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Haptokinetic cell migration across surfaces is mediated by adhesion receptors including b1
integrins and CD44 providing adhesion to extracellular matrix (ECM) ligands such as collagen
and hyaluronan (HA), respectively. Little is known, however, about how such different receptor
systems synergize for cell migration through three-dimensionally (3-D) interconnected ECM
ligands. In highly motile human MV3 melanoma cells, both b1 integrins and CD44 are abundantly
expressed, support migration across collagen and HA, respectively, and are deposited upon
migration, whereas only b1 integrins but not CD44 redistribute to focal adhesions. In 3-D collagen
lattices in the presence or absence of HA and cross-linking chondroitin sulfate, MV3 cell migration
and associated functions such as polarization and matrix reorganization were blocked by anti-b1
and anti-a2 integrin mAbs, whereas mAbs blocking CD44, a3, a5, a6, or av integrins showed no
effect. With use of highly sensitive time-lapse videomicroscopy and computer-assisted cell track-
ing techniques, promigratory functions of CD44 were excluded. 1) Addition of HA did not
increase the migratory cell population or its migration velocity, 2) blocking of the HA-binding
Hermes-1 epitope did not affect migration, and 3) impaired migration after blocking or activation
of b1 integrins was not restored via CD44. Because a2b1-mediated migration was neither syner-
gized nor replaced by CD44–HA interactions, we conclude that the biophysical properties of 3-D
multicomponent ECM impose more restricted molecular functions of adhesion receptors, thereby
differing from haptokinetic migration across surfaces.

INTRODUCTION

Tumor cell invasion and migration are supported by differ-
ent adhesion receptor systems, including integrins and
CD44 (Stetler-Stevenson et al., 1993; Sherman et al., 1994;
Friedl and Bröcker, 1999). Integrins and CD44 interact with
an array of extracellular matrix (ECM) components, includ-

ing collagen, fibronectin, laminin, vitronectin, and hyaluro-
nan (HA), respectively (Etoh et al., 1992; Danen et al., 1993;
Aznavoorian et al., 1996; Goebeler et al., 1996; Klominek et al.,
1997), simultaneously acting as structural links from the
cytoskeleton to the ECM as well as signaling molecules
(Lokeshwar et al., 1994; Clark and Brugge, 1995; Entwistle et
al., 1996; Cox and Huttenlocher, 1998).

In human melanoma, the expression of a2b1 integrin is
correlated with metastatic behavior (Klein et al., 1991b) and
is involved in melanoma cell migration on collagen surfaces
(Etoh et al., 1992) and in the reorganization of collagen
matrices (Klein et al., 1991b; Schiro et al., 1991; Riikonen et al.,
1995). Likewise, a3b1 and avb3 integrins mediate chemo-
tactic and haptotactic motility toward their respective
ligands collagen (Lauer et al., 1998) and vitronectin
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(Aznavoorian et al., 1996), contributing to tumor progression
and metastasis in melanoma (Mitjans et al., 1995; Friedl and
Bröcker, 1999).

CD44 comprises a family of adhesion receptors binding to
HA as principal ligand and, at lower affinity, to chondroitin
sulfate (CS), heparan sulfate, fibronectin, and osteopontin
(Rudzki and Jothy, 1997; Knudson, 1998). The CD44 cyto-
plasmic domain binds to the actin-based cytoskeleton via
ankyrin and/or members of the ezrin–radixin–moesin fam-
ily (Lokeshwar et al., 1994; Tsukira et al., 1994). Overexpres-
sion of CD44 or alternatively spliced CD44 variants appears
to correlate with aggressiveness or metastasis of various
human tumors, relating CD44 to tumor progression (Sher-
man et al., 1994; Knudson, 1996, 1998; Kincade et al., 1997).
CD44 was shown to mediate neoplastic cell migration that
predominantly depends on CD44–HA interactions (Rudzki
and Jothy, 1997; Knudson, 1998), such as 1) migration across
HA-coated surfaces in vitro (Thomas et al., 1992; Goebeler et
al., 1996; Lamb et al., 1997; Ladeda et al., 1998) and 2) tumor
growth and metastasis in vivo (Bartolazzi et al., 1994; Guo et
al., 1994). These CD44 functions are dependent on the HA-
binding Hermes-1 epitope and are efficiently inhibited by
corresponding mAbs (Thomas et al., 1992; Guo et al., 1994;
Goebeler et al., 1996) or soluble CD44 (Bartolazzi et al., 1994).
Therefore, adhesive interaction of CD44 with HA-mediating
cell motility has been implicated as a putative mechanism in
tumor invasion and metastasis in some cells (Goebeler et al.,
1996; Iida and Bourguignon, 1997; Lamb et al., 1997; Knud-
son, 1998; Ladeda et al., 1998), whereas for other cells nega-
tive results were reported (Driessens et al., 1995; Sleeman et
al., 1996).

The cellular and molecular mechanisms by which cell
adhesion receptors contribute to cell migration were exten-
sively established for fibroblasts migrating across surfaces,
termed haptokinetic migration (Lauffenburger and Horwitz,
1996; Cox and Huttenlocher, 1998). Haptokinetic migration
results from a cyclic process of interdependent functions,
including 1) cell polarization and pseudopod protrusion, 2)
formation of graded cell-substratum attachments via adhe-
sion receptor clustering at substrate-binding sites, 3) tempo-
rary assembly of localized molecular complexes composed
of integrins and cytoskeletal and signaling proteins, termed
focal contacts, 4) contraction of the cell body by myosin
motors, and 5) release of focal contacts at the trailing edge
and localized retraction of the posterior edge (Bretscher,
1996; Burridge and Chrzanowska-Wodicka, 1996; Lauffen-
burger and Horwitz, 1996; Palecek et al., 1997). In contrast to
b1 integrins, it is not established whether CD44-mediated
motility follows these principles of haptokinetic migration.
Similarly, it is not known whether the haptokinetic migra-
tion model correctly predicts potentially more complex
cell—matrix interactions and migration processes within
three-dimensional (3-D) tissues consisting of multiple li-
gands (Friedl and Bröcker, 1999). Three-dimensionally inter-
connected ECM ligands provide an adhesive substrate, as do
two-dimensional (2-D) surfaces, but they also impose a sig-
nificant biomechanical barrier toward the advancing cell
body, supporting both adhesion-dependent and adhesion-
independent cell migration strategies (Friedl et al., 1998b,c).
Furthermore, 3-D multicomponent ECM is likely to simul-
taneously display diverse ECM ligands to different sets of
adhesion receptors, supporting cell motility by collaboration

of adhesion receptors (Bauer et al., 1992). To this end, it is
unclear how simultaneously expressed sets of adhesion re-
ceptors both synergize and counteract each other, depend-
ing on ligand availability and density.

In the highly metastatic human MV3 melanoma cell line,
b1 integrins as well as standard CD44 are highly expressed
(Danen et al., 1993; Van Muijen et al., 1995), and both recep-
tor systems were implicated in migration-associated cell-
substrate adhesion, cell migration, and matrix reorganiza-
tion in these cells (Klein et al., 1991a; Danen et al., 1993;
Goebeler et al., 1996; Friedl et al., 1997). In the present study,
using 3-D multicomponent matrices consisting of collagen,
HA, and CS, we investigated 1) whether both b1 integrins
and CD44 are equally involved in MV3 cell migration and
concomitant matrix remodeling and 2) whether, after the
loss of integrin function, CD44-mediated compensatory
mechanisms exist for maintenance of migration.

MATERIALS AND METHODS

Cells and Cell Culture
The highly metastatic melanoma cell line MV3 (Van Muijen et al.,
1991) was kindly provided by G. Van Muijen (University of Nijme-
gen, Nijmegen, The Netherlands). MV3 cells were shown to express
high levels of standard CD44 (Goebeler et al., 1996), a2b1 and a3b1
integrins, and intermediate levels of a5b1, a6b1, and avb3 integrins
(Danen et al., 1993), whereas a1b1 integrin was not detected (Klein
et al., 1991a; K. Maaser, unpublished observations). Cells were cul-
tured in RPMI 1640 supplemented with penicillin (50 U/ml), strep-
tomycin (50 mg/ml), 2 mM glutamine, and 10% heat-inactivated
FCS (Boehringer Mannheim, Mannheim, Germany) and maintained
at 37°C in humidified 5% CO2 atmosphere. To exclude adhesive
interference provided by serum proteins, migration studies on iso-
lated integrin function were performed in FCS-free medium. In
contrast, CD44 function was assessed in the presence of 5% FCS
with the exception of some experiments. In comparison, the absence
of FCS did not alter blocking effects of mAbs on b1 integrins and
CD44, whereas the time-dependent percentage of spontaneously
migrating cells was slightly reduced from ;60–80 to 45–60%.

Antibodies
The following affinity-purified, adhesion-perturbing mAbs were
used: anti-b1 mAb 4B4 (Morimoto et al., 1985) (Coulter, Hamburg,
Germany), anti-a2 mAb 6F1 (Coller et al., 1989) (kindly provided by
B. S. Coller, Mount Sinai Medical Center, New York, NY), and P1E6
(Carter et al., 1990) (Becton Dickinson, San Jose, CA); anti-a3 mAb
P1B5 (Carter et al., 1990) (Becton Dickinson), anti-a5 mAb Sam-1
(Arroyo et al., 1992) (Life Technologies, Eggenstein, Germany), an-
ti-a6 GoH3 (Sonnenberg et al., 1986) (Immunotech, Hamburg, Ger-
many), anti-av mAb 17E6 (Mitjans et al., 1995) (Merck, Darmstadt,
Germany), and anti-CD44 mAb Hermes-1 (Jalkanen et al., 1987)
(Endogen, Cambridge, MA). Activating anti-b1 mAb 8A2 (Kovach
et al., 1992) was kindly provided by N. L. Kovach (University of
Washington, Seattle, WA). Nonblocking anti-b1 integrin mAb K20
(Arroyo et al., 1992) was obtained from Immunotech, and nonblock-
ing mAb Hermes-3 was kindly provided by S. Jalkanen (University
of Turku, Turku, Finland). Polyclonal FITC- or lissamine–rhoda-
mine sulfonyl chloride (LRSC)-conjugated goat anti-mouse F(ab)9
fragments and R-phycoerythrin-conjugated goat anti-mouse F(ab9)2
fragments (Jackson Laboratories, West Grove, PA) were used as
secondary antibodies.

Preparation of 3-D ECM Lattices
Bovine dermal collagen (Vitrogen 100) consisting of 99.9% fibrillar
collagen (97.1% type I and 2.9% type III collagen) was obtained from
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Celtrix Pharmaceuticals (Santa Clara, CA). MV3 cells were incorpo-
rated within 3-D collagen lattices as previously described (Friedl et
al., 1997). In brief, cells from subconfluent cultures were detached
using EDTA (2 mM), washed in PBS, and suspended in 100 ml
buffered collagen solution, pH 7.4, containing 1.67 mg/ml collagen
in minimal essential Eagle’s medium (Flow Laboratories, McLean,
VA; final concentration 8 3 105 cells/ml) supplemented with 5%
FCS. The suspension was allowed to polymerize for 20–30 min at
37°C in a 5% CO2 atmosphere in a self-constructed chamber (Friedl
et al., 1993).

For the construction of multicomponent in vitro lattices in ap-
proximation of ECM characteristics present in interstitial tissues,
HA concentrations ranging from 0.001 to 5 mg/ml and CS of 20
mg/ml were used. In tissues, HA contents vary greatly, ranging
from 0.2 mg/g (human adult dermis) and 1 mg/g (mouse dermis)
to 4 mg/g (umbilical cord) or 3.5 mg/g in solid tumors (Comper
and Laurent, 1978; Knudson and Knudson, 1995; Knudson, 1996;
Fraser et al., 1997), whereas synovial fluid contains 1–3 mg/ml
(Comper and Laurent, 1978; Fraser et al., 1997). The concentration of
CS in polysaccharide-rich tissues varies from 10 mg/g (dermal
interstitial tissue) to 100 mg/g wet weight (cartilage) (Comper and
Laurent, 1978). To construct multicomponent lattices, highly puri-
fied human umbilical cord HA (Sigma, Deisenhofen, Germany)
lacking major protein contaminants (,2% protein contaminants)
was copolymerized with chondroitin-4-sulfate (20 mg/ml; Sigma)
and collagen (1.67 mg/ml), in modification of the protocol previ-
ously described for migration studies on hematopoietic cells (Friedl
et al., 1995). In some experiments, human umbilical cord HA of
determined high molecular weight (3.5–5 3 106 Da, as detected by
low-angle laser light scattering, according to a protocol provided by
the manufacturer) was used.

Haptokinetic Migration Assay
Glass coverslips were incubated with medium (control) or highly
purified human umbilical cord HA at a concentration of 1 or 10
mg/ml (20°C, 18 h), washed twice, and overlaid with MV3 cells in
suspension. In a series of initial experiments, a varying time interval
required for initial seeding and cell spreading resulted in inconsis-
tent migration baselines from experiment to experiment. Therefore,
a period of preincubation was standardized to 7 h followed by
time-lapse videomicroscopy over an observation period of an addi-
tional 12–18 h.

Blocking Experiments and Immunofluorescence
Staining
Cells were preincubated with mAb (10 mg/ml, 30 min, 4°C) and
washed before incorporation within the lattice. In most experiments
mAb was additionally added to collagen solution and supernatant,
or, alternatively, added to the supernatant only after the onset of cell
migration. To study the distribution and trafficking of b1 integrins
during migration, cells were preincubated with primary blocking
mAb 4B4 or nonblocking mAb K20 (10 mg/ml, 30 min, 4°C),
washed, and stained with secondary LRSC-conjugated goat anti-
mouse F(ab)9 fragments (1.3 mg/ml, 30 min, 4°C). Subsequently cells
were incorporated within the collagen lattice, fixed after varying
time intervals (4% paraformaldehyde, 10 min, 20°C), washed, and
stained with FITC-conjugated mAb 4B4 within the lattice.

Flow Cytometry
Cells were cultured for 14 h in liquid culture or within a 3-D
collagen matrix. For collagen matrix digestion, cells within matrices
were incubated with highly purified collagenase type VII (Sigma).
Cell surface receptors were stained with primary mAb and second-
ary with R-phycoerythrin–conjugated goat anti-mouse F(ab9)2 frag-
ments. Surface expression was measured using FACS Calibur (Bec-
ton Dickinson). In control experiments using collagenase-treated

cells from liquid culture, neither integrin nor CD44 expression were
affected by the digestion procedure (Friedl et al., 1995; Maaser,
unpublished observations).

Confocal Laser Microscopy
Three-channel confocal laser microscopy (Leica TCS 4D, Bensheim,
Germany) was performed as previously described (Friedl et al.,
1997). For imaging of collagen fibers, laser light (488 and 568 nm) at
a low intensity was introduced into the sample, and the light
reflected by the sample was detected, allowing a sensitive detection
of fibers up to a scanning depth of 50 mm and at a minimal pixel
resolution of 70 nm from fixed as well as viable samples. 3-D
reconstructions of sequential x- and y-sections were displayed as
topographical images using the Leica TCS-4D software. In some
experiments, time-series of migrating cells after prestaining with
primary mAb and secondary Fab fragments were obtained as si-
multaneous two-channel scans, as described (Friedl et al., 1998b).

Time-Lapse Videomicroscopy and Computer-assisted
Cell Tracking
Migration of MV3 cells within 3-D collagen lattices or on 2-D
substrate was recorded by time-lapse videomicroscopy using up to
five independent units and analyzed by computer-assisted cell
tracking as previously described (Friedl et al., 1993) and modified
(Friedl et al., 1997). In brief, 40 cells were randomly selected from the
video screen, and 2-D projections of the paths were digitized as x/y
coordinates in 17-min–step intervals. Four principally different mi-
gration parameters were obtained: the percentage of cells migrating,
and the time migrating, velocity, and speed.

Time-dependent percentages of “cells locomoting” were calcu-
lated from step to step. A cell was considered locomoting if the
centroid of the cell was translocating at least one pixel per step,
corresponding to a step length of 1.5 mm/17 min or 0.09 mm/min,
as described (Friedl et al., 1993 and 1995). The cumulative percent-
age of cells locomoting resulted from the fraction of cells that
migrated at least one pixel corresponding to the half cell diameter of
spherical morphology during a given time interval. The “time loco-
moting” as percentage of the observation time was obtained for
each individual cell and averaged for cell populations.

“Velocity” describes the actual translocation efficiency of cells in
the process of migration, delineating the “true” speed without in-
terference of stopping frequencies. Velocity was calculated as the
sum of all step lengths per minute divided by the number of steps
migrated for each locomoting cell, and pooled or averaged for cell
populations.

“Speed” represents a more general summation parameter de-
scribing overall motility as a function of the fraction of locomoting
cells and their locomotor duration, individual step lengths, and step
number, which was used in some experiments if all of these inde-
pendent parameters showed the same tendency. The speed of a cell
population was calculated from step to step as the sum of all step
lengths per minute divided by the number of cells investigated
(time-dependent speed containing both migrating and stopping
cells). The speed of individual cells was calculated from the sum of
step lengths per minute divided by the total number of steps (in-
cluding both locomoting and nonlocomoting cells) and was aver-
aged for cell populations (“mean speed”).

Viability of cells within collagen lattices subsequent to videomi-
croscopy was measured using calcein and ethidium homodimer
(LIFE/DEAD Viability/Cytotoxicity Kit, Molecular Probes, Eugene,
OR). Cell viability of simultaneous control versus antibody-treated
samples after 20 h culture in collagen differed on average by 3.5%
(maximum 6%); the total range varied from 60 to 99% for different
sets of experiments after 24–48 h in the lattice.
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Statistical Analysis
Statistics of the cumulative percentage of cells locomoting was
performed as follows. Because the variables were discrete (cells
were either moving or not), the nonparametric analysis of odds
ratios was performed (Nikolai et al., 1998). Zelen’s exact test was
used to determine the homogeneity of a series of experiments, and
subsequently common odds ratio for a series of experiments was
estimated by the conditional maximum likelihood estimator for P ,
0.05 (including Bonferroni adjustment). Time locomoting and veloc-
ity were analyzed by two-way analysis of variance (P , 0.05,
Bonferroni adjustment), taking into account the variance of these
parameters between single experiments. For analysis of velocities,
the two-way analysis of variance was performed using the natural
logarithm of velocities (according to their asymmetric distribution).
For two-way analysis of variance, gaussian distribution of residuals
was confirmed (Q-Q-Plot of residues).

RESULTS

Expression of b1 Integrins and CD44 on MV3 Cells
In highly motile MV3 melanoma cells, b1 integrins and
CD44 were abundantly expressed at the cell surface in liquid
culture as well as in collagen lattices (Figure 1). Previously,
both receptors were shown to mediate melanoma cell mi-
gration across ligand-coated surfaces (Etoh et al., 1992; Goe-
beler et al., 1996; Ladeda et al., 1998), although integrin
clustering at substrate interactions was shown for b1 inte-
grins but not for CD44 (Friedl and Bröcker, 1997; Friedl et al.,
1997; Ladeda et al., 1998). Upon migration, considerable
amounts of both b1 integrins and CD44 were deposited into
the lattice (Friedl, 1997); however, no down-modulation in
cell surface staining was obtained for cells after 14 h culture
in collagen (Figure 1, solid black line), as compared with
liquid culture (Figure 1, gray area). Hence, high levels of
both receptors are available for prolonged time periods on
the surface of these cells.

b1 Integrin-dependent Migration of MV3 Cells
within 3-D Collagen Matrices
To investigate the relative contribution of b1 integrins and
CD44 to melanoma cell migration in direct comparison,
MV3 cells were incubated with blocking mAbs 4B4 (anti-b1
integrin) or Hermes-1 (anti-CD44) before incorporation into
collagen matrices. Blocking of b1 integrins by mAb 4B4
immediately inhibited MV3 cell migration (Figure 2A). At
the single-cell level, both the number of migrating cells as
well as duration and frequency of locomotor periods were
significantly reduced by mAb 4B4 (Figure 2B). This inhibi-
tion was associated with impaired cell polarization (Figure
2D) and, as detected by confocal microscopy, the loss of
integrin clustering at contacts to collagen fibers and lacking
fiber alignment (Figure 3B). In contrast, adhesion nonper-
turbing anti-b1 integrin mAb K20 had no effect on migration
(Figure 2C) or on initial microspike formation (Figure 3D),
cell polarization (Figure 3E), substrate binding, and collagen
fiber alignment toward the cell body (Figure 3E, white ar-
rowheads).

If the collagen lattice was free of additional mAb, 4B4-
induced effects after cell pretreatment were immediate but
transient. Ten hours after incubation with mAb 4B4, migra-
tion was progressively recovered and reached control levels
after 10–16 h (Figure 2A). The late onset of migration and
concomitant cell polarization were accompanied by the ap-
pearance of free 4B4 epitopes on the cell surface (Figure 3C,
green fluorescence), whereas 4B4-coated b1 integrins re-
mained internalized (Figure 3C, red fluorescence). The re-
sulting migratory phenotype was again characterized by
clustering of b1 integrins at attachment sites to collagen
fibers (Figure 3C, white arrowheads), shedding of b1 inte-
grins from the trailing edge (Figure 3C, black arrowheads),
and fiber traction at the leading (Figure 3C right, top white
arrow) and trailing edge (Figure 3C, bottom), as seen in
spontaneously migrating MV3 cells. The internalization of
receptor–mAb complexes in the process of migration was
not a consequence of blocking, because integrins coated with
nonblocking mAb K20 were equally internalized (Figure 3F,
red fluorescence), which was reminiscent of migration-asso-
ciated recycling of receptor–membrane complexes in other
cells (Bretscher, 1996). Because continuous internalization of
mAb-coated cell surface receptors and the reappearance of
mAb-free b1 integrins greatly interfered with mAb blocking
efficiency in migrating MV3 cells, all subsequent experi-
ments were performed after prelabeling of the cells followed
by addition of mAb to the collagen lattice and supernatant
likewise. If blocking mAb 4B4 (10 mg/ml) was permanently
present in the lattice, a more pronounced and prolonged
inhibition of migration was obtained (Table 1) that persisted
for .48 h.

MV3 Cell Migration Is Dependent on a2b1 but Not
on Other Integrins
To identify integrin a chains involved in MV3 migration and
associated matrix remodeling, blocking mAb against a2, a3,
a5, a6, and av integrins were used alone and in combina-
tion. Blocking anti-a2 integrin mAbs 6F1 and P1E6 signifi-
cantly reduced the percentage of cells locomoting as well as
percentage of time locomoting (Table 1) but not, however,
migration velocity of residually migrating cells. The inhibi-

Figure 1. b1 integrin and CD44 surface expression on MV3 mela-
noma cells incorporated into 3-D collagen lattices. Cells were culti-
vated for 14 h in liquid culture (gray area) or within collagen lattice
(solid black line), followed by incubation in collagenase and stain-
ing with mAbs 4B4 (b1 integrin) or Hermes-1 (CD44) (gray line:
isotypic control). Compared with cells cultivated in liquid culture
CD44 but not b1 integrin, expression was up-regulated after 14 h of
culture in collagen lattices. Additionally, high levels of a3 integrins
(fluorescence intensity: 2–6 3 102) and moderate staining of a5, a6,
and av integrins were detected (0.5–1 3 102), which is in accordance
with previously published data (Klein et al., 1991b; Danen et al.,
1993; Goebeler et al., 1996).
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tory effect of mAb 6F1 was comparable with anti-b1 integrin
mAb 4B4, whereas mAb P1E6 was less efficient. Blocking of
other a-chains, including a3, a5, a6, and av, did not inhibit
migration or increase the effect of blocking anti-a2 mAb.

HA Promotes MV3 Cell Migration on 2-D Surface
but Not in 3-D Collagen Lattices
The CD44 ligand HA is ubiquitously distributed throughout
interstitial tissues, forming soft interconnected lattices (Scott,
1995). With respect to HA binding, CD44 can exist in three
functional states: nonactivable, activable (e.g., by substrate,
mAb, or cytoplasmic serine phosphorylation), and constitu-
tively active (Peck and Isacke, 1998). If seeded onto HA-
coated coverglass, .95% of MV3 cells attached and spread
on the substrate (Figure 4A) in a time-dependent manner,
suggesting that CD44 was either constitutively active or
inducible in MV3 cells. Subsequently, time- and dose-depen-
dent induction of haptokinetic migration was seen on HA-
coated substrate, as compared with cells on uncoated sub-
strate (Figure 4, A and B). Both the number and time of cells
locomoting and their velocities were increased, resulting in
increased migration speed (Figure 4C). Haptokinetic migra-
tion on HA, but not on uncoated glass, was significantly
reduced, although not completely blocked by anti-CD44
mAb Hermes-1, which is consistent with previously pub-
lished data (Thomas et al., 1992; Goebeler et al., 1996).

In vitro, HA spontaneously aggregates, forming multi-
meric branched strands (Scott et al., 1991), binds to fibrillar
collagen (Turley et al., 1985), and is further multimerized
and stabilized by cross-linking CS, resulting in increased
biomechanical resistance of the lattice (Nishimura et al.,
1998). For constitution of multicomponent lattices, HA and
CS were used in concentrations found in interstitial tissues
(see MATERIALS AND METHODS). In contrast to migra-
tion on 2-D HA-coated surfaces, no alteration in spontane-
ous MV3 cell locomotion was observed in 3-D collagen
matrices supplemented with HA in the absence or presence
of CS, as determined by the number of locomoting cells
(Figure 5A) and their velocities (Figure 5B). The lack of
HA-induced migration was present in highly purified HA as
well as in high molecular weight HA (3.5–5 3 106 Da; Figure
5, C and D) for a wide dose range (Figure 5D).

CD44 Neither Supports Migration within Three-
Component Matrices Consisting of Collagen, HA,
and CS, nor Restores Migration after b1 Integrin
Blocking
Blocking of the HA-binding epitope of CD44 by mAb
Hermes-1 did not affect migration, regardless of whether
native 3-D collagen lattices or lattices supplemented with
HA or HA and CS were used (Figure 6A). Neither increased
mAb concentration (40 mg/ml) or incubation with Hermes-3
(detecting a different non-HA–binding epitope) nor varia-
tions in HA concentrations (Figure 6B) or the use of high
molecular weight HA (Figure 6C) resulted in altered migra-
tion. These data indicate that the CD44 Hermes-1 epitope,
despite its established function in HA-mediated motility on
planar surfaces, may not be involved in the migration of
MV3 cells, if a 3-D multicomponent ECM is used.

To rule out that in contrast to migration across HA, CD44
function in 3-D collagen substrate may be masked by exten-

Figure 2. Inhibition of MV3 cell migration in 3-D collagen lattices by
adhesion-perturbing anti-b1 integrin mAb 4B4 (A, B, and D), but not
by nonblocking mAb K20 (C). Paths of individual cells were digitized,
and the percentage of cells locomoting from step to step was obtained.
Cumulative percentage of cells locomoting and fraction of time loco-
moting (B, white bars: control; black bars: mAb 4B4) and representative
cell morphologies (D) were obtained for the time period of steady-state
locomotion indicated in A (u—u). Cells were preincubated with mAb (10
mg/ml) or PBS, washed, and embedded within the collagen matrix. No
additional mAb was added to the lattices (A–C), except in D, which
contained additional mAb 4B4 in the supernatant. Data represent the
mean values (1SD) of three independent experiments (120 cells in
total). Asterisks indicate significant differences for P , 0.05. (D) Polar-
ized cell morphology (white arrowheads) was abolished in the pres-
ence of mAb 4B4, as detected from video recordings. Black and white
cells correspond to cells at different level in depth within the collagen
lattice. Bar, 100 mm.
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sive b1 integrin-mediated motility, MV3 cell migration in
HA-containing collagen lattices was investigated in the pres-
ence of mAb 4B4; however, similar to native collagen (Figure
2), the presence of HA or CS, or both, had no supportive
effect on mAb 4B4-impaired migration in lattices containing
highly purified (Figure 6D) or high molecular weight HA
(Figure 6C). Hence, despite abolished integrin-mediated mo-
tility and the availability of HA substrate, CD44 did not
compensate for the loss of b1 integrin function via HA-
mediated interactions.

Stimulation of Adhesion to Collagen by Anti-b1
Integrin mAb 8A2 Results in Cell Immobilization
In non-neoplastic fibroblasts, optimal migration rates are
reduced after 1) disruption of substrate adhesion leading to

reduced maximal traction forces and, ultimately, detach-
ment or rounding up of the cells as well as 2) increased
attachment strength resulting in delayed detachment and
reduced migration (Horwitz and Lauffenburger, 1996; Hut-
tenlocher et al., 1996; Palecek et al., 1997). In MV3 cells
similar to other tumor cells, blocked substrate attachment
leads to detachment-related loss of traction forces, polariza-
tion, and migration (compare Figure 3B); however, it is not
known whether neoplastic cells migrating in 3-D matrices
cease migration if attachment is increased or whether more
versatile compensatory de-adhesion strategies exist, such as
CD44-mediated detachment (Knudson, 1998), to rescue mi-
gration. To monitor attachment-related changes in migration
without changing collagen ligand density (which would
increase fiber density and physical matrix resistance), MV3

Figure 3. Distribution of b1 integrins (left) and corresponding interactions with collagen fibers (right) after incubation with blocking mAb
4B4 and nonblocking mAb K20. MV3 cells were incubated with mAb 4B4 (A–C) or nonblocking mAb K20 (D–F), additionally stained with
LRSC-conjugated F(ab)9 fragments (red fluorescence), washed, and subsequently embedded into the collagen lattice. Samples were incubated
for 0 h (A and D), 2 h (B and E), or 24 h (C and F) at 37°C, fixed, and stained again with FITC-conjugated anti-b1 integrin mAb 4B4 (green
fluorescence). Red color (A and B) indicates low secondary staining intensity by green mAb 4B4 caused by previous occupation of existing
epitopes by 4B4–LRSC conjugates. Yellow color (D and E) indicates the superimposition of K20 (red) and 4B4 staining (green) detecting
different epitopes on the b1 chain. Bar, 20 mm.
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cells were incubated with adhesion-inducing anti-b1 inte-
grin mAb 8A2 (Kovach et al., 1992) 3 h after the onset of
migration (Figure 7A, black arrow). mAb 8A2 induced a

progressive loss of the number of locomoting cells. This
inhibition was similarly effective as described for mAb 4B4;
however, in contrast to reduced substrate binding and de-

Table 1. Function of different integrin a-chains and b1 integrins in MV3 cell migration

Cells locomoting (%) Time locomoting (%)

Control mAb Control mAb

a2 (1) 83 6 4 28 6 7*** 38 6 3 20 6 2***
a2 (2) 88 6 14 58 6 13*** 46 6 7 36 6 7**
a2 (1, 2) 88 6 14 27 6 4*** 46 6 7 30 6 4***
a2 (1, 2) 1 a3 93 6 5 30 6 8*** 48 6 8 24 6 3***
a2 (1, 2) 1 av 97 6 1 40 6 9*** 50 6 4 34 6 7***
a2 (1, 2) 1 a3 1 av 97 6 1 38 6 1*** 50 6 4 28 6 5***
a2 (1, 2) 1 a3 1 a5 1 a6 1 av 93 6 6 46 6 18*** 45 6 8 26 6 4***
a3 88 6 14 86 6 13 46 6 7 48 6 7
av 88 6 14 95 6 5 46 6 7 45 6 5
b1 88 6 3 23 6 5*** 39 6 3 17 6 4***

Cells were preincubated with mAbs (10 mg/ml), and mAbs were additionally added to the medium during and after polymerization of the
collagen matrix. Steady-state locomotion was observed for at least 15 h and calculated from single-cell analysis as cumulative percentage of
cells locomoting and time locomoting (means of three independent experiments 6 SD). Significant differences of mAb treatment versus
control cells are indicated by asterisks (** P , 0.001, *** P , 0.0001). mAbs: a2 (1), 6F1; a2 (2), P1E6; a3, P1B5; a5, SAM-1; a6, GoH3; av, 17E6;
b1, 4B4.

Figure 4. HA-induced migration on 2-D substrate is inhibited by mAb Hermes-1. Shown are individual cell paths at their actual position
(A, n 5 40 randomly selected cells), time-dependent migration speed (B), and migratory variation within the populations (C) in the presence
or absence of mAb Hermes-1 (10 mg/ml). One representative out of at least two experiments is shown.
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velopment of spherical morphology in the presence of mAb
4B4 (Figure 3B), mAb 8A2 favored a highly polarized mor-
phology, pronounced traction, and bundling of collagen
fibers and integrin clustering for .24 h (Figure 7C). This
sustained fiber binding resulted in delayed cell detachment
(as detected from time-lapse video recordings) and, conse-
quently, decreased migration velocity (Figure 7B). Hence,
reduction (4B4) and induction (8A2) of adhesion to collagen
fibers impaired MV3 cell migration by different mecha-
nisms, both of which were not compensated by CD44 func-
tion.

DISCUSSION

b1 integrins and CD44 mediate adhesion to ubiquitously
expressed ECM ligands collagen and HA, respectively, and

hence are important candidate receptors for cell migration
through the tissue. In many tumors, both collagen and HA
are detected at the interface between invading tumor cells
and the surrounding host tissue, as well as within the tumor
(Yeo et al., 1996), potentially acting as a localized promigra-
tory matrix (Knudson, 1996). The adhesive function of b1
integrins and CD44 in cell migration is well established for
cellular locomotion on planar surfaces consisting of isolated
ECM ligands (Thomas et al., 1992; Goebeler et al., 1996);
however, circumstantial evidence suggests major differences
in b1 integrin and CD44 usage in cell motility. b1 integrins
cluster upon ligand binding to initiate the formation of focal
contacts (Regen and Horwitz, 1992; Horwitz and Lauffen-
burger, 1996), whereas CD44 remains diffusely distributed
and nonclustered and appears to be excluded from focal
contacts in migrating cells (Friedl et al., 1997; Ladeda et al.,
1998). In some cells, CD44-related motility is even seen
independent of precoated HA substrate (Birch et al., 1991),
suggesting substrate-independent mechanisms. Neverthe-
less, although not yet formally proven, CD44 function in cell
migration—analogous to b1 integrin function—was pro-
posed to result from direct attachment-driven interaction
with ECM components, most notably HA (Bartolazzi et al.,
1994; Knudson, 1996), followed by coupling of CD44 to the
actin cytoskeleton (Peck and Isacke, 1998).

Previously, increased migration of melanoma cells on HA-
covered surfaces was correlated with high CD44 expression
induced by either CD44 overexpression after transfection
(Thomas et al., 1992) or naturally occurring differences in
endogenous CD44 expression (Goebeler et al., 1996). When
HA served as the sole substrate mediating attachment to 2-D
substrate such as HA-coated transwell chambers or cover-
glass, CD44-dependent migration was consistently de-
creased by mAbs directed to the Hermes-1 epitope, the
putative HA binding site of human CD44 (Jalkanen et al.,
1987; Thomas et al., 1992; Goebeler et al., 1996) as well as by
other blocking anti-CD44 mAbs in murine cells (Ladeda et
al., 1998). Additional non–Hermes-1 epitopes appear to fa-
cilitate migration if surfaces are coated with HA associated
with reconstituted basement membrane (Koochekpour et al.,
1995; Radotra and McCormick, 1997). Hence, an HA-depen-
dent promigratory function of CD44 in haptokinetic migra-
tion, as confirmed in the present study using time-lapse
videomicroscopy, as well as the interaction of CD44 with the
actin cytoskeleton, is generally accepted (Lokeshwar et al.,
1994; Tsukira et al., 1994); however, the precise promigratory
mechanism remains unresolved. In most cases, in particular
if HA is combined with chemoattractants and/or complex
ECM (Radotra and McCormick, 1997), it is unclear whether
the antibody simply blocked CD44-matrix interactions (Kin-
cade et al., 1997) or whether HA-mediated CD44-ligation
initiated a cytokine cascade or other responses rather than
simply acting as an anchoring matrix. This latter notion is
supported by our finding that contact-dependent HA-in-
duced migration was a time-dependent delayed process de-
veloping independent of the onset of cell attachment and
spreading. In the presence of anti-CD44 mAb Hermes-1,
reduced migration was accompanied by persistent cell-sub-
strate interaction, polarization, ruffling of filopodia, and
spreading (Wolf and Friedl, unpublished observations, as
detected from video recordings). Here, the mechanism of
HA-mediated motility on 2-D surfaces greatly differs from

Figure 5. Effect of highly purified (A, B, and D) and high molec-
ular weight HA (C and D) on MV3 cell migration within multicom-
ponent matrices. Cells were embedded within matrices consisting of
fibrillar collagen (col), or collagen supplemented with HA (1 mg/
ml) (col1HA), or HA (1 mg/ml) and CS (20 mg/ml) (col1HA1CS).
The spontaneous baseline migration in collagen as compared with
multicomponent matrices was obtained from n 5 3 independent
experiments (A, 120 cells in total). C represents 40 cells (one repre-
sentative experiment for n 5 2). (B) Box plot analysis of cumulative
velocities at the single-cell level, as derived from A. The lines within
the boxes indicate the medians, and boxes represent range from 25th
to 75th percentiles. Further scattering is indicated by whiskers (in-
dicating values within 1.5 3 box-length range), and extreme scat-
tering values are indicated individually (F). (D) For dose–response
to HA, the mean speed 6 SD was assessed (40 cells, one represen-
tative experiment).
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integrin-mediated haptokinetic migration, the blocking of
which results in reduced substrate adhesion, loss of polar-
ization, and acquisition of a detached, spherical cell shape.

Two major differences exist between 2-D and 3-D tissue
substrates, namely 1) the degree of polymerization and sub-
strate rigidity to provide sufficient binding strength and 2)
the biomechanical resistance imposed by 3-D tissues not
present in 2-D models. These differences may force cells to
develop different levels in attachment strength or deforma-
tion of the cell body. On 2-D surfaces, HA forming long and
branched strands sticks to the surface, providing a highly
stable and presumably nondeformable anchoring structure
(Scott et al., 1991). In 3-D tissues, however, HA forms thick
fibrillar aggregates 10–40 nm in diameter that multimerize
to 3-D honeycomb-like networks starting at a low dilution of
,1 mg/ml (Scott et al., 1992; Scott, 1995) and a low molecular

weight of 300 kDa (Scott et al., 1992). HA self-assembly
results in elastic gel-like meshworks that can occur indepen-
dent of other ECM components (Scott et al., 1991). HA also
interacts with and branches other ECM components such as
collagen fibers (Turley et al., 1985; Scott et al., 1992), thereby
potentially serving as a proadhesive substrate (Scott, 1995).
Efficient interpenetration and immobilization of HA in col-
lagen lattices are supported by ultracentrifugation data
showing a considerably greater mechanical stability and
resistance to compression in the presence of HA (Fessler,
1960). The polysaccharide CS additionally cross-links HA
monomers to form stable heteroduplexes (Scott et al., 1992),
thereby increasing HA polymer rigidity (Nishimura et al.,
1998). CS at physiological concentrations (5–40 mg/ml), as
detected in dermis or cartilage, does not self-assemble (Scott
et al., 1991 and 1992), but increases the viscosity of HA gels

Figure 6. CD44-independent baseline migration (A and B) and lack of CD44-mediated migratory restoration after blocking of b1 integrin
function (C and D). Experiments were performed as described in Figure 5. Cells were preincubated with blocking mAbs (anti-CD44 mAb
Hermes-1 and anti-b1 integrin mAb 4B4; 10 mg/ml) or PBS, embedded within the different matrices, and mAb was additionally added to
supernatant and matrix. (B) Mean steady-state values of baseline velocity (‚) and percentage of migrating cells (M) in the absence (open
symbols) or presence (closed symbols) of mAb Hermes-1. Data represent 120 cells (n 5 3 experiments) in A and D and one representative
experiment for n 5 2 (B and C).
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by two- to threefold (Nishimura et al., 1998), avidly interacts
with collagen substrate, and stabilizes the collagen triple-
helical structure (Comper and Laurent, 1978). In the
present study, addition of CS to collagen markedly in-
creased collagen fiber bundling in the presence or absence
of HA, as detected by phase-contrast and confocal reflec-
tion microscopy (Wolf and Friedl, unpublished observa-
tions). This suggests an impact of CS on collagen fiber
assembly, however, that did not interfere with or support
MV3 cell migration. Last, spontaneous HA binding to
fibrillar collagen (Turley et al., 1985) is thought to be
strengthened by CS (Rudzki and Jothy, 1997) without
interfering with CD44 –HA interaction (Samuelsson and
Gustafson, 1998). To summarize current knowledge on
spontaneous matrix assembly, multi-component lattices
consisting of a collagen backbone supplemented with
highly purified or high molecular weight HA or CS, or
both, should provide a 3-D substrate suitable for simul-
taneous availability of interconnected ECM ligands.

Within such matrices, however, MV3 migration was domi-
nated by integrin a2b1, whereas no synergistic or residual
promigratory function was obtained by CD44, HA, or CS.
Concomitant with migration, other important migration-asso-
ciated cell functions were blocked by anti-a2 or -b1 integrin

mAbs but not by mAb Hermes-1, including cell polarization,
fiber traction and reorganization (Friedl et al., 1997), collagen
gel contraction (Klein et al., 1991a; Maaser and Friedl, unpub-
lished observations), and the shedding of b1 integrins and
CD44 into the lattice (Regen and Horwitz, 1992; Friedl et al.,
1997). These findings suggest that all of these events are func-
tionally interconnected, dependent on a2b1 integrins, and not
compensated by CD44–HA interactions. In addition to HA,
CD44 has been observed to display affinity for CS (Aruffo et al.,
1990); however, a promigratory function of CS was absent in
both spontaneous locomotion as well as in cells after mAb 4B4
treatment. Hence, despite its abundant expression on MV3
cells and its promigratory action in MV3 cell migration across
HA-coated surfaces, we found no indication for force-generat-
ing effects provided by CD44 interacting with HA or CS if a 3-D
network of interconnected ECM ligands was used.

The lack of promigratory CD44 function in MV3 cells in vitro
is in line with data from gene disruption experiments in vivo.
MDAY-D2 lymphosarcoma cells lacking CD44 expression fully
retain their invasive capacity into subcutaneous tissue and
metastasis as compared with parental CD44-positive
MDAY-D2 wild-type cells (Driessens et al., 1995). Similarly, in
highly metastatic pancreatic carcinoma cells, CD44 variant
binding to HA does not contribute to in vivo invasion and
metastasis, as shown by hyaluronidase transfection resulting in
undiminished metastasis despite a loss of the cellular capacity
to bind HA (Sleeman et al., 1996). Although CD44 mediates
cancer cell migration across surfaces via recognition of HA, the
present negative findings raise the question of how CD44
function actually contributes to tumor biology. Several obser-
vations argue against a direct CD44-related function in the
migratory, hence force-generating, action per se: 1) CD44 is
excluded from focal contacts (Friedl et al., 1997), and 2) contin-
uous cell spreading on HA is present even after Hermes-1
binding; 3) HA forms lattices of high elasticity and water
content that may not provide the sufficient substrate rigidity
that is required for anchoring CD44 in cooperation with inte-
grin function. Other established CD44 functions may contrib-
ute to tumor progression both in vitro and in vivo. These
functions include 1) CD44-mediated signaling and activation of
a multigenic invasion program (Entwistle et al., 1996; Lamb et
al., 1997) and tumor growth (Bartolazzi et al., 1994), 2) capture
of growth factors and chemokines (Radotra and McCormick,
1997), 3) facilitation of detachment and CD44 cleavage (Friedl,
1997), e.g., by matrix-metalloproteinases (Okamoto et al., 1999),
4) CD44-mediated degradation of HA and removal of tissue
barriers (Cultry et al., 1994), 5) enhanced transendothelial mi-
gration and extravasation (Koochekpour et al., 1995), 6) protec-
tion against immune defense by assembling a pericellular HA-
containing matrix coat (Knudson, 1998), and 7) the prevention
of apoptosis (Yu et al., 1997). In conclusion, CD44, in contrast to
b1 integrins, is unlikely to mediate physically integrated recep-
tor–ligand interactions in the migratory action.

Migration was inhibited by adhesion-blocking mAbs against
the b1-chain as well as the a2-chain, confirming the contribu-
tion of both integrin chains to bind not only unpolymerized
collagen, as used in many studies, but also multimeric fibrillar
collagen exhibiting fiber diameters of up to 0.5 mm. The differ-
ence between mAb 6F1- and P1E6-mediated inhibition of mi-
gration correlates with their capacity to block cell adhesion to
collagen. Both mAbs bind to the I-domain of the a2 chain
comprising residues 173–259 (Kamata et al., 1994), which was

Figure 7. Effect of adhesion-inducing anti-b1 integrin mAb 8A2 on
MV3 cell migration (A and B), b1 integrin distribution (C, left), and
interaction with collagen fibers (C, right). MV3 cells were embedded
into collagen lattices. Three hours after the migratory onset mAb
8A2 was added to the supernatant (A, black arrow). After 24 h,
samples were fixed, and 8A2-coated b1 integrins were stained with
secondary LRSC-conjugated F(ab)9 fragments. Fluorescence (C, left)
and reflection images (C, right) were detected by confocal micros-
copy. b1 integrin clustering and corresponding interactions with
collagen fibers are indicated by white arrowheads. Bar, 20 mm.
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described as a ligand recognition and adhesion-promoting re-
gion (Kamata et al., 1994). Although exact epitope mapping as
well as the relative binding efficiency to fibrillar rather than
monomeric collagen remain to be established, mAb P1E6-in-
duced inhibition of cell adhesion to the collagen-coated surface
is incomplete (Carter et al., 1990) and appears less efficient if
compared with mAb 6F1 (Coller et al., 1989; Kamata et al., 1994).

MV3 cells were shown to additionally express the alter-
native collagen receptors a3b1 and avb3 integrins, poten-
tially contributing to migration in 3-D collagen lattices (Haas
and Plow, 1994; Mitjans et al., 1995; Lauer et al., 1998);
however, the central function of a2b1 integrin in MV3 cell
migration dominated over these other integrins. First, no
additional effect on residual motility was seen if all relevant
integrin a chains were simultaneously blocked, and second,
blocking of a2 integrins by a combination of two indepen-
dent blocking mAbs was as pronounced as seen in blocking
the common b1 chain, thus excluding alternative migration-
enhancing functions of these integrins. As a further possi-
bility, interaction of CD44 with type I collagen, which was
described as an alternative, low-affinity ligand for CD44
(Wayner and Carter, 1987; Knudson, 1998), was proposed to
support growth-dependent penetration of mammary epithe-
lial cell clusters into collagen gels (Iida and Bourguignon,
1997); however, using high-resolution time-lapse videomi-
croscopy, a promigratory function of CD44–collagen inter-
action was excluded in spontaneously migrating as well as
immobilized MV3 cells after blocking or activation of b1
integrins in native collagen matrices, excluding binding of
CD44 to collagen as a promigratory mechanism in this
model. In conclusion, the mechanism by which integrins—
however not CD44—promote MV3 cell migration through
3-D collagen and multicomponent lattices resides in their
adhesive and force-generating function, both of which were
antagonized by adhesion-perturbing mAb.

We also tested whether the migration of dedifferentiated
and highly invasive melanoma cells follows a similar, tightly
regulated migration program of intermediate adhesion as
proposed for non-neoplastic fibroblasts (Regen and Hor-
witz, 1992; Lauffenburger and Horwitz, 1996; Cox and Hut-
tenlocher, 1998) or whether alternative, potentially less co-
ordinated and more versatile mechanisms are used. The
haptokinetic migration model mostly established for b1 in-
tegrins predicts maximal migration rates at an intermediate
level of cell-substratum adhesion formed at the leading edge
and maintained throughout the cell body (Schmidt et al.,
1993; Cox and Huttenlocher, 1998). To achieve cell translo-
cation, attachment must be followed by coordinated detach-
ment from the trailing edge. In MV3 cells, both blocking of
adhesion by mAb 4B4 (resulting in spherical cell shape via
loss of cell–collagen fiber interaction) as well as induction of
a high-affinity binding state of b1 integrins by mAb 8A2
(leading to cell immobilization via long-term maintenance of
multipolar interaction to collagen fibers—hence a loss of
polarized detachment) led to a strong decrease in locomotor
activity. This confirms that both sufficient adhesion strength
coupled to pseudopod protrusion as well as polar detach-
ment (Regen and Horwitz, 1992; Palecek et al., 1997) are
rate-limiting processes for MV3 cell migration in 3-D colla-
gen lattices that are not compensated by CD44.

In conclusion, the mechanisms used by MV3 cells for
migration within a 3-D matrix partially correspond to the

integrin-dependent locomotory action of non-neoplastic
cells such as fibroblasts on planar surfaces, following the
paradigm of intermediate adhesion (Huttenlocher et al.,
1996; Lauffenburger and Horwitz, 1996; Palecek et al., 1997)
and transient high-affinity binding (Cox and Huttenlocher,
1998); however, in such a 3-D biomechanically demanding
multicomponent ECM, not only the biophysical architecture
but also the forces required to overcome biophysical matrix
resistance may greatly differ from 2-D haptokinetic migra-
tion models. Although some adhesivity mediated by CD44
on immobilized HA ligand may favor motility across sur-
faces, migration in 3-D tissues may follow more complex
principles, suggesting that careful reevaluation of promigra-
tory adhesion receptors, which were initially established for
2-D migration models, may yield a different order of hier-
archy for cell migration through 3-D interstitial tissue.
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Friedl, P., and Bröcker, E.-B. (1999). The biology of cell locomotion
within three-dimensional extracellular matrix. Cell. Mol. Life Sci. (in press).
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