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ABSTRACT

Antitumor activity of UCN-01 (7-hydroxy staurosporine), a selective
inhibitor of Ã‡a2*-and phospholipid-dependent protein kinase C, was

examined in comparison with staurosporine, a nonselective inhibitor of
protein kinases, on human and murine tumor cell lines which have some
aberrations in cellular signal transduction. UCN-01 inhibited the growth
of five tumor cell lines about 9 to 90 times less potently than staurosporine
in vitro. UCN-01 showed an in vivo antitumor effect against three human
tumor xenografts [epidermoid carcinoma A431 (c-erbB-l overexpression),
fibrosarcoma HT1080 (V/-Â«.vactivation), and acute myeloid leukemia
111.-(>(!(Vra.v activation)), giving a minimum treated/control ratio of 0.40
(P < 0.01), 0.17 ( P < 0.01), and 0.61 ( P < 0.05), respectively. UCN-01
also exhibited significant antitumor activity against two murine tumor
models (fibrosarcoma, K-BALB and M-MSV-BALB), which activated
the \-ras and \-mos oncogenes, showing a minimum treated/control ratio
of 0.27 (/> < 0.01) and 0.21 ( /' < 0.01). Staurosporine did not show
significant antitumor activity against any of these five tumors. UCN-01
inhibited the down-modulation of epidermal growth factor receptor caused
by phorbol 12-myristate 13-acetate in A431 cells at a near 50% inhibitory
concentration for cell growth. These results imply that UCN-01 is a
promising antitumor agent which has a novel mechanism(s) of action.

INTRODUCTION

PKC2 plays an important role in trans-membrane signal

transduction and the induction of many cellular responses
including cell proliferation, differentiation, gene expression,
and tumor promotion (1). PKC is activated by diacylglycerol
which is formed by the hydrolysis of membrane inositol phos-
pholipids in response to extracellular signals such as growth
factors, hormones, and neurotransmitters (2).

Cloning of the PKC gene has revealed the existence of a gene
family encoding closely related isoforms (3, 4). The existence
of a family of PKC polypeptides suggests that distinct PKC
isoforms participate in different cellular pathways. The actions
of PKC in the cell are mediated through the phosphorylation
of the cellular substrates (5, 6), but none has yet been identified
directly in relation to cell growth. However, recent findings
indicated that alterations in the activity of PKC may be involved
in malignant transformation processes (7-13). Fibroblast cells
that were overproducing PKC molecules by transfection with
the PKC-/Ã•gene (7) or PKC-T gene (8) have been shown to
express enhanced tumorigenicity. Moreover, a mutated PKC
gene was cloned from murine ultraviolet-induced fibrosarcoma
and was shown to have oncogenic potential in vitro and in vivo
(9).

Experimental studies, using animal models as well as a cell
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culture system, and clinical studies suggest that the alterations
of PKC activity were involved in colorectal carcinogenesis (10,
11). Furthermore, recent findings imply that PKC plays an
important role in the transformation processes downstream to
ras oncogenes (12, 13). These findings suggest that PKC may
be a potential target for cancer chemotherapy.

Recently, several inhibitors of PKC have been reported to
exert antitumor activity in vitro and in vivo (14-18). Among
them, staurosporine (14) and its related compounds, which
have an indolocarbazole chromophore, were reported to exert
very potent PKC-inhibitory activity in a cell-free system and to
exhibit various biological activities (19-21), including antitu-
mor effect. In relation to these compounds, we have previously
reported that the PKC selective inhibitor UCN-01, which has
a hydroxyl group at the C-7 position of staurosporine, possesses
a potent antiproliferative activity in vitro and a weak antitumor
activity in vivo (15, 16).

Another PKC selective inhibitor (CGP 41 251), 4'-JV-benzoyl

staurosporine, was reported to exert an antitumor effect in vitro
and in vivo (17). It should be noted that rebeccamycin (22) and
AT2433 (23), which also have an indolocarbazole moiety re
lated to staurosporine, were reported to possess antitumor
activity in vivo. These compounds, however, could not inhibit
PKC in a cell-free system (24). Rebeccamycin was reported to
induce DNA single-strand breakage in human tumor cells (22).
These results suggest that indolocarbazole compounds includ
ing UCN-01 and rebeccamycin show diverse biological activi
ties, such as protein kinase inhibition (14-17, 20), interaction
with DNA (22, 24), and the other pharmacological activities
(21).

In this paper, we studied the possible contribution of PKC
inhibition by UCN-01 to its antiproliferative activity, and the
antitumor activity of UCN-01 was examined against several
oncogene-activated human and murine tumor models in com
parison with staurosporine.

MATERIALS AND METHODS

Drugs. UCN-01 and staurosporine (Fig. 1) were produced by fermen
tation in our laboratories as previously described (14-16). MMC,
ADM, and 5-FU were produced by Kyowa Hakko Kogyo Co., Ltd.,
Tokyo, Japan. VCR (clinical form, Oncovine) was purchased from
Shionogi Pharmaceutical Co., Ltd., Osaka, Japan.

Cell Culture. Human epidermoid carcinoma, A431 (25), human
fibrosarcoma, HT 1080 (26), human myeloblastic leukemia, HL-60 (27),
K-rai-transformed murine fibrosarcoma, K-BALB (28), and Moloney
sarcoma virus-transformed murine fibrosarcoma, M-MSV-BALB/3T3
(29), were obtained from American Type Culture Collection through
Dainippon Pharmaceutical Co., Osaka, Japan., The cell cultures were
performed at 37Â°Cin a humidified atmosphere of 5% COÂ¡.

Animals and Tumors. A431, HT 1080, and HL-60 xenograft lines
were established by inoculation of cultured cells into adult male BALB/
c-nu/nu mice weighing 23 to 27 g obtained from Nippon Clea Co.,
Tokyo, Japan. K-BALB and M-MSV-BALB/3T3 isograft lines were
established by inoculation of the cultured cells into adult male BALB/
c mice weighing 20 to 25 g obtained from Japan Charles River Co.,
Atsugi, Japan.
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NHCH

UCN-01 Staurosporine

Fig. 1. Structure of UCN-01 and staurosporine.

In Vitro Antiproliferative Activity. Cells (3 x IO4) (1 ml) were

precultured in appropriate medium supplemented with 10% fetal bovine
serum (Gibco, Grand Island, NY) for 24 h in Nunclon 24-well multi-
dishes (No. 167008; NUNC, Roskilde, Denmark). Drugs were added
to the plate in serial 3-fold dilutions (Â«= 3), and the plates were
incubated for another 72 h. The total cell number was counted by a
micro-cell counter (Toa Medical Electronics Co., Ltd., Kobe, Japan)
after detachment of the cells by 0.05% trypsin (Difco Laboratories,
Detroit, MI)-0.02% EDTA (Wako Pure Chemical Industries Co., Ltd.,
Osaka, Japan) treatment. The antiproliferative activity of drugs was
expressed as the ICso value.

EGF Binding Assay. A431 cells were seeded at an initial density of 8
x IO4cells/cm2 in Nunclon 24-well multidishes (NUNC) containing 1
ml of growth medium. After 48-h preincubation at 37Â°C,the cells were

treated with various concentrations of UCN-01 or staurosporine for 1
h at 37Â°C.Then, PMA was added directly to the culture medium at a

final concentration of 100 nM, and the cells were incubated further for
2 h at 37Â°C.This was omitted for control cells. After the cells were
cooled to 4Â°C,they were incubated with 2 x IO4 cpm/well of 3-
[12!I]iodotyrosyl-labeled human EGF (1700 Ci/mmol; Amersham,
United Kingdom) at 0Â°Cfor 3 h. Then unbound 125I-EGFwas removed

by washing the cells twice with 2-ml portions of PBS, and cell-associated
radioactivity was determined by an autogamma well counter (Packard,
Meriden, CT) after the solubilization with 1% (w/v) SDS aqueous
solution.

Evaluation of Antitumor Activity. All the human and murine solid
tumors were inoculated s.c. in the flanks of nude mice or histocompa-
tible antigen-matched syngeneic mice. For the evaluation of antitumor
activity, a tumor volume was calculated from the following formula,
according to the method of the National Cancer Institute (30), by
measuring the length (mm) and width (mm) of the tumors

Length x width2
Tumor volume (mm ) =

Drug efficacy was expressed as the percentage of the mean V/Va value
against that of the control group, where V is the tumor volume at the
day of evaluation and I 'â€žis the tumor volume at the day of the initial

treatment with the drug.
UCN-01 and staurosporine were administered i.p. daily for 5 days

from Day 0 to Day 4 on all the tumors. Human fibrosarcoma HT 1080
and murine fibrosarcomas K-BALB and M-MSV-BALB were trans
planted on Day â€”5.Human epidermoid carcinoma A431 and human
leukemia HL-60 were transplanted on Days -7 and -14, respectively.

Statistical Analysis. Statistical analysis was done by Student's t test

(2-tailed).

RESULTS

In Vitro Antiproliferative Activity. The antiproliferative activ
ity of UCN-01 or staurosporine against human and murine cell
lines after 72-h exposure was summarized in Table 1. UCN-01
was 9.2 to 87.4 times less potent than staurosporine on these
cell lines. Neither drug showed specificity against any of these
five tumor cell lines.

Effect on Down-Modulation of EGF Receptor Caused by
PMA. UCN-01 and staurosporine were tested for their inhibi
tion of PMA-induced reduction of 125I-EGFbinding to the EGF

receptor on cultured A431 epidermoid carcinoma cells, because
the phosphorylation of the receptor by protein kinases including
PKC after PMA treatment causes down-modulation of the
receptor (5). As shown in Fig. 2, UCN-01 and staurosporine
inhibited PMA-induced reduction of '"I-EGF binding to A431
cells in a dose-dependent manner, suggesting that both drugs
inhibited the action of PMA intracellularly. Half-maximal in
hibition (IC50) was 0.30 MM and 0.02 /JM for UCN-01 and
staurosporine, respectively.

Antitumor Activity against Human Tumors. The antitumor
activity of UCN-01 or staurosporine was evaluated against
human xenografts inoculated into nude mice by the treatment
i.p. at the maximum tolerated dose for 5 consecutive days (Table
2).

UCN-01 showed a significant (P < 0.01) antitumor effect
against A431 epidermoid carcinoma; however, staurosporine
did not (Fig. 3). Against HT 1080 fibrosarcoma, UCN-01 ex
hibited a very potent growth-inhibitory effect of minimum T/
C, 0.17 (on Day 7) with a significance of P < 0.01 as shown in
Fig. 4. On the other hand, staurosporine did not show any
significant antitumor effect (Table 2). In the case of HL-60
acute myeloid leukemia, UCN-01 showed a marginal but sig-

Table 1 Antiproliferative activity of UCN-01 and staurosporine against human
and murine tumor cell lines after 72-h exposure

ICM OIM)

Cell line UCN-01 Staurosporine

A431
HT 1080
HL-60
K-BALB
M-MSV-BALB

0.26
0.083
0.17
0.066
0.021

0.0058
0.00095
0.010
0.0072
0.0018

Drug concentration (

Drug concentration f. M i

Fig. 2. Inhibition of PMA-induced down-modulation of EGF receptor by
UCN-01 and staurosporine on human A431 epidermoid carcinoma cells. A431
cells pretreated with given concentrations of UCN-01 (A) and staurosporine (B)
were tested for the inhibition of PMA (100 n\i)-induced reduction of '"I-EGF
binding to intact A431 cells as described in "Materials and Methods," without
10~7M PMA (O) and with IO'7 M PMA (â€¢).Points, mean; bars, SD.
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nificant (P < 0.05) growth-inhibitory effect, while staurosporine

did not (Fig. 5).
Antitumor Activity against Murine Tumors. Antitumor activ

ity of UCN-01 and staurosporine was further evaluated against
murine tumors inoculated on the syngeneic mice at the maxi
mum tolerated dose of the drug by the same schedule as the
xenografted system as shown in Table 2. UCN-01 showed a
significant (P < 0.01) antitumor effect against both murine
fibrosarcoma cell lines of K-BALB and/or M-MSV-BALB/3T3
showing a minimum T/C value of 0.27 and 0.21, respectively
(Figs. 6 and 7). On the contrary, staurosporine did not show
any significant antitumor effect against both murine tumor
models (Table 2).

The antitumor activities of UCN-01 and staurosporine
against human and murine tumor models are summarized in
Table 2. The antitumor activity of 4 conventional anticancer
drugs, against 3 tumor models under the same conditions as
this series of experiments, is also summarized in Table 3.

DISCUSSION

We have previously reported that UCN-01 (7-hydroxy stau
rosporine), a selective inhibitor of PKC [IC50:4.1 nM for PKC;
42 nM for PKA; 45 nM for PTK of p60 \-src (20)], exhibits a
potent antiproliferative activity in vitro and an antitumor activ
ity in vivo (15, 16). In this study, the antitumor activity of
UCN-01 was examined against murine and human tumor cell
lines which have some aberrations in cellular signal transduc-
tion in comparison with staurosporine, a nonselective protein
kinase inhibitor (14).

UCN-01 exhibited 9.2- to 87.4-fold less potent antiprolifer-

Table 2 Antitumor activity of UCN-01 and staurosporine against xenografted
human tumors and murine syngeneic solid tumors

Mice (n = 5) transplanted with each tumor were treated i.p. with drug daily
for 5 days.

UCN-01TumorsXenogeneic

A431
HT1080HL-60Syngeneic

K-BALB
M-MSV-BALBDose(mg/kg)5.0

7.07.07.57.5T/C

min"0.40*

0.17*0.61e0.27*

0.21*StaurosporineDose(mg/kg)1.00.640.641.01.0T/C

min0.63

0.790.890.70

0.75
" T/C min, T/C minimum.
* P< 0.01 by Student's i test.
' P < 0.05 by Student's ( test.

Control

UCN-01 STO/HOÂ«5 p

Days after administration

Fig. 3. Antitumor activity of UCN-01 and staurosporine against human A431
epidermoid carcinoma in athymic nude mice (n = 5). Drugs were administered
i.p. daily for 5 days from Day 0 to Day 4. Initial tumor volume on day 0 (K0)was
27.8 Â±3.4 mm3. Untreated control (â€¢);UCN-01, 5.0 mg/kg (O); staurosporine,
0.64 mg/kg (A). '*, P < 0.01; *, P < 0.05 by Student's / test. The minimum T/C
value of each drug-treated group was as follows: UCN-01, 5 mg/kg, 0.40 (on Day
7); staurosporine (Stp), 0.64 mg/kg, 0.63 (on Day 7).

Days after administration

Fig. 4. Antitumor activity of UCN-01 against human HT 1080 fibrosarcoma
in athymic nude mice (n = 5). UCN-01 was administered i.p. daily for 5 days
from Day 0 to Day 4. The initial tumor volume on Day 0 (Va) was 39.2 Â±8.3
mm3. Untreated control (â€¢);UCN-01, 7.0 mg/kg (O); UCN-01, 5.0 mg/kg (D);
UCN-01, 3.6 mg/kg (A). **, P < 0.01; *, P < 0.05 by Student's t test. The
minimum T/C value of each drug-treated group was as follows: UCN-01, 7.0 mg/
kg, 0.17 (on Day 6); UCN-01, 5.0 mg/kg, 0.37 (on Day 6); UCN-01, 3.6 mg/kg,
0.51 (on Day 3).

Days after administration

Fig. 5. Antitumor activity of UCN-01 against human HL-60 acute myeloid
leukemia in athymic nude mice (n = 5). UCN-01 was administered i.p. daily for
5 days from Day 0 to Day 4. Initial tumor volume on Day 0 (K>) was 133.6 Â±
80.1 mm3. Untreated control (â€¢);UCN-01, 7.0 mg/kg (O); UCN-01, 5.0 mg/kg
P). **, P < 0.01; *, P < 0.05 by Student's t test. The minimum T/C value of
each drug-treated group was as follows: UCN-01, 7.0 mg/kg, 0.61 (on Day 8);
UCN-01, 5.0 mg/kg, 0.69 (on Day 8).

ative activity in vitro than staurosporine against three human
tumor cell lines and against two murine transformed fibroblast
cell lines (Table 1). On the other hand, UCN-01 was confirmed
to inhibit PKC activity in a cell-free system at the same order
of magnitude for staurosporine (15, 16), so the very potent
antiproliferative activity of staurosporine could not be ex
plained only by its PKC inhibition; rather, it may include
additional inhibition of other protein kinases.

To further assess the possible contribution of the inhibition
of protein kinases including PKC on the antiproliferative activ
ity of UCN-01 or staurosporine, we examined whether they
antagonize PMA in the target cells. For this purpose, we
examined the influence of the agents on EGF binding to its
receptor on A431 cells, since the receptor has been reported to
be phosphorylated by protein kinases including PKC in vitro
and in vivo (5) and to lose its high-affinity binding sites after
the phosphorylation. Actually, when A431 cells were treated
with 100 nM PMA, the binding of 125I-EGF was markedly

reduced (Fig. 2). On the other hand, when the cells were
pretreated with UCN-01 or staurosporine for l h before PMA
treatment, the reduction of the binding of 125I-EGF to its
receptor was inhibited markedly in a dose-dependent manner
(Fig. 2), suggesting that UCN-01 and staurosporine inhibit
PMA-induced phosphorylation of the receptor in intact A431
cells. The IC50 for this inhibition of PMA-induced down-mod
ulation of EGF receptor was 200 nM for UCN-01 and 20 nM
for staurosporine, respectively. Cell growth inhibition (IC5o) of
UCN-01 against A431 cells was 260 nM (Table 1), and this
value was nearly equal to that of the above experiment, while
that of staurosporine (5.8 HM)was lower than the inhibition of
down-modulation of the EGF receptor. This suggests that some
part of the antiproliferative activity of staurosporine may be
induced by the inhibition protein kinases which were not acti-
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Table 3 Effect of anticancer drugs on the growth of A4Ã•I,K-BALB, and
M-MSV-BALB tumors in vivo

Days after administration

Fig. 6. Antitumor activity of UCN-01 against murine K-BALB fibrosarcoma
in BALB/c mice (n = 5). UCN-01 was administered i.p. daily for 5 days from
Day 0 to Day 4. The initial tumor volume on Day 0 (Va) was 25.1 Â±6.5 mm3.
Untreated control (â€¢);UCN-01, 7.5 mg/kg (O); UCN-01, 5 mg/kg P); UCN-
01, 2.5 mg/kg (A). **, P < 0.01; *, P < 0.05 by Student's t test. The minimum
T/C value of each drug-treated group was as follows: UCN-01, 7.5 mg/kg, 0.27
(on Day 7); UCN-01, 5.0 mg/kg, 0.27 (on Day 7); UCN-01, 2.5 mg/kg. 0.46 (on
Day 7).

Days after administration

Fig. 7. Antitumor activity of UCN-01 against murine M-MSV-BALB fibro
sarcoma in BALB/c mice (n = 5). UCN-01 was administered i.p. daily for 5 days
from Day 0 to Day 4. The initial tumor volume on Day 0 (F0) was 84.5 Â±15.0
mm3. Untreated control (â€¢);UCN-01, 7.5 mg/kg (O); UCN-01, 5 mg/kg (D). **,
P < 0.01 ; *, P < 0.05 by Student's t test. The minimum T/C value of each drug-
treated group was as follows: UCN-01, 7.5 mg/kg, 0.21 (on day 7); UCN-01, 5.0
mg/kg, 0.42 (on Day 7).

vated by PMA. However, that of UCN-01 may be caused mainly
by the inhibition of protein kinases, including PKC, which were
activated by PMA in A431 cells.

Indolocarbazole compounds with a furanose moiety like re-
beccamycin (22) and AT2433 (23) have been reported to possess
antitumor activity in vitro and in vivo. These compounds, how
ever, do not inhibit PKC in a cell-free system (24). In addition,
rebeccamycin causes DNA single-strand breakage in human
tumor cells (22). On the contrary, the possible effect on DNA,
such as intercalation or DNA breakage, was not observed in
cultured cells by the treatment with UCN-01 at as high a
concentration as 10 times the IC5o of growth inhibition.3 These

results suggest that indolocarbazole compounds exert different
and diverse biological activities, such as enzyme inhibition,
including PKC, and interaction with DNA.

In the in vivo experimental tumor models, UCN-01 exhibited
a significant antitumor effect against 3 human tumor xenografts
and 2 murine tumors (Table 2), while staurosporine had little
activity against any of these tumor models. Furthermore, UCN-

01 was 5 to 10 times less toxic in mice than staurosporine when
compared at their maximum tolerated doses (Table 2).

Recently, it was reported that a new selective PKC inhibitor
CGP 41 251 (a derivative of staurosporine) exhibited higher
tolerability and higher antitumor activity than staurosporine
(17). Taken together, these results suggest that selective inhi
bition of PKC may result in a higher antitumor effect and also
decrease some kinds of toxicity in mice.

UCN-01 showed a moderate but significant inhibitory effect
against human epidermoid carcinoma A431 xenografts, which
express an a-subtype of PKC (31 ) as well as EGF receptor (32)

Drug

Dose (mg/kg)
and

frequency

T/C minÂ°of

the tumor cell lines

Route A431 K-BALB M MSV-BALB

MMCMMCADMADMVCR5-FU6.7x14.3
x113.5
x18.6
x12.2
x140
x 5 p0.11*0.370.130.240.11.0.NT0.03*0.080.10NT0.370.08*0.07NT*0.23NT0.22NT

3 Unpublished observation.

" T/C min, T/C minimum.
* One of five mice was dead by toxicity.
c NT, not tested.
d Two of five mice were dead by toxicity.

(Fig. 3). Furthermore, UCN-01 showed the most profound
activity against N-ras-activated human Fibrosarcoma HT 1080
(33) (Fig. 4) and showed a marginal activity against another N-
ras-activated human leukemia HL-60 (34), which express the
a- and ÃŸ-typesof PKC (35) as shown in Fig. 5. Additionally,
UCN-01 was also active against murine fibrosarcoma K-BALB,
transformed by v-ras, and M-MSV-BALB/3T3, transformed by
\-mos oncogene, whose product had a serine/threonine kinase

activity (36). In contrast with these results, staurosporine had
little antitumor activity against any of these five tumors (Table
2).

Recent studies on ras-transformed fibroblast cells have indi
cated that PKC may play an important role in the transforma
tion process downstream to the ras oncogene by persistent
elevations of diacylglycerol, an activator of PKC ( 18-21 ). These
studies and in vivo antitumor activity of UCN-01 described
above suggest that ras-activated tumors may become one of the
major targets for PKC inhibitors as a new type of anticancer
agents.

Interestingly, the antitumor effect of UCN-01 in these sys
tems was comparable to those of clinically used anticancer
agents such as MMC (on A431), ADM (on M-MSV-BALB),
and VCR (on K-BALB and M-MSV-BALB) as shown in Tables

2 and 3. These results suggest that the possible inhibition of
PKC by UCN-01 is one of the major factors to cause the growth
inhibition of tumors in vivo; however, we cannot estimate the
exact contribution of PKC inhibition in the antitumor activity
of UCN-01 now. A possibility of the inhibition of other serine/
threonine kinases (e.g., raf, mos, cdc2, etc.) and tyrosine kinases
remains to be elucidated. In addition, subtype specificity in the
inhibition of PKC by UCN-01 remains to be determined.

From all the results in our experiments, UCN-01 will be
evaluated as an anticancer agent with a unique mode of action
and unique chemical structure. A functional group, such as
hydroxyl at the C-7 position of the indolocarbazole moiety of
staurosporine, is supposed to be important to its PKC selectivity
(15, 16) and biological activities. Further studies will be needed
to elucidate the detailed mode of action for the antitumor
activity of UCN-01, including the other biological activities.
Nevertheless, the results in our experiments imply that UCN-
01 is a promising antitumor agent with a unique action
mechanism(s).

ACKNOWLEDGMENTS

The authors thank Dr. A. Mihara and Dr. C. Murakata for providing
UCN-01 and Dr. H. Nakano for a critical reading of the manuscript.
They also thank Shinobu Koyama for her excellent technical assistance
and Tomoe Mimatsu for typing the manuscript.

4891

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/18/4888/2445382/cr0510184888.pdf by guest on 19 M

ay 2023



ANTITUMOR EFFECT OF PKC SELECTIVE INHIBITOR UCN-01

REFERENCES

1. Nishizuka, Y. The molecular heterogeneity of protein kinase C and its
implication for cellular regulation. Nature (Lond.), 334:661-665, 1988.

2. Berridge, M. J. Inositol triphosphate and diacylglycerol: two interacting
second messengers. Annu. Rev. Biochem., 56: 159-193, 1987.

3. Ono, Y., Fujii, T., Ogata, K., Kikkawa, U., Igarashi, K., and Nishizuka, Y.
The structure, expression, and properties of additional members of the
protein kinase C family. J. Biol. Chem., 263: 6927-6932, 1988.

4. Ohno, S., Kawasaki, H., Imajoh, S., Suzuki, K., Inagaki, M., Yokokura, H.,
Sakoh, T., and Hidaka, H. Tissue specific expression of three distinct types
of rabbit protein kinase C. Nature (Lond.), 325: 161-166, 1987.

5. Hunter, T., Ling, N., and Cooper, J. A. Protein kinase C phosphorylation of
the EGF receptor at a threonine residue close to the cytoplasmic face of the
plasma membrane. Nature (Lond.), 311: 480-483, 1984.

6. Stumpo, D., Graff, J. M., Albert, K. A., Greengard, P., and Blackshear, P.
J. Molecular cloning, characterization, and expression of a cDNA encoding
the "80- to 87-kDa" myristoylated alanine-rich C kinase substrate: a major

cellular substrate for protein kinase C. Proc. Nati. Acad. Sci. USA, 86:4012-

4016, 1989.
7. Mousey, G. M., Johnson, M. D., Hsiao, H. L. W., O'Brian, C. A., Murphy,

J. P., Krischmeier, P., and Weinstein, I. B. Overproduction of protein kinase
C causes disordered growth control in rat fibroblasts. Cell, 52: 343-354,
1988.

8. Persons, D. A., Wilkinson, W. O., Bell, R. M., and Finn, O. J. Altered
growth control and enhanced tumorigenicity of NIH 3T3 fibroblasts trans
formed with protein kinase C-l cDNA. Cell, 52:447-458, 1988.

9. Megidish, T., and Mazurek, N. A mutant protein kinase C that can transform
fibroblasts. Nature (Lond.), 342: 807-811, 1989.

10. Guillem, J. G., O'Brian, C. A., Fitzer, C. J., FÃ¶rde,K. A., Logerfor, P.,
Treat, M., and Weinstein, I. B. Altered levels of protein kinase C and Ca2+-

dependent protein kinases in human colon carcinoma. Cancer Res., 47:2036-

2039, 1987.
11. Morotomi, M., Guillem, J. G., Logerfo, P., and Weinstein, 1. B. Production

of diacylglycerol, an activator of protein kinase C by human intestinal
microflora. Cancer Res., 50: 3595-3599, 1990.

12. Fleischman, L. F., Chahwala, S. B., and Cantley, L. ros-lransformed cells:
altered levels of phosphatidylinositol-4-5-bisphosphate and catabolites. Sci
ence (Washington DC), 231:407-410, 1986.

13. Wolfman, A., and Macara, I. G. Elevated levels of diacylglycerol and de
creased phorbol ester sensitivity in raj-transformed fibroblasts. Nature
(Lond.), 325: 359-361, 1987.

14. Tamaoki, T., Nomoto, H., Takahashi, L, Kato, Y., Morimoto, M., and
Tornita, F. Staurosporine, a potent inhibitor of phospholipid/Ca2*-dependent

protein kinase. Biochem. Biophys. Res. Commun., 135: 397-402, 1986.
15. Takahashi, L, Kobayashi, E., Asano, K., Yoshida, M., and Nakano, H. UCN-

01, a selective inhibitor of protein kinase C from Streptomyces. J. Antibiot.
(Tokyo), 40: 1782-1784, 1987.

16. Takahashi, I., Saitoh, Y., Yoshida, M., Sano, H., Nakano, H., Morimoto,
M., and Tamaoki, T. UCN-01 and UCN-02, new selective inhibitors of
protein kinase C. II. Purification, physiochemical properties, structural de
terminations, and biological activities. J. Antibiot. (Tokyo), 42: 571-576,
1989.

17. Meyer, T., T., Regenass, U., Fabbro, D., Alteri, E., Rosei, J., Muller, M.,
Caravatti, G., and Mailer, A. A derivative of Staurosporine (CGP 41 251)
shows selectivity for protein kinase C inhibition and in vitro anti-proliferative
as well as in vivo anti-tumor activity. Int. J. Cancer, 43: 851-856, 1989.

18. Kobayashi, E., Ando, K., Nakano, H., lida, T., Ohno, H., Morimoto, T., and
Tamaoki, T. Calphostin (UCN1028), novel and specific inhibitors of protein
kinase C. I. Fermentation, isolation, physico-chemical properties, and bio
logical activities. J. Antibiot. (Tokyo), 43:1470-1474, 1990.

19. Kase, H., Iwahashi, K., and Matsuda, Y. K-252a, a potent inhibitor of pro
tein kinase C from microbial origin. J. Antibiot. (Tokyo), 39: 1059-1065,
1986.

20. Nakano, H., Kobayashi, E., Takahashi, E., Tamaoki, T., Kuzuu, Y., and Iba,
H. Staurosporine inhibits tyrosine-specific protein kinase activity of Rous
sarcoma virus transforming protein p60. J. Antibiot. (Tokyo), 40: 706-708,
1987.

21. Ruegg, U. T., and Burgess, G. M. Staurosporine, K-252a, and UCN-01:
potent but nonspecific inhibitors of protein kinase. Trends Pharmacol. Sci.,
10: 218-220, 1989.

22. Bush, J. A., Long, B. H., Catino, J. J., Brander, W. T., and Tornita, K.
Production and biological activity of Rebeccamycin, a novel antitumor agent.
J. Antibiot. (Tokyo), 40: 668-678, 1987.

23. Maison, J. A., Claridge, C., Bush, J. A., Titus, J., Brander, W. T., Doyle, T.
W., Horan, A. C, and Patel, M. AT2433-A1, AT2433-A2, AT2433-B1, and
AT2433-B2, novel antitumor antibiotic compounds produced by Actinomad-
ura melliaura. J. Antibiot. (Tokyo), 42: 1547-1555, 1989.

24. Tamaoki, T., and Nakonao, H. Potent and specific inhibitors of protein
kinase C of microbial origin. Biotechnology, 8: 732-735, 1990.

25. Giard, D. J., Aaronson, S. A., Todaro, G. J., Arnstein, P., Kersey, J. H.,
Dosik, H., and Parks, W. P. In vitro cultivation of human tumors: establish
ment of cell lines derived from a series of solid tumors. J. Nati. Cancer Inst.,
51: 1417-1423, 1973.

26. Rasheed, S., Nelson-Rees, W. A., Toth, E. M., Arnstein, P., and Gardner,
M. B. Characterization of a newly derived human sarcoma cell line (HT1080).
Cancer (Phila.), 33: 1027-1033, 1974.

27. Gallagher, R., Collins, S., Trujillo, J., McCredie, K., Ahearn, M., Tsai, S.,
Metzger, R., Aulakh, G., Ting, R., Ruscelli, F., and Gallo, R. Characleriza-
lion of ihe conlinuous, differenlialing myeloid cell line (HL-60) from a
palienl wilh acute myeloid leukemia. Blood, 54: 713-733, 1979.

28. Aaronson, S. A., and Weaver, C. L. Characterization of murine sarcoma
virus (KIRSTEN) transformation of mouse and human cells. J. Gen. Virol.,
13: 245-252, 1971.

29. Aaronson, S. A., and Rowe, W. P. Nonproducer clones of murine sarcoma
virus iransformed BALB/3T3 cells. Virology, 42: 9-19, 1970.

30. Geran, R. I., Greenberg, N. H., MacDonald, M. M., Schumacher, A. M.,
and Abholt, B. J. Protocols for screening chemical agenls and natura]
producÃsagainst animal lumors and other biological syslems. Cancer Chem-
olher. Rep. Pari 3, 3: 1-103, 1972.

31. Ido, M., Sekiguchi, K., Kikkawa, U., and Nishizuka, Y. Phosphorylalion of
Ihe EGF receplor from A431 epidermoid carcinoma cells by ihree dislincl
lypes of prolein kinase C. FEBS Leu., 219: 215-218, 1987.

32. Ullrich, A., Houssens, L., Hayflick, J. L., Dull, T. J., Gray, A., Tarn, A. W.,
Lee, J., Yarden, Y., Libermann, T. A., Schlessinger, J., Downward, J., Mayes,
E. L. V., While, N., Waterfield, M. D., and Seeburg, P. H. Human epidermal
growlh faclor receplor cDNA sequence and aberrant expression of the
amplified gene in A431 epidermoid carcinoma cells. Nature (Lond.), 309:
418-425, 1984.

33. Paterson, H., Reeves, B., Brown, R., Hall, A., Furlh, M., Bos, J., Jones, P.,
and Marshall, C. Aclivaled N-ros controls ihe Iransformed phenolype of
HT 1080 human fibrosarcoma cells. Cell, 51: 803-812, 1987.

34. Bos, J. L., Vries, M. V., Marshall, C. J., Veeneman, G. H., Van Boom, J.
H., and Van der Eb, A. J. A human gastric carcinoma conlains a single
mutaled and an amplified normal alÃeleof Ihe Ki-raj oncogene. Nucleic Acids
Res., 14: 1209-1217, 1986.

35. Aquino, A., Worren, B. S., Omichinski. J., Harlman, K. D., and Glazer, R.
I. Prolein kinase C-y is presenl in Adriamycin-resislanl HL-60 leukemia
cells. Biochem. Biophys. Res. Commun., 166: 723-728, 1990.

36. Kloelzer, W. S., Maxwell, S. A., and Arlinghaus, R. B. pSS*Â»""â„¢encoded by

Is 110 Moloney murine sarcoma virus has an associated prolein kinase
activily. Proc. Nail. Acad. Sci. USA, Â«0:412-416, 1983.

4892

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/18/4888/2445382/cr0510184888.pdf by guest on 19 M

ay 2023




