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Abstract Purpose: To determine the ability of WMC26,
a prototypic bisimidazoacridone (BIA), to induce
apoptosis in sensitive colon adenocarcinoma cells and to
advance the hypothesis that cancer cells that are growth-
arrested by WMC26 are predisposed to undergo apop-
totic death by abrogators of cell cycle checkpoints.
Methods: The antiproliferative activity of WMC26 was
examined in detail by a 4-day MTT assay, cell counting,
BrdU incorporation and a two-color LIVE/DEAD
assay. To detect apoptosis a number of established
techniques were used, including gel electrophoresis, flow
cytometry, and confocal laser microscopy of treated
cells. The activity of senescence-associated [f-galactosi-
dase in treated cells was also analyzed. Results: WMC26,
at physiological concentrations, induced complete and
longlasting growth arrest of HCT116 cells in culture but
did not trigger cell death. The growth-arrested cells
(blocked at G| and G,/M cell cycle checkpoints) did not
synthesize DNA but were metabolically active and had
intact plasma membranes. Although they resembled the
senescence-like phenotype reported to be induced by
treatment with some antitumor agents, the cells did not
express senescence-associated f-galactosidase, an indi-
cator of the senescence-like state. Treatment of WMC26
growth-arrested cells with 1 uM UCN-01, an abrogator
of the G,/M checkpoint, caused a very rapid (1 h)
change in morphology and cell death within 72 h.
Conclusions: BIAs do not induce apoptosis in sensitive
colon tumor cells. They are highly cytostatic but only
marginally toxic to the cells even at concentrations 100-
fold higher than those sufficient for complete growth
arrest. In this respect WMC26 differs from some other
DNA-interacting antitumor agents that produce cell

W. M. Cholody - T. Kosakowska-Cholody - C. J. Michejda (D)
Molecular Aspects of Drug Design,

Structural Biophysics Laboratory,

National Cancer Institute at Frederick,

Frederick, Maryland 21702, USA

E-mail: michejda@nciferf.gov

Tel.: +1-301-8461216; Fax: + 1-301-8466231

growth arrest at low concentrations but are toxic at
higher doses. The complete growth arrest induced by
WMC26 in colon cancer cells sensitized them to apop-
totic death induced by UCN-01. This finding suggests
that a combination of WMC26 and cyclin-dependent
kinase inhibitors may be an attractive treatment method
for colon cancer that utilizes the highly tumor-selective
activity of WMC26.
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Introduction

Bisimidazoacridones (BIAs) and related compounds
were designed in our laboratory as potential bisinterca-
lating anticancer drugs [4]. The general structure of a
BIA consists of two planar intercalating moieties con-
nected via an aminoaliphatic linker, which may vary in
length and rigidity. Some of the compounds show potent
but selective activity against colon cancer and leukemias,
while others, which differ slightly in structure or linker
length, are totally inactive or nonselective in the NCI
screen against 60 human tumor cell lines. WMC26, a
prototypic BIA (Fig. 1), arrests the growth of HCT116
xenografts in nude mice [4]. Although physicochemical
studies have shown that BIAs do not bind to DNA by
bisintercalation, the presence of two planar aromatic
ring systems has been found to be crucial for selectivity
and activity. Our previous studies suggested that com-
ponents of the nucleotide excision machinery may be
a target for some BIAs [9] and/or that the compounds
directly interfere with transcriptional machinery [26].

It has been recognized recently that the most of the
effective antitumor agents kill cancer cells by inducing
apoptosis in spite of differing molecular targets [7, 12,
18]. As a part of our studies on the mechanism of action
of BIAs, we wished to determine whether WMC26
triggers apoptotic processes in sensitive tumor cells. The
HCT116 colon adenocarcinoma cell line was selected for
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Fig. 1 Chemical structure of WMC26, a prototypic bisimidazoac-
ridone

this work as representative of human colon tumors,
which had previously been shown to be sensitive to BIA
treatment [4, 9].

Materials and methods

Chemicals and cells

All chemicals and cell culture reagents were from Sigma (St. Louis,
Mo.). Tissue culture materials were from Corning (Acton, Mass.).
The synthesis of WMC26 has been described previously [4]. UCN-
01 was kindly provided by the Drug Synthesis and Chemistry
Branch, Developmental Therapeutics Program, NCI. For both
drugs, stock solutions (5 mM) in DMSO were prepared freshly for
each experiment. Stock of UCN-01 was directly diluted with me-
dium, and stock of WMC26 was initially diluted ten times with
distilled water and then with the culture medium to the desired
concentration. HCT116 cells were obtained from the American
Type Culture Collection and grown in DMEM containing 10%
fetal bovine serum and standard antibiotics. The control cells were
untreated.

Cell growth inhibition by WMC26 and cytotoxic effect
in combination with UCN-01

The capacity of WMC26 to interfere with the growth of the
HCTI116 cells was determined using the MTT-based, CellTiter96
nonradioactive cell proliferation assay (Promega, Madison, Wis.),
according to the manufacturer’s protocol. An incubation time of
96 h and 2500 cells/well (96-well plates) were used in this assay. An
assay was also performed on extra reference plates to determine the
cell population density at time 0 (Ty). Similar conditions were used
to determine the cytotoxic effect of UCN-01 in cells pretreated with
WMC26. In this experiment, cells were initially exposed for 48 h to
100 nM WMC26. Next, the medium was changed to a fresh one
containing various concentrations of UCN-01, the cells were in-
cubated for 72 h, and the MTT assay was performed. As a negative
control, HCT116 cells were incubated for 120 h with the same
concentrations as above of UCN-01, without pretreatment with
WMC26.

In addition, the effect of WMC26 on DNA synthesis was ex-
amined in terms of bromodeoxyuridine (BrdU) incorporation using
a BrdU cell proliferation assay (Oncogene Research Products,
Cambridge, Mass.). In this assay, 2500 cells/well were allowed to
attach for 24 h, and were then treated with various concentrations
of the drug for 24 h and incubated with BrdU for 24 h. The level of
incorporated BrdU was measured immunochemically according to
the manufacturer’s protocol.

Cell number determination and cell cycle analysis

To determine the capacity of WMC26 to induce cell death, the
number of viable cells was assessed after a short treatment with
WMC26, followed by a prolonged incubation in fresh medium. A
suspension of 0.5 x 10° cells in 8 ml medium was placed in 25-cm?
T flasks and allowed to attach for 24 h. The cells were then exposed

for 2 h to 1 uM WMC26. After removal of the drug the cells were
washed with PBS. Fresh medium (8 ml) was added and incubation
at 37 °C in an atmosphere containing 5% CO, and in complete
humidity was continued for an additional 6 days. At appropriate
intervals, treated and control cells were released from flasks by
incubation with trypsin (0.05 mg/ml)/EDTA (0.02 mg/ml) for 5 min
at 37 °C, collected in ice-cold PBS, combined with the removed
medium that possibly contained floating cells, and centrifuged at
4 °C. Cell pellets were resuspended in PBS containing 1% fetal
bovine serum. A small aliquot of the suspension was mixed with
trypan blue and cells were counted by a hemocytometer. The re-
maining cells were fixed and stained for fluorescence-activated cell
sorting according to standard procedures [5]. Briefly, cells were
fixed in 70% ethanol and washed twice with PBS containing 10%
fetal bovine serum. Then the cells were treated with RNase (1 U/
10° cells) for 30 min at 37 °C, chilled on ice, and stained overnight
with propidium iodide (50 pg/10° cells) in the cold. Fluorescence
histograms were obtained on a Coulter EPICS753 cell sorter using
an argon laser, and the mean peaks were analyzed.

Viability/cytotoxicity assay

To additionally verify that WMC26 does not trigger cell death a
LIVE/DEAD viability/cytotoxicity kit (Molecular Probes, Eugene,
Ore.) was used according to the manufacturer’s fluorescence
microscopy protocol provided with the kit.

Caspase-3 fluorogenic assay

Caspase-3 activity was measured using a caspase-3 assay kit
(Pharmingen, San Diego, Calif.) and an Eppendorf tube method.
Briefly, cells were harvested and washed with PBS. 3 x 10° cells
were pelleted and lysed with 300 pl of the cell lysis buffer provided
with the kit. Cell lysate (100 pl) was added to reaction tubes, one
containing 10 pl reconstituted Ac-DEVD-AMC (caspase-3 fluoro-
genic substrate) in 1 ml HEPES buffer, and a second containing the
same amount of Ac-DEVD-AMC and 10 pl reconstituted Ac-
DEVD-CHO (caspase-3 inhibitor) in 1 ml HEPES buffer, and the
reaction mixtures were incubated for 1 h at 37 °C. The fluorescence
of 7-amino-4-methylcoumarin (AMC) liberated from Ac-DEVD-
AMC was measured using a spectrofluorometer (excitation 380 nm,
emission 438 nm). The level of caspase-3 was determined by sub-
tracting the fluorescence with the blocker from the reaction without
blocker.

p-Galactosidase staining

Staining for senescence-associated ff-galactosidase (SA-f-Gal) was
performed as described previously [6]. Briefly, after 12 days of cell
growth in medium containing 100 nM of WMC26, the culture
medium was removed, and the cells were washed with PBS, and
fixed for 5 min with 3% formaldehyde. After fixation, cells were
washed with PBS and incubated for 16 h at 37 °C with fresh
p-galactosidase stain solution at pH 4.0 or pH 6.0. The same
procedure was applied to untreated cells. After incubation the
cells were washed three times with PBS and examined under an
inverted phase contrast microscope.

Results
Cell growth inhibition

The growth of HCT116 cells was inhibited in a dose- and
time-dependent manner at concentrations of WMC26
below 100 nM, as measured by the cell proliferation
MTT assay (Fig. 2). At these concentrations the inhi-
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Fig. 2 Effect of low concentrations of WMC26 on the growth of
HCTI116 cells. Cells grown in 96-well plates were exposed to
various concentrations of the drug for different times, and then
incubated for 96 h. The effect of the treatment was determined
using the MTT cell proliferation assay and was calculated as
percent growth inhibition: 100 x [1 — (T — Tp)/(C — Ty)], where T,
T, and C are the absorbance values at 540 nm for time 0, and
in treated and control cells, respectively. The data points are
the means of three independent experiments

bitory effect was also subject to the number of cells used
in the experiments. At 100 nM or higher concentrations
of WMC26, exposures as short as 2 h were sufficient to
produce total growth inhibition in the entire cell popu-
lation after 24 h of incubation. The drug-induced cell
growth arrest persisted for more than 2 weeks. However,
it could be reversed even after several weeks in culture by
frequent changes of the culture medium.

Cell counting experiments (Fig. 3A) showed that cells
exposed for 2 h to 1 uM WMC26 completely stopped
dividing after about 24 h, and their number was constant
for the next 6 days. The MTT assay performed at
different time-points also suggested cell growth arrest
(Fig. 3B), which was accompanied by a total shut-down
of DNA synthesis, as evidenced by the BrdU incorpo-
ration experiment (Fig. 4). The MTT assays cannot
distinguish between complete growth arrest and a
situation where the cells die at the same rate as new cells
are produced. However, the results of cell counting and
BrdU incorporation taken together showed that
WMC26 causes complete growth arrest without subse-
quent cell death.

Cell cycle analysis

FACS analysis of the cells used in the cell counting ex-
periment showed arrest in G; and G,/M phases and a
dramatic reduction in the S-phase population during the
24 h after treatment (Fig. 5B). The G; to G,/M peak
ratio remained constant for the next 6 days. During that
time WMC26 did not trigger apoptotic cell death as
the sub-G; population was essentially constant and
comparable to that in the untreated cells.

The LIVE/DEAD viability assay

This two-color assay clearly distinguishes between live
cells with intracellular esterase activity (green fluores-
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Fig. 3A, B Cell viability and cell growth inhibition after exposure
to higher concentrations of WMC26. A Total cell growth inhibition
determined by cell counting. Cells (5 x 10%) were plated in 25-cm?
flasks and, after attachment, exposed for 2 h to 1 pM drug. Viable
cell numbers were determined at different time-points by the trypan
blue exclusion method and are averages of two separate experi-
ments. Since the number of nonviable cells was negligible, the data
reflect the total number of cells. B Total growth inhibition
determined by the MTT cell proliferation assay. Cells grown in
96-well plates were exposed for 2 h to 0.1 pM or 1 pM WMC26.
The viability of the cells was tested at different time-points by the
MTT reaction. The results are averages of three independent
experiments
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Fig. 4 Effect on DNA synthesis caused by exposure for 24 h to
WMC26 evaluated in terms of the level of incorporation of BrdU,
measured immunochemically. The experiment was performed twice

cence from calcein produced by enzymatic conversion of
nonfluorescent calcein AM; Fig. 6A) and dead cells with
damaged membranes (red fluorescence from ethidium
dimer; Fig. 6B). The LIVE/DEAD test showed that even
after continuous exposure to 1 pM WMC26 for 12 days,
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Fig. 5A-C Time-course cell cycle analysis after 2 h exposure to
1 pM WMC26. A, B Cells used in the experiment the results of
which are shown in Fig. 3A were fixed with 70% ethanol at various
time-points, stained with propidium iodide and analyzed using a
fluorescence-activated cell sorter (A untreated cells, B cells exposed
for 2 h to 1 pM WMC26). Cell percentages are averages of two
separate experiments. C An example of typical FACS results from
an independent experiment in which cells were untreated (upper
row) or continuously exposed to 100 nM WMC26 (lower row)

more than 95% of cells were alive as evidenced by est-
erase activity and intact cellular membranes (Fig. 6D).

p-Galactosidase activity

HCT116 cells continuously exposed for 12 days to
100 nM WMC26 failed to show any cytochemically
detectable f-galactosidase activity at pH 6. However,
a significant difference was found between treated and
untreated cells in the level of lysosomal f-galactosidase
activity at pH 4 (Fig. 7). All treated cells showed a high
level of f-galactosidase activity (Fig. 7A), which con-

1 1824
trasted with the control cells, of which only a few cells
showed weak activity of the enzyme (Fig. 7B).

Combined treatment with UCN-01

HCT116 cells which had been arrested with WMC26 for
12 days, were exposed to 1 uM UCN-01 (Fig. 8). After
1 h of treatment a majority of the arrested cells dra-
matically changed morphology (Fig. 8B) and in 24 h
about 70% of cells were dead (Fig. 8C), as evidenced by
the MTT assay (data not shown). This characteristic
change in cell morphology was not observed for expo-
nentially growing control cells treated with the same
concentration of UCN-01. To determine whether the
WMC26-treated cells were sensitized to UCN-01, con-
trol cells and cells arrested with 100 nM WMC26 for 48 h
were exposed for 120 h and 72 h, respectively, to UCN-
01 and the cytotoxicity was measured by the MTT assay
(Fig. 9). This experiment showed that 1 uM UCN-01
was much more lethal to cells pretreated with WMC26.
To find if the potentiation of UCN-01 cytotoxicity by



Fig. 6A-D The LIVE/DEAD
two-color cell viability experi-
ment (A untreated cells (LIVE),
B cells treated with 70% etha-
nol for 30 min (DEAD), C cells
exposed to 100 nM WMC26 for
12 days, D cells exposed to 1 pM
WMC26 for 12 days). Both
attached and floating cells that
were treated with WMC26 were
included in the assay

WMC26 required initial pretreatment of the cells by
WMC26, asynchronized cells were treated for 24 h with
100 nM WMC26, 1 uM UCN-01 or with both drugs
combined, and then analyzed by FACS for the presence
of apoptotic cells (Fig. 10A). This experiment suggested
enhancement of apoptosis by simultaneous addition of
both drugs, indicating that concurrent treatment with
WMC26 also potentiated the cytotoxic effect of UCN-
01. The initiation of the apoptotic cascade was sup-
ported by the activation of caspase-3 [15], as indicated in
Fig. 10B.

Discussion

Gel electrophoresis experiments, annexin V assay, ex-
amination of nuclei by confocal laser microscopy (data
not shown) and flow cytometry measurements failed to
detect any evidence of apoptotic processes in HCT116
cells treated with WMC26. Inspection of cells exposed
to various concentrations of the drug revealed that at
concentrations that inhibited colony formation, the vast
majority of the initially seeded cells were still alive, as
judged by trypan blue exclusion, after 2 weeks of incu-
bation. Microscopic examination revealed significant
morphological changes in treated cells. The cells were
rounded and enlarged but remained attached. No
changes typical of apoptosis were visible. Staining with
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DAPI did not show any fragmentation of the nucleus,
although some chromatin condensation was evident
(data not shown).

At concentrations of WMC26 of 100 nM and higher,
exposures as short as 2 h were sufficient for complete cell
growth inhibition after about 24 h of incubation. During
that time almost complete depletion of the S-phase
population occurred and cells became arrested at the G,
and G,/M phases. The growth arrest persisted for a long
time and was not accompanied by cell death. Cells
continuously exposed to 1 pM and even 10 pM WMC26
remained viable for 6 weeks and more.

The major finding that emerged from cell counting,
MTT assays, FACS analysis, and LIVE/DEAD viability
experiments was that WMC26 produces a strong cyto-
static effect, but is not directly toxic to HCT116 cells.
The fact that cells completely stopped DNA synthesis
and lost their ability to divide but remained viable for
a long time suggests a senescence-like state, which has
been proposed for some drug-treated tumor cells [3, 30].
This prompted us to evaluate the activity of SA-S-Gal
in treated cells. The activity of this enzyme, which is
detected at pH 6, has been suggested to be a biomarker
of senescence in normal somatic cells [6, 14, 27], and
recently has been demonstrated in several tumor cell
lines exposed to various drugs [3, 25, 30, 31]. SA-S-Gal
is different from lysosomal f-galactosidase, which has
an optimum activity at pH 4. Our experiments failed to
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Fig. 7A, B The induction of f-galactosidase in HCT116 cells
exposed to WMC26. Cells were incubated with 100 nM of the drug
for 12 days, then fixed and stained for f-galactosidase at pH 6 and
pH 4. No f-galactosidase staining was visible at pH 6. A
Representative photograph of f-galactosidase activity at pH 4 in
treated cells taken at X200 magnification. B Staining of untreated
control was marginal under the same conditions

detect any SA-f-Gal at pH 6 in HCT116 cells treated
with WMC26. However, we did observe a significant
difference between treated and untreated cells in the level
of lysosomal f-galactosidase activity at pH 4. Recently,
Chang et al. [3] have reported enhanced expression of
SA-p-Gal in HCT116 cells treated with doxorubicin. We
confirmed the activity of SA-$-Gal at pH 6 in these cells
treated with doxorubicin but not in cells treated with
WMC26. These results suggest that the growth-arrested
cells produced by WMC26 treatment are different from
the senescence-like phenotype of HCTI116 induced
by doxorubicin treatment. Experiments on the cellular
localization of WMC26 (L. Hernandez, unpublished
results) have shown that WMC26 eventually becomes
localized in lysosomes. Thus, the upregulation of lysos-
omal f-galactosidase activity may be triggered by the
high concentration of the drug in that organelle.

The unique feature of WMC26 is the selective and
complete cell growth inhibition observed at relatively
low concentrations. This agent arrests the entire cell
population at the G; and G,/M checkpoints, most

Fig. 8 Effect of UCN-01 on WMC26 growth-arrested HCT116
cells (A cells exposed continuously to 0.1 pM WMC26 for 12 days,
B the same cells after 1 h treatment with 1 uM UCN-01, C 24 h
after treatment with UCN-01 most cells are either dead or dying)

probably as a result of a specific DNA interaction. It
was reasonable to expect then that sequential treatment
of the growth-arrested cells with abrogators of cell cycle
checkpoints would result in selective cell killing. We
found that UCN-01, the best-known cyclin-dependent
kinase inhibitor and G,/M-checkpoint abrogator
[29, 32], was able to override the WMC26-induced cell
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Fig. 9 Potentiation of UCN-01 cytotoxic effect in HCT116 cells
pretreated with WMC26. Cells pretreated for 48 h with 100 nM
WMC26 were exposed for 72 h to UCN-01 and their viability was
determined by the MTT cell proliferation assay. Control cells were
treated with UCN-01 for 120 h. Results are presented as percent
growth: 100 x (T — Ty)/(C — Ty), where Ty, T, and C are the absor-
bance values at 540 nm at time 0, and in treated and control cells,
respectively, and are the means of three independent experiments

growth arrest. The abrogation of growth arrest caused a
massive cell killing, suggesting that the cells were sensi-
tized to induction of apoptosis by UCN-01. In addition,
we showed that the potentiation of apoptosis was inde-
pendent of whether the exposure to UCN-01 was
sequential or simultaneous with WMC26 treatment.
The use of UCN-01 as a component of drug combi-
nation has been studied previously for such DNA-
damaging agents as mitomycin C [1, 24], cisplatin [2, 10,
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13, 29], y-irradiation [29] and camptothecin [11, 20]. In
all these studies UCN-01 was used to enhance the cy-
totoxicity caused by a DNA-damaging agent. However,
UCN-01 itself has been demonstrated to have cytotoxic
effects in many different cancer cells [8, 16, 21, 28]. It is
currently being tested as a single agent in clinical trials,
based on its in vitro growth inhibitory activity as well as
its antitumor activity in animal models [17]. The data
presented here demonstrate for the first time that the
cytotoxic activity of UCN-01 can be significantly en-
hanced by combination with a cytostatic agent such as
WMC26. An attractive hypothesis for the combined
activity of WMC26 and UCN-01 is that the latter agent
forces the WMC26-arrested cells into premature com-
pletion of the cell cycle, which results in the triggering
of the apoptotic cascade as evidenced by activation
of caspase-3 (Fig. 10B). Our findings suggest that the
highly selective BIAs may be useful in combination
therapies together with cyclin-dependent kinase inhibi-
tors [19, 22, 23]. UCN-01 was required at supraphar-
macological concentrations to produce this effect.
However, preliminary data, which support the generality
of this hypothesis, indicate that other cyclin-dependent
kinase inhibitors such as flavopiridol are effective at
much lower concentrations.

Acknowledgements We are grateful to Dr. Edward Sausville, De-
velopmental Therapeutics Program, NCI, for suggesting the use of
UCN-01 in these experiments, and Dr. Van Narayanan for the gift
of the drug. We are also grateful to Dr. James Resau for confocal
microscopy and helpful discussion.

References

1. Akinaga S, Nomura K, Gomi K, Okabe M (1993) Enhance-
ment of antitumor activity of mitomycin C in vitro and in vivo
by UCN-01, a selective inhibitor of protein kinase C. Cancer
Chemother Pharmacol 32: 183

2. Bunch RT, Eastman A (1996) Enhancement of cisplatin-in-
duced cytotoxicity by 7-hydroxystaurosporine (UCN-01), a
new Gy-checkpoint inhibitor. Clin Cancer Res 2: 791

3. Chang B-D, Broude EV, Dokmanovic M, Zhu H, Ruth A,
Xuan Y, Kandel ES, Lausch E, Christov K, Roninson IB
(1999) A senescence-like phenotype distinguishes tumor cells
that undergo terminal proliferation arrest after exposure to
anticancer agents. Cancer Res 59: 3761

4. Cholody WM, Hernandez L, Hassner L, Scudiero DA,
Djurickovic DB, Michejda CJ (1995) Bisimidazoacridones and
related compounds: new antineoplastic agents with high selec-
tivity against colon tumors. J Med Chem 38: 3043

5. Crissman HA, Steinkamp JA (1982) Rapid, one step staining
procedures for analysis of cellular DNA and protein by single
and dual laser flow cytometry. Cytometry 3: 84

6. Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C,
Medranos EE, Linskens M, Rubelj I, Pereira-Smith O, Pea-
cocke M, Campisi J (1995) A biomarker that identifies senes-
cent human cells in culture and in aging skin in vivo. Proc Natl
Acad Sci USA 92: 9363

7. Hannun YA (1997) Apoptosis and the dilemma of cancer
chemotherapy. Blood 89: 1845

8. Harkin ST, Cohen GM, Gesher A (1998) Modulation of
apoptosis in rat thymocytes by analogs of staurosporine: lack
of direct association with inhibition of protein kinase C. Mol
Pharmacol 54: 663

11.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

. Hernandez L, Cholody WM, Hudson E, Resau J, Pauly G,

Michejda CJ (1995) Mechanism of action of bisimidazoacri-
dones, new drugs with potent, selective activity against colon
cancer. Cancer Res 55: 2338

. Husain A, Yan X-J, Rosales N, Aghajanian C, Schwartz GK,

Spriggs DR (1997) UCN-01 in ovary cancer cells: effective as a
single agent and in combination with cis-diamminedichloro-
platinum(II) independent of p53 status. Clin Cancer Res 3: 2089
Jones CB, Clements MK, Wasi S, Daoud SS (2000) Enhance-
ment of camptothecin-induced cytotoxicity with UCN-01 in
breast cancer cells: abrogation of S/G, arrest. Cancer Chemo-
ther Pharmacol 45: 252

. Kamesaki H (1998) Mechanisms involved in chemotherapy-

induced apoptosis and their implications in cancer chemo-
therapy. Int J Hematol 68: 29

. Lee SI, Brown MK, Eastman A (1999) Comparison of the

efficacy of 7-hydroxystaurosporine (UCN-01) and other stau-
rosporine analogs to abrogate cisplatin-induced cell cycle arrest
in human breast cancer cell lines. Biochem Pharmacol 58:
1713

. Litaker JR, Pan J, Cheung Y, Zhang DK, Liu Y, Wong SC,

Wan TS, Tsao SW (1998) Expression profile of senescence-
associated beta-galactosidase and activation of telomerase in
human ovarian surface epithelial cells undergoing immortal-
ization. Int J Oncol 13: 951

. Nicholson DW, Ali A, Thornberry NA, Vaillancourt JP, Ding

CK, Gallant M, Gareau Y, Griffin PR, Labelle M, Lazebnik M
(1995) Identification and inhibition of the ICE/CED-3 protease
necessary for mammalian apoptosis. Nature 376: 37
Nieves-Neira W, Pommier Y (1999) Apoptotic response to
camptothecin and 7-hydroxystaurosporine (UCN-01) in the 8
human breast cancer cell lines of the NCI Anticancer Drug
Screen: multifactorial relationships with topoisomerase I,
protein kinase C, Bcl-2, p53, MDM-2 and caspase pathways.
Int J Cancer 82: 396

Sausville EA, Lush RD, Headlee D, Smith AC, Figg WD,
Arbuck SG, Senderowicz AM, Fuse E, Tanii H, Kuwabara T,
Kobayashi S (1998) Clinical pharmacology of UCN-01: initial
observations and comparison to preclinical models. Cancer
Chemother Pharmacol 42: S54

. Schmitt CA, Lowe SW (1999) Apoptosis and therapy. J Pathol

187: 127

Senderowicz AM, Sausville EA (2000) Preclinical and clinical
development of cyclin-dependent kinase modulators. J Natl
Cancer Inst 92: 376

Shao RG, Cao C-X, Shimizu T, O’Connor PM, Kohn KW,
Pommier Y (1997) Abrogation of an S-phase checkpoint and
potentiation of camptothecin cytotoxicity by 7-hydroxystau-
rosporine (UCN-01) in human cancer cell lines, possibly in-
fluenced by p53 function. Cancer Res 57: 4029

Shao RG, Shimizu T, Pommier Y (1997) 7-Hydroxystaurosp-
orine (UCN-01) induces apoptosis in human colon carcinoma
and leukemia cells independently of pS3. Exp Cell Res 234: 388
Shapiro GI, Harper JW (1999) Anticancer drug targets: cell
cycle and checkpoint control. J Clin Invest 104: 1645

Sielecki TM, Boylan JF, Benfield PA, Trainor GL (2000)
Cyclin-dependent kinase inhibitors: useful targets in cell
cycle regulation. ] Med Chem 43: 1

Sugiyama K, Shimizu M, Akiyama T, Tamaoki T, Yamaguchi
K, Takahashi R, Eastman A, Akinaga S (2000) UCN-01 se-
lectively enhances mitomycin C cytotoxicity in p53 defective
cells which is mediated through S and/or G, checkpoint
abrogation. Int J Cancer 85: 703

Timmermann S, Hinds PW, Munger K (1998) Re-expression
of endogenous pl6ink4a in oral squamous cell carcinoma lines
by 5-aza-2’-deoxycytidine treatment induces a senescence-like
state. Oncogene 17: 3445

Turpin JA, Buckheit RW Jr, Derse D, Hollingshead M, Wil-
liamson K, Palamone C, Osterling MC, Hill SA, Graham L,
Schaeffer CA, Bu M, Huang M, Cholody WM, Michejda ClJ,
Rice WG (1998) Inhibition of acute, latent and chronic
phase HIV-1 replication by a bistriazoloacridone analog that



27.

28.

29.

selectively inhibits HIV-1 transcription. Antimicrob Agents
Chemother 42: 487

Van der Loo R, Fenton MJ, Erusalimsky JD (1998) Cyto-
chemical detection of a senescence-associated f-galactosidase
in endothelial and smooth muscle cells from human and rabbit
blood vessels. Exp Cell Res 241: 309

Wang Q, Worland PJ, Clark JL, Carlson BA, Sausville EA
(1995) Apoptosis in 7-hydroxystaurosporine-treated T lym-
phoblasts correlates with activation of cyclin-dependent kin-
ases 1 and 2. Cell Growth Differ 6: 927

Wang Q, Fan S, Eastman A, Worland PJ, Sausville EA,
O’Connor PM (1996) UCN-01: a potent abrogator of G,
checkpoint function in cancer cells with disrupted p53. J Natl
Cancer Inst 88: 956

30.

31

32.

249

Wang X, Wong SCH, Pan J, Tsao SW, Fung KHY, Kwong
DLW, Sham JST, Nicholls JM (1998) Evidence of cisplatin-
induced senescent-like growth arrest in nosopharyngeal carci-
noma cells. Cancer Res 58: 5019

Yegorov YE, Akimov SS, Hass R, Zelenin AV, Prudovsky 1A
(1998) Endogenous f-galactosidase activity in continously
nonproliferating cells. Exp Cell Res 243: 207

Yu L, Orlandi L, Wang P, Orr MS, Senderowicz AM, Sausville
EA, Silvestrini R, Watanabe N, Piwnica-Worms H, O’Connor
PM (1998) UCN-01 abrogates G, arrest through a Cdc2-
dependent pathway that is associated with inactivation of the
WeelHu kinase and activation of the Cdc25C phosphatase.
J Biol Chem 273: 33455



