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Abstract. The migration of cells is a complex regulatory
process which results in the generation of motor forces
through the reorganization of the cytoskeleton. Here we
present a comparative study of the expression and in-
volvement of myosin in the regulation of the physiologi-
cal migration of leukocytes and the pathological migra-
tion of tumor cells. We show that the involvement of
myosin in the migration is distinct in these two cell types.
In leukocytes, the activity of non-muscle myosin II is es-
sential for both the spontaneous (matrix-induced) migra-

tion and the migration induced by ligands to G protein-
coupled receptors, i.e. chemokines and neurotransmit-
ters. In contrast, spontaneous tumor cell migration is
largely independent of non-muscle myosin II activity,
whereas the norepinephrine-induced migration is com-
pletely inhibited by either direct inhibition of non-muscle
myosin II or of the kinases phosphorylating the myosin
light chain, namely ROCK or the calcium/calmodulin-de-
pendent myosin light-chain kinase.
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The interaction of myosin and actin is the essential event
for the contraction of muscle cells. For the movement of
single eukaryotic cells, e.g. leukocytes in the immune re-
sponse, fibroblasts in wound healing, and tumor cells in
invasion and metastasis development, the regulation of
actin has been elucidated in detail, e.g. its involvement in
focal adhesion contacts [1] and pseudopod development
[2], but considerably less attention has been paid to the
regulation of myosin. However, although there is a lack of
molecular data, current cell migration models consider
myosin to play a crucial role in the generation of migra-
tion forces [3-5].

Presently, 18 myosin isotype families are known, and 40
myosin genes belonging to 12 of these families are ex-
pressed in humans [6]. Myosin II isotypes are the con-
ventional motor proteins; they are ubiquitously expressed
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in muscle and non-muscle cells [7]. Myosins not only
play a role in cell contraction and cytokinesis, they have
other very diverse functions: myosin subtypes I and Va
function as motor proteins during particle uptake by
macrophages [8], and myosin Va plays a role in
melanosome transport in melanocytes [9]. Other myosins
are involved in the processes of hearing and seeing [10].
Besides myosin II, other myosin isotypes have been
shown to be involved in cell migration: myosin VI is re-
quired for the migration of border cells in Drosophila
melanogaster [11], and for the migration of fibroblasts
[12] and ovarian cancer cells [13]. Myosin VIIa plays an
important role in dynamic cell adhesion during migration
[14].

In striated muscles, the troponin-tropomyosin complex
regulates the interaction of myosin with actin and thereby
the force-generation [15]. In smooth muscle cells, this
complex is not expressed [16]. The activity of myosin II
in these cells as well as in non-muscle cells is regulated
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by the phosphorylation of the myosin light chain (MLC).
Here, two classes of enzymes are the key players: first,
the myosin light chain kinase (MLCK), which is activated
by calcium-calmodulin (CaM) [17], and second, the Rho-
kinase/Rho-dependent coiled-coil kinase (ROCK) [18].
The Rho-kinase/ROCK and related kinases such as the
citron kinase are activated by Rho [18, 19], which is a
monomeric G protein (a small GTPase). The activation of
myosin by Rho is an important signaling event in cytoki-
nesis, the final step in cell division [20].

Smith and co-workers have recently shown the spatially
segregated function of the MLCK and ROCK-I in the in-
tegrin-mediated migration of T lymphocytes [21]. Simi-
larly, these two types of kinases were found to regulate
myosin differentially in a hepatic stellate cell line [22],
and inhibitors of MLCK block the invasion of human
pancreatic cancer cell lines [23]. Furthermore, MLCK is
involved in the turnover of focal adhesions [24]. Focal ad-
hesions are a key structural element in the migration of
slow-moving cells such as fibroblasts and tumor cells [3].
Here, we investigated the regulation of myosin activity in
the migration of breast and prostate carcinoma cells com-
pared to the regulation in leukocytes, namely T lympho-
cytes and neutrophil granulocytes. From an understand-
ing of the migratory mechanisms in leukocytes and tumor
cells and their differences, selective inhibition of tumor
cell migration as the prerequisite for invasion and metas-
tasis development might be possible.

Materials and methods

Cell isolation and cell culture

Human cytotoxic T lymphocytes (CTLs) and neutrophil
granulocytes were isolated from peripheral blood [25]. In
the first isolation step, the peripheral blood mononuclear
cell (PBMC) fraction was separated from the erythro-
cyte/neutrophil granulocyte fraction by density-gradient
centrifugation using Ficoll-Hypaque (ICN, Meckenheim,
Germany). CTLs were isolated from the PBMC fraction
by a positive selection using immunomagnetic beads
coated with mouse anti-human CDS8 antibody (Dyn-
abeads; Dynal, Hamburg, Germany). The cell-bound
beads were detached with polyclonal anti-mouse Fab Abs
(Detachabead, Dynal). Isolated CTLs were maintained
overnight in RPMI culture medium (PAA, Linz, Austria),
10% heat-inactivated fetal calf serum (PAA) and 1%
penicillin/streptomycin (50 U/ml and 50 pg/ml; Gibco,
Eggenstein-Leopoldshafen, Germany) at 37°C in a hu-
midified atmosphere containing 5% CO,.

The pellet of the density gradient centrifugation contain-
ing the erythrocyte/neutrophil granulocyte fraction was
mixed with platelet-depleted serum of the same blood
donor, and subsequently diluted 1:1.3 with a high molec-
ular-weight dextran solution (Macrodex; Fresenius, Bad
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Homburg, Germany) containing 0.01 M EDTA. After 3 h
the supernatant containing the neutrophil granulocytes
was separated from the pellet containing the erythrocytes.
Remaining erythrocytes were removed by a hypotonic ly-
sis with 0.3% sodium chloride for 2 min on ice. The puri-
fied neutrophil granulocytes were used immediately after
isolation.

The human breast carcinoma cell line MDA-MB-468
(ATCC, Rockville, Mass.) was cultured in Leibovitz’s L-
15 culture medium (PAA) containing 10% heat-inacti-
vated fetal calf serum (PAA), and the human prostate car-
cinoma cell line PC-3 (DSMZ, Braunschweig, Germany)
was cultured in HAM’s and RPMI culture medium (1:1,
both obtained from PAA) containing 10% heat-inacti-
vated fetal calf serum. Both cell lines were kept ina 37°C
humidified atmosphere with 5% CO,.

Cell migration assay and data analysis

The migratory activity of the cells within three-dimen-
sional collagen lattices was recorded by time-lapse
videomicroscopy and analyzed by computer-assisted cell
tracking [25, 26]. In brief, 2 x 105 leukocytes or 6 x 10*
tumor cells were mixed with 150 pl carbonate-buffered
liquid collagen (pH 7.4, 1.63 mg/ml collagen type I;
Flow, McLean, Va.) containing minimum essential
Eagle’s medium (Sigma-Aldrich, Taufkirchen, Germany)
as well as the investigated substances. This mixture was
filled into self-constructed migration chambers [26], and
allowed to polymerize for 30 min at 37°C. The migration
chamber consists of a normal microscopic glass slide at
the base. On three sides, wax walls (vaseline and paraffin
in a 1:1 mixture) were applied and a cover slip was
mounted on top, resulting in a chamber of 10 mm X
10 mm x 0.5 mm. After polymerization of the collagen
lattice, the chambers were sealed with the wax mixture on
the fourth side, the migration of the cells was then
recorded for 1 h (leukocytes) or 12 h (tumor cells). For
analysis of the migration of tumor cells on two-dimen-
sional surfaces, the cells were directly placed on a glass
slide. Subsequently, chambers containing the cells were
constructed as described above.

To stimulate migratory activity, we used for each cell type
the most potent inducers of migration known. These were
the stromal cell-derived factor-1 (SDF-1, 1 pg/ml;
Biotrend Chemikalien, Cologne, Germany) for CTLs,
formyl-methionyl-leucyl-phenylalanine (fMLP, 10 nM;
Sigma-Aldrich) for neutrophil granulocytes, and norepi-
nephrine (10 uM; Sigma-Aldrich) for tumor cells [27].
The MLCK inhibitor ML-7 (Calbiochem-Merck, Bad
Soden, Germany) was used at 50 uM. The ROCK in-
hibitor Y-27632 (Calbiochem-Merck) was used at 10 uM.
Blebbistatin (Sigma) was used at 100 uM. None of the in-
hibitors influenced the viability of the cells at these con-
centrations, as analyzed by propidium iodide staining and
flow cytometry.
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After recording, the migration paths of 30 randomly se-
lected cells were digitized in 1-min intervals (leukocytes)
or 15-min intervals (tumor cells) as previously described
[25, 26]. The migratory activity was calculated for each
step as the portion of the cells (in percent), which was lo-
comotory active. All migratory activities shown in the
figures are mean values of three independent experiments
(for the leukocyte experiments, the cells of three different
blood donors were used); in the text we provide the mean
values and standard deviations (SD) at the steady-state
level of the observation period. The velocity (um/h) was
calculated as the average of the mean single-cell veloci-
ties at the periods of actual movement (excluding pauses).
Breaks are simply defined as periods in which the cells
were not motile. The mean break time was calculated as
the average of the duration of pauses per hour (minutes
breaktime per hour) of each single cell. Statistical signif-
icance of changes was calculated using Student’s t test.

Immunoblotting

The expression of myosin was analyzed by immunoblot-
ting. Cells were lysed in Laemmli sample buffer (10 min
at 95°C), and lysates of 5 x 10* tumor cells or 1 x 10°
leukocytes were applied to gel electrophoresis according
to Laemmli [28]. The proteins were transferred to an Im-
mobilion-P membrane (Millipore, Bedford, Mass.) and
immunoblotting was performed as described previously
[29]. For the detection of myosin, a mouse anti-myosin
antibody (clone 2F12.A9; Coulter-Immunotech, Mar-
seille, France) and a secondary horseradish peroxidase-
conjugated sheep anti-mouse antibody (Amersham Bio-
sciences, Freiburg, Germany) were used.

Reverse transcriptase-polymerase chain reaction

Total RNA was isolated from the leukocytes and tumor
cells using the NucleoSpin RNA II Kit (Machery&Nagel,
Dueren, Germany), and transcribed into cDNA in a re-
verse transcriptase reaction using oligo(dT) (Promega,
Mannheim, Germany) and M-MuLV reverse transcrip-
tase (Fermentas, St. Leon-Rot, Germany). The resulting
cDNA was amplified using a PCR profile consisting of a
3-min denaturation at 94°C and 35 cycles of 94°C for
60 s and 50—60 °C for 60 s depending on the primer se-
quence, followed by a 60 s (90 s for MYH9 and MYO7A)
elongation step at 72 °C. Myosin isotype-specific primer
sequences were: 5-TGG CTT GGG GAT TAA ACT
ACC-3"and 5’-CCT TTC CAA GCC ACA TGT TT-3’ for
the brush border myosin-I (MYO1A); 5-GAA ACA ATT
TGA TTC CAA AGT-3" and 5-GAT TGG TAC AGG
GTG CC-3’ for myosin-la (myrl, MYO1B); 5-TGT
GTGAGGTCA CCA CGT GT-3" and 5"-CCT GCT CAG
AAT CTG ATA CC-3’ for non-muscle myosin-Ila
(MYH9) [30]; 5-AGA CTT AGG TAC AAT TGC TCC
CC-3” and 5-GAG AGA CAA GTG CAG TTT AGA
GTC C-3’ for non-muscle myosin-1Ib (MYH10); 5’-CCT
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GTT TAG TGC AGA GGA GG-3’ and 5-AAA ATG
TGT CTT CAG CTG GC-5" for myosin-Va (MYO5A);
5’-TGT CAG CAT AACTCCTTG ATG T-3" and 5’-AGC
TTT GTA ATT CAG AAA TCC TTG-3’ for myosin-VI
(MYO6); 5’-TGA GAA TGT GCC GTT AGG-3’ and 5'-
CCA GGG GAA AAG AAG ATG-3" for myosin-VIla
(MYO7A) [31]. PCR products were detected by gel elec-
trophoresis (1.5% agarose; Roth, Karlsruhe, Germany)
and ethidium bromide staining.

Confocal laser-scanning microscopy

To analyze the intracellular distribution of actin, myosin,
MLCK and ROCK-1, collagen lattices containing tumor
cells and leukocytes were generated as described in the
‘Cell migration assay and data analysis’ section, with the
difference that the mixtures were not filled into the mi-
gration chambers but were mounted on cover slips. The
cover slips were placed in the wells of six-well plates. For
the staining of tumor cells on two-dimensional surfaces,
the cells were directly cultivated on cover slips. Immuno-
fluorescent staining was then performed as described pre-
viously [32]. For the staining, we used the following anti-
bodies: anti-MLCK goat polyclonal antibody (A-20),
anti-ROCK-1 goat polyclonal antibody (K-18; both Santa
Cruz Biotechnology, Heidelberg, Germany), and a rabbit
anti-non-muscle myosin II antibody (Sigma-Aldrich).
Filamentous actin was stained using Texas Red-conju-
gated phalloidin (Molecular Probes, Leiden, Nether-
lands). As secondary antibodies we used fluorescein
isothiocyanate (FITC)-conjugated rabbit anti-goat
(Zymed, San Francisco, Calif.) or goat anti-mouse anti-
bodies (Beckman Coulter, Krefeld, Germany).

Confocal laser-scanning microscopy was performed us-
ing a TCS-4D microscope (Leica, Bensheim, Germany)
as described previously [33]. Laser light of 488 and 568
nm was introduced. Both FITC and Texas Red fluores-
cences were detected in parallel, together with the trans-
mission light in order to visualize the morphology of the
cells. The confocal reflection contrast was used to visual-
ize the collagen fibers. The cells were scanned in the z-
axis by 1-um intervals. Fluorescence and reflection con-
trast images were processed by an overlay of all z-scans.

Results

Myosin isotype expression

The conventional non-muscle motor protein myosin II is
expressed in all cells we investigated, represented by a
prominent band at 205 kDa (fig. 1A). Beside this, neu-
trophil granulocytes abundantly express a myosin protein
of about 130/110 kDa, which is likely to be myosin I [34].
This protein is involved in phagocytic processes [35]. We
then investigated the expression of those myosin isotypes,
which were identified by immunoblotting (myosin I and
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Figure 1. Expression of myosin isotypes in carcinoma cells and
leukocytes. (4) Immunoblot analysis using a myosin antibody. (B)
PCR analysis using isotype-specific primer sequences.

II), as well as the expression of other myosin isotypes
with known function in the regulation of migration
(myosin Va, VI, and VIla) by RT-PCR (fig. 1B). Only the
expression of myosin VIIa was restricted to neutrophil
granulocytes, and the brush border myosin I was abun-
dantly expressed in neutrophil granulocytes, whereas the
other investigated cells revealed a weak expression of the
RNA for the brush border myosin I. Since myosin VlIla is
a very large protein of 2215 amino acids [36], the PCR
analysis supports the conclusion drawn above that the ex-
tra band in neutrophil granulocytes is due to brush border
myosin I expression.

Myosin in cell migration

Regulation of myosin by MLCK and ROCK

As described recently by the group of Nancy Hogg [21],
both kinases that phosphorylate myosin — MLCK and
ROCK - regulate the attachment and detachment of T
lymphocytes on an ICAM-1-coated surface and are thus
supposed to be involved in the regulation of migratory ac-
tivity of these cells. Accordingly, at the same concentra-
tion range that was used by Hogg and colleagues [21], we
found that the inhibition of ROCK by the specific in-
hibitor Y-27632 (10 pM) reduced the matrix-induced,
spontaneous migration from 8.3+£9.8% to 3.443.5% loco-
moting cells and led to a significant (p = 0.015) down-
regulation of the migration induced by the chemokine
SDF-1 from 76.7+19.8% to 14.6+£15.9% locomoting
cells (fig. 2A). Likewise, inhibition of MLCK with the
specific inhibitor ML-7 (50 uM) led to a downregulation
of the matrix-induced, spontaneous migration from
14.5£12.7% to 1.0£1.4% locomoting cells and to a sig-
nificant (p < 0.001) downregulation of the SDF-1-in-
duced migration from 78.7+5.5% to 3.2+5.1% locomot-
ing cells (fig. 2C). Among the myosin isotypes expressed
in non-muscle cells, the type I myosins are the conven-
tional motor proteins. We used blebbistatin at a concen-
tration (100 uM) which has been shown to elicit maximal
inhibitory effects: this concentration inhibited almost
90% of the maximal ATPase activity of human non-mus-
cle myosin Ila and b [37], and reduced the filter transmi-
gration of pancreatic adenocarcinoma cells in a Boyden
chamber assay by 80% and more [38]. The spontaneous
migration was completely inhibited by treatment of the
CTLs with the non-muscle myosin II inhibitor blebbis-
tatin (from 7.4+1.6% to 0.7+0.1% locomoting cells; p =
0.02) and after 1 h, the SDF-1-induced migration was re-
duced to the spontaneous activity (from 81.64+9.5% to fi-
nally 7.7+13.5% locomoting cells; p = 0.01; fig. 2E).

In contrast to CTLs, inhibition of ROCK with the same
concentrations of Y-27632 (10 uM) only marginally af-
fected the migration of neutrophil granulocytes (fig. 2B):
fMLP-induced migration was only slightly reduced from
63.6+£7.9% to 56.2+3.1% locomoting cells, and the spon-
taneous, matrix-induced migration remained almost un-
changed (from 9.84+4.9% to 7.2+3.8% locomoting cells).
Similar to CTLs, inhibition of the MLCK in neutrophil
granulocytes strongly inhibited the fMLP-induced migra-
tory activity from 61.2+6.9% to 34.8+£23.8% locomoting
cells (fig. 2D). However, this reduction did not reach sta-
tistical significance (p = 0.19) because of a high SD in the
ML-7 treated population. Likewise, the spontaneous mi-
gration of neutrophil granulocytes was reduced by ML-7
(from 10.746.4% to 4.243.5% locomoting cells; fig. 2D).
Similar to CTLs, in the neutrophil granulocytes, inhibi-
tion of non-muscle myosin II activity by blebbistatin
completely prevented the spontaneous migration (from
9.84+6.7% to 2.8+1.1% locomoting cells) and reduced the
fMLP-induced migratory activity down to the sponta-
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Figure 2. Effects of MLC phosphorylation inhibitors and of the non-muscle myosin II inhibitor blebbistatin on the migration of CTLs (4,
C, E) and neutrophil granulocytes (NG) (B, D, F). In 4, B, ROCK was inhibited using 10 uM Y-27632. C, D the MLCK was inhibited us-
ing 50 uM ML-7. E, F non-muscle myosin II activity was inhibited using 100 uM blebbistatin.

neous level (from 62.84+27.5% to 15.8+19.8% locomot-
ing cells; fig. 2F). In summary, these results underscore
the important role of non-muscle myosin II in leukocyte
migration.

In contrast to the leukocytes, both MLC inhibitors (ML-
7 and Y-27632) only partially reduced the migration of the
tumor cells (fig. 3). Inhibition of ROCK by Y-27632 only
slightly reduced the spontaneous migration of the MDA
cells from 46.1£17.1% to 34.0+£5.3% locomoting cells,
but significantly (p = 0.005) reduced the norepinephrine-
induced migration from 59.2+3.2% to 38.3+4.7% loco-
moting cells (fig. 3A). Likewise, inhibition of the MLCK
by ML-7 reduced the spontanecous migration of the
MDA cells from 41.749.5% to 36.0+12.8% locomoting
cells, but the norepinephrine-induced migration from
58.6£10.2% down to 41.4+3.2% locomoting cells (fig.

3C). Thus, the norepinephrine-induced migration of
MDA cells was reduced to spontaneous (control) levels,
but the spontaneous migratory activity was only margin-
ally affected. The use of the two inhibitors in combination
did not further reduce the migratory activity but led to the
same effect as was observed for each inhibitor alone (data
not shown).

Although the overall migration activity of cells of the
prostate carcinoma cell line PC-3 was much lower than of
the MDA cells, we obtained similar results with the in-
hibitors ML-7 and Y-27632 (fig. 3B, D). An inhibition of
ROCK in PC-3 cells reduced the spontaneous migration
from 19.2+2.5% to 13.042.7% locomoting cells as well
as the norepinephrine-induced migration from
27.1+£7.6% to 12.2+1.7% locomoting cells (fig. 3B).
Inhibition of MLCK did not influence the spontaneous
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Figure 3. Effects of MLC phosphorylation inhibitors and of the non-muscle myosin II inhibitor blebbistatin on the migration of MDA-MB-
468 breast carcinoma cells (MDA) (4, C, E) and PC-3 prostate carcinoma cells (B, D, F). Note: the scale of the y-axis is different in
the graphs of MDA and PC-3 cells. 4, B ROCK was inhibited using 10 uM Y-27632. C, D MLCK was inhibited using 50 uM ML-7.
E, F non-muscle myosin II activity was inhibited using 100 uM blebbistatin.

migration (control = 19.0£1.9% locomoting cells vs
20.8+4.3% locomoting cells after ML-7 treatment), but
significantly (p = 0.02) reduced the norepinephrine-in-
duced migration from 36.3+6.4% locomoting cells to
spontaneous migration activity, 17.3+3.0% locomoting
cells (fig. 3D).

Since the inhibition of MLCK and ROCK did not com-
pletely impede the migratory activity of the tumor cells,
we investigated whether the non-muscle myosin 1II is in-
volved in the spontaneous or norepinephrine-induced mi-
gration of these cells. In accordance with our results on
the inhibition of the MLC phosphorylating kinases, bleb-
bistatin negated the promigratory effect of norepineph-
rine in both tumor cell lines (from 61.5+8.6% to
31.745.0% locomoting cells in MDA cells, p = 0.01, fig.
3E; and from 35.0+8.2% to 11.14+3.8% locomoting cells

in PC-3 cells, p = 0.02, fig. 3F), whereas the spontaneous
migration was only partially influenced (MDA control =
37.3£10.9% and blebbistatin = 27.2+0.9% locomoting
cells, fig. 3E: PC-3: control = 17.8+1.2% and blebbistatin
= 14.4+10.5% locomoting cells, fig. 3F).

Further analysis of the migration behavior showed that
the velocity of migration increased in both cell lines
(MDA: from 12.6£3.7 um/h to 26.9+2.0 pm/h; PC-3:
from 12.1£0.1 um/h to 19.548.1 um/h), which was, how-
ever, only significant in MDA cells (fig. 4A, B). Like-
wise, the duration of breaks per hour performed by the
cells between phases of migratory activity was reduced
by norepinephrine treatment (MDA:: from 43.2+3.2 min/h
to 22.9+5.7 min/h; PC-3: from 44.6+0.8 min/h to
35.7+10.7 min/h; fig. 4C, D). Treatment with blebbistatin
alone had no effect on the migratory behavior of MDA
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Figure 4. Analysis of the velocity (um/h; 4, C) and break duration (min/h; B, D) of the migration of MDA-MB-468 breast carcinoma cells
(MDA) (4, C) and PC-3 prostate carcinoma cells (B, D) deduced from the migration experiments shown in figure 3. Columns show the
mean values and SD of three independent experiments (in total 90 individual cells were analyzed per sample).

cells (velocity 11.3+0.1 um/h and breaktime 44.5+0.1
min/h; fig. 4A, C), and only slightly affected the migra-
tion of PC-3 cells (velocity 7.5+0.1 um/h and breaktime
52.04+0.5 min/h; fig. 4B, D). However, according to the
reduction of migratory activity, blebbistatin completely
abolished the norepinephrine effect (MDA: velocity
11.6£1.0 pm/h and breaktime 41.74+2.2 min/h; PC-3:
velocity 8.3+1.2 um/h and breaktime 54.2+0.9 min/h,
fig. 4).

Intracellular distribution of actin, myosin, MLCK
and ROCK-1 in tumor cells

Immunostaining of non-muscle myosin II in tumor cells
revealed a cortical localization in migrating tumor cells
(figs. SA, 6A, second column), which resembles, but is
however not identical to the distribution of filamentous
actin (figs. SA, 6A, third column). The migrating tumor
cells interact tightly with the surrounding matrix, which
leads to a remodeling of the collagen network (e.g.,
bundling of fibers). At certain matrix contact sites of the
cells, high cellular concentrations of non-muscle myosin
II were co-localized with high concentrations of filamen-
tous actin (white arrowheads), whereas at some other ma-
trix contact sites, only higher amounts of filamentous
actin, but not of myosin were found (red arrowheads). We
made similar observations for the intracellular distribu-
tion of MLCK (figs. 5B, 6B) and ROCK-1 (figs. 5C, 6C).

Furthermore, in the three-dimensional collagen system,
the migrating tumor cells did not develop any stress
fibers, a phenomenon which is frequently observed in
two-dimensional systems (fig. 7). On the glass surface,
the cells spread but did not develop any migratory activ-
ity (data not shown).

Discussion

Migration is a cell function which is tightly regulated by
extracellular signal substances. These migration-induc-
ing signals are either provided by the surrounding (colla-
gen) matrix via integrin receptors [39, 40], or by soluble
signal substances. One large family of such substances
are the ligands to serpentine receptors or G protein-cou-
pled receptors. This family mainly consists of the
chemokines, which are the most important regulators for
leukocyte migration and homing, and of the neurotrans-
mitters, which are also regulators for both the migration
of leukocytes and tumor cells [41]. On the intracellular
side, serpentine receptors induce signal transduction
pathways, which lead to an increase in cytosolic calcium
and the activation of protein kinase A and C (PKA and
PKC) [42, 43] as key regulatory events for the migration
of both leukocytes and tumor cells (fig. 8): serpentine
receptors are coupled on the intracellular side to
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Figure 5. Intracellular distribution of non-muscle myosin II, MLCK, and ROCK in comparison to filamentous actin in migrating MDA-
MB-468 breast carcinoma cells. White arrowheads depict matrix contact sites with a co-localization of filamentous actin with non-muscle
myosin II (4), MLCK (B), and ROCK-1 (C). Red arrowheads depict matrix contact sites with filamentous actin alone.

heterotrimeric G proteins, which in turn activate two sig-
naling pathways of importance to cell migration. Upon
activation, G proteins disengage into a GTP-bound a sub-
unit and a By subunit. The adenylyl cyclase is a key target
molecule of the a subunit. Depending on the receptor
type, stimulatory (Gs) a proteins or inhibitory (Gi) a pro-
teins are activated, which increase or inhibit, respectively,
the enzymatic activity of the adenylyl cyclase and thereby
regulate the production of cAMP. Protein kinase A (PKA)
is activated by cAMP. PKA regulates the sequestration of
cytosolic calcium via phospholamban (PLB) and the sar-
coplasmatic/endoplasmatic calcium ATPase (SERCA).
The second pathway is activated by the By subunit of the
G proteins. This part of the G proteins activates G pro-
tein-coupled receptor kinases (GRKs), which engage src
protein tyrosine kinases (srcPTKs) via B-arrestin. A key
target substrate of the srcPTKs is phospholipase C
(PLC)y. PLCy catalyzes the breakdown of phosphatidyl-
inositolbisphosphate (PIP,) to the metabolites diacylglyc-
erol (DAG), an activator of PKCa, and inositol-1,4,5-
phosphate (IP;), a second messenger which opens intra-
cellular calcium channels.

But these signaling events regulate the myosin activity:
calcium is the activator for CaM/MLCK, and the GTPase
activity of Rho, which is in turn the activator for ROCK,
is under the dual control of PKA and PKC [44]. PKC ac-
tivates Rho via the activation of guanine exchange factors
[45], whereas in opposition, PKA inhibits Rho via the ac-
tivation of guanine dissociation inhibitors [46, 47]. Ac-
cordingly, we have shown that the activation of PKC in-
duces migration of tumor cells, while activation of PKA
functions as an inhibitor [32, 48]. An alternative pathway
for the activation of MLCK by the mitogen-activated pro-
tein kinase (MAPK) has been described by Klemke and
co-workers [49]. This pathway is initiated by integrins or
cytokine receptors such as epidermal growth factor re-
ceptor.

Smith et al. [21] have recently deduced from their results
that in T lymphocytes, both activators of myosin, MLCK
and ROCK-1, are important for migration with regard to
the integrin-mediated attachment to and detachment from
an ICAM-1-coated surface. They reported that MLCK is
located at the leading edge of migrating T lymphocytes,
and ROCK-1 is located in the trailing uropod. Accord-
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Figure 6. Intracellular distribution of non-muscle myosin II, MLCK, and ROCK in comparison to filamentous actin in migrating PC-3
prostate carcinoma cells. White arrowheads depict matrix-contact sites with a colocalization of filamentous actin with non-muscle myosin
II (4), MLCK (B), and ROCK-1 (C). Red arrowheads depict matrix contact sites with filamentous actin alone.
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Figure 7. Intracellular distribution of non-muscle myosin II and filamentous actin in breast carcinoma cells cultivated on a glass surface.
Single z-scans illustrate the spatial distribution of myosin and actin; the red lines indicate the level within the cell (gray).

ingly, we found that both kinases are essential for the mi-
gration of CTLs in a three-dimensional collagen lattice.
In neutrophil granulocytes, an inhibition of the calcium-
dependent phosphorylation of the MLC led to a strong re-
duction of migratory activity, while the inhibition of Rho-
dependent pathways had almost no effect. These findings
are in accordance with results of Eddy and co-workers
[50], who showed that inhibition of MLCK led to an im-
paired uropod retraction. Furthermore, buffering of intra-

cellular calcium transients led to similar effects [50]. We
have shown previously that an increase in cytosolic cal-
cium occurs at the leading edge of a migrating neutrophil
granulocyte [51]. Regarding the results of Eddy et al.
[50], the increase in cytosolic calcium therefore occurs at
that cellular region where myosin II is located.

While the aforementioned results give us a relatively
clear overview of the involvement of myosin in leukocyte
migration and a broad basis for further research, much
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Figure 8. Schema of chemokine/neurotransmitter-induced signal
transduction pathways regulating cell migration.

less is known about how myosin is regulated in migrating
tumor cells and where it is localized. Our results show
that, in contrast to leukocytes, neither the inhibition of
MLCK nor of ROCK alone or in combination with each
other completely inhibited tumor cell migration. The neu-
rotransmitter-induced migration was completely pre-
vented, but the spontaneous migratory activity was only
slightly impaired. Inhibition of non-muscle myosin II ac-
tivity with the specific inhibitor blebbistatin confirmed
these results. We conclude that non-muscle myosin II is
activated by the above-described pathways after engage-
ment of serpentine receptors (i.e., beta2-adrenoceptors
[26, 43]) by norepinephrine binding, and does not con-
tribute to the spontaneous migration, which is induced by
the matrix via integrin receptors. This spontaneous mi-
gration might either be independent of non-muscle
myosin II in the generation of motor forces, e.g. via ex-
clusively actin-based migration mechanisms, or other
myosin isotypes are involved in this type of migration,
such as myosin VI, whose role in ovarian cancer dissem-
ination has been investigated recently [13]. The differ-

Myosin in cell migration

ences in the molecular signaling between spontaneous
migration and norepinephrine-induced migration are fur-
thermore reflected in the migratory dynamics: we have
described previously that tumor cells significantly in-
crease the velocity of migration after norepinephrine
treatment and concomitantly significantly reduce the
length of migratory breaks [52]. Here, we showed that
these changes of the migratory dynamics are based on the
activation of non-muscle myosin II (fig. 4). This leads to
the conclusion that non-muscle myosin II is essential for
both the spontaneous and serpentine receptor-induced
migration of leukocytes, whereas in tumor cells, non-
muscle myosin II is involved only in the serpentine re-
ceptor-induced migration and not in the spontaneous lo-
comotion.

Not only the regulation, but also the intracellular distrib-
ution of non-muscle myosin II differs in tumor cells and
leukocytes. In tumor cells, MLCK and ROCK-1 do not
show the distinct, exclusive distribution of MLCK at the
leading front and ROCK-1 at the rear end, as was ob-
served in T lymphocytes [21]. Furthermore, filamentous
actin and non-muscle myosin II did not form stress fibers,
which has been shown for tumor cells on two-dimen-
sional surfaces [53]. In a three-dimensional environment,
as used in this study, filamentous actin and non-muscle
myosin II in tumor cells are predominantly located at ma-
trix contact sites, i.e., focal adhesion contacts, where they
are co-localized with MLCK and ROCK-1. Focal adhe-
sion contacts are an exclusive structure of migrating tu-
mor cells and are not developed by T lymphocytes in
three-dimensional matrices [33]. The differences in the
localization support the functional findings and the hy-
pothesis that the involvement of myosin in the regulation
of migration is different in leukocytes and tumor cells.
However, the expression profile of myosin isotypes is al-
most the same in these cell types. The myosin II isotype
is ubiquitously expressed and has accordingly been found
in all cell types investigated in this study. Besides myosin
II, myosin Va and VIla are expressed in myeloid stem
cells [54]. Congruently, all these myosin isotypes are pre-
sent in neutrophil granulocytes (fig. 1B), whereas myosin
VlIa is not expressed in T lymphocytes or tumor cells.
In summary, the fast migration of leukocytes essentially
depends on the activity of non-muscle myosin II. In slow-
moving tumor cells, only the norepinephrine-induced mi-
gration involves the activity of non-muscle myosin II.
Therefore, the expression of proteins which regulate mi-
gratory activity and produce motile forces is similar in
leukocytes and tumor cells, but the concert of these pro-
teins is distinct.
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