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I. Discovery of Staurosporine

Staurosporine (Str) was discovered in the course of
screening for microbial alkaloids in 1977%, of which
stucture was elucidated to be an indolo [2,3-a] carbazole
(IC) derivative in the next year>?, and has been shown
to possess various biological activities, including hypo-
tensive activity and inhibitory activity of platelet ag-
gregation other than antifugal activity soon after its
discovery?#¥, Since TAMAOKI et al. reported Str to have
potent inhibitory activity for protein kinase C (PKC) in
1986%, it has been a subject of great interest and the
number of Str-related reports has increased every year.
In particular, in 1992, the number of papers whose titles
contain Str reached over 450. Thus, Str became a very
important compound, which in used frequently for
various biochemical experiments, and its derivatives are
potential medicines.

Various kinds of bioactve compounds of microbial
origin have been discovered by screening; as a result, the
number of newly discovered-substances which are

non-antibiotics has been increasing every year”. Since
1990, the ratio of the number of non-antibiotics has
exceeded 50% of the total number of secondary
metabolites discovered - in each year. Under the
circumstances, a large number of substances have been
identified with Str, because it possesses various ac-
tivities®®. Consequently, detailed information on bio-
logical activities of Str has accumulated. Furthermore,
a number of novel IC alkaloids from microorganisms
have been discovered especially by high performance
liquid chromatography. Based on these reports, the
essential site on the IC skeleton for expression of its
activity has been made clear. Thus, the birth of IC
alkaloids useful for medicine is expected in parallel with
development of research on the relationship between
structure and activity of these compounds.

Alkaloid is a name given to naturally occurring
nitrogen-containing compounds that possess biological
activities. Up to the time that microbial alkaloids, in-
cluding Str, were discovered by us, the main source of

alkalois other than ergot alkaloid had been higher plants.
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Table 1. Taxonomic comparison of strain AM-2282 with
related genera.

G Whole-cell sugar ~ Phospholipid Predominant
enus MEL LA R -l .

Ara Gal Rham type menaquinone
Amycolata + + - P Il MK-8 (H2, H4)
Amycolatopsis + + - Pl MK-9 (H2, H4)
Nocardilopsis N.D PIII MK-10 (H4)
Pseudonocardia + + - P MK-9 (H4)
Succharopolyspora + + - P III MK-9 (H4)
Saccharothrix - + + PllorPIV . MK-9(H4)
Strain AM-2282 -+ + PllorPIV MK-9 (H4)

N.D.; Not detected

The usual strategy of screening for antibiotics missed
other bioactive substances that were produced by micro-
organisms. Therefore, it was planned to find new sub-
stances, and then to examine their biological activities.
Based on such concept, the screening of alkaoids
produced by microorganisms was begun around 1973%.
Briefly, after isolation of small amounts of new
Dragendorf-positive compounds, they were examined
for various biological activities using small animals or
cultured cells. Several alkaloids, including pyrindicin®,
NA-337A'%, TM-64'V, quinoline-2-methanol!?, 1,3-
diphenetylurea'® and ditylomycin'® were discovered to
be produced by actinomcetes as well as Str. Further-
more, herquline*> and neoxaline'® were discovered by
methods which had been used for detection of fungal
alkaloids.

The producing strain of Str (AM-2282) was classified
originally to the genus Streptomyces®. At present, it has
been re-classified to the genus Saccharothrix by various
taxonomic studies, including cultural and morphological
characteristics and chemical analysis (Table 1).

II. Chemical Properties of Staurosporine

In some cases, prior to discovery of a target protein(s)
or its biological function(s), a pharmacologically active
compound is revealed to involve a target protein in cel-
lular reactions by negative staining of the functional
protein. The target protein for Str was unknown until
TAMAOKI et al. discovered the inhibitory action of Str in
1986%. We are now able to confirm the effect on these
biological functions as inhibition of serine/threonine or
tyrosine kinases. The discovery of its biochemical activity
rekindled studies on Str-sensitive protein kinases and
their biological functions. Following the discovery of
PKC inhibition by Str in vitro, tyrosine kinase inhibition
was reported by NAKANO et al. in 19877, One year later,
myosin light chain (MLC) kinase inhibition was also
reported'®. After that, the inhibitory activity of Str on
other kinds of protein kinases, including cdc2 kinase,
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Fig. 1. Structures of Str and other IC-related compounds.

Ri1 R2
Str H NHCH 3
UCN-01 OH NHCH 5
UCN-01-Me  OCHj, NHCH;
RK-286C H OH

CGP41251 H N(COPh) ,CH,

A3 R4
K-252a CHj3 H
KT5720 (CH)sCH3 H
& 2 KT5926 CH30(CH,), CH3
HsC H

o O

(CH2)3N(CH3)2
GF109203X

Ro31-8425

was revealed'®. Thus, Str is recognized as a “highly
potent but non-specific” inhibitor, in common with other
protein kinase inhibitors which are competitive with
respect to ATP, these include isoquinoline sulfonamide
derivatives (H-7, H-9)2% and IC derivatives (K-252a, KT
compounds, RK compounds). Structures of Str and other
IC-related compounds cited in this paper are shown in
Fig. 1.

A. Structure

As Str has highly potent and multiple biological ac-
tivities, many laboratories have attempted to -accom-
plish the total synthesis and to obatin useful derivatives.
However, the absolute configuration of Str remained
unclear for a long time; only the relative structure was
clucidated by X-ray crystallographic analysis of its
methanol solvate by FURUSAKI et al>¥. Recently,
FUNATO et al. determined the absolute configuration of
Str by X-ray analysis of crystals of 4-N-methylstauro-
sporine methiodide®?, because it was difficult to obtain
a suitable crystal of Str itself.

As shown in Fig. 2-A and -B, the X-ray analysis of
4'- N-methylstaurosporine methiodide reveals the stereo-
chemistry with 2'S, 3'R, 4'R, 6 R-configuration and a boat
form conformation in the amino sugar moiety. From the
results of the X-ray analysis, the absolute stereostructure



VOL. 48 NO. 7

THE JOURNAL OF ANTIBIOTICS 537

Fig. 2. Structures of Str (A and C). Dimethyl ammonium iodide derivatives (B) takes a boat conformation of the sugar moiety,

but Str takes a chair form.

of Str was assumed to have the 2'S,3'R,4'R, 6’ R-con-
figuration in a chair form of the amino sugar moiety
(Fig. 2-C). It is interesting that th¢ conformation of the
amino sugar moiety of compounds 2 and 3 (Fig. 2-A)
having the 4-ammonium group is the same boat form
in both solid and liquid states. This result arises a problem
as to which conformation of the amino sugar moiety
does protein kinase(s) require, chair or boat form. This
problem is very important in the design of more potent
and useful inhibitors.

B. Hydrophobicity

As Stris highly hydrophobic and basic, its biochemical
activity may depend on experimental conditions such as
the hydrophobicity and pH of the reaction mixture, and
on exposure time. These conditions allow and enhance
the tight binding of Str to hydrophobic and acidic
components of cells or tissues. We demonstrated that the
inhibitory effect on the contraction of rabbit aortic
smooth muscle is sustained or even enhanced, even after
repeated washing with fresh medium (Fig. 3)?2). TAMAOKI
el al.® detected that long term exposure of Str to Hela
S5 cells enhances the inhibitory effect on cell growth;
1C,, values were 2.8 x 1077 M for 1 hour exposure and
4.1x107 2™ for 72 hours exposure. Thus, when we
apply it to whole cells and tissues, we have to check its
membrane penetration, the distribution of Str in the cells
and whether or not it reaches the target protein(s). If
not, we might be misled about Str-sensitive reactions.
There is a question as to why Str exhibits a low ability
to inhibit platelet aggregation in platelet-rich-plasma
(PRP), despite the fact that it is a highly potent inhibitor
of PKC and MLC kinase in vitro. An EDg, value of
around 10 um exists for platelet aggregation, where Ki
values of 4nm and 5nM have been observed for PKC
and MLC kinase, respectively. To study this discrepancy,

Fig. 3. Tracing of isometric tension recordings in strips of
rabbit aorta.

220 30min 1% 40 60

The strips were contracted with cumulative additions of
KCI (10~60mm) and then exposed to 0.1 um Str at the
point indicated by the arrow. The effect of Str reached a
plateau at 60 minutes after its addition. After repeated
washing with fresh medium, the contraction of the strip
remained suppressed.

Fig. 4. Inftuence of plasma on inhibitory activity of Str
against platelet aggregation.
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Platelet-poor plasma (up to 15% of total volume) was
added into a reaction mixture containing washed platelets.
The reaction mixtures were incubated with 1um Str for 3
minutes and then stimulated by 1uM U619 Open and
closed triangles indicate points of Str and Uygeyo.
respectively.

we made use of guinea-pig patelets, washed and in PRP.
ED, value for the inhibition of washed platelets was
50 nM, whereas that of platelets in PRP was 10 uM. As
shown in Fig. 4, addition of plasma to the reaction
mixture containing washed platelets reversed the in-
hibitory effect of Str (1 um), and 15% plasma almost
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Fig. 5. Inhibition patterns of Str against protein kinases.
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MLC kinase (A), PKC (B) and cdc kinase (C). Reciprocal velocity is plotted versus 1/[ATP]. Kinase activities were
assayed in the presence or absence of each concentration of Str.
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Table 2. Inhibitory effects of Str and other Indolo carbazole derivatives on several kinds of

protein kinase.

Ki or ICs50 value (nM)

Inhibitor PKC PKA PKG PTK  MLCK cdcZkinase Reference
Str 27 2 85 64 5 4 6,17, 18, 19, 25
K-252a 25 18 20 20 - 2
KT5720 52000 60 >2000 >2000 ; 27
KT5926 72 1200 160 18 ; 30
RK-286C #3000 ; - ; } : 29
R031-8425 *3 #2800 - - ; 33
GF109203 *10 #2000 - ; ; - 34
UCN-01 %4 *4 ; ; ; 31
CGP41251 *50 %2400 - - - ; 32

-; Not tested

* indicated with IC50 values. # PKC; protein kinse C, PKA; cyclic AMP dependent protein kinase,
PKG; cyclic GMP dependent protein kinase, PTK; tyrosine kinase,
MCLK; myosin light chain kinase

completely abolished it. The ED, value changed from
50nM to 10 uM in the reaction mixture containing 15%
plasma. We attributed the difference in EDs, values
between the PRP and washed platelets to the adsorption
to the plasma protein, probably due to hydrophobic
interaction.

C. Binding Domain of Str

As shown in Fig. 5, Str inhibits the activities of several
protein kinases in a competitive manner with ATP, and
the extents of inhibitory activities are close to each other
(Table 2), suggesting that Str is a so-called “non-specific
inhibitor”. This supposition may result from the fact that
the serine/threonine kinases, such as PKC, MLC kinase,
cyclic nucleotide-dependent protein kinases and cdc2
kinase, are likely to conserve the amino acid sequence
and 3-D structure of the ATP binding domain (Table
3)2%). The ATP binding domains of the protein kinases
consisit of three functional domains; phosphate anchor,

catalytic loop and bottom cleft (hydrophobic) structures.
These three domains could anchor the ATP-competitive
inhibitor, but not always the same domain. HERBERT et
al. demonstrated that [2H] Str binds to some sites in the
ATP binding domain other than that for isoquinoline
sulfonamide H-7%#. Our group using computer simula-
tion found that H-7 possibly fits and binds to the
phosphate anchor and the part of bottom cleft in the
ATP binding domain of PKC (unpublished data.). These
results indicate that the binding domain for Str is quite
different from that of H-7. As shown in Table 3, the
amino acid sequences of the phosphate anchor and
catalytic loop domains seem to be comparatively well
conserved among serine/threonine kianses but that of
bottom cleft domain is variable. If so, it should be
possible to obtain a comparatively specific inhibitor of
serine/threonine kinases. In fact, some ATP competitive
inhibitors were reported to be comparatively specific
(Table 2). To obtain further specific and useful protein
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Table 3. Sequence alignment of ATP binding sites in several serine/threonine

kinases.

Protein kinase

Phosphate Anchor

Catalytic Loop

Bottom of Cleft

o 9 .5 165 1 9 125
Protein kinase A ---LGTGSFGRV--- ---RDLKPEN--- ---VMEYVPG--
Protein kinase G ---LGVGGFGRV-— ---RDLKPEN--- ---LMEACLG---
Protein kinase C ---LGKGSFGKV--- ---RDLKLDN--- ---VMEYVNG---
MLC kinase ---LGSGKFGAV--- ---LDLKPEN--- ---FMEYIEG---
cdc2 kinase ---IGEGTYGVV--- ---RDLQPEN--- ---VFEFLDM---
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kinase inhibitors, we must consider the 3-D structure of
the three functional domains and their characteristics.

III. Inhibitory Activity of Staurosporine
against Protein Kinases In Vitro

A. Protein Kinase C and Myosin Light Chain Kinase

MLC kinase and PKC are CaZ*-sensitive key enzymes
for intracellular Ca? ™" responses of cells and tissues. The
former is activated by the calmodulin-Ca?* complex and
phosphorylates myosin light chain followed by activa-
tion of actin-myosin ATPase. The latter is activated by
micellar complex of Ca?' and phosphatidylserine,
phosphorylates various kinds of protein which have the
consensus domain, X-Arg(or Lys)-X-X-Ser-X-Arg, and
acts on signal transduction. The phosphate anchor and
catalytic loop domains in the ATP binding sites of both
PKC and MLC kinase have quite similar amino acid
sequences: Leu-Gly-Lys-Gly-Ser-Phe-Gly-Lys-Val and
Leu-Gly-Ser-Gly-Lys-Phe-Gly-Ala-Val, and Arg-Asp-
Leu-Lys-Leu-Asp-Asn and Leu-Asp-Leu-Lys-Pro-Gln-

Asn, respectively. Therefore, Str has similar Ki values
with respect to ATP: 5nm for MLC kinase?> and 4nm
for PKC. Other IC derivatives, such as K-252a2°),
KT-5720%7, UCN-012® and RK-286C2%, show a similar
tendency, as described in Table 2. However, substitution
of modification of the aglycone moicty modulates the
specificity and inhibitory potential of the compounds.
KT-5926 having substituent-O(CH,),CH; at the 3 posi-
tion of K-252a was found to be a MLC kinase-specific
inhibitor, i.e. it was about 65-fold more potent than with
protein kinase A3%. Although the precise interaction
mechanism of Str at the ATP binding site of both kinases
is not yet known, the ATP binding domain may not
require an acidic group in the aglycone moiety of Str.
Substitution at the 3 andjor 9 position with the
~COOH group markedly lowered the inhibitory activity;
Ki values of mono- and di-carboxy-Str for MLC kinase
were 416 nMm and 8 uM, respectively (unpublished data).
However, substitution at the 3 and/or 9 position with a
—~OH or —NH, group(s) did not alter the inhibitory

activities against PKC and MLC kinase. On the other
hand, comparatively specific inhibitors of PKC -were
isolated from fermentaion broths of microorganisms
and characterized UCN-01-Me*" and CGP 4125132,
The fact that “specific compounds” were isolated or
synthesized suggests that IC derivatives recognize small
differences in the 3-D structure of the ATP binding site
between PKC and other protein kinases, e.g. (protein
kinase A).

B. Protein Kinases A and G, and Other Serine/
Threonine Kinases '

Str inhibits two cyclic nucleotide-dependent protein
kinases with Ki values similar to those for MLC kinase
and PKC (Table 2). The inhibitory activity of Str
derivatives against protein kinase A is decreased by
addition of a methoxyl group at the 7 position of Str
(UCN-01-Me). Also substitution of the N* hydrogen
with a benzoyl group (CGP 41251) lowers the inhibitory
activity against protein kinase A, but increases the
specificity with respect to PKC. Other IC derivatives
such as K-252a and UCN-01 inhibit protein kinase A
and PKC to similar extents. Bis-indolilmaleimido-related
compounds, Ro 31-84253% and GF109203X** have
10~100 fold less inhibitory activity against protein
kinase A than against PKC. Thus, differences in the
inhibitory activity of Str against PKC (or MLC kinase)
and protein kinase A may result from differences in 3-D
structure and the characteristics of the ATP binding
domain. If so, it should be possible to obtain specific
inhibitors of protein kinase A or G.

Str at a comparatively low concentration is known to
arrest non-transformed cells in the G, phase of the cell
cycle (see “Blocking of cell cycle”), but the precise
mechanism is unclear. Since the cdc2-cyclin family of
protein kinases are involved in the onset of differentiation
and mitosis, the effect of Str on these protein kinase
activities was determined. Str inhibits the phosphoryla-
tion of the S-1 peptide of H; histone by p34°2 kinase
isolated from FM3A mouse mammary carcinoma cells,
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with an ICs, value of 4nM'?, Recently, we confirmed
that Str inhibits cdc2-cyclin B kinase activity competi-
tively with respect to ATP, as shown in Fig. 5. In con-
trast, Str inhibits the activity of CaM kinase II in a
non-competitive manner with ATP, calmodulin and a
phosphate acceptor (f-casein), suggesting that Str
interacts with other catalytic domains distinct from the
ATP binding or substratie binding sites®*¥. This suggests
that Str does not always bind to the ATP binding site
of a serine/threonine kinase.

C. Tyrosine Kinases

It was the first report by NAKANO ef a/. in 1988 that
Str inhibits the autophosphorylation of p60¥*' by the
lysates of RSV-CEF cells with an 1C;, value of 6.4
nM'?. The inhibitory extent was quitely similar to those
of other serine/threonine kinase inhibitors. Later, several
kinds of inhibition of growth factor-associated tyrosine
kinase activity were reported. FUNTA-YAMAGUCHI and
KaTHURIA®*® demonstrated that Str inhibits the activity
of insulin receptor tyrosine kinase from human placenta
10 and 100 times more potently than EGF-and IGF-
associated receptor kinases, respectively; 1Cs, values of
61 nm, 630 nM and 6,150 nM, respectively, were observed.
Unlike the case of PKC inhibition, the inhibitory mode
of insulin receptor tyrosine kinase appears to be non-
competitive with ATP. SECRIST et al.*” reported the in-
hibitory effect of submicromolar Str on platelet-derived
growth factor (PDGF) receptor tyrosine kinase. Str
inhibits the autophosphorylation of PDGF receptor
fractions (partially purified from Swiss 3T3 cells) by 25%
at 100 nm and completely inhibits at 1 um. However, the
inhibitory mechanism remains unclear. Tyrosine kinase
activity of soluble epidermal growth factor receptor in a
membrane fraction of A-431 cells is 10 to 100-fold less
sensitive than the PDGF receptor kinase activity. They
also made mention that tyrosine phosphorylation in
Swiss 3T3 cells in closely correlated with supperssion of
phosphoinositide phosphorylation and of tyrosine
phosphorylation of a 145K D protein. Recently, YATOMI
et al.*® demonstrated that Str suppresses the tyrosine
phosphorylation of 64, 97 and 125KD proteins in
thrombin-stimulated human platelets, but inhibitory pa-
rameters (ICs,, Ki value) and the inhibitory mechanism
were not clarified. Thus, it is clear that Str is a potent
inhibitor of not only serine/threonine kinases but also
tyrosine kinases.
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IV. Biological Activities of Staurosporine

A. Relaxation of Smooth Muscle

Str and IC derivatives inhibit smooth muscle con-
traction, but the precise inhibitory mechanism is un-
known except for the inhibition of MKC kinase®?-3%,
We reported Str (5~ 200 nM) to inhibit both intracellular
and extracellular Ca?™* dependent contractions of rabbit
aortic strips induced by various constrictors (Fig. 6)?%
and of cultured smooth muscle cells associated with
MLC phosphorylation (Fig. 7)*?. We also found that
Str did not affect the transient increase in intracellular
Ca?" in cultured smooth muscle cells evoked by PGF,,
employing intracellular Ca?* stores (submitted for
publication). In contrast, Str induced increases of
intracellular Ca®” in cultured smooth muscle cells*!.
Since Str inhibits 5-phosphomonoesterase activation
followed by accumulation of Ins(1,4,5)P3 in aggregat-

ing platelets*?

, the compound possibly enhances and
sustains an increase of intracellular Ca?* in the
agonist-induced artery, because receptor agonists may
activate phospholipase C producing diacylglycerol and
Ins(1,4,5)P3. However, there are many contradictory
data on the involvement of Str in intracellular Ca?*
mobility in smooth muscle. KAGEYAMA et al.*¥ reported
that low concentrations of Str inhibit the contraction of
arterial smooth muscle evoked by high K* and
norepinephrin through PKC inhibition and high con-
centrations of Str act by Ca?* influx inhibition. Re-
cently, we found that Str in the range of 50~ 100 nm
suppresses L-channel-dependent Ca?* influx of isolated
rabbit carotid artery**, suggesting that some portions
of the inhibitory effect of Str on smooth muscle con-
traction by agonists are due to inhibition of the voltage-
dependent Ca?* channel. However, the kinds of protein
kinase or the existence of other Str-sensitive mechanisms
that are involved in voltage-dependent channel activity
are not yet known. At this time, we attribute the major
portion of the inhibitory effect on smooth muscle
contraction to MLC kinase inhibition, because MLC
phosphorylation plays an important role in the
downstream portion of the contraction pathway. Since
Str inhibits a wide variety of protein kinases in vitro,
including both serine/threonine and tyrosine kinases, and
the involvement of these kinases on smooth muscle
contraction has been recognized, we must determine
whether the inhibitory effect of Str on the contraction is
associated with a Str-sensitive mechanism(s) other than
MLC kinase or PKC.
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Effects of Str on PGF,, (A, C) and endothelin (END; B, D)-induced contraction of rabbit aortic strips.

The maximum contractile tension was achieved with 10~ 5-um PGF,, (A) and 1 um END (B) in the presence of 1.2 mm
external Ca®*; (0) control; (0) 5nM; (A) 25 nm; (@) 50 nm; (#) 100 nm Str (C) and (D) show rabbit aortic contractions induced
with 10 uM PGF,, and 0.1 mM END in the presence (open column) and absence (shadow column) of external Ca? ¥, respectively.
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Fig. 7. MLC phosphorylation in control (A) or Str-related
(B) smooth muscle cells in culture (SM-3).
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phosphorylated, (<) diphosphorylated, (®) total phos-
phorylated MLCs.

% of MLC phosphorylation

15

15
{min)

B.
In 1980, the inhibition of platelet aggregation by Str

Inhibition of Platelet Aggregation

was suggested™ and later this was confirmed experimen-
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types of platelet aggregatin induced by aggregants,
including collagen, thrombin, U,4,,, epinephrine with
similar 1C5,, values, except for ADP-induced aggregation,
as shown in Fig. 8 and Table 4. Low concentratins of
Str (~25nMm) exibit little or no effect of ADP-induced
aggregation of human washed platelets, whereas this
concentration strongly inhibits either SHT release or
aggregation induced by thrombin*®. The former reac-
tion seems not to be associated with phospholipase C
activation and the latter with the formation of
diacylglycerol and PKC activation, but the precise
PKC-pathway involved in platelet aggergation is still
unknown. High concentrations (200 ~400 nMm) of Str do
inhibit ADP-induced aggregation. As shown in Fig. 9,
as well as K-252a*%®, Str inhibits dose-dependently the
MLC phosphorylation of platelet, parallel with aggerga-
tion. Thus, the inhibitory action of Str on platelet
aggergation may be primarily due to inhibition of MLC

41)

phosphorylation. KING and RITTENHOUSE*" proposed

another effect on intracellular Ca?* movement in human
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Fig. 8. Inhibitory effects of Str on platelet aggregation induced by collagen (A) and U 44,4 (B) in guinea-pig platelet-rich plasma

(PRP).
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Platelets were preincubated with Str for 3 minutes before stimulation. Platelet aggregation was induced by addition of
2 ug/ml collagen or 1 uM U4419. Open and closed triangles indicate the points of addition of Str and U 44,4, respectively.

Table 4. Comparison of ICs, values of Str
against aggregation of platelets in PRP and
“washed platelets” (WP).

IC50 value (M)
Agonist PRP WP
U46619  (1uM) 8.1+0.23 0.15 +0.042
ADP 2uM) 5.5 £0.15 0.43 +0.087

Collagen Qug/mi)  5.2£0.16  0.11 #0.016

Washed platelets were obtained by gel-filtration. Platelet density
was adjusted to 6 x 108 platelets/m!. The platelets were activated
with 1M U46619, 2uM ADP or 2ug/ml collagen. 1C50 values
were determined from each maximal aggregation vs. control.

Each value represents the mean +S.E. values are from four separate
experiments.

platelets exposed to thrombin. Str might induce the
accumulation of Ins(1,4,5P3 in thrombin-induced
platelets, probably due to suppression of 5-phospho-
monoesterase activation by PKC, thereby elevating and
sustaining intracellular Ca?* levels. Conversely, Str
strongly inhibits wheat germ aggulutinin-induced in-
tracellular Ca2* transfer in a dose-dependent manner*”,
The Str effect on the Ca?* signal may depend on the
activation pathway employed by the aggregant. Further-
more, YATOMI et al.*® showed Str at 1uM to inhibit
tyrosine phosphorylation of 64, 97, and 125K D proteins
in human platelets induced by thrombin. It is clear that
if we can improve the specificity of Str against protein
kinases, it might be possible to obtain more powerful
and useful inhibitors of platelet aggregaion, hopefully
being applicable to the clinic.

C. Neurotrophic Activity

Str has dual actions on neurite outgrowth of cultured
sympathetic neurons. HasHiMoTO and HaGINO*® re-
ported a low concentration of Str (10nM) to inhibit

Fig. 9. Inhibitory effects of Str on guinea-pig platelet
aggregation and MLC,, phosphorylation.

Aggregation (%)
MLC phosphorylation (%)

1 1 10 100
Staurosporine (UM)

Platelets in PRP were stimulated by 1 uMm U,g44,, in the
presence of various concentrations of Str. MLC,,
phosphorylation was measured by immunoblot analysis.
Open and closed circles indicate the rates of platelet
aggregation and MLC,, phosphorylation, respectively.
Each value represents the mean+S.E. values from four
separate experiments.

almost completely the priming effect of NGF on RNA-
transcription of PCI12 cells, whereas higher concentra-
tions (30~ 100nM) promoted the rapid generation of
neurites in a dose-dependent manner. However, the low
concentration promoted neurite generation of NGF-
primed PC12 cells®>®. The neurites of PC12 cells generated
with comparatively high concentrations of Str have a
characteristic structure similar to that induced with NGF,
as shown in Fig. 10. The growth corns in cells treated
with 60nm Str (Fig. 10-A; lower picture) and 50 ng/ml
NGF (Fig. 10-B; lower picture) contain numerous
electron dense bodies of 90~110nm in diameter and
intermediate filaments and microtubular structures, and
the neurite objects also contain filamentous structures
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(Fig. 10; upper picture). Recently, OnmICHI et al. found
that Str in the range of 10~1000nM inhibits NGF-
dependent tyrosine phosphorylation of p140°™ in PC12
cells®. Similar results were obtained with another IC
derivative, K-252a°?. However, it is not completely
established that the inhibition of these protein
phosphorylations is involved in differentiation and
neurite outgrowth of PCI2 cells. These results indicate
that Str at high concentraions could induce neurite
outgrowth through a rearrangement of neurite com-
ponents, thus act as a low molecular mass neuro-
trophic factor. Also in the presence of NGF, Str acts

Fig. 10. Ultrastructure of neurites of PC12 cells induced
with 60 nm Str (A) or 50 ng/ml NGF (B).

Str 60 "M

NGE50 rigiil

Upper picture of each panel shows neurite object and
lower one growth corn containing numerous electron dense
bodies (90~ 11 nm).
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even at low concentrations.

We and an other group tried to elucidate the Str effect
in vivo, using a number of experimental systems. Effects
of Str on the impairment of learning in rats , in which
the basal forebrain was injured with electric heating or
ibotenic acid, were studied in Morris’ water maje>%.
Chronic oral administration of Str (0.03~0.1 mg/kg),
after the lesion reduced significantly the latent time for
the goal, as compared with rats injured but not given
Str (Fig. 11). However, Str treatment could not com-
pletely prevented the impairment, as did sham operated
rats.

OHNO et al. demonstrated another effect of Str on the
impairment of working memory in rats exposed to
cerebral ischemia®¥. Oral administraion of Str (0.03~
0.1 mg/kg) immediately after blood flow reperfusion
reduced the number of errors in attempts to pass through
two incorrect panels of the three panel-gates at four
choice points, but administration 6 hours after ischemia
did not lower the number of errors. Since Str has an
inhibitory effect on the generation of O?~ from activated

neutrophils®>

, the Str effect may include a protective
effect on ischemic injury and neutrophil associated
inflammation. Thus, Str or its derivatives may prevent
an event occurring after brain hemorrhage followed by

ischemia, or prevent some types of dementia.

D. Blocking of Cell Cycle

Stris now known to inhibit a variety of protein kinases
in vitro. Among them are kinases which are related to
the cell growth cycle. In 1988, we demonstrated that low
concentrations of Str (10 ~ 30 ng/ml) block the transition
from the G, to the S phase of cultured rabbit aortic
smooth muscle cells stimulated by fetal calf serum>®.
The effective period was within 10 hours after stimulation

Fig. 11. Effect of 4 weeks of administration of Str on the basal forebrain lesion-induced amnesia in the water maze task.

@ control

M basal forebrain-lesion

300

200

100

Goal latency (sec)

o .

basal forebrain-lesion +
O staurosporine 0.05 mg / kg
A v 0.1 mg/kg
0.2mg/kg

The number of trials

Str (0.05~0.2mg/kg) was administered for 2 weeks before the task and after each training session.
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Fig. 12. Time dependence of the effect of Str on serum-
induced transition from the G, to the S phase of cultured
smooth muscle cells.

100
7
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%
.
.

g
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% of control

/
.
.

8

Drug addition time (hour)

Str (10 ng/ml) was added at the indicated time points after
serum stimulation of quiscent cells. Cell growth is indicated
by the DNA synthesis index.

of cells in G, phase to enter G, phase, probably in the
early or middle G, phase (Fig. 12). At that time, we did
not know that Str acted on protein kinases other than
PKC. Later, ABE ef al. proposed dual actions of Str; low
concentrations of Str (1 ~10ng/ml) arrest cultured fi-
broblasts at the early G, phase and high concentrations
(100 ~200 ng/ml) at the late G, phase®”. It is reasona-
ble that the most likely target protein is p34°¢°? protein
kinase in the early G, and late G, phases, rather than
PKC, because Str has recently been reported to be a
potent inhibitor of cdc2 kinase, and the cde2-cyclin B
activity seems to increase in the G, phase and the
cdk2-cyclin A activity in the late G, phase'®. However,
we cannot exclude the possibility that Str suppersses the
early G, and/or the late G,-M transition through
inhibition of protein kinases other than the cdc2-cyclin
family as well as PKC. Thus, if we administer Str to
whole animals bearing malignant cells, the result should
be analyzed with great care.

E. Antitumor Activity

Resistance to antitumor agents is a major problem in
the treament of cancer. Several types of drug resistance
have been characterized in cell lines made resistant to
anticancer agents. One of these is the multidrug resis-
tance (MDR) phenotype. Such MDR cells that acquire
resistance to a naturally occuring drug, e.g., vinca
alkaloids, anthracyclines and epipodophyllotoxins gen-
erally show cross-resistance to other antitumor agents
possessing different structures and different modes of
action®®. MDR is often associated with the presence of
a 170K D glycoprotein, the transmembrane glycoprotein
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(Pgp)*®, encoded by a multidrug resistance (mdr 1) gene.
Pgp functions as a rapid drug efflux pump transporting
not only antitumor drugs but also verapamil and other
Ca?* channel blockers, resulting in a lowered, less toxic,
intracellular drug accumulation®®. Although there exist
mechanisms of MDR other than Pgp overexpression, the
widespread occurrence of the expression of the mdr 1
gene in drug resistance suggests a clinical role in many
cancers®! ~ %%, These observations suggest that an in-
hibitor of this drug eflux pump would become useful
anticancer agent. A number of compounds have been
reported to be able to inhibit the eflux of drugs
transported by Pgp, or to be effective in reversing MDR
in vitro, but none has so far found broad clinical
application.

On the other hand, drug accumulation in MDR cells
was found to be regulated by protein kinases, in particu-
lar via PKC-mediated phosphorylation of Pgp®#. In
addition, several tumor cell lines of the MDR phenotype
were shown to exhibit increased PKC activity®*6>.
Therefore, an inhibitor of PKC might counter attack
MDR.

Although Str had been reported to possess differ-
entiation-inducing activity in a human neuroblastoma
cell, NB-1, its mode of action remained unclear. It was
considered that Str may increase the intracellular content
of cyclic AMP and promote the de novo protein synthe-
sis related to elongation of neurites or cell enlargement
in NB-1 cells®®. SATO et al. showed Str to inhibit
ATP-dependent-vincristine binding to the MDR cell
membrane and also azidopine photolabelling of Pgp,
suggesting that Str directly binds to Pgp as well as

2% channel blockers and also

antitumor agents and Ca
might be involved in the function of Pgp®”. Recently,
SAMPSON ef al. demonstrated Str to reduce Pgp expres-
sion and modulate MDR®®, ,

Since str is a non-selective inhibitor of protein kinases,
Str-derivatives possessing a higher degree of selectivity
for PKC inhibition and PKC-mediated cellular events
have been developed. These include Str-derivatives such
as CGP,,,5,°" and NA-382°? inhibited PKC more
selectively than Str, although they are much less in-
hibitory. Utz et al. found that CGP,,,5; not only
exhibits antitumor activity, but also reverses MDR"?
after treatment of CCRF-VCR 1000 (a MDR human
lymphoblastoid cell line expressing Pgp) with a com-
bination of 500 nmM adriamycin and a non-toxic concen-
tration of 150 nmM CGP,;,5,; (ICs, for inhibition of cell
proliferation: 420 nMm CGP,,,5,) inhibited cell prolifera-

tion of CCRF-VCR 1000 cells by 29%. It was also shown
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Fig. 13. Inhibitory effect of Str on intimal hyperplasia
induced by endothelial denudation.

(A) Intimal media ration. (B) Histological cross-sections
in the (a) absence and (b) presence of 0.3mg/kg Str with
Elastica-Van-Gieson staining.
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** Significantly different (p < 0.01) from values of control.

Fig. 14. Concentration-response of development for K*.

Each curve was obtained by the cumulative addition of
K* (10, 20, 30, 40 and 60mm) to the control (0) and
hyperplastic (@) artery. Each point is the mean4S.D. of
four experiments.
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*Significantly different (p<0.05) from values for the
control artery.

that treatment of CCRF-VCR 1000 cells with CGP,;,5;
for 10 minutes is sufficient to inhibit the efflux of
rhodamine 123, a substrate of Pgp. MiyaMoTo et al.”V
found that NA-382 at non-cytotoxic concentration
reverses effectively in vitro MDR of adriamycin-resistant
P388 cell, without influencing drug sensitivity of sensitive
P388 cell. This compound also reduced vinblastine re-
sistance of other MDR cell lines, AH66 and K562/ADR,
by inhibiting vinblastine efllux and promoting vinblastine
accumulation. Although M1YaMoOTO ef al. concluded that
Str derivatives interfere with the function of the drug
extrusion system by their direct action on Pgp, regardless
of their inhibitory activity on PKC?Y, the exact
mechanisim of MDR modulation by these compounds
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should be part of ongoing investigations. Both
CGP,;;5, and NA-382 might be good candidates for
cancer chemotherapy of MDR.

F. Activity against Hyperplastic Cell Growth

To reveal a Str activity against hyperplastic cell growth
in whole animals, we made use of an intimal thickening
artery model of rabbit induced by the baloon-endothelial
injury method. Intimal thickening plaque is associated
with hyperplastic smooth muscle cells responding to
growth factors such as PDGF and MDGF. Oral ad-
ministraion of Str (0.3~1.0mg/kg) every days for 6
weeks after the endothelial denudation prevented in a
dose-dependent manner the intimal thickening and hy-
persensitivity of denuded carotid artery, as shown in
Figs. 13 and 14. In particular, upon stimulation with
high K* or PGF,,, the Str-treated artery exhibited
normal contraction (Fig. 14) with normal levels of MLC
phosphorylation, as observed in non-denuded control
artery, whereas the artery bearing intimal thickening
exhibited 1.5~ 1.8-fold extent of contraction with high
levels of mono and double phosphorylations of MLC
(unpublished data). This arises the possibility that Str or
its derivatives might supperss intimal thickening and
restenosis after angioplasty, which are the most severe
events in blood circulation disease.
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