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Fig. 7. Concentration-dependent activation of CDK2. A, kinase activity of immune
complexes from nocodazole synchronized MDA-MB-468 cells exposed to different
concentrations of Flavopiridol for either 3 (A) or 8 (â€¢)h. B, CDK2 kinase activity after
addition of Flavopiridol either during the immunoprecipitation and washed free prior to
the kinase reaction or added immediately prior to the kinase reaction. Immunoprecipitates
derived from untreated, nocodazole-synchronized MDA-MB-468 cells at 3 (Ã‰)or 8 (D)

h after release from nocodazole block. C phosphotyrosine content of CDK2 from control
cells (Lanes I and 4), Flavopiridol added during the immunoprecipitation (Lanes 2 and 5),
and Flavopiridol-trealed cells (Lanes 3 and 6) at 3 h (Lanes 1-3) and 8 h (Lanes 4-6) after

nocodazole release.

DISCUSSION

In this study, we show that Flavopiridol inhibits potently the in vitro
kinase activity of two CDKs, CDK2 and CDK4, at concentrations that
correspond to the growth inhibitory effects of Flavopiridol (IC50,
50-120 nM; see Ref. 1). In the MCF-7 cell type, which possesses

functional p53 and Rb protein, the G, arrest produced by Flavopiridol
occurred with an accompanying pRb hypophosphorylation. However,
the action of Flavopiridol is not dependent on functional p53 or the
presence of pRb, because G, arrest was demonstrated in the MDA-
MB-468 breast carcinoma cells, which possess mutant p53 (52, 53)

and have lost the gene encoding the Rb protein (54, 55). Furthermore,
no appreciable CDK4 kinase activity was found in the immune
complexes from MDA-MB-468 cells, consistent with a previous re

port on the relative levels of cyclin Dl and D3 and CDK4 protein (36).
Under these circumstances, the regulatory interplay between CDK4.
D-type cyclins, pl6, and pRb would be lost (35, 46, 51, 56-60),
indicating that CDK2-cyclin E or CDK2-cyclin A may become an

important antiproliferative target for this cell type.
A consistent finding when determining the activity of immunopre-

cipitated CDK2 and CDK4 from cells exposed to Flavopiridol was an
initial increased kinase activity that peaked at 3 h. In the present work,
we were able to show an increase in CDK2 activity immunoprecipi-
tated from Flavopiridol-treated cells that correlated with a loss of

phosphotyrosine from the catalytic subunit. Because we were unable
to obtain a hypophosphorylated tyrosine form of CDK2 by adding
Flavopiridol to the immunoprecipitates derived from untreated cells, it
suggests that the increase in kinase activity and reduction of phos
photyrosine content requires the simultaneous presence of Flavopiri
dol and an intracellular factor or factors. From both analysis of the
crystal structure of CDK2 complexed either with or without cyclin A
(61, 62) and from the kinetic analysis of inhibition by Flavopiridol, it
would appear unlikely that simple binding of Flavopiridol to the
catalytic subunit could directly block the inhibitory phosphorylation
on threonine-14 and tyrosine-15 phosphorylation sites. It may be

suggested that inhibition of the intracellular CDK activity may lead to
a compensatory reduction of the inhibitory kinase activity that main
tains tyrosine phosphorylation, and the observed activation of CDKs
is unmasked after immunoprecipitation and removal of Flavopiridol
from the ATP-binding site. The facts that the readdition of Flavopiri

dol to the CDK2 immunoprecipitate decreased the kinase activity
(Fig. 7) and that pRb becomes hypophosphorylated (Fig. 3) indicate
that the net result of the action of Flavopiridol is the inhibition of
CDK activity in living cells.

Analysis of cyclin levels does not support the contention that the
Flavopiridol-induced increase in CDK kinase activity comes from an

increased availability of cyclin. However, the dramatic loss of cyclin D in
response to Flavopiridol raises further questions regarding the regulation
of the CDK4-cyclin D complex and its kinase activity. Currently, the Rb

gene product is proposed to increase expression of the D l cyclin (57), and
hyperphosphorylation of pRb produces a feedback inhibition of the
D-type CDK activity by the release of a transcription factor that promotes

expression of the CDK4 inhibitory protein pl6 (35). There is also
evidence that in the absence of pRb, increased expression of the pl6
protein occurs in human tumor cells in culture (51, 56), which acts to
prevent complex formation between CDK4 and cyclin D (56, 58, 59).
However, our immunoblot of whole-cell lysates shows that cyclin D is

lost (Fig. 6) before pRb becomes significantly hypophosphorylated (Fig.
3), and the CDK4 kinase activity immunoprecipitated after 3 or 6 h of
Flavopiridol exposure (Fig. 2) would suggest that p 16 or other endoge
nous inhibitors are not relevant at this stage. The data suggest that the
presence of Flavopiridol is promoting the loss of cyclin D from the cell
either in response to inhibition of the CDK4 complex or some as yet
undefined process. The effect of Flavopiridol on either cyclin E or A in
the same cell type is less profound.

We have demonstrated that Flavopiridol is a potent inhibitor of
CDK4 and CDK2 kinase activity both in vitro and in living cells. The
G, arrest produced by the drug in either MCF-7 or MDA-MB-468

breast carcinoma cells is consistent with the CDKs being direct targets
for the growth inhibitory effect.
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