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)Addition of protein kinase inhibitor H-7 leads to major changes in cell structure 
and dynamics. In previous studies [Citi, 1992: J .  Cell B i d .  117:169-1781 it was 
demonstrated that intercellular junctions in H-7-treated epithelial cells become 
calcium independent. To elucidate the mechanism responsible for this effect we 
have examined the morphology, dynamics, and cytoskeletal organization of var- 
ious cultured cells following H-7-treatment. We show here that drug treated cells 
display an enhanced protrusive activity. Focal contact-attached stress fibers and 
the associated myosin, vinculin, and talin deteriorated in such cells while actin, 
vinculin, and N-cadherin associated with cell-cell junctions were retained. Fur- 
thermore, we demonstrate that even before these cytoskeletal changes become 
apparent, H-7 suppresses cellular contractility. Thus, short pretreatment with H-7 
leads to strong inhibition of the ATP-induced contraction of saponin permeabil- 
ized cells. Comparison of H-7 effects with those of other kinase inhibitors re- 
vealed that H-7-induced changes in cell shape, protrusional activity, and actin 
cytoskeleton structure are very similar to those induced by selective inhibitor of 
myosin light chain kinase, KT5926. Specific inhibitors of protein kinase C (Ro3 1- 
8220 and GF109203X), on the other hand, did not induce similar alterations. 
These results suggest that the primary effect of H-7 on cell morphology, motility, 
and junctional interactions may be attributed to the inhibition of actomyosin 
contraction. This effect may have multiple effects on cell behavior, including 
general reduction in cellular contractility, destruction of stress fibers, and an 
increase in lamellipodial activity. It is proposed that this reduction in tension also 
leads to the apparent stability of cell-cell junctions in low-calcium medium. .J 0 1994 Wiley-Liss, Inc. 
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INTRODUCTION 

The morphology, motility, and adhesiveness of 
cells are generally believed to be jointly regulated by 
cytoplasmic elements and the extracellular matrix. 
Within the cells a major role is attributed to the various 
cytoskeletal networks and, in particular, to the force- 
generating microfilament system. This notion is based on 
the organization of actin filaments and their membrane- 
anchorage in cell adhesions and lamellipodial extensions 
[for a review see Bershadsky and Vasiliev, 1988; Bray, 
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1992; Burridge et al., 19881. Moreover, perturbation of 
the microfilament and microtubular systems with a vari- 
ety of drugs was shown to exert major effects on these 
cellular properties [Wehland et al., 1977; Yahara et al., 
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1982; Vasiliev and Gelfand, 19761. It had, similarly, 
been shown that many soluble extracellular factors in- 
duce conspicuous changes in cell morphology and dy- 
namics. These include not only specific chemotactic fac- 
tors [Devreotes and Zigmond, 1988; Gerisch et al., 
19931 but also a variety of growth and motility factors 
which activate signal transduction pathways in respon- 
sive cells [Boyer et al., 1989; Valles et al., 1990; Stoker 
and Gherardi, 1991; Stracke et a]., 19931. 

An intriguing observation, reflecting on the inter- 
relationships between the signal transduction system and 
the cytoskeleton-bound cell-adhesions was the effect of 
the protein kinase inhibitor H-7 on the Ca2 + -dependence 
of cell-cell junctions. It was shown that pretreatment of 
epithelial cells with H-7 leads to conversion of tight junc- 
tion as well as adherens junctions into Ca2+ -independent 
[Citi, 19921. While the phenomenon was apparently 
quite general, the exact nature of the affected kinase(s) 
and of the respective substrate(s) remained unclear. It 
was, nevertheless, shown that the drug exerted its effect 
on the properties of junctions by inducing changes in the 
microfilament system [Citi et al., 19941. 

In this study we have specifically focused on the 
effect of H-7 on the integrity and contractility of the 
microfilament system and on its interactions with both 
cell-cell and cell-matrix adhesions. We show here that 
the actin-associated adherens type junctions are the pri- 
mary junctional components affected. The effect is first 
manifested by a strong inhibition of cell and microfila- 
ment contractility, followed by destruction of stress fi- 
bers. We propose that the loss of tension in actin bundles 
is responsible for both the cytoskeletal deterioration and 
the apparent Ca2 + -independence of cell-cell junctions. 
The mechanism leading to the observed junctional and 
cytoskeletal changes as well as the identity of possible 
molecular targets of H-7 action are discussed. 

MATERIALS AND METHODS 
Cell Culture and Drug Treatment 

Primary or early passage cultures of chick lens cells 
were used as a main experimental model [Volk and Gei- 
ger, 19841. Primary cultures of chick fibroblasts (CEF) 
were prepared from the same embryos using standard 
procedure of trypsinization of the entire trunk. The cells 
were cultured in the Dulbecco’s modified Eagle essential 
medium (DMEM) supplemented with 10% fetal calf se- 
rum. Swiss 3T3 fibroblasts (clone C-1) were kindly pro- 
vided by Dr. E. Livneh; SVT2 fibroblasts were obtained 
from Dr. A. Ben-Ze’ev. 3T3 and SVT2 cells were grown 
in DMEM with 10% of newborn calf serum. The cell 
types used in the present work were chosen to represent 
different forms of actin organization and junctional sys- 
tems. Chicken lens cells have a very well-developed sys- 

tem of actin cables (stress fibers) associated with focal 
adhesions of the cells to the substrate. In addition, they 
form typical intercellular adherens junctions in dense 
culture. Transformed SVT2 fibroblasts have no stress 
fibers and form almost no junctional specializations. 
These spindle-shaped cells concentrate actin-rich lamel- 
lipodia at their leading edge. Finally, Swiss 3T3 cells 
and chicken embryo fibroblasts display a typical fibro- 
blastic morphology. These cells are well spread on the 
substrate, and form focal adhesions and actin stress fi- 
bers as well as some intercellular junctions. They are, 
however, highly motile in sparse cultures, and actively 
produce lamellipodia and cell processes. 

For immunofluorescence analysis, cells were 
seeded onto glass coverslips and were used either 1-2 
days (fibroblasts) or about a week (lens cells) after seed- 
ing. Observations of living cells were performed in 
Dvorak chamber mounted on the microscope stage; the 
temperature at the stage was maintained at 37°C using 
air-stream incubator. Alternatively, cells were fixed at 
different time intervals after addition of the drug and 
processed for immunofluorescence microscopy (see be- 
low). 

H-7 was purchased from Sigma Chemical Co. (St. 
Louis, MO); according to the data sheet its chemical 
structure corresponds to 1-(5-isoquinolinylsulfonyl)-2- 
methylpiperazine. It is worth noting, however, that ac- 
cording to some recent investigations [Quick et al., 
19921 “H-7” supplied by Sigma is in fact 1-(5-isoquin- 
olinylsulfonyl)-3-methylpiperazine, and differs in its in- 
hibitory activity from the 2-isomer described by Hidaka 
et al. [1984]. We used Sigma H-7 in the present work as 
well as in our previous studies [Citi, 1992; Citi et al., 
19941. The inhibitor was added to growth medium from 
30 mM stock solution in distilled water; unless otherwise 
mentioned, final concentration of the drug was 300 pM. 
Selective inhibitors of protein kinase C, Ro3 1-8220 
[compound 3 in Davis et al., 19891 and GF109203X 
[Toullec et al., 19911 as well as selective inhibitor of 
myosin light chain kinase, KT5926 [Nakanishi et a]., 
19901 were kindly provided by Dr. U. Zor as a 10 mM 
stock solutions in DMSO. They were used in a final 
concentrations of 10 pM (Ro31-8220) and 20 pM 
(GF109203X and KT5926). Phorbol 12-myristate 13-ac- 
etate (PMA) was purchased from Sigma Chemical Co. 
and was added to the cultures in a final concentration of 
50 ng/ml from 0.1 mg/ml stock solution in DMSO. 

Antibodies and lmmunofluorescence Staining 

Monoclonal mouse antibody against myosin light 
chain (clone My-21), and against human vinculin (clone 
HVIN-1) were obtained from “BioMakor” (Sigma) 
Monoclonal anti N-cadherin was described previously 
[Volk and Geiger, 1984, 19861. Rabbit anti-talin serum 
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its long axis in order to minimize its difference from a 
circle, while dispersion is invariant to stretching, com- 
pressing, or shearing the shape in any direction (see 
Dunn and Brown [1986] and Brown et al. [ 19891 for 
detailed discussion). Roughly, elongation may be con- 
sidered as a measure for bipolarity of cells, whereas dis- 
persion is a measure for multipolarity. 

was prepared against purified chicken talin according to 
a published method [Burridge and Connell, 19831. Actin 
distribution was visualized using either TRITC or FITC 
labelled phalloidin purchased from Sigma. Cells on the 
coverslips were permeabilized by brief treatment with 
0.5% Triton X-100 in 50 mM MES buffer (pH 6.0) and 
fixed with 3% paraformaldehyde. Indirect double immu- 
nolabelling was performed as previously described [Vol- 
berg et al., 19921, using commercial goat anti mouse or 
anti rabbit antibodies conjugated with either FITC or 
TRITC (Jackson Laboratories, West Grove, PA). 

ATP Induced Contraction of Permeabilized Cells 
To assess the contractility of cells, control or H-7- 

treated cultures were washed in Ca+ +-and Mg+ +-free 
PBS, permeabilized by 10 min incubation in 0.05% sa- 
ponin (Sigma) in M-buffer (50 mM MES, 50 mM KC1, 
1 mM MgCI,, 1 mM EGTA and 0.1 mM EDTA, pH 
6.6), washed gently in M-buffer and incubated for 15-30 
min in the same buffer with or without 2 mM ATP 
(Sigma) at 37°C. In several experiments H-7 was added 
directly to the permeabilization and/or the contraction 
buffers. Alternatively, permeabilized cells were pre-in- 
cubated for about 15 rnin with 3 pg  per ml of TRITC- 
phalloidin (Sigma) before ATP addition (phalloidin did 
not interfere with the ATP-induced cell contraction). 
Contraction process was stopped by addition of 3% para- 
formaldehyde in PBS and the coverslips with the cells 
were mounted on microscope slides using 50% glycerol 
in PBS as a mounting medium. The degree of cell con- 
traction was estimated by automatic measurements of the 
projected areas of TRITC phalloidin-treated cells as de- 
scribed below. 

Microscopy and Morphometry 
Axiophot microscope equipped with X 100/1.3 

Plan-Neofluar objective, and accessories for Nomarski 
differential interference contrast (DIC) and fluorescence 
microscopy were used both for examination of immuno- 
labelled specimens and for time-lapse examination of 
living cells. To quantify the morphological effects of 
H-7, cells were stained with TRITC phalloidin as de- 
scribed above and their images were digitized using CCD 
camera and computer hardware and software developed 
by Prof. Z. Kam. Cell outlines were identified automat- 
ically using interactive procedure of selection of appro- 
priate threshold. For each outline three values were cal- 
culated, namely: area, dispersion, and elongation. 
Dispersion and elongation are the parameters introduced 
by Dunn and Brown [1986] for characterization of asym- 
metry of cell shape. Both parameters are equal to zero for 
circular shape, and reflect how much the shape under 
consideration differs from a circle. Elongation is a mea- 
sure of how much the shape must be compressed along 

RESULTS 
Effect of H-7 on Cell Morphology and Motility 

Addition of 100-300 pM H-7 to cultured cells re- 
sulted in a pronounced augmentation of lamellipodial 
protrusive activity. This effect was apparent within 5-10 
min of the addition of the drug and became most prom- 
inent following 30 min of incubation, when it was often 
accompanied by the development of long membrane pro- 
trusions (Fig. 1; see also Fig. 10C,F). 

Quantitative evaluation of these changes was car- 
ried out by comparing the calculated elongation and dis- 
persion values in treated and untreated cells. As shown in 
Figure 2, treatment with H-7 induced a considerable in- 
crease in the dispersion value, from 0.91 & 0.09 in un- 
treated cells to 2.08 +- 0.10, indicating a major increase 
in protrusive activity. This change was accompanied by 
a small but significant decrease of the elongation value 
(Fig. 2), indicating some reduction in cell polarity. The 
same measurements, applied to transformed SVT2 fibro- 
blasts, revealed very similar quantitative changes after 
H-7 treatment. Untreated cells of this type have charac- 
teristic spindle-like shape (see Fig. 10A) with low dis- 
persion (0.36 k 0.05) and high elongation (1.58 2 0.15) 
values. Treatment with H-7 (see Fig. lOC) increased the 
mean dispersion value to 0.90 2 0.08 and reduced the 
elongation to 1 .OO 5 0.11. 

Effect of H-7 Treatment on the integrity of the 
Microfilament System and Adhesive Junctions 

To determine the basis for the observed alterations 
in cell shape, cells treated with H-7 for different periods 
were fixed and fluorescently labeled for actin in conjunc- 
tion with several actin-associated proteins. As evident 
from Figures 3-6, actin-containing bundles, along with 
the associated myosin (Fig. 3), rapidly deteriorated fol- 
lowing addition of H-7 to the culture medium. Concom- 
itantly with the destruction of stress fibers, actin became 
primarily organized in numerous short curved bundles 
scattered throughout the cytoplasm; these curved fibers 
show weak staining with myosin antibody compared to 
microfilament bundles in untreated cells (Fig. 3). In ad- 
dition, phalloidin staining of actin was detected in the 
newly formed lamellipodial protrusions and extensions. 
The disruption of the stress fiber system in H-7-treated 
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Fig. I .  Effect of H-7 on the shape and lamellipodial activity of Swiss 
3T3 fibroblasts. The cell shown here was photographed using Nomar- 
ski optics immediately before (A), and 2 rnin (B), 5 rnin (C), 10 rnin 
(D), 15 min (E), 20 rnin (F), 50 inin ( G ) ,  and 80 rnin (H) after the 
addition of 300 pM H-7 to the culture medium. Examination of the 
photographs reveals rapid formation of new lamellipodial protrusions 

as soon as 3-10 min after addition of H-7 and up to several hours 
(arrows in B-E mark the sites and directions of protrusions). It was 
also apparent that H-7 treated cells lost the capacity to retract the 
trailing edge during the whole period of observation (arrowheads). Bar 
= 20 p m .  
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era1 actin-associated and junctional proteins (myosin, vin- 
culin, talin, and N-cadherin) indicated that the subcellular 
distribution of all these components was essentially re- 
stored concomitantly with that of actin (not shown). 

H-7 Inhibits the Contractility of the Actin 
Cytoskeleton in Treated Cells 

To assess the mechanism underlying the primary 
effect of H-7 on the microfilament system, which may be 
responsible both for its destruction and the altered Ca2' - 
dependence of the intercellular junctions, we have di- 
rectly determined the ATP-stimulated contraction of the 
actin filaments in permeabilized cells. As shown in Fig- 
ure 8, addition of ATP to permeabilized cells resulted in 
a massive centripetal contraction of actin filaments into 
the perinuclear area. Morphometric analysis indicated 
that the projected area, occupied by actin filaments in 
ATP-treated cells was reduced to 5-35% (dependent on 
cell type) compared to the same cells which were not 
exposed to ATP (Table I). Addition of C a t +  to the 
contraction buffer together with ATP did not increase the 
rate and extent of contraction (not shown). Thus, our 
saponin-permeabilized cells, similarly to some other 
contractile models [Small et al., 19901 do not need 
Ca+ + for the contraction. 

Pretreatment of the cells with H-7 resulted in a 
strong inhibition of the ATP-induced contraction (Fig. 8 
and Table I). This effect was apparently general since 
similar inhibition was obtained with different cell types 
including Swiss 3T3 cells, chick fibroblasts, and chick 
lens cells (Table I). It is worth noting that the contraction 
could be prevented by very short preincubation with H-7 
that did not apparently disturb the stress fiber system 
(Fig. 8). Interestingly, addition of H-7 to permeabilized 
cells along with ATP, or during the permeabilization, 
had only a minor inhibitory effect on the contraction of 
the microfilament system (Table I). 

Comparison of H-7 Effect With the Effects of 
Other Kinase Inhibitors 

In order to elucidate a possible molecular target for 
H-7 that is responsible for its effects on cell shape and 
actin cytoskeleton organization we have compared the 
effects of H-7 on the cells of different types with those of 
specific inhibitors of protein kinase C (Ro3 1-8220 and 
GF109203X), an activator of protein kinase C (PMA), 
and a selective inhibitor of myosin light chain kinase 
(KT5926). We studied the effects of these compounds on 
the cell shape and process formation in SVT2 and Swiss 
3T3 cells and on the integrity of the stress fiber system in 
Swiss 3T3 and lens cells. 

Using the dispersion index as an indicator of pro- 
trusional activity and a measure of cell process forma- 
tion, we have found that, in contrast to H-7, the selective 
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Fig. 2. A scatter diagram of the dispersion plotted against elongation 
for the control Swiss 3T3 cells (open squares) and cells treated for 30 
min with 300 p M  H-7 (filled circles). The mean values and standard 
deviations for the populations of control and H-7 treated cells are also 
shown. The differences between the mean values are significant for 
both the elongation ( P  < 0.005) and dispersion (P < 0.001). 

cells has also been observed by Birrell et al. [ 19891 and 
Denisenko et al. [ 19941. 

To specifically visualize the membrane anchorage 
sites of stress fibers we have double labeled H-7-treated 
cells for actin and vinculin. Examination of the labeled 
cells pointed to a differential reorganization of two pro- 
teins in cell-cell and cell-matrix adhesions. The latter 
deteriorated rapidly following the addition of the drug, 
while both actin and vinculin associated with the inter- 
cellular adherens-junction were affected to a lower de- 
gree (Fig. 4). The differential effects on the two types of 
adhesion sites were further demonstrated by double-la- 
beling of chick lens cells for actin and talin (Fig. 5) or 
N-cadherin (Fig. 6). Talin, which is associated, in cul- 
tured lens cells, only with focal-contacts, was drastically 
affected by H-7 treatment while the cadherin remained 
associated with cell-cell junctions although some in- 
crease of diffuse cytoplasmic staining was observed. 

The effect of H-7 on the microfilament system was 
readily reversible. Thus, within 3-10 min following re- 
moval of the drug, stress fibers reassembled throughout 
the cytoplasm (Fig. 7). At early stages of recovery (-3 
min) an overall augmentation of actin labeling was noted, 
which was especially prominent near matrix and inter- 
cellular adhesions, suggesting that the structural recovery 
of the actin system is nucleated at or enhanced near the 
junctional membrane. Double labeling for actin and sev- 



Fig. 3 .  Destruction of the actin and myosin containing stress-fiber system in H-7-treated lens cells 
revealed by double immunofluorescence staining with the antibody to myosin light chain (A,C,E) and 
phalloidin (B,D,F). The cells were incubated with 300 pM of the drug for 10 min (C,D) and 30 min 
(E,F); A,B-control cells. Bar = 10 pn. 



Fig. 4. Effect of H-7 (300 pM) on vinculin-containing adherens junc- 
tions (focal contacts and intercellular junctions) and the associated 
microfilaments in lens cells. A,B: Control cells; C,D: cells after 10 
min of incubation with H-7; E,F: cells after 30 min of incubation with 

H-7. Following treatment the cells were fixed and double labeled with 
vinculin antibody (A,C,E) and phalloidin (B,D,F). Note the selective 
disruption of stress fibers and the associated focal adhesions in con- 
trast to the preservation of intercellular junctions. Bar = 10 pm.  



Fig. 5.  Disruption of cell-substratum focal adhesions in the H-7 treated lens cells. A,B: Control cells; 
C,D: cells after 10 min of incubation with H-7; E,F: cells after 30 min of incubation with 300 pM H-7. 
Immunofluorescence visualization of talin, a marker of cell-matrix adhesions (A,C,E) and actin (B,D,F). 
Bar = 10 )*m. 
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Fig. 6 .  Preservation of cell-cell adherens junctions in H-7 treated lens cells. A,B: Control cells; C,D: 
cells after 10 min of incubation with H-7; E,F: cells after 30 min of incubation with H-7 (300 pM). 
A,C,E: N-cadherin antibody staining; B,D,F: phalloidin staining of actin in the same cells. Note that in 
spite of almost complete disruption of stress fibers following 30 min of H-7 treatment, cadherin staining 
in the cell-cell junctions is still prominent (E,F). Bar = 10 pm. 



Fig. 7. Reversibility of the H-7 effect on the integrity and organization of the stress-fiber system in lens 
cells. The cells were incubated with H-7 for 30 min and then the H-7-containing medium was replaced 
by normal growth medium. The cultures were fixed after 30 min in H-7 (A) and after 3 min (B), 10 min 
(C), 20 min (D), 30 min (E), and 60 min (F) of recovery. Distribution of actin was determined by staining 
with TRITC-phalloidin. Bar = 10 pm. 
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Fig. 8. Effect of H-7 on the ATP-induced contractility of chick embryo fibroblasts. The control cells 
(A,C) and the cells preincubated with H-7 for 5 min (B,D) were permeabilized with saponin and 
incubated in the buffer without (A,B) or with (C,D) 2 mM ATP for 30 min. Actin in the cells was 
visualized with TRITC-phalloidin. Note the inhibition of cell (and actin) contraction in H-7 pretreated cell 
(D). Bar = 10 pm. 

inhibitors of protein kinase C do not induce formation of 
cell processes in sparse cultures of SVT2 cells (Fig. 9) or 
Swiss 3T3 cells. The protein kinase C activator, PMA, 
on the other hand induces changes in the cell shape and 
dispersion index that are similar to those induced by H-7 
(Fig. 9). Interestingly, the protein kinase C inhibitors 
block these effects of PMA (Fig. 9). On the other hand, 
neither Ro31-8220, nor GF109203X abolish the effects 
of H-7 on cell shape and process formation (Fig. 9). 

These data suggest that the target of H-7, responsible for 
these effects, is located downstream to protein kinase C 
in the regulatory pathway. 

We have also found that specific inhibitor of my- 
osin light chain kinase, KT5926, induces the same ef- 
fects on the cell shape and process formation as H-7 
(Figs. 9 and 10). This inhibitor, in contrast to the protein 
kinase C inhibitors used here, does not inhibit the PMA 
effect but even enhances it (Fig. 9). 
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TABLE I. Effect of H-7 on the ATP-Induced Contractility of Saponin-Permeabilized Cells* 

Cell type 

H-7 treatment Swiss 3T3 Lens cells CEF 

Cell area (prn') None 1,052 k 61* 2,925 ? 176 5,947 2 665 
Cell area (pm2) after None 384 * 35 276 2 14 

1,026 * 87 1,322 2 133 1,962 ? 226 
281 t 25 

ATP-induced contraction H-7 pretreatment 
H-7 addition during contraction 435 * 17 610 * 42 n.d. 

*Values represent the mean ? SEM. Each mean value corresponds to about 40 cells measured. H-7 pretreatment of living cells was 10 min for 
3T3 and lens cells and 15 min for chick embryo fibroblasts (CEF). n.d. = not done. 

control 

H? 

KT5926 

PMA 

RO31-8220 

GF109203X 

Ro31-8220+PMA 

GF109203X+PMA 

KT5926+PMA 

RO31-8220 +H7 

GF109203X+H7 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 
DISPERSION 

Fig. 9. Dispersion values displayed by SVT2 cells following treat- 
ment with agents affecting protein kinase activity. Mean values of the 
dispersion index t SEM are shown. Each value corresponds to 40-60 
cells measured. The duration of treatment was 60 min. Cells exposed 
to the combined action of two drugs were preincubated with the first 
compound (underlined) for 15 min and then the second drug was 
added for an additional 60 min. 

The studies of the effects of these inhibitors on the 
integrity of the microfilament system in the Swiss 3T3 
fibroblasts and chicken lens cells also confirms that my- 
osin light chain kinase inhibitor KT5926 induces the 
same cytoskeletal reorganizations as H-7 (Fig. 10). 

DISCUSSION 

The study described in this article addressed the 
complex inter-relationships between kinases involved in 
signal transduction, the cytoskeletal microfilament net- 
work, and adhesive junctions. Previous studies have pro- 
vided evidence on the interaction between microfila- 
ments and cell adhesion and on the effect of growth 
factors and related stimulants on their formation and in- 
tegrity. Microfilaments were shown to be associated with 

the plasma membrane at adherens junctions and disrup- 
tion of the microfilament system (for example, with 
drugs such as the cytochalasins [Cooper, 19871) leads to 
deterioration of cell adhesion. Similarly, perturbation of 
cell contacts by C a t +  chelators or antibodies to the 
relevant adhesion molecules has a dramatic effect on the 
organization of actin within the cells [Volk and Geiger, 
1986; Volberg et al., 19861. 

The effect of activation of different transmembrane 
signaling pathways on the organization of microfila- 
ments and cell adhesions was amply documented but the 
molecular mechanisms of these effects are usually still 
obscure. For example, it was shown that stimulation of 
cells with growth factors such as EGF or PDGF leads to 
the reduction in stress fibers, and increase in ruffling 
activity [Schlessinger and Geiger, 1981; Bockus and 
Stiles, 1984; Herman and Pledger, 1985; Kadowaki et 
al., 1986; Mellstrom et al., 19881. It was also shown that 
elevation in the cytoplasmic levels of phosphotyrosine 
(either due to increased phosphorylation by kinases such 
as pp60"" or inhibition of tyrosine dephosphorylation 
[Volberg et al., 1991, 19921 induces a marked deterio- 
ration of intercellular adhesions. On the other hand, 
other mitogens, like bombesin, promote formation of 
stress fibers and focal adhesions in serum-starved cells 
[Ridley and Hall, 19921 increasing the level of tyrosine 
phosphorylation [Zachary et al., 19921. 

It is noteworthy that recent results on the subcellu- 
lar distribution of enzymes which are typically associated 
with signal transduction cascades pointed to possible as- 
sociations with cell adhesions. These regions were 
shown to be primary target sites for tyrosine phosphor- 
ylation [Maher et al., 1985; Volberg et al., 1991, 19921 
as well as the residence of enzymes such as phospholi- 
pase Cy [McBride et al., 19911, protein kinase C [Jaken 
et al., 19891, raf and PI 3' kinase [Geiger et al., 19921, 
~ ~ 1 2 . 5 ~ ~ ~  [Schaller et al., 19921, etc. Moreover, it was 
demonstrated that tyrosine phosphorylation of certain 
components of adhesion plaques may be stimulated by 
cell adhesion [Guan et al., 1991; Burridge et al., 1992; 
Bockholt and Burridge, 1993; Kornberg et al., 1992; 
Lipfert et al., 1992; Haimovich et al., 19931. It should, 
nevertheless, be emphasized that the junctional sub- 
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to those shown in the present work for H-7-treated Swiss 
3T3 and SVT2 cells. 

Thus, it is noteworthy that it is activation, not in- 
hibition of PKC and PKA, that may induce shape and 
cytoskeleton changes similar to those induced by H-7, 
while H-7 is a potent kinase inhibitor. It can be inferred 
then, that the kinase inhibited by H-7, which affects cell 
shape and actin cytoskeleton, is neither PKC nor PKA, 
and in fact may induce the opposite cellular effects, at 
least in some cell types. However, the two treatments 
may also have non-overlapping effects, for example on 
tight junction integrity and permeability [Ojakian, 198 1 ; 
Citi, 19921. 

What are then the possible molecular and cellular 
targets of H-7, which are responsible for the cytoskeletal 
reorganization induced by this drug? The results pre- 
sented here suggest that the primary effect of H-7 is a 
strong inhibition of actomyosin-driven contractility. This 
notion is directly demonstrated by the marked reduction 
in ATP-induced contraction of saponin-permeabilized 
cells, the process which is driven presumably by actin- 
myosin I1 interaction [Sims et al., 19921. Indeed, per- 
turbation of myosin I1 by microinjection of antibodies 
directed against it into cultured fibroblasts [Honer et al., 
19881 induces changes in cell shape and motility, similar 
to those induced by H-7. 

We do not have, as yet, a direct and unequivocal 
evidence on the identity of the relevant H-7-sensitive 
kinase. We would nevertheless like to point out that the 
drug does not appear to significantly affect actin-myosin 
interactions per se since its addition along with ATP to 
permeabilized cell models had only a marginal effect on 
ATP-induced contraction. On the other hand, according 
to in vitro data [Hidaka et al., 19841, H-7 inhibits the 
activity of myosin light chain kinase (MLCK) which 
plays an indispensable role in actomyosin contraction in 
smooth muscle and non-muscle cells [for a review see 
Tan et al., 19921. As we have mentioned above (see 
Materials and Methods) there are reports [Quick et al., 
19921 indicating that the H-7 distributed by Sigma may 
differ in its inhibitory specificity from the original com- 
pound described by Hidaka et al. [1984]. However, the 
notion that the H-7 effects observed in the present study 
may be attributed to inhibition of MLCK is supported by 
several lines of evidence. First, we have shown that 
MLCK inhibitor with a narrow specificity, KT5926 [Na- 
kanishi et al., 19901, has similar effects on cell shape, 
protrusion formation, and actin cytoskeleton structure as 
H-7. On the other hand, selective PKC inhibitors, Ro 
31-8220 [Davis et al., 19891 and GF 109203X [Toullec 
et al., 19911, neither exert H-7-like effects, nor prevent 
them when added together with H-7; they do, however, 
efficiently inhibit the effects of PMA. 

It is thus reasonable to suggest that MLCK is the 

strates whose molecular interactions and functions are 
affected by these kinases and the mechanism responsible 
for their recruitment to the submembrane faces of cell 
adhesions are still unclear. 

A potential link between cell adhesions and cellular 
kinases was offered by the intriguing finding that inter- 
cellular junctions in H-7-treated epithelial cells become 
Ca2+-independent [Citi, 19921. This finding was rather 
surprising since Ca2+ effect on junction integrity is usu- 
ally attributed to its interaction, at the outer cell surface, 
with adhesion molecules such as members of the cad- 
herin family [Geiger and Ayalon, 19921, while kinases 
which might be affected by H-7 are, most likely, located 
within the cytoplasm. The results presented in this paper 
provide a relatively simple mechanistic explanation to 
H-7 effect on the Ca2+-dependence of cell junctions. It 
appears that the primary manifestation of H-7 treatment 
is a marked reduction in cellular contractility. The loss of 
contractility induced by H-7 may be responsible for the 
apparent stabilization of cell-cell junctions. We would 
like to propose that chelator-induced dissociation of cell 
junctions is a result of decrease in intercellular affinity 
combined with strong pulling forces exerted by the mem- 
brane-bound microfilaments. The relaxation of such 
contractions, for example by H-7, may reduce these cen- 
tripetal pulling forces and thus prevent junction disas- 
sembly. 

In the present study, changes in the contractility 
and structure of the microfilament system were induced 
by H-7 which very efficiently inhibits protein kinase C 
(PKC), cyclic AMP dependent protein kinase (PKA), 
as well as other serine-threonine kinases [Hidaka et 
al., 19841. Interestingly, there are two other types of 
treatment which induce cellular response which is 
reminiscent, in some aspects, to that of H-7. These 
include direct or indirect activation of PKA or PKC. 
Stimulation of PKA activity by different agents 
increasing the cyclic AMP level, or microinjection of 
catalytic subunit of PKA into the cell, leads to 
destruction of the actin cables [Lamb et al., 1988; Egan 
et al., 1991; Baorto et al., 19921. In many cell types 
activation of PKA also induces the formation of 
numerous arborized cell processes, or “stellation” 
[Egan et al., 1991; Baorto et al., 1992; Roger et al., 
1988; Edwards et al., 19931. Similarly, activation of 
PKC by phorbol ester leads, in some cell types, to 
destruction of actin cables and stimulation of protrusive 
activity and process formation [Schliwa et al., 1984; 
Dugina et al., 1987; Danowski and Harris, 19881. The 
effects of both PKC and PKA activation on cell shape 
(formation of arborized processes) were characterized 
quantitatively using the dispersion and elongation 
indices [Brown et al., 1989; Edwards et al., 19931 
(present paper, Fig. 9) and were found to be very similar 
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the tension exerted by the microfilament system. It had 
been demonstrated that application of external forces to 
cells, either in the form of liquid stream [Wong et al., 
1983; Franke et al., 19841 or by direct stretching [Fleis- 
cher and Wohlfarth-Bottermann, 1975; Kolega, 19861 
leads to a remarkable enhancement of the formation of 
organized actin filament bundles aligned in the direction 
of tension. The tensegrity model outlined by Ingber 
[ 19931 proposes that cytoskeletal architecture is based on 
the force equilibrium between continuous network under 
tension and discrete supporting struts. According to this 
point of view, even in the absence of changes in the 
external forces applied to cells, the intrinsic actomyosin- 
driven contractility creates the structure of the microfil- 
ament system [see also Burridge, 19811. Recent studies 
of myofibrillar organization in cultured cardiac myocytes 
showed that activation of contractility with P-adrenergic 
agonist is necessary for the vinculin deposition in focal 
adhesions and intercellular junctions and for myofibril 
assembly [Simpson et al., 19931, while non-beating 
heart cells disassemble their contractile elements [Clark 
et al., 19911. In line with these findings, the present 
study suggests that isometric tension generated by stress 
fibers is essential not only for formation but also for the 
maintenance of these structures. 

The exact mechanism whereby tension stimulates 
microfilament bundles assembly and recruitment of the 
focal contact components remains to be elucidated. It is, 
of course, possible that contractility affects the assembly 
processes indirectly, for example, by inducing the mem- 
brane stretching and opening of the stretch sensitive 
channels [Morris, 19901. There are also some data on the 
possible role of myosin light chain kinase in the modu- 
lation of the ionic channels [Akasu et al., 19931. On the 
other hand, thermodynamic considerations of Buxbaum 
and Heideinann [1988] suggest that forces of tension or 
compression acting directly on the cytoskeletal polymer 
must alter its free energy and shift the steady state of the 
polymerization reaction [see also Heidemann and Bux- 
baum, 19901. As a possible kinetic realization of this 
idea, it can be suggested that tension increases the rate of 
fragmentation of actin filaments, thus creating the new 
filament ends suitable for both addition of new mono- 
mers, and binding of specific accessory proteins. In fact, 
there are some evidences of the increase of actin poly- 
merization level in response to the mechanical cell 
stretching [Pender and McCulloch, 19911. In addition, 
tension applied to the filaments with the fastened ends 
will put them in register, facilitating the subsequent bind- 
ing of the appropriate cross-linking proteins. 

The real understanding of the molecular mecha- 
nisms of the tension dependent regulation of focal con- 
tact assembly and, possibly, signal transduction is, how- 
ever, a task for future studies. 

main target for H-7 which is responsible for the observed 
effects on cell shape and actin cytoskeleton. This sug- 
gestion may also explain the apparent similarity between 
the effects of H-7 and those of PKC and PKA activators 
in some cell types. There is compelling evidence that 
both PKA and PKC phosphorylate MLCK, and strongly 
inhibit its ability to phosphorylate the regulatory light 
chain of myosin [Ikebe et al., 1985; Nishikawa et al., 
1984, 19851. For example, cells treated with PKA stim- 
ulators or microinjected with PKA catalytic subunit dem- 
onstrated a low level of myosin light chain phosphory- 
lation [Lamb et al., 1988; Baorto et al., 19921, and cells 
treated with phorbol ester activator of PKC were shown 
to be non-contractile [Danowski and Harris, 1988; Lyass 
et al., 1988; Bershadsky et al., 19901. Thus, the simi- 
larity in the effects of H7 and those of PKC and PKA 
activators on cellular contractility in these cells could be 
explained by decreased phosphorylation of the regulatory 
light chain of cytoplasmic myosin-11. Our preliminary 
data indicate that the shift formation of spots, corre- 
sponding to the phospho-isoforms of myosin light chain, 
was, as detected by 2D gel analysis of cellular proteins, 
inhibited both by H-7 and KT5926 (Rodriguez Fernin- 
dez and Bershadsky, unpublished results). 

The contractile forces apparently play an important 
role in the reorganization of the cytoskeleton. It is note- 
worthy that H-7, as well as KT5926, PMA, and the other 
compounds that inhibit contractile activity also stimulate 
other force generation processes in the same cells such as 
the extension of membrane protrusions. Normally, the 
two activities (contraction and protrusion) are exquisitely 
balanced (for example during cell locomotion, which re- 
quires sequential cycles of protrusion and contraction 
[Bray, 19921). The mechanism of this selective stimula- 
tion of contractile and protrusive activity deserves further 
investigation. 

Another intriguing aspect highlighted by the 
present study is the possible involvement of cell contrac- 
tility in the formation of the focal adhesions and stress 
fibers. Specifically, it appears that the assembly of the 
stress fibers and focal contacts is directly correlated with 

Fig. 10. Effect of myosin light chain kinase inhibitor, KT5926, and 
H-7 on cell shape and actin cytoskeleton structure of cultured cells. 
A,B,C: Fibroblasts of the SVT2 line; D,E,F: Swiss 3T3 fibroblasts; 
G,H: chicken lens cells. A,D,G: Untreated cells; B,E,H: cells treated 
with KT5926; C, F: cells treated with H-7. Duration of the incubation 
with the inhibitors was 60 min. Actin distribution was visualized by 
TRITC-phalloidin staining. Note stimulation of formation of lamelli- 
podia and cell processes in SVT2 and Swiss 3T3 cells treated with 
either KT5926 (B, E) or H-7 (C, F). Both KT5926 and H-7 also 
induce disruption of stress fibers in Swiss 3T3 (E, F) and in lens cells 
(compare H with Figs. 3F, 4F etc.). Bar = 30 p,m (A-C); Bar = 20 
(*.m ( P H I .  
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