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Staurosporine induces rapid homotypic intercellular adhesion of
U937 cells via multiple kinase activation
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1 Staurosporine is a broad-specificity kinase inhibitor, which has acted as lead compound for the
development of some novel cytotoxic compounds for treatment of cancer. This study investigates the
unexpected observation that staurosporine can also induce homotypic cellular aggregation.

2 In this study, staurosporine is shown to activate rapid homotypic aggregation of U937 cells, at
concentrations below those required to induce cell death. This activity is a particular feature of
staurosporine, and is not shared by a number of other kinase inhibitors. The proaggregating activity
of staurosporine is inhibited by deoxyglucose, cytochalasin B and colchicine. Staurosporine-induced
aggregation can be distinguished from that induced by the phorbol 12-myristate 13-acetate by faster
kinetics and insensitivity to cycloheximide. Staurosporine induces translocation of conventional and
novel, but not atypical isoforms of protein kinase C (PKC). Aggregation induced by staurosporine is
inhibited by a number of inhibitors of PKC isoforms, and by inhibitors of protein tyrosine kinases.
Staurosporine also induces rapid phosphorylation of ERK and p38, and inhibitors of both these
enzymes block aggregation.

3 Staurosporine induces dysregulated activation of multiple kinase signaling pathways in U937 cells,
and the combined activity of several of these pathways is essential for the induction of aggregation.
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ATCC, American tissue culture collection; BSA, bovine serum albumin; ERK, extracellular-signal-regulated
kinase; FCS, fetal calf serum; GF109203X , ((2-[1-(3-dimethylaminopropyl)-indol-3-yl-3-(indol-3-yl)]-maleimide);
G066976, (12-(2-cyanoethyl)-6,7,12,13-tetrahydro-13-methyl-5-oxo-5H-indolo(2,3-apyrrolo(3,4-¢)-carbazole); H-7,
H-89, (N-[2-(4-bromocinnamylamino)ethyl]-5-isoquinoline);
ICAM, intercellular adhesion molecule; JNK, c-JUN N-terminal kinase; K-252b, (C26H19N305, CAS [99570-
[9R,10S8,125]-2,3,9,10,11,12-hexahydro-10-hydroxy-9-methyl-1-0x0-9,12-epoxy-1 H-diindo-
lo[1,2,3-fg:3,2,1-k{]pyrrolo[3,4-1][1,6]benzodiazocine-10-carboxylic acid hexyl ester); MAPK, mitogen-activated
protein kinase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; OD, optical density;
PD98059, (2’-amino-3'-methoxyflavone); PKC, protein kinase C; PMA, phorbol 12-myristate 13-acetate; PMSF,
phenylmethylsulfonyl fluoride; SB203580, (4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1 H-imida-
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Introduction

Staurosporine is a bacterial alkaloid with broad inhibitory
activities against a variety of serine/threonine kinases (Ruegg
& Burgess, 1989), including protein kinase C (PKC), cAMP-
dependent protein kinase, cGMP-dependent protein kinase,
myosin light chain kinase and calcium/calmodulin-dependent
protein kinase II. Staurosporine is also reported to suppress
several tyrosine kinase activities including p60v-src (Nakano
et al., 1987), epidermal growth factor receptor (Secrist et al.,
1990) and insulin receptor (Fujita-Yamaguchi & Kathuria,
1988). Staurosporine is a weak tumor promotor in mouse skin
(Yoshizawa et al., 1990), but a fairly potent inhibitor of PMA-
induced tumor promotion (Yamada er al., 1988). It also
induces apoptosis in a variety of transformed cell lines. Based
predominantly on its anti-PKC activities, and its ability to
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induce apoptosis, staurosporine and its analogues are being
tested in clinical trials, and have shown some promise as
anticancer agents (Senderowicz, 2001).

In the course of studies on the signaling pathways associated
with CD98-mediated aggregation of the human promonocytic
cell line U937, it was noted that staurosporine alone induced
rapid homotypic aggregation of these cells. Intercellular
adhesion of leukocytes plays an essential role in many
immunologically important phenomena such as leukocyte
trafficking and activation, cytokine production and antigen
presentation. Leukocyte homotypic aggregation can be ob-
served with neutrophils (Rochon & Frojmovic, 1992), mono-
cytes (Yue et al., 1999), lymphocytes (Zapata et al., 1995)
and eosinophils (Teixeira et al., 1995), and is generally
mediated by adhesion molecules such as integrins and
intercellular adhesion molecules (ICAMs). However, excessive
homotypic aggregation of immune cells is often associated
with pathological consequences, such as granuloma formation,
or blood vessel occlusion. The intracellular pathways that
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regulate adhesion/aggregation are many and complex.
However, PKC is known to play an important role in
regulating cell aggregation (Laudanna et al., 1998; Yue et al.,
1999). PKC signals are believed to be linked to cytoskeleton
changes via mitogen-activated protein kinase (MAPK) activa-
tion (Miranti et al., 1999). Furthermore, activated PKC can
control integrin clustering on the cell surface, and the avidity
of surface adhesion molecules (e.g. 2 integrins) (Sano et al.,
2001).

This study therefore investigates the proaggregation activity
of staurosporine, specifically in relation to the role of PKC and
MAPK kinases in the process. The results highlight the ability
of staurosporine to act as an activator, as well as inhibitor, of
numerous kinase cascades in the cells. Uncoordinated activa-
tion of multiple kinase pathways appears to underlie the
alterations in U937 adhesiveness observed.

Methods
Materials

Genistein, N-[2-(4-bromocinnamylamino) ethyl]-5-isoquino-
line (H-89), 1-(5-isoquinolinesulfonyl)-2-methylpiperazine
(H-7), [9R,10S8,125]-2,3,9,10,11,12-hexahydro-10-hydroxy-
9-methyl-1-0x0-9,12-epoxy-1H-diindolo[1,2,3-fg:3,2,1-kl]pyrro-
lo[3,4-1][1,6]benzodiazocine-10-carboxylic acid hexyl ester
(KT5720), C26H19N30S5, CAS [99570-78-2] (K-252b), (2-[1-
(3-dimethylaminopropyl)-indol-3-yl-3-(indol-3-yl)]-maleimide
(GF109203X), 12-(2-cyanoethyl)-6,7,12,13-tetrahydro-13-
methyl-5-0x0-5H-indolo(2,3-a) pyrrolo(3,4-c)-carbazole
(G66976), rottlerin, 2'-amino-3’'-methoxyflavone (PD98059),
4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1 H-
imidazole (SB203580) and calphostin C were from Calbiochem
(La Jolla, CA, U.S.A.). Herbimycin A, staurosporine, PMA,
colchicine, cycloheximide, cytochalasin B, ethylene diamine
tetra-acetic acid (EDTA), deoxyglucose and 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were purchased from Sigma Chemical Co. (Poole, U.K.).
Fetal calf serum (FCS) and RPMI1640 were obtained from
GIBCO (Grand Island, NY, U.S.A.). U937, the human
promonocytic cell line, was purchased from ATCC (American
Tissue Culture Collection, Rockville, MD, U.S.A.).

Antibodies

The following antibodies were used in this study. CD18 (CLB-
LFAT1, IgGl, ascites, CLB); fluorescein-conjugated anti-CD18
(Immunotech, Marseille, France); CD29 (P5DS5, IgG1, purified
antibody, gift from N. Hogg); anti-PKC (a, f, 7, J, ¢, 0, n, 4/1)
antibodies were obtained from Transduction Laboratories
(Lexington, KY, U.S.A.). Anti-MAPK/JNK and anti-phos-
pho MAPK/JINK-1 antibodies were from Santa Cruz Biotech-
nology (Beverly, MA, U.S.A.)). Anti-MAPK/ERK and
anti-phosphotyrosine antibody 4G10 were from Upstate
Biotechnology Inc. (Lake Placid, NY, U.S.A.). Anti-MAPK/
p38 antibody and anti-phospho MAPK/p38 are from Cell
Signaling Technology (Beverly, MA, U.S.A.). Anti-phospho
MAPK/ERK antibody was obtained from Promega (Madison,
WI, U.S.A)).

Cell culture

U937 cells were maintained in RPMI 1640 supplemented with
10% FCS. Cells were grown at 37°C and 5% CO, in
humidified air.

Quantitative homotypic cell aggregation assay

RPMI 1640 medium (20 ul, supplemented with 10% FCS) in
the presence or absence of staurosporine was placed in round-
bottom wells of a 96-microwell plate. An equal volume of cells
(10°cellsml™') was added and incubated at 37°C for 4-7h
(Cho et al., 2001). The cells were resuspended gently, so as not
to break up the clusters, and total and unaggregated cells were
counted in a hemocytometer. Very few cells (less than 5%)
remained in the wells. The percentage of cells in aggregates was
determined by the following equation: % of cells in
aggregates = [total cells—free cells/total cells] x 100. In each
experiment, aggregation for each experimental group was
measured in 3—6 replicate cultures, and each experiment was
repeated at least three times. The results are expressed either as
% cells in aggregates, or as % aggregation relative to control
cultures without addition of inhibitor, but with aggregating
inducer. Aggregation in medium alone was <10% in all
experiments. The Student’s z-test for unpaired observations, or
a one-way ANOVA with post hoc Dunnett’s two-sided test was
used for statistical evaluation of differences, as shown in
legends to each figure.

Cytofluorometric analysis

Expression of cell surface molecules on U937 cells was
determined by flow cytometry according to standard
protocols.

MTT assay (colorimetric assay) for measurement of cell
viability

Cell viability was measured by standard MTT assay. MTT
solution (10 ul; 10mgml~! in phosphate-buffered saline) was
added to each well of U937 cultures for 3 h before the end of
the culture period. The cells were lysed by the addition of 15%
SDS for solubilization of formazan, and the optical density
(OD) at 570 nm (ODs74_¢30) Was measured using a Spectramax
250 microplate reader.

Subcellular fractionation for PKC translocation assay

U937 cells (5 x 10%) were cultured in 4ml serum-free RPMI
(similar results were obtained in the presence of serum,
although the basal level of PKC in the membrane fractions
was slightly higher). After 3 h recuperation, staurosporine or
PMA was added for 20 min, and the cells were then transferred
onto ice, and washed three times with ice-cold phosphate-
buffered saline. Homogenisation buffer A (800 ul; 20 mM Tris-
HCIL, pH 7.4, 2mM EDTA, 2mM EGTA, 50 mM f3-glyceropho-
sphate, 1mM DTT, 1mM Na;VO,, 10ugml~' leupeptin,
aprotinin and pepstatin, 0.4 mM phenylmethylsulfonyl fluoride
(PMSF), 1mM benzimide, 2mM hydrogen peroxide, 0.25M
sucrose) was added and the cell lysate was sonicated for 10s
three times. The homogenate was centrifuged at 2000 x g for
Smin at 4°C. The supernatant was further centrifuged at

British Journal of Pharmacology vol 140 (2)



J.Y. Choet al

Staurosporine induces homotypic aggregation 271

100,000 x g for 25min at 4°C to obtain the cytosolic fraction.
The pellet was resuspended in 300 ul of homogenization buffer
B (2% Triton X-100 in buffer A), and sonicated for 10 s twice.
After incubation on ice for a further 25 min, the suspension
was centrifuged at 12,000 x g for 10 min at 4°C. The super-
natant was collected and used as membrane fraction. The
protein concentration of each sample was determined by the
Bradford method and 2 x Laemmli sample buffer was added
before boiling for 5min.

For preparing whole-cell lysates, cells (5 x 10°cellsml~")
were washed three times in cold PBS containing 1 mM sodium
orthovanadate, and lysed in lysis buffer (20 mM Tris-HCI, pH
7.4, 2mM EDTA, 2mM EGTA, 50 mM f-glycerophosphate,
1 mM sodium orthovanadate, 1 mM dithiothreitol, 1% Triton
X-100, 10% glycerol, 10 ugml™" leupeptin, 10 ugml™" aproti-
nin, 10 ugml~' pepstatin, 1 mM benzimide and 2 mM hydrogen
peroxide) for 30 min with rotation at 4°C. Hydrogen peroxide
was added as an additional inhibitor of phosphatases. The
lysates were clarified by centrifugation at 16,000 x g for 10 min
at 4°C.

Western blotting

Samples containing equal amounts (40 or 80 ug per lane) of
protein were loaded in each lane, and separated on a 10%
SDS-polyacrylamide gel. Proteins were transferred by elec-
troblotting to nitrocellulose membrane. Membranes were
blocked for 60 min in 3% bovine serum albumin (BSA) Tris-
buffered saline (TTBS containing 20mM NaF, 2mM EDTA,
0.2% Tween 20) at room temperature. Immunoblots for
phosphorylated or nonphosphorylated proteins of six PKC
isoforms, MAPK/p38, MAPK/ERK and MAPK/JNK, and
phosphotyrosine proteins were carried out using specific
antibodies against phosphorylated or nonphosphorylated sites
and secondary horseradish peroxidase-conjugated rabbit anti-
mouse or swine anti-rabbit immunoglobulins. Peroxidase
activity was visualized by chemiluminescence detection (ECL
reagents, Amersham, Little Chalfont, Buckinghamshire,
U.K.). The intensity of bands on the film was quantified
using Synoptic Ltd. (Cambridge, U.K.) image analysis system
and software.

Results
Staurosporine selectively induces homotypic aggregation

Clustering of U937 cells induced by staurosporine treatment
for 4h is shown in Figure 1a. PMA, a potent PKC agonist that
has previously been shown to induce homotypic aggregation in
a number of cell types, did not induce any clustering by 4h.
For comparison, the clustering induced by an anti-f1 integrin
antibody is also shown in Figure la. A quantitative assay of
clustering (Cho et al., 2001) was used to analyze both
concentration response and Kkinetics of the staurosporine
effect. Staurosporine induced aggregation over a wide range
of concentrations (12-200nM), while higher concentrations
induced cell death. Staurosporine did not affect cell viability as
measured by MTT assay at concentrations below 100 nM (not
shown). Clustering could be observed after 2h, and was
maintained for up to 24h (Figure 1b). In contrast, PMA
induced clustering only after 12 and 24 h (Figure 1b). Viability
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Figure 1 Staurosporine induces rapid homotypic aggregation of

U937 cells, which is blocked by protein kinase inhibitors. (a) U937
cells were incubated with medium alone (1), staurosporine (100 nM,
4h) (2), PMA (80nM, 24h) and (3) anti-CD29 (MEMI101A)
(0.5 ugml™" 4h) (panel 4), as described in Methods. Images of cells
in culture at this time point were obtained using an inverted phase
contrast microscope, attached to a video camera, and captured using
NIH image software. (b) Concentration response and kinetics of
U937 aggregation in response to staurosporine or PMA. U937 cells
were incubated in the presence or absence of staurosporine or PMA,
at a range of concentrations for various times as indicated.
Mean +s.e.m. of three experiments. (c) Selectivity of U937 aggrega-
tion response to staurosporine and other protein kinase inhibitors.
U937 cells were incubated in the presence of inhibitors (staurospo-
rine (100nMm), KT5720 (500nMm), K-252b (500nM), GF109203X
(1 um), H-89 (50 um) and H-7 (50 um)) for 3h. Aggregation was
measured as described in Methods. Mean +s.e.m. of three experi-
ments. (d) Lack of response to GF109203X at a range of
concentrations and time points (as for panel b).

of cells after PMA treatment was 70% at 24 h. Staurosporine-
induced clustering was also observed using a number of other
cell lines, including the macrophage lines RAW264.7 and J774,
and the EL4 thymoma.

Staurosporine is best known as a potent inhibitor of many
intracellular kinases. The ability of a panel of other protein
kinase inhibitors was therefore tested (Figure 1c). There was
no aggregation induced by KT5720 and K252b (two kinase
inhibitors structurally related to staurosporine), or H89 and
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H-7 (two protein kinase inhibitors unrelated in structure to
staurosporine). These inhibitors show variable selectivity for
various different subclasses of protein kinases at lower
concentrations, but at the higher concentrations used in
Figure lc inhibit a broad range of kinases similar to
staurosporine. The concentrations shown are the maximum
that were used (usually limited by cellular cytotoxicity), but no
effect was observed over a wide range of lower concentrations
(not shown). GF109203X, an inhibitor of all isotypes of PKCs,
also showed no proaggregation activity (Figure lc and d).
Similarly, neither genistein nor herbimycin A, two broad
spectrum inhibitors of tyrosine protein kinases, induced U937
aggregation (aggregation in the presence of 25uM genistein
was 7.74+2.8% and in the presence of 2.5 uM herbimycin was
5.14+2.9%, mean+s.e.m., n=23).

Staurosporine-induced aggregation is dependent on
energy, temperature and cytoskeleton, but not protein
synthesis

In order to probe the events underlying staurosporine-induced
aggregation, a number of inhibitors of various aspects of cell
function were tested in this model. As shown in Table 1,
staurosporine-induced aggregation shares many properties
with PMA-induced aggregation, including sensitivity to ATP
synthesis blockers (deoxyglucose), inhibitors of cytoskeleton
(colchicine (microtubule) and cytochalasin B (actin)) and low
temperature (4°C), suggesting that the aggregation is depen-
dent on energy, temperature and cytoskeleton, but not protein
synthesis. The pharmacological profile of staurosporine-
induced aggregation is similar to that of PMA, except that
PMA-induced aggregation is sensitive to cycloheximide,
suggesting a requirement for protein synthesis.

Staurosporine-induced aggregation is not mediated by
either B1 or B2 integrins

The involvement of adhesion molecules in U937 aggregation
was tested by addition of blocking antibodies to 1 (CD29:
P5D2) and 2 (CDI18: CLB-LFAI1) integrins. As shown in
Figure 2a, integrin-blocking antibodies had no inhibitory
effect on staurosporine-triggered aggregation. In contrast,
PMA-induced aggregation was strongly suppressed by block-
ing mAbs to CDI18. Blocking antibodies to CD98, CD147,
CD43 and CD44 (other cell surface molecules previously
implicated in cell—cell adhesion of U937; Cho et al., 2001) had
no effect on staurosporine-induced aggregation (data not
shown).

The levels of CDI18 and CD29 in response to both
staurosporine and PMA were examined in parallel
(Figure 2b). Staurosporine decreased CD18 and CD29
expression slightly. In contrast, PMA slightly increased the
level of CD18 expression as reported previously (Nambu ef al.,
1992). The changes in surface expression levels were small,
although consistent between experiments.

Stauroporine-induced aggregation is PKC dependent

Although staurosporine acts predominantly as a kinase
inhibitor, it is known to be a weak activator of novel PKC
isoforms that can act as a tumor promotor (Yoshizawa et al.,
1990; Jones et al., 1997). The membrane translocation (as a

Table 1 Characterization of staurosporine-induced
homotypic aggregation with metabolic inhibitors

Aggregation (% of control: mean+s.e.m.)

Staurosporine PMA
Deoxyglucose 21.043.9%* 27.443.2%*
Cycloheximide 97.54+8.0 15.245.1%*
Colchicine 30.145.0%* 22.542.6**
EDTA 95.74+5.9 NT
Cytochalasin B 18.941.8** 15.64+1.9%*
4°C 6.14+0.5%* 5.940.8%*

U937 cells were treated with staurosporine (100 nM) or PMA
(80nMm) for 3 or 12h, respectively. The metabolic inhibitors
(deoxyglucose (10 mM), cycloheximide (10 ugml "), colchicine
(10 um), EDTA (2mM) and cytochalasin B (1 uM)) were
added 1h prior to the aggregation agonists and remained in
the culture. Results are expressed as aggregation relative to
control cultures in the presence of the aggregating agonist, but
absence of inhibitor (mean +s.e.m., three independent experi-
ments). In all, 47% of U937 cells aggregated in the presence of
staurosporine alone, and 56% aggregated in the presence of
PMA alone. Aggregation in medium alone was always less
than 8%. All values which differ significantly from 100%
(Student’s #-test, P<0.01) are indicated by asterisks.
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Figure 2 The involvement of cell surface adhesion molecules in
staurosporine-induced U937 homotypic aggregation. (a) U937 cells
were pretreated with blocking antibodies to CDI8 and CD29
(10 ugml™") for 1.5h prior to the addition of staurosporine (100 nm)
or PMA (80 nM). Aggregation was measured at 4 h for staurosporine
and 12h for PMA. The results show aggregation as a % of the
aggregation in the presence of staurosporine or PMA alone
(mean +s.e.m. of three experiments.) (b) U937 cells were incubated
in the presence of staurosporine (100 nM) or PMA (80 nMm) for 4h,
and then analyzed for cell surface expression of CD18 and CD?29, as
described in Methods. Dark line — medium; light line -
staurosporine; solid histogram — isotype control.

surrogate of activation) of several PKC isoforms (c, 5,7, 3 , A/1
and () that are expressed in U937 cells (Laudanna et al., 1998)
was carefully examined. As shown in Figure 3, staurosporine,
at the same concentration as that which induces aggregation,
induced translocation of both conventional and novel isoforms
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of PKC, similar to those induced by PMA. The membrane
concentrations of atypical PKC isoforms (4/1 and {) were not

changed by staurosporine or PMA (Keenan et al., 1995;
Miranti et al., 1999).
Total Membrane
No Stau PMA
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Figure 3 Staurosporine-induced aggregation is accompanied by
translocation of conventional and novel PKC isotypes. U937 were
incubated with staurosporine (100nM) or PMA (80nM). After
20 min, the cells were lysed and analyzed for membrane-associated
PKC (o, 8, y, 0, M1, {), as described in Methods. All lanes are
equalized for protein loading. The results show one representative
experiment out of three. The first column confirms the presence of
the various isotypes of PKC in unstimulated U937 by Western blot
of the total cell lysate.
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The role of PKC activation in mediating the aggregation
response was explored by addition of a panel of other kinase
inhibitors (since as shown in Figure 1, these inhibitors did not
in themselves induce any aggregation). All PKC inhibitors
tested showed strong inhibition of staurosporine-induced
aggregation (Figure 4a, b). The inhibitors tested included both
those with broad specificity for multiple isotypes
(GF109203X), and more selective inhibitors including
calphostin C (DAG-sensitive novel PKC), G56976 (Ca*™-
sensitive conventional and novel PKC) and rottlerin (selectiv-
ity for PKCo). As predicted, GF109203X and G66976 also
blocked PMA-induced aggregation. The concentration of
GF109203X required was relatively high (10 uM or above),
perhaps reflecting the low sensitivity of some novel PKC
isoforms such as PKCé (Cho et al., 2003).

Tyrosine kinase inhibitors block staurosporine-induced
aggregation

A previous study has suggested that staurosporine requires
protein tyrosine kinase activation for f1 integrin-dependent
spreading of a colon carcinoma line (Yoshimura et al., 1995).
We therefore explored whether tyrosine phosphorylation is
required as a part of the signaling pathway for aggregation. As
shown in Figure S5a, two general protein tyrosine kinase
inhibitors attenuated staurosporine-induced aggregation. Un-
expectedly, PMA-induced clustering was sensitive to herbimy-
cin but not genistein, perhaps reflecting the differential
sensitivity to these two inhibitors of specific tyrosine kinases
(Graber et al., 1992; Haraguchi et al., 2001). Western blot
analysis with a pan-phosphotyrosine antibody (Figure 5b),
however, did not show striking changes in the overall pattern
of tyrosine-phosphorylated proteins. (Rather, staurosporine
blocked tyrosine phosphorylation at 1h incubation.) The
change in tyrosine phosphorylation may be too small to pick
up, or alternatively this antibody may not recognize the
particular phosphorylated protein involved.
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Figure 4 Staurosporine-induced aggregation is inhibited by inhibitors of both conventional and novel PKC isotypes. U937 cells
were incubated with various PKC inhibitors in the presence or absence of staurosporine (100 nM, 4h) or PMA (80nM, 12h).
Inhibitors were added 1.5h prior to the agonists. (a) The inhibitors were added at the concentrations shown. Aggregation is
expressed as a % of the aggregation obtained in the absence of inhibitor. PMA aggregation is shown in the presence of the highest
concentration shown for each inhibitor. The figure shows the mean +s.e.m. of three experiments, and values that differ significantly
from control (i.e. no inhibitor) (ANOVA with post hoc Dunnett’s, P<0.05) are indicated by an asterisk. Aggregation in medium
alone was less than 8%. (b) Representative images of aggregation in the presence of staurosporine (100nM) alone (panel 1),
staurosporine and calphostin C (500 nM; panel 2), staurosporine and G66976 (500 nM; panel 3) and staurosporine and rottlerin
(10 uM; panel 4). Images of cells in culture point were obtained using an inverted-phase contrast microscope, attached to a video

camera, and captured using NIH image software.
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Figure 5 Staurosporine-induced aggregation is blocked by protein
tyrosine kinase inhibitors. (a) U937 cells were pretreated for 1.5h
with various concentrations of genistein and herbimycin A as
indicated, before addition of staurosporine (100 nM, 4h) or PMA
(80 nM, 12h). The concentrations of inhibitor used with PMA were
50 and 1.2 uM for genistein and herbimycin, respectively. Aggrega-
tion is expressed as a % of the aggregation obtained in the absence
of inhibitor. Mean+s.e.m. of three experiments and values that
differ significantly from control (i.e. no inhibitor) (ANOVA with
post hoc Dunnett’s, P<0.05) are indicated by an asterisk. Aggrega-
tion in the medium alone was less than 10%. (b) U937 cells (5 x 10°)
were incubated in the presence of staurosporine (100 nM) for various
time periods indicated. Cells were lysed and analyzed for phospho-
tyrosine proteins as described in Methods. Mean +s.e.m. of three
experiments.

The activation of MAPK is linked with staurosporine-
induced aggregation

MAPK is a downstream target of activated PKC. MAPK
activation in turn regulates cytoskeletal changes such as actin
polymerization. Therefore, we examined the involvement of
these three MAP kinase pathways in staurosporine-induced
aggregation. Staurosporine induced strong phosphorylation (a
measure of activation) of ERK1/2 and p38, as analysed by
Western blot (Figure 6a). INK/SAPK phosphorylation was
not affected significantly. Two inhibitors (PD98059, an
inhibitor of MAPKK1/2, and SB203580, an inhibitor of p38
MAPK) were tested in the staurosporine aggregation model
(Figure 6b). Treatment of cells with either inhibitor concen-
tration-dependently inhibited the aggregation triggered by
staurosporine. Both inhibitors also reduced PMA-induced
aggregation. The concentration of SB203580 required was
rather high, and this inhibitor has previously been shown to
inhibit PI3 kinase in some systems (Lali ez al., 2000). However,
wortmannin, a selective inhibitor of PI3 kinase signaling, did
not inhibit staurosporine-induced aggregation at concentra-
tions up to 150 nM.

Staurosporine has also been reported to enhance cAMP
responses (Kawase et al., 1992), although the mechanisms
remain unclear. The PKA selective inhibitor KT5720 (5 uM)
was therefore tested, but did not affect staurosporine-induced
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Figure 6 Staurosporine-induced aggregation is linked to MAPK
activation. (a) U937 cells (5 x 10°) were incubated in the presence of
staurosporine (100 nM) for various time periods as indicated. Cells
were lysed and analysed for total or phospho-ERK and p38, as
described in Methods. (b) U937 cells were pretreated for 1.5h with
various concentrations of PD98059 or SB203580 as indicated, before
addition of staurosporine (100 nM, 4 h) or PMA (80nM, 12h). PMA
aggregation is in the presence of the highest concentration shown for
each inhibitor. Aggregation is expressed as a % of the aggregation
obtained in the absence of inhibitor. Mean+s.e.m. of three
experiments, and values that differ significantly from control (i.e.
no inhibitor) (ANOVA with post hoc Dunnett’s, P<0.05) are
indicated by an asterisk. Aggregation in medium alone was less than
10%.

aggregation (aggregation <10%). Furthermore, dibutyryl
cAMP did not induce aggregation or inhibit staurosporine-
dependent aggregation (data not shown).

Inhibition of staurosporine-induced aggregation is time
dependent

Pharmacological analysis suggested that staurosporine-in-
duced aggregation required the activity of multiple families
of kinases. To try and distinguish between enzymes involved in
induction and effector (cell—cell binding) phases of aggrega-
tion, we examined the ability of the various enzyme inhibitors
to block aggregation when added either prior to, simulta-
neously with, or after addition of staurosporine (Figure 7). The
PKC inhibitor GF109203X and the ERK/MAPK inhibitor
PD98059 blocked staurosporine-induced adhesion most effec-
tively when added 1.5h before staurosporine, and lost their
inhibitory activities if added after staurosporine. In contrast,
the tyrosine kinase inhibitor genistein inhibited to the same
extent, whether added before staurosporine or up to 1.5h
afterwards.

Discussion

Staurosporine has been used as a lead compound in the
development of new cytotoxic protein kinase inhibitors, with
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Figure 7 Inhibition of staurosporine-induced aggregation is time-
dependent. U937 cells were incubated in the presence of inhibitors
either 1.5h before, at the same time as, or 1.5h after staurosporine
(100 nM). The inhibitors were used at the following concentrations:
GF109203X (80 uM), PD98059 (50 uM) and genistein (100 uM).
Aggregation was measured after 4 h. Aggregation is expressed as a
% of the aggregation obtained in the absence of inhibitor.
Mean +s.e.m. of three experiments, and values that differ signifi-
cantly (Student’s t-test, P<0.05) from 100% are indicated by an
asterisk.

potential anticancer activities (Senderowicz, 2001). In this
study, we investigate the unexpected observation that this
compound can induce homotypic cellular aggregation at
concentrations below those required for the induction of cell
death. This activity of staurosporine may be of importance in
fully characterizing the pharmacological properties of staur-
osporine, since homotypic aggregation can be associated with
several pathological events, including granuloma formation
and blood vessel occlusion.

Cell aggregation induced by staurosporine was rapid, and
was induced over a wide range of concentrations. Rapid
clustering of cells is sometimes seen as a consequence of cell
death, but the ability to induce aggregation occurred at low
concentrations of drug, which had no effect on cell viability (as
measured both by MTT assay and trypan blue exclusion).
Aggregation required both metabolic and cytoskeletal activity,
since it was blocked by deoxyglucose, cytochalasin B and
colchicine.

Staurosporine is best known as a broad-spectrum kinase
inhibitor, with some activity against most of the major classes
of cellular kinases. However, close structural analogues of
staurosporine (KT5720, K252b), as well as unrelated com-
pounds with broad protein kinase inhibitor activity, failed to
induce aggregation. Similarly, neither GF109203X, a broad-
spectrum PKC inhibitor, nor genistein and herbimycin, protein
tyrosine kinase inhibitors, had any proaggregating activity.
The ability to induce aggregation is therefore a particular
property of staurosporine, and must be distinguished

both from its known proapoptotic and its kinase inhibitor
activities.

Staurosporine has also been described as possessing weak
PKC agonist activities (Jones et al., 1997). The relationship
between PKC activity and aggregation was therefore investi-
gated in more detail. PMA, a classical PKC activator, also
induced aggregation, as previously described. However,
aggregation induced by PMA was much slower, and was
sensitive to cycloheximide, a protein synthesis inhibitor. Both
the kinetics and the sensitivity to cycloheximide suggest that
PMA-induced aggregation requires de novo protein synthesis,
while staurosporine does not. PMA-induced aggregation was
also blocked by antibodies to CD18 (Ikewaki et al., 1996; Cho
et al., 2001), while staurosporine-induced aggregation is not.
Indeed, the molecular interactions that mediate cell—cell
attachment in the presence of staurosporine remain unknown.
In view of the multiple signaling pathways activated by this
compound (see below), it is likely that adhesion may be
mediated by changes in the binding properties of many cell
surface molecules acting in parallel, and identifying a single
key molecular interaction by the use of blocking antibodies
may not be possible.

Staurosporine, like PMA, also induced translocation of both
conventional and novel PKC isoforms, but not the atypical
forms PKCy and {. Translocation of ¢, 6 and 0 novel isoforms
by staurosporine has been reported previously (Kiley ez al.,
1992; Jones et al., 1997), but the activation of the conventional
forms has not been reported, and may be a particular property
of the cell line used in this study. Inhibitors showing selectivity
for either conventional or novel PKC isoforms, both blocked
staurosporine-induced aggregation, suggesting either that both
classes of enzyme were required for aggregation or that the
inhibitors were not selective under the conditions used in these
assays.

In addition to inducing translocation of PKCs, staurospor-
ine induced rapid phosphorylation of the MAP kinase ERK,
and a somewhat slower activation of p38. Furthermore,
inhibitors of both these kinase pathways blocked aggregation,
albeit partially. Inhibitors of both ERK and PKC blocked
aggregation most effectively when added prior to staurospor-
ine, and lost activity if added afterwards. ERK and PKC may
therefore be required for the inductive phase of staurosporine-
dependent aggregation, while protein tyrosine kinases may be
involved in later phases, since aggregation remains sensitive to
genistein up to 1.5h after staurosporine addition.

In conclusion, staurosporine is a potent inducer of homo-
typic aggregation in the promonocyte cell line, U937, which is
a widely used model of myeloid cell function. The activity of
the compound does not appear directly related to its known
activity as a kinase inhibitor. The proaggregating activity is
also not simply related to the agonistic activity of staurospor-
ine on PKCs. Rather, staurosporine induces a rapid and
nonspecific activation of multiple kinase pathways in
U937 cells. This uncoordinated activation of several key
signaling pathways may result in changes in cell surface
properties of the cells, leading to their aggregation.
The molecular basis of this staurosporine activity requires
further study, and may provide useful information for the
further rational design of staurosporine analogues for use in
cancer.
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