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Fig. 3. Flavopiridol cytotoxicity is diminished by protein or RNA synthesis inhibition. A, relationship between duration of exposure and flavopiridol exposure (concentration X time)
that inhibited colony formation by 50% in A549 cells grown in medium with 5% FBS (â€¢,doubling time 20 h) or 0.5% FBS (0, doubling time, 40 h). Inset, colony formation data
for log phase A549 cells exposed to the indicated concentrations of flavopiridol for 6 (â€¢).12 (0), 18 (A), or 24 (Lx)h in 5% FBS. B, effect of aphidicolin on flavopiridol and topotecan
cytotoxicity. A549 cells were exposed to 10 @.LMaphidicolin for 24 h before as well as 24 h concomitant with various flavopiridol and topotecan (inset) concentrations. At the completion
of the treatment, cells were washed and incubated in drug-free medium until colonies formed. 0, aphidicolin-treated cells; â€¢.control cells. C. effects of 94 p.M ORB (A), 110 MM
cycloheximide (0), or diluent (â€¢)on flavopiridol-induced cytotoxicity. DRB and cycloheximide were introduced 30 mm before the beginning of a 24-h fiavopiridol exposure and were
not removed until the time of flavopiridol removal. Bars, Â±1 SD.
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cytostatic is based on colony-forming assays and examination of cells
for trypan blue uptake. Cytotoxicity was observed in a variety of cell
lines after treatment with 200â€”500 nM flavopiridol, concentrations
that are readily achieved clinically (compare Fig. I and Ref. 2). The
cytotoxicity of this agent, however, is delayed in all cell lines exam
med. The observation that maximal cell death does not occur until
â€”72h after the initiation of flavopiridol treatment might account, in
part, for the apparent discrepancies between the present results and
those reported previously. In previous studies, cytotoxicity (loss of
membrane integrity) was not directly assessed, and measurements of
cell viability by dye reduction assays were generally made 48 h after
initiation of flavopiridol treatment, a time when cytotoxicity is only
beginning to be observed.

The demonstration that flavopiridol is equally toxic to both cycling

Fig. 4. Flavopiridol induces apoptosis in some cell lines but not others. A, untreated
HL-60 cells. B, HL-60 cells exposed to 1.125 MMflavopiridol for 6 h. C. untreated A549
cells. D, A549 cells exposed to I I .25 MMflavopiridol for 24 h (assessment made 24 h after
flavopiridol removal).Bars,2 @m.

and noncycling cells is potentially important from mechanistic and
therapeutic standpoints. Results presented above indicate that fla
vopiridol can kill confluent noncycling cells (Fig. 2, C and D) as well
as cells arrested in G1 by aphidicolin treatment (Fig. 3B). In addition,
cells can be killed without any alteration in their cell cycle distribution
(Fig. 2, Aâ€”D).Notwithstanding the ability of flavopiridol to compet
itively inhibit CDK1 phosphorylation (8), bind to the ATP binding site
of CDK2 (7), and inhibit CDK kinase activity (5, 6), these observa
tions raise the question of whether the mechanism of flavopiridol
cytotoxicity is related to its cell cycle and CDK effects. It is possible,
of course, that CDKs play a heretofore unappreciated role in cell
survival independent of their role in cell cycle regulation. However,
the possibility that flavopiridol-induced cell death involves another
intracellular target must also be considered.

Recent studies have indicated that several flavonoids trap topoi
somerase I in a covalent complex with DNA (15). From a mechanistic
standpoint, the cytotoxicity of flavopiridol in noncycling cells distin
guishes this agent from topoisomerase I-directed agents such as to
potecan (Fig. 3B). Additional experiments5 have indicated that fla
vopiridol also fails to inhibit topoisomerase I catalytic activity,
distinguishing it further from topoisomerase I-directed flavonoids.

The demonstration that inhibitors of RNA and protein synthesis
diminish the cytotoxicity of flavopindol (Fig. 3C) raises the question
of whether flavopiridol might be killing cells by inducing apoptosis.
The present study provides mixed results in this regard. In HL-60
cells, flavopiridol induces prompt apoptosis (within 4â€”6h, Fig. 4B),
and this seems to be the principal mode of flavopiridol-induced death
in this cell line. While the present work was in progress, two recent
abstracts also reported apoptosis in SUDHL-4 lymphoma cells, PC-3
prostate cancer cells, and MKN-74 gastric carcinoma cells after fla
vopiridol treatment (16, 17). In contrast, apoptosis was not observed
in flavopiridol-treated A549 cells (Fig. 4D), although they were
clearly dying 72 h after the initiation of treatment. Topotecan and
etoposide likewise produced typical apoptotic changes in HL-60 cells
but not A549 cells6, indicating that the failure to induce apoptosis in
A549 cells was not unique to flavopiridol. These results indicate that
the classical changes of apoptosis are not a requirement for flavopin

a K. C. Bible, unpublished observations.
6 S@ H. Kaufmann, unpublished results.
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dol-induced cell death, although apoptosis may be prominent in some
cell lines.

The present observations also provide information that might be
useful in the design of new clinical trials involving flavopiridol.
The exquisite sensitivity of HL-60 cells to this agent (Fig. 1B)
raises the possibility that flavopiridol might be particularly active
in hematological malignancies. In addition, the striking depend
ence of flavopiridol cytotoxicity on exposure time (Fig. 3A) is of
potential importance. The observation that exposures shorter than
18 â€”24h are less cytotoxic even when corrected for total drug
exposure (concentration X time, Fig. 3A) and the independence of
this effect from cell doubling time raises the possibility that a
threshold exposure of 18â€”24h might be required for maximum
efficacy of this drug. Whether there will be an advantage (or
disadvantage) to the use of infusion durations longer than 24 h
remains uncertain, but infusions shorter than 24 h would seem to
be too brief to exploit the maximum cytotoxicity of this agent.

Finally, the observation that flavopiridol kills noncycling cells has
practical implications as well. The low percentage of cycling cells in
many human solid tumors limits the potential of many widely used
antineoplastic agents to kill tumor cells in vivo (18). Few antineoplas
tic agents other than the alkylating agents and platinum compounds
are cytotoxic to noncycling cells (19). The observation that flavopiri
dol kills noncycling cells makes it an appealing agent to combine with
other antineoplastic agents that might cause cells to arrest in S or G2
phases of the cell cycle. Additional experiments to examine this
possibility are currently under way.
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