Videomicroscopy
C2C12 cells plated at 3 3 10 4 cells/flask in Nunc Slide Flasks were
monitored over 4-h periods in a 37°C environmental chamber using
a Zeiss Axiovert 100 microscope fitted with a Sony SS-M37OCE
change-coupled devise camera linked to a video recorder and
driven by an EOS BAC900 animation controller. Cultures treated
with 500 mg/ml heparin 2 h after plating were monitored between
4 h and 8 h after the start of the treatment. Migration was recorded
at 4 frames/min, and the movement distances and velocities of
individual cells were calculated from traces. At least 50 cells were
traced for each experimental condition. Statistical significance was
determined using a two-tailed t-test. Parallel cultures were stained
for fascin.

RESULTS

Correlation of Fascin Expression, Cell Spreading,
and Fascin Microspike Formation on TSP-1
Substrata
The ability of cells to spread on TSP-1 does not corre-
late with the recognition of particular cell-binding do-
mains of TSP-1, raising the possibility that intracellu-
lar factors may determine this behavior (Adams and
Lawler, 1993; reviewed by Adams et al., 1995). Because
fascin localizes to cortical microspikes in two cell
types that spread on TSP-1 (Adams, 1995), it was of
interest to examine the relationship between fascin
expression and cell spreading on TSP-1 in detail. A
panel of cell lines were screened for their ability to
attach or spread when plated on a platelet TSP-1 sub-
stratum (Table 1). As expected, a spectrum of mor-
phologies from completely round through to well
spread were observed. Some cell lines, such as SK-
N-SH or MG-63, assumed spiky irregular shapes (see
Figure 2 below; see also Adams and Lawler, 1993).

Next, expression of fascin protein was examined by
Western blot analysis. All cell lines that underwent
irregular or extensive spreading contained fascin (Fig-
ure 1, lanes 1–7). Of the cell lines that attached but
remained rounded, four of six lines tested lacked fas-
cin; however, HT1080 cells and C32 cell lines did
contain fascin (Figure 1, lanes 8–13). Thus, although
expression of fascin shows a positive correlation with
the ability of cells to spread on a TSP-1 substratum,
fascin expression per se is not restricted to cell types
that spread on TSP-1.

H9c2 and HISM cells have previously been shown to
form fascin microspikes when adherent on TSP-1 (Ad-
ams, 1995). To examine microspike formation in cell
lines that spread to different extents on TSP-1, the
three fascin-positive cell lines HT1080, SK-N-SH, and
A10 were stained for fascin 1 h after plating on sub-
strata coated with 50 nM TSP-1 or 50 nM fibronectin in
serum-free medium. In HT1080 cells that attach but
remain round on TSP-1, fascin was diffusely distrib-
uted throughout the cell and no microspike-type
structures were observed (Figure 2a). In HT1080 cells
spread on fibronectin, fascin was diffusely distributed
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throughout the cytoplasm (Figure 2b). SK-N-SH cells
that spread partially on TSP-1 showed diffuse fascin
staining within the cell body and in fingerlike periph-

eral protrusions and arrays of microspikes (Figure 2c).
SK-N-SH cells adherent on fibronectin adopted a
smooth-edged polygonal shape and fascin staining
appeared diffuse (Figure 2d). In A10 cells, which un-
dergo extensive spreading on TSP-1, circumferential
arrays of fascin microspikes were observed at the cell
margins and diffuse perinuclear fascin staining was
also present (Figure 2e). This staining pattern is simi-
lar to that previously described in other cells that
spread extensively on TSP-1 (Adams, 1995). In A10
cells spread on fibronectin, fascin staining was diffuse
throughout the cytoplasm (Figure 2f). Thus, cell types
that undergo spreading on TSP-1 show localization of
fascin to cortical microspikes. Depending on the extent
of cell spreading, the microspikes are apparent as
individual protrusions from the cell margin or as
“ribs” within a lamellar structure. Cell adhesion on
fibronectin does not stimulate the formation of these
fascin-containing structures.

Ability of Other Adhesive Substrata to Stimulate
Fascin Microspike Formation
To obtain further insight into the ECM signals that
stimulate fascin microspike formation, the distribu-
tions of fascin and vinculin were examined in H9c2
cells adherent for 60 min on substrata coated with 50
nM TSP-1, vitronectin, collagen IV, or laminin-1. The
cells spread on all four substrata and as expected, cells
adherent on platelet TSP-1 formed abundant fascin
microspikes, whereas vinculin remained diffuse and
focal contacts were not detected (Figure 3, a and b). In

Figure 1. Expression of fascin by cell lines used in attachment
assays. Equivalent numbers of cells were lysed in SDS-PAGE sam-
ple buffer, the extracts were resolved on a 12.5% polyacrylamide gel
under reducing conditions, transferred to nitrocellulose, and probed
with antibody 55K2 to fascin. Lanes: 1, A10 cells; 2, HISM cells; 3,
MG-63 cells; 4, SK-N-SH cells; 5, H9c2 cells; 6, G8 cells; 7 and 14,
C2C12 cells; 8, A549 cells; 9, C32 cells; 10, RT4 cells; 11, HT1080 cells;
12, G361 cells; 13, MDCK cells. Molecular mass markers are indi-
cated in kDa.

Table 1. Adhesive behavior of cell lines in response to a platelet TSP-1 substratum

Cell line
Attachment

to TSP-1 Spreading Reference

A549 1 2 Tuszynski et al. (1992); this study
C32 1 2 Roberts et al. (1987); Asch et al. (1991);

this study
HT1080 1 2 Asch et al. (1991); Adams and Lawler (1994)
G361 1 2 Prater et al. (1991); Adams and Lawler (1993);

see also Roberts et al. (1987); Asch et al. (1991)
MDCK 1 2 This study
RT4 1 2 This study
COS-7 1 (1) This study
MG-63 1 (1) Adams and Lawler (1993); Chen et al. (1994);

see Clezardin et al. (1989)
SK-N-SH 1 (1) This study
A10 1 1 This study
C2C12 1 1 Adams and Lawler (1994)
HISM 1 1 Adams and Lawler (1993); Adams (1995)
H9c2 1 1 Adams and Lawler (1994); Adams (1995)
G8 1 1 This study

The morphology of cells adherent on substrata coated with 50 nM TSP-1 was examined after adhesion for 1 h at 37°C in serum-free medium.
With respect to attachment, 1 indicates qualitatively that cells could attach. With respect to spreading, 2 indicates no spreading and rounded
cell morphology, (1) indicates partial spreading and irregular cell morphology, and 1 indicates well-spread. Examples of these morphologies
can be found in Figure 2 and also in Adams and Lawler (1993).
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contrast, H9c2 cells adherent on vitronectin exhibited
diffuse cytoplasmic fascin staining (Figure 3c). Vincu-
lin localized to many focal contacts distributed over
the ventral surfaces of the cells (Figure 3d). The dis-
tribution of these two proteins in response to adhesion
to vitronectin thus resembles that observed upon cell
adhesion to fibronectin (Adams, 1995; see Figure 2, b,
d, and f). Cells adherent on a collagen IV substratum
displayed a different distribution of fascin, in that in
addition to the diffuse intracellular staining, staining
of upraised cortical structures was apparent in some
cells and colocalization of fascin protein with actin
microfilament bundles was detectable in some cells

(Figure 3e). All cells adherent on collagen IV dis-
played prominent vinculin staining in focal contacts
(Figure 3f).

Cells adherent on laminin-1 displayed a distinctive
distribution of fascin. In the majority of cells, colocal-
ization of fascin with actin microfilament bundles was
readily apparent. Fascin localized to prominent but
irregular upraised microspikes and ruffles of various
sizes at the cell margins (Figure 3g). The morpholog-
ical heterogeneity and upraised position of these
structures distinguished them from the arrays of ra-
dial fascin microspikes assembled by H9c2 cells ad-
herent on TSP-1 (Figure 3, compare a and g). Cells

Figure 2. Distribution of fascin in cells adherent on TSP-1 or fibronectin substrata. HT1080 cells (a and b), SK-N-SH cells (c and d), or A10
cells (e and f) were stained for fascin 1 h after plating on substrata coated with 50 nM TSP-1 (a, c, and e) or 50 nM fibronectin (b, d, and f)
under serum-free conditions. Bar, 12 mm.
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Figure 3. Formation of fascin microspikes and focal contacts by H9c2 cells plated on various ECM glycoproteins. H9c2 cells were stained
for fascin (a, c, e, and g) or vinculin (b, d, f, and h) 1 h after plating on substrata coated with 50 nM TSP-1 (a and b), vitronectin (c and d),
collagen IV (e and f), or EHS laminin (g and h). Bar, 12 mm.
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adherent on laminin-1 also assembled vinculin-posi-
tive focal contacts (Figure 3h). Thus, the assembly of
large arrays of radial fascin microspikes appears to be
a unique response to a TSP-1 substratum, yet cortical
fascin microspikes form concurrently with focal con-
tacts when H9c2 cells adhere to laminin-1.

To determine whether cell adhesion via heparan
sulfate proteoglycan-mediated mechanisms results in
microspike formation, adhesion assays were carried
out using the HepII heparin-binding domain of fi-
bronectin or platelet factor 4. These substrata support
cell adhesion through heparan sulfate proteoglycan-
mediated interactions (Laterra et al., 1983; Lark et al.,
1985; Izzard et al., 1986). The heparin-binding domain
of fibronectin did not support H9c2 cell attachment.
H9c2 cell attachment to platelet factor 4 did not lead to
cell spreading or formation of focal contacts or fascin
microspikes (my unpublished observations). Thus, li-
gation of cell surface heparan sulfate proteoglycans is
not a sufficient stimulus to trigger fascin microspike
formation in H9c2 cells.

Fascin Microspikes and Focal Contacts Are
Coassembled in Cells Adherent on Mixed
TSP-1/Fibronectin Substrata
To examine the assembly of fascin microspikes and
focal contacts in cells simultaneously exposed to dif-
ferent matrix components, H9c2 cells were plated for
60 min on substrata cocoated with different propor-
tions of equimolar platelet TSP-1 and fibronectin and
then stained for fascin or for vinculin. Cells adherent
on 100% TSP-1 formed large arrays of fascin micro-
spikes but did not assemble focal contacts (Figure 4, a
and b). Cells adherent on 90% TSP-1:10% fibronectin
also formed fascin microspikes but not focal contacts
(Figure 4, c and d). A few cells displayed weak colo-
calization of fascin with actin microfilament bundles
(Figure 4c, arrow). In response to 75% TSP-1:25% fi-
bronectin, cells spread more extensively (Figure 4,
compare e with a), fewer fascin microspikes were
present at cell margins and fascin was readily appar-
ent in association with microfilament bundles (Figure
4e). Vinculin staining localized in an arrowhead pat-
tern, indicative of the formation of focal contacts, al-
though the staining intensity was weak (Figure 4f).
Increased cell spreading, decreased formation of mi-
crospikes, association of fascin with microfilament
bundles, and formation of vinculin-containing focal
contacts were also all apparent in cells adherent on a
50% TSP-1:50% fibronectin substratum (Figure 4, g
and h). Some cells exhibited diffuse perinuclear vin-
culin staining (Figure 4h).

Formation of fascin microspikes was almost unde-
tectable in cells adherent on 25% TSP-1:75% fibronec-
tin, although some cells bore a few fascin-positive
ruffles and isolated microspikes. Fascin was also less

prominently associated with actin microfilament bun-
dles than in the cells adherent on the 50% TSP-1:50%
fibronectin mixture (Figure 4, compare j to g). Cells
also exhibited perinuclear vinculin staining and many
focal contacts (Figure 4k). In H9c2 cells adherent on
100% fibronectin, fascin staining was uniformly dif-
fuse (Figure 4l), the staining intensity for vinculin in
focal contacts was greater than that observed in cells
adherent on any of the TSP-1/fibronectin mixed sub-
strata (Figure 4, compare m with f, h, or l) and perinu-
clear vinculin staining was reduced (Figure 4, com-
pare m with k and h).

Because the colocalization of fascin with microfila-
ment bundles on mixed substrata was surprising, the
same experiment was carried out with C2C12 cells,
which also assemble actin/fascin microspikes when
adherent on TSP-1 (Adams and Lawler, 1994; my un-
published observation). A similar shift from micro-
spike-based to focal contact-based substratum adhe-
sion was observed in C2C12 cells adherent on
substrata containing at least 25% fibronectin. In addi-
tion, colocalization of fascin with microfilament bun-
dles was apparent in cells adherent on substrata con-
taining 25%, 50%, or 75% fibronectin (my unpublished
observations). These results demonstrate that cells ad-
herent on a mixed TSP-1/fibronectin substratum as-
semble fascin microspikes and focal contacts concom-
itantly and that adhesion to substrata containing
between 25% and 50% fibronectin also stimulates as-
sociation of fascin with microfilament bundles. The
presence of either 25% fibronectin or 25% TSP-1 is
sufficient to affect formation of the cell–substratum
contact structure assembled in response to the other
glycoprotein.

Cell Adhesion to Mixed TSP-1/Fibronectin Substrata
Modulates Cytoskeletal Organization
To examine the effects of mixed substrata on the de-
velopment of cytoskeletal organization in more depth,
the distribution of a series of focal contact and cy-
toskeletal components was compared in H9c2 cells
adherent on 100% fibronectin or on 50% TSP-1:50%
fibronectin. In cells adherent on 100% fibronectin, b1
integrins were distributed in focal contacts and dif-
fusely over the apical surfaces of cells (Figure 5a). b1
integrins were also present on long fine processes of
varying thickness that extended from the margins of
some cells (Figure 5a, arrow). On the basis of their
apparently flexible and in some cases branching mor-
phology, these processes appear to correspond to re-
traction fibers (Taylor and Robbins, 1963). In H9c2
cells adherent on the 50:50 mixed TSP-1/fibronectin
substratum, punctate staining for b1 integrins was
present over cell surfaces, was detectable on branched
processes present at the margins of some cells, and
was barely detectable in focal contacts (Figure 5b).
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Thus, one of the effects of the mixed substratum is to
alter b1 integrin distribution.

Assembly of focal contacts was also examined by
staining for paxillin and phosphotyrosine. Focal con-
tacts assembled by cells adherent on 100% fibronectin
stained strongly for paxillin (Figure 5c), whereas the
staining intensity was much lower in the focal contacts
of cells adherent on 50:50 TSP-1/fibronectin (Figure
5d). Intense phosphotyrosine staining is typically as-
sociated with focal contacts at cell peripheries or nas-
cent contacts in which FAK is activated (Burridge et
al., 1992). The focal contacts of cells adherent on 100%
fibronectin all stained for phosphotyrosine and as ex-
pected, the greatest intensity of staining was apparent
in focal contacts at cell margins (Figure 5e). In contrast,
focal contacts within the central regions of cells adher-
ent on 50:50 TSP-1/fibronectin stained very weakly for
phosphotyrosine, and phosphotyrosine-containing
proteins were strongly concentrated in peripheral fo-
cal contacts (Figure 5f). Thus, exposure of cells to the
mixed substratum affects the incorporation of both
structural and regulatory components into focal con-
tacts.

To analyze actin microfilament bundle organization,
cells were stained for the actin-binding proteins tro-
pomyosin and a-actinin, which are involved in actin
microfilament organization within muscle sarcomeres
and which characteristically associate with stress fiber
bundles in stably adherent cultured cells (Lazarides,
1975; Lazarides and Burridge, 1975; reviewed by Pit-
tenger et al., 1994; Jockusch et al., 1995). In H9c2 cells
adherent on 100% fibronectin, tropomyosin localized
to longitudinal and circumferential actin microfila-
ment bundles (Figure 5g), whereas in H9c2 cells ad-
herent on the 50:50 mixed substratum, tropomyosin
staining of longitudinal stress fibers was of lower in-
tensity (Figure 5, compare g and h) and tropomyosin
in the cortical regions of these cells had a diffuse
distribution. The zone of diffuse tropomyosin staining
did not extend to the peripheral region of microspike
formation (Figure 5h). a-Actinin distribution was
punctate in cells adherent on 100% fibronectin and this
pattern could be resolved as periodic staining along
the length of microfilament bundles (Figure 5j, exam-
ple shown with arrow). The central regions of cells
adherent on the 50:50 mixed substratum also dis-

played a punctate distribution of a-actinin, but in the
cortical regions a-actinin localized in elongated radial
streaks that extended to the margins of the cells (Fig-
ure 5k). Thus, with the association of fascin with mi-
crofilament bundles (see Figure 4g), these results dem-
onstrate that exposure to the mixed TSP-1/fibronectin
substratum affects both the spatial organization and
the biochemical composition of microfilament bun-
dles.

The Roles of Integrins and Proteoglycans in
Development of Cytoskeletal Organization on
Mixed TSP-1/Fibronectin Substrata
Previous experiments have demonstrated that myo-
blast attachment to fibronectin is an RGD-dependent,
a5b1 integrin-mediated process, whereas attachment
to TSP-1 does not involve the RGD site of TSP-1 and is
inhibitable by chondroitin sulfate A or b-d-xylopyr-
anoside, suggestive of the involvement of proteogly-
cans (Enomoto et al., 1993; Adams and Lawler, 1994).
It was therefore of interest to test the contributions of
b1 integrins or proteoglycans to cytoskeletal organi-
zation on mixed substrata. As expected, 1 mM
GRGDSP peptide inhibited cell attachment to the
100% fibronectin substratum and did not affect cell
adhesion to 100% TSP-1. GRGDSP peptide at 1 mM
also had little effect on cell adhesion to a 50% TSP-1:
50% fibronectin mixed substratum, as determined by
phase-contrast microscopy. Chondroitin sulfate A at
100 mg/ml prevented H9c2 cell attachment to TSP-1,
did not affect cell adhesion to fibronectin, and caused
cell rounding on the mixed substratum, although the
number of attached cells was not significantly de-
creased (my unpublished observations; see also Figure
7).

Next, cells were treated for 20 h with 5 nM p-nitro-
phenol b-d-xylopyranoside, a competitive inhibitor of
glycosaminoglycan side chain addition to protein
cores, or 5 nM o-nitrophenol b-d-xylopyranoside, an
inactive isomer (Schwartz, 1977), and tested for their
ability to assemble focal contacts or microspikes. The
active isomer decreases quantitative cell attachment to
TSP-1 by 60% (Adams and Lawler, 1994), but residual
adherent cells are still spread and so can be examined
with respect to cytoskeletal organization. Treatment of
cells with the inactive isomer did not affect formation
of focal contacts or microspikes. In contrast, cells
treated with p-nitrophenol b-d-xylopyranoside
showed no alteration in focal contact assembly on
fibronectin but exhibited a 94% reduction in micro-
spike formation on TSP-1 (Figure 6). Focal contact
formation by cells adherent on 50:50 mixed TSP-1/
fibronectin was unaltered, yet microspike formation
appeared decreased. However, microspike formation
on the mixed substratum is much more irregular than
on 100% TSP-1 (see Figure 4) and so this distinction

Figure 4 (facing page). Formation of fascin microspikes and focal
contacts by H9c2 cells adherent on mixed TSP-1/fibronectin sub-
strata. H9c2 cells were stained for fascin (a, c, e, g, j, and l) or
vinculin (b, d, f, h, k, and m) 1 h after plating on substrata consisting
of 100% TSP-1 (a and b), 90% TSP-1:10% fibronectin (c and d), 75%
TSP-1:25% fibronectin (e and f), 50% TSP-1:50% fibronectin (g and
h), 25% TSP-1:75% fibronectin (j and k), or 100% fibronectin (l and
m). A cell displaying weak colocalization of fascin with microfila-
ments is shown with an arrow in c. Residual isolated microspikes
are shown with arrows in j. Bar, 10 mm.
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was not amenable to quantification and was not pur-
sued further.

To further examine the linkage between cell surface
adhesion receptors and cytoskeletal organization, the
effects of soluble GRGDSP peptide or chondroitin sul-
fate A on cytoskeletal organization in cells adherent
on 50:50 TSP-1/fibronectin substrata were examined.
Cells treated with 1 mM GRGDSP peptide spread and
assembled irregular arrays of fascin microspikes.
However, localization of fascin to microfilament bun-
dles was markedly decreased (Figure 7, compare a
and d). As expected, GRGDSP-treated cells displayed
less organization of vinculin to focal contacts and in-
creased diffuse cytoplasmic vinculin staining (Figure
7, compare b and e). Although fascin did not colocal-
ize with microfilament bundles, association of tropo-
myosin with microfilament bundles in the central re-
gions of cells was apparent. In comparison to control
cells, increased diffuse tropomyosin staining was
present along cell margins (Figure 7, compare c and f).
Thus, perturbation of integrin-mediated adhesion by
GRGDSP peptide affects both focal contact assembly
and cytoskeletal organization on the mixed substra-
tum.

Cells treated with 100 mg/ml chondroitin sulfate A
during the attachment period spread poorly (Figure 7,
compare a–c with g–j). Fascin appeared diffuse and
did not colocalize with microfilament bundles. Fascin
microspike formation was diminished but not abol-
ished and the residual microspikes tended to be up-
raised rather than substratum adherent (Figure 7,
compare a and g). Focal contact assembly was not
reduced relative to untreated control cells (Figure 7,
compare b and h). Localization of tropomyosin to
stress fibers was not apparent and instead tropomyo-
sin staining appeared uniformly diffuse throughout
the cells (Figure 7, compare c and j). Thus, chondroitin
sulfate A treatment affects both fascin microspike for-
mation and cytoskeletal organization on the mixed
substratum. Thus, these data implicate a combination
of cell surface interactions involving both a5b1 inte-
grin and proteoglycans in the development of cy-
toskeletal organization in H9c2 cells adherent on a
mixed TSP-1/fibronectin substratum.

Fascin Microspikes Are Present at the Protrusive
Margins of Migratory and Postmitotic C2C12 Cells
The organization of filamentous actin (F-actin) into
microspikes in the cortex of H9c2, C2C12, HISM, or
A10 cells spread on a platelet TSP-1 substratum has

Figure 6. Effects of xylosides on assembly of focal contacts or
microspikes. Control H9c2 cells (bar 1) or cells treated for 20 h with
o-nitrophenol b-d-xylopyranoside (bar 2) or p-nitrophenol b-d-xy-
lopyranoside (bar 3) were allowed to adhere for 1 h to substrata
coated with 50 nM fibronectin (A) or 50nM TSP-1 (B) and then
scored for formation of microspikes (hatched columns) or focal
contacts (solid columns) by staining for fascin or vinculin, respec-
tively. Each column is the mean of duplicate experiments. Error
bars, SD.Figure 5 (facing page). Effect of 50:50 mixed TSP-1/fibronectin

substratum on cytoskeletal organization in H9c2 cells. H9c2 cells
were stained for b1 integrins (a and b; apparent retraction fibers are
shown with arrows), paxillin (c and d), phosphotyrosine (e and f),
tropomyosin (g and h), or a-actinin (j and k) 1 h after plating on
100% fibronectin (a, c, e, g, and j) or 50% TSP-1:50% fibronectin (b,
d, f, h, and k). The arrow in j indicates zone where periodic distri-
bution of a-actinin along stress fibers is apparent; short arrows in k
indicate cortical regions that show a different distribution of a-
actinin on the mixed substratum. Bar, 10 mm.
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similarities with actin organization in the microspike-
containing lamellipodium, which characterizes the
leading edge of crawling cells (Abercrombie et al.,
1970a,b, 1971; Couchman and Rees, 1979; Izzard and
Lochner, 1980; reviewed by Stossel, 1993). Thus it was
of interest to examine the distribution of fascin micro-
spikes and TSP in polarized cells. C2C12 skeletal myo-
blasts were chosen because they display the same
mechanisms of attachment to TSP-1 as H9c2 cells (Ad-
ams and Lawler, 1994), undergo similar cytoskeletal
responses (my unpublished observations), and are mi-
gratory in sparse culture. Polarized cells were exam-
ined within a random cell population (i.e., random
with respect to their motile behavior and lack of syn-
chronicity in cell cycle progression) that displayed a
variety of morphologies, including polygonal well-
spread cells, single isolated fan-shaped cells that typ-
ify polarized cells moving over a substratum (Couch-
man and Rees, 1979; Stossel, 1993), and rounded
postmitotic pairs of cells.

Staining for F-actin and vinculin was carried out to
provide context for the fascin staining data. Small
isolated fan-shaped cells were characterized by a lead-
ing edge and well-spread rear part behind the nucleus.
These cells stained diffusely with phalloidin within the
cell body, exhibited an intensely staining peripheral
zone of ruffles and microspikes at the margin of the
lamellipodium, and occasionally displayed actin stress
fiber bundles aligned with the rear margin of the cell
(Figure 8, a and b). Typical vinculin-containing focal
contacts were not apparent; instead, vinculin staining
appeared diffuse or in small cytoplasmic spots (Figure
8c). In these cells, intensely staining fascin microspikes
were present along the leading edges (Figure 8d, ar-
row). More elongated cells displayed diffuse fascin
staining throughout the cytoplasm and intense stain-
ing of ruffles and microspikes at their anterior margin
(Figure 8d).

A second type of fan-shaped cell had a larger spread
area and displayed more pronounced polarity, with a

Figure 7. Role of integrins and proteoglycans in cytoskeletal organization of H9c2 cells adherent on 50% TSP-1:50% fibronectin substrata.
H9c2 cells were allowed to adhere for 1 h to 50:50 TSP-1/fibronectin under control conditions (a–c) or in the presence of 1 mM GRGDSP
peptide (d–f) or 100 mg/ml chondroitin sulfate A (g, h, j) and then stained for fascin (a, d, and g), vinculin (b, e, and h), or tropomyosin (c,
f, and j). Arrows in f indicate tropomyosin localization at cell margins. Bar, 10 mm.
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highly contracted trailing tail. In these cells, actin mi-
crofilament organization was complex and included
microfilament bundles within the cell body and trail-
ing tail and an elaborate mesh work of filaments
within the leading lamellae, behind the F-actin-rich
lamellipodium (Figure 8e). Large focal contacts were
present at the rear end of the retracted trailing tail and
the central region of such cells. As reported for chick
heart fibroblasts (Couchman and Rees, 1979), spot-like
focal contacts were present within the lamellar region
and at the margins of lamellipodia (Figure 8f). In these
cells fascin was diffusely distributed throughout the
cell body and was also concentrated in ruffle or mi-
crospike structures at the anterior margin of the lamel-
lipodium (Figure 8g).

Postmitotic cell pairs undergoing cytokinesis also
exhibited regions of fascin-positive structures on their
spreading margins. These took the form of smooth-
edged fascin-positive ruffles (Figure 8g) or complex
arrays of upraised fascin microspikes and ruffles (Fig-

ure 8h). Cells that had undergone nuclear division but
that were in the early stages of cytokinesis exhibited
near-circumferential arrays of fascin microspikes and
ruffles (Figure 8, j and l). Although cells transiting
mitosis are covered with apical villi (Erickson and
Trinkhaus, 1976), no apical fascin-positive structures
were observed. To enable more examples of postmi-
totic pairs to be examined, C2C12 cell cultures were
treated with 0.1 mg/ml nocadazole for 6 h to arrest
cells at an early phase of mitosis and then grown on in
nocadazole-free medium for 2 h. In these cultures,
postmitotic pairs of cells exhibited very large arrays of
fascin-positive microspikes and ruffles on their outer
spreading edges (Figure 8k).

Confocal microscopy was used to analyze the fascin
microspikes in detail by taking serial optical sections
through the outer margins of individual postmitotic
cells and assembling 3D reconstructions that could be
examined at different angles to the original plane of
section. The projections revealed some microspikes in

Figure 8. Presence of fascin-positive microspikes and ruffles at the protrusive margins of migratory and postmitotic C2C12 cells. Sparse
cultures of C2C12 myoblasts were stained with rhodamine-phalloidin (a, b, and e), antibody to vinculin (c and f), or antibody to fascin (d,
g, and h–q) and examples of small polarized cells (a, b, c, and d), larger fan-shaped cells (e, f, and g), or postmitotic pairs of cells (h–l)
photographed under epifluorescence. Arrows in d and g indicate fascin microspikes and ruffles at leading edges; arrowhead in g indicates
postmitotic pair of cells. (h) Asymmetric pair of cells nearing completion of cytokinesis which bear fascin microspikes and ruffles at their
protrusive margins. (j and l) Examples of cells at the onset of cytokinesis: arrow in l indicates cleavage furrow. (k) Example of postmitotic
pair stained 2 h after release from nocadazole block. Bars: a and l, 10um. (m–q) Series of projections from 3D reconstruction of confocal serial
optical sections through one cell of a postmitotic pair stained for fascin. Projections were made at 180° (m), 210° (n), 230° (p), and 250° (q)
to the original plane of section. Arrows indicate an upraised group of fascin microspikes displayed by the projections. Bar, 2.5 mm.
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contact with the substratum and also complex arrays
of upraised fascin microspikes and elaborate ruffle-
like structures (Figure 8, m–q). Thus, fascin micro-
spikes and ruffles are located at sites of membrane
protrusion in polarized C2C12 cells.

Matrix TSP Is Present around the Lamellar Region
of Migratory C2C12 Cells and Plays a Role in
Microspike Formation and Cell Motility
Given that fascin microspikes are induced in the ex-
perimental situation of cell adhesion to a platelet
TSP-1 substratum, are not induced upon cell adhesion
to fibronectin, vitronectin, or collagen IV, and are
found at the protrusive leading edge of polarized cells,
an obvious question was to determine whether sites of
matrix deposition of TSP correlate with sites of micro-

spike formation in polarized cells. Therefore, the low-
density random cultures of C2C12 cells were stained
for fibronectin or TSP-1 and examined by epifluores-
cence or confocal microscopy.

As previously reported for other cell types (re-
viewed by Hynes, 1990), fibrillar fibronectin was con-
centrated at the central and rear portions of polarized
cells, particularly around the trailing tail (Figure 9,
a–c). In general, fibronectin was absent from the pro-
trusive, lamellar region (Figure 9, a and b, examples
shown by arrows), although small deposits were
present at the tip of the lamellipodium in some cells
(Figure 9, a and c, examples indicated with small
arrows). From a total of 300 polarized cells scored in
three separate preparations, 82% exhibited fibronectin
deposition in association with the central and rear

Figure 9. Deposition of extracellular TSP and development of the motile phenotype in sparse cultures of C2C12 cells. Cells from control
cultures (a–e and g) or cultures treated with 500 mg/ml heparin for 6 h (f, h, and j) were stained for fibronectin (a–c), TSP (d–f), fascin (g and
h), or vinculin (j). Large arrows in a–c indicate cells with no detectable fibronectin at the leading edge; small arrows in a and c indicate
examples of cells with some deposition of fibronectin in the lamellar region. Arrows in d and e indicate concentrations of TSP staining at
leading edges. Bar, 9 mm.
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portions of the cells and 18% displayed small fibronec-
tin deposits at their anterior margin. Confocal micros-
copy was used to confirm that fibronectin was indeed
absent from the anterior region of most polarized cells
(my unpublished observation).

Cell-associated TSP localized in granular patches.
These patches were concentrated around the lamellar
region and appeared diminished or absent from the
posterior regions of polarized cells (Figure 9, d and e).
This staining pattern was observed with two antisera
to TSP-1 and was abolished if the antisera were pre-
incubated with platelet TSP-1 (my unpublished obser-
vation). Of a total of 300 polarized cells examined in
three separate preparations, 68% displayed such con-
centrations of TSP around the anterior lamellar region:
the remaining 32% displayed TSP staining around the
entire length of the cells. In the epifluorescence im-
ages, matrix TSP appeared to be present below and
around zones of microspikes and ruffle formation at
the leading edge: this distribution was confirmed by
use of confocal microscopy (my unpublished observa-
tion).

To determine whether polarized deposition of ma-
trix TSP is required in the development of fascin mi-
crospikes and the motile phenotype, low-density
C2C12 cultures were treated with soluble heparin to
inhibit the incorporation of newly synthesized TSP-1
into matrix (McKeown-Longo et al., 1984; Majack et al.,
1985). After 6 h, the cultures were scored for the
percentage of polarized fan-shaped cells using phase-
contrast microscopy. Of a total of 1300 cells scored in
triplicate assays, 25% (64.4%, SD) of cells in control
cultures displayed a polarized morphology, whereas
only 13% (63.1%, SD) of cells appeared polarized in
the heparin-treated cultures, indicating a 52% de-
crease in the number of polarized cells (difference
significant at p , 0.001). As expected, the heparin-
treated cells displayed very little cell-associated TSP
(Figure 9f), although fibronectin fibrils were still as-
sembled (McKeown-Longo et al., 1984; Majack et al.,
1985; my unpublished observation). In the heparin-
treated cultures, fascin microspikes and ruffles were
reduced compared with polarized cells in untreated
cultures and fascin appeared diffuse (Figure 9, g and
h). Cells from the heparin-treated cultures also tended
to display nonpolarized distributions of vinculin-con-
taining focal contacts (Figure 9j compared with Figure
8e). Thus, deposition of matrix thombospondin is req-
uisite in the formation of fascin microspikes.

To test the effects of inhibition of TSP deposition and
fascin microspike formation on cell migratory behav-
ior, control and heparin-treated cultures of C2C12
cells were analyzed by time-lapse videomicroscopy.
The mean velocity of cell movement in control cells
was 48.4 6 9.4 mm/h. In heparin-treated cultures, the
mean velocity was 27 6 10.9 mm/h, a statistically

significant difference at p , 0.001. In addition,
whereas control cells maintained the same leading
edge throughout, 28% of the cells traced after heparin
treatment were not morphologically polarized and
moved sequentially in more than one direction, by
virtue of membrane protrusions arising at different
points on the cell surface. Thus, inhibition of matrix
TSP deposition correlates with alterations in C2C12
cell morphology, decreased microspike formation,
and reduced cell motility.

DISCUSSION

In this article, I describe experiments that analyze
factors required in the formation of fascin microspikes
by 1) investigating the correlation of fascin expression,
cell spreading, and microspike formation on a platelet
TSP-1 substratum; 2) testing the ability of various
adhesive substrata to stimulate formation of fascin
microspikes; 3) investigating the interrelationship of
microspike and focal contact formation and cytoskel-
etal organization on mixed substrata and the roles of
integrins and proteoglycans in these processes; 4) ex-
amining the distributions of fascin, TSP, and fibronec-
tin in polarized cells and the role of TSP in cell motile
behavior. The novel results obtained establish that
assembly of fascin microspikes or focal contacts can be
experimentally manipulated by exposure of cells to
different adhesive substrata and that adhesion to
mixed substrata affects actin cytoskeletal organization
and also demonstrate TSP-dependent aspects of the
motile phenotype.

Fascin is a structurally unique actin-bundling pro-
tein (reviewed by Matsudaira, 1994; Edwards and
Bryan, 1995) that is expressed in a limited set of adult
human tissues and in many tissues of adult Xenopus or
mice (Holthuis et al., 1994; Mosialos et al., 1994; Ed-
wards et al., 1995). Its expression has previously been
demonstrated in epithelial, mesenchymal, and Ep-
stein-Barr virus-transformed lymphoblastoid cell lines
(Yamashiro-Matsumura and Matsumura, 1986; Mosia-
los et al., 1994). In this study, fascin was detected in a
variety of normal and transformed cell types of sev-
eral different tissue origins. Because all cell types ca-
pable of spreading on platelet TSP-1 were found to
express fascin and to form microspikes, the data ob-
tained support the speculation that fascin may be re-
quired for cell spreading and microspike formation on
a TSP-1 substratum. However, because the two non-
spreader cell lines C32 and HT1080 also expressed
fascin, fascin cannot suffice as the sole intracellular
determinant of spreading ability. Cell speading on
TSP-1 likely requires the coexpression of additional
structural proteins or appropriate regulatory proteins.
Indeed, the complex distribution pattern of fascin in
cells cultured in serum-containing medium (Ya-
mashiro-Matsumura and Matsumura, 1986), its lack of

Formation of Fascin Microspikes

Vol. 8, November 1997 2359



colocalization with the actin-based cytoskeleton in
cells adherent on fibronectin (Adams, 1995) or vitro-
nectin, and its localization to multiple actin-containing
structures in cells adherent on laminin-1 or a mixed
TSP-1/fibronectin substratum (this study) all suggest
that fascin is under dynamic intracellular regulation.

Whereas cells respond to TSP-1 by forming large
arrays of fascin microspikes, the b1- or av-subclass
integrin ligands fibronectin, collagen IV, and vitronec-
tin trigger assembly of focal contacts. Cell adhesion to
laminin-1, also mediated by b1 integrins (Hynes,
1992), results in a third type of response in which both
focal contacts and individual upraised cortical fascin
microspikes are formed and colocalization of fascin
with microfilaments is also observed. These three
types of responses presumably arise as a consequence
of ligation of different adhesive receptors during ini-
tial cell attachment, leading to the recruitment of dif-
ferent cytoskeletal and regulatory components at the
plasma membrane. The intracellular signals activated
by cell attachment and spreading on TSP-1 substrata
are not well characterized. Tyrosine kinases or phos-
phatases may be involved, because fascin microspike
formation is modulated by alterations in intracellular
phosphotyrosine levels (Adams, 1995). Heterotrimeric
G proteins have been implicated in the chemotactic or
haptotactic activities of TSP-1 (Mansfield and Suchard,
1994; Gao et al., 1996; Suchard and Mansfield, 1996).
Intracellular events of general importance in regulat-
ing actin microfilament organization and focal contact
assembly include the activation of protein kinase C,
phosphatidylinositol 3-kinase, or small guanine nucle-
otide binding proteins such as Rac, Rho, and CDC42
(reviewed by Hall, 1994; Chant and Stowers, 1995;
Burridge and Chrzanowska-Wodnicka, 1996).

The different morphologies of the fascin microspikes
formed upon adhesion to TSP-1 or to laminin-1 might
result from either biophysical or biochemical factors. It
is possible that the microspikes formed by H9c2 cells
adherent on laminin-1 cannot contact the substratum
because the predominance of focal contacts physically
limits the formation of other types of apposition. On a
biochemical level, the simultaneous formation of fas-
cin microspikes and focal contacts might involve com-
petition for limiting amounts of a common structural
or regulatory component, so that assembly of many
focal contacts would limit the number of microspikes
formed. Alternatively or additionally, the microspikes
formed in response to TSP-1 or to laminin-1 may have
different physical properties because of a difference in
biochemical composition. To date, components in
common with focal contacts have not been identified
in fascin microspikes assembled in response to TSP-1
under standard adhesion assay conditions (Adams,
1995; my unpublished observations); however, the
possibility that such components exist cannot be ex-
cluded.

The experiments using mixed TSP-1/fibronectin
substrata demonstrated that increasing ligation of b1
integrins correlated with decreased microspike assem-
bly and increased formation of focal contacts. In ad-
dition, modulation of either integrin or proteoglycan/
glycosaminoglycan-based adhesions on the mixed
substratum had effects on stress fiber assembly, sug-
gestive of the existence of a complex interplay of in-
tracellular processes governing the development of
these supramolecular structures. A particularly inter-
esting effect of the mixed substratum was the localiza-
tion of fascin to actin microfilament bundles in cells
adherent on substrata containing 25% or 50% fibronec-
tin. Thus, as also suggested by the experiments using
individual ECM components, there appear to be three
compartments for fascin in cells: microspikes, micro-
filament-associated, and a diffuse pool. Alterations in
cell–matrix adhesive interactions change the distribu-
tion of fascin between these compartments, again im-
plicating signal inception at the plasma membrane in
this process. Relocation of fascin has been observed in
cells growing in serum-containing medium upon
treatment with phorbol 12-myristate 13-acetate and
correlated with changes in the phosphorylation status
of fascin (Yamakita et al., 1996). It will be interesting to
examine whether cell adhesion to different ECM com-
ponents also alters the phosphorylation state of fascin.

Stress fibers are required in the generation of trac-
tional forces between a cell and its substratum. There
is much evidence that the development of isometric
tension plays a role in stress fiber assembly (reviewed
by Burridge and Chrzanowska-Wodnicka, 1996) and
the intrinsic contractility of different cell types corre-
lates inversely with their migratory behavior (see for
example, Tucker et al., 1985). Thus, the formation of
stress fibers by cells adherent on mixed TSP-1/fi-
bronectin substrata can be taken to indicate the devel-
opment of contractility. However, the stress fibers as-
sembled on 50% TSP-1:50% fibronectin differed
biochemically from those assembled in response to
100% fibronectin in that they contained both fascin
and tropomyosin. They thus resemble the stress fibers
of cells cultured in serum-containing medium (Ya-
mashiro-Matsumura and Matsumura, 1986). In vitro,
fascin and tropomyosin display cross-inhibition of ac-
tin-binding activity and certain tropomyosin isoforms
also inhibit actin bundling by fascin (Yamashiro-Mat-
sumura and Matsumura, 1985; Matsumura and Ya-
mashiro-Matsumura, 1986). The effect of fascin associ-
ation on the generation of mechanical tension by stress
fibers has not been examined, but the differences in
microfilament bundle organization demonstrated
herein raise the possibility that cell adhesion to differ-
ent matrix components affects on the functional prop-
erties of the actin cytoskeleton. This would be of in-
terest in the context of mechanical coordination of
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cellular function and behavior, as proposed by the
tensegrity model (Ingber, 1993a,b).

The presence of microspikes at the protrusive edges
of cultured cells and the possible duel role of such
structures in sensory exploration and selective sub-
stratum adhesion has been appreciated since these
structures were first studied morphologically by
phase-contrast and electron microscopy (Taylor and
Robbins, 1963). Regions of fascin microspikes and ruf-
fles are present on nonpolarized cells (Yamashiro-
Matsumura and Matsumura, 1986) and when this ar-
ticle was in preparation, localization of fascin at the
leading edge of A431 cells and endothelial cells was
reported (Tao et al., 1996) and also the presence of
fascin microspikes at the spreading margins of
B28NG2.6 glioma cells (Lin et al., 1996).

In this analysis, I have demonstrated that the micro-
spikes and ruffles present at the protrusive leading
edges of polarized migratory and postmitotic C2C12
cells also include fascin-containing structures. Disrup-
tion of TSP matrix deposition reduces both microspike
formation and cell motility. Current models of actin-
based cell movement invoke membrane protrusion
and substratum adhesion as the first steps in a cycle of
events that result in net forward migration (reviewed
by Huttenlocher et al., 1995; Lauffenburger and Hor-
witz, 1996; Mitchison and Cramer, 1996). The experi-
mental findings described herein offer a basis for fur-
ther analyses of the molecular processes by which
ECM components regulate assembly of fascin micro-
spikes, the biochemical interplay of fascin micro-
spikes, focal contacts, and cytoskeletal organization,
and the role of microspikes in cell motile behavior.
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