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Abstract Purpose: To determine the in vitro e�ects of
¯avopiridol on bladder cancer cell lines, immortalized
urothelial cell lines, and normal urothelial cells well
characterized for defects in p53, pRb, and p16. Methods:
Growth inhibition was assessed via an MTT assay and
apoptosis via DAPI nuclear staining. Cell cycle analysis
was performed via propidium iodide staining and ¯uo-
rescent activated cell sorting (FACS). Multidrug-resis-
tant cells were generated by continuous exposure to
doxorubicin. Results: Growth inhibition was not corre-
lated with inactivation of p53, pRb, or p16. All cells
experienced G2/M arrest within 24 h of ¯avopiridol
exposure. Modest apoptosis was observed but required
72 h of continuous drug exposure to become evident.
There was no obvious synergistic or antagonistic toxicity
when ¯avopiridol was combined with radiotherapy or
cisplatin dosed at the IC50 despite the observation that
radiotherapy and ¯avopiridol led to more profound G2/
M arrest than either agent alone. Doxorubicin-resistant
cells, demonstrated to overexpress the MDR1 multi-
drug-resistance protein were equally as sensitive to ¯a-
vopiridol as the parental cells. Conclusions: Flavopiridol
is a novel cell cycle inhibitor that may be a useful agent
in bladder cancers with tumor suppressor gene altera-
tions and/or multidrug resistance.
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Introduction

One of the fundamental abnormalities in human cancer
is dysregulated cell cycle control [19]. In fact, the three
most commonly altered tumor suppressor proteins in
human cancer, p53, pRb, and p16, are all critical to
normal cell cycle regulation. Progression through the
mammalian cell cycle is dependent on the sequential
activation of a series of cyclin-dependent kinases. Inhi-
bition of these kinases leads to cell cycle arrest, and in
the correct context, apoptosis [19]. Drugs that directly
interact and inhibit these kinases are thus attractive
putative chemotherapeutic agents, especially in cells with
demonstrated alterations of p53, pRb, and/or p16.

One such agent, ¯avopiridol, is already in early clinical
trials. Initial in vitro studies have revealed that it induces
cell cycle arrest, preferentially in the G2/M phase, and
leads to growth inhibition of and cytotoxicity in expo-
nentially growing but not stationary breast carcinoma
cells [7]. Further studies have shown that ¯avopiridol
alters the phosphorylation status of the cdc2 cyclin-de-
pendent kinase and directly inhibits this critical cell cycle
protein [10, 21]. More recently it has been demonstrated
that ¯avopiridol is also a potent inhibitor of the CDK4
and CDK2 cyclin-dependent kinases suggesting that it is
a more general inhibitor of this class of enzymes [4]. The
structural basis of ¯avopiridol's inhibitory activity has
been solved by cocrystallization with CDK2, and it is
likely that this information will lead to the development
of additional inhibitors with similar activity [5].

Although initial studies have shown that ¯avopiridol
is less toxic in noncycling cells, subsequent studies have
indicated that this may not be the case in all cell lines [2].
Studies in hematopoietic cancer cell lines have also
shown that ¯avopiridol is a potent inducer of apoptosis
in certain cells [1, 8, 13]. Apoptosis induction has been
less readily demonstrated in cell lines from solid malig-
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nancies, but it has been suggested that apoptosis and
cytotoxicity can be enhanced by combined treatment
with other agents [3, 18].

Because the e�ects of ¯avopiridol apparently di�er in
cell lines derived from di�erent malignancies, as well as
our interest in developing new agents for metastatic
bladder cancer, we evaluated the e�ects of ¯avopiridol in
a series of normal urothelial cells, immortalized uro-
thelial cell lines, and bladder cancer cell lines. We ini-
tially hypothesized that ¯avopiridol's e�ects would
depend on the status of p16, pRb, and/or p53, and thus
the lines chosen had all been well characterized in terms
of these proteins. We found, in contrast, that ¯avopir-
idol leads to G2/M arrest in all cell lines and that cy-
totoxicity was independent of p16, pRb, or p53 status.
We also showed that ¯avopiridol does lead to modest
apoptosis in bladder cancer cell lines, but that this re-
quires 72 h of continuous drug exposure. Unlike other
studies, we were unable to demonstrate signi®cant syn-
ergy between ¯avopiridol and radiation or other che-
motherapeutic agents at modest concentrations.
Importantly, though, we did not ®nd evidence of an-
tagonism. Finally, ¯avopiridol's cytotoxicity was main-
tained in a cell line overexpressing the MDR1 multidrug
resistance protein. These data, in sum, suggest that ¯a-
vopiridol may be a useful agent to investigate for the
therapy of metastatic bladder cancer, either alone or in
combination with other agents.

Methods

Cell culture and materials

Three established bladder cell lines (RT4, UMUC-3, 5637), two
immortalized human urothelial cancer cell lines (HUC-E6, and
HUC-E7), and primary human urothelial cell (HUC) cultures were
used in these experiments. The bladder cancer cell lines were ob-
tained from the American Type Culture Collection (ATCC, Ma-
nassas, Va.) and cultured in RPMI-1640 medium (Gibco BRL,
Gaithersburg, Md.) supplemented with 10% fetal calf serum (At-
lanta Biologicals, Norcross, Ga.), 0.1 mM nonessential amino ac-
ids (Gibco), and 1.0 mM sodium pyruvate (Sigma, St Louis, Mo.).
HUC-E6 and HUC-E7 were obtained from Dr. C. Rezniko�
(University of Wisconsin, Madison) and cultured on a thick layer
of rat collagen in a supplemented Ham's F12 medium (F12+;
Gibco BRL) containing 1% fetal calf serum, 0.1 mM nonessential
amino acids, 2.0 mM L-glutamine (Sigma), 10 lg/ml insulin (Sig-
ma), 5 lg/ml apotransferin (Sigma), 2.7 mg/ml dextrose (Fisher),
and 0.1 lg/ml hydrocortisone (Sigma) [15]. Primary HUC were
established on thick collagen gels with kerotinocyte serum-free
medium supplemented with 50 lg/ml bovine pituitary extract and
50 ng/ml epidermal growth factor (KSFM+; Gibco) and subcul-
tured in a 50:50 mixture of F12+ and KSFM+ [14]. Flavopiridol
was obtained from John Wright, MD (National Cancer Institute,
Investigational Drug Branch, CTEP). Methotrexate, cisplatin,
doxorubicin, and CPT-11 were obtained from Sigma.

Apoptosis assay

The 5637 cell lines and UMUC-3 were treated with ¯avopiridol for
72 h. Floating and trypsin-detached cells were ®xed with 1% pa-
raformaldehyde and stained with 0.2 lg/ml DAPI (Sigma). Cyto-
spins were visualized and photographed with standard ¯uorescence
microscopy.

Cell cycle analysis

Cells were detached with trypsin, washed with 1 mM EDTA/1´
phosphate-bu�ered saline (PBS), ®xed in 1% paraformaldehyde/
0.1% Triton-X100, and stained for 15 min with 2 lg/ml propidium
iodide (Sigma) in 5 mM EDTA/PBS. Flow cytometry was per-
formed on a Becton-Dickinson FACScan with CellQuestTM v3.1
acquisition software. Cell cycle distribution was analyzed using the
ModFit LT v2.0 program.

Growth assays

Growth inhibition was assayed by colony-forming assays or by 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT)

Fig. 1A,B Flavopiridol growth inhibition. A Growth inhibition of
various bladder cancer cell lines by as a result of exposure to
¯avopiridol as determined by an MTT assay (see Methods). The
assay was performed after 72 h of continuous drug exposure in
exponentially growing cells. For clarity of presentation error bars
have been omitted, but each point is the mean of six separate
observations. Qualitatively similar results were observed for the
UMUC-3 and 5637 cell lines when BrdU incorporation as opposed
to MTT was used as the experimental endpoint (data not shown).
B Time-course of ¯avopiridol growth inhibition and apoptosis in
the UMUC-3 and 5637 cell lines. Cells were exposed to 1.0 lM
¯avopiridol for the indicated times prior to subjecting them to an
MTT assay or DAPI staining. For the latter assay the percent
apoptotic nuclei is noted. Error bars represent the standard
deviations of six (for MTT) or three (for DAPI staining) separate
observations
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reduction as previously described [11]. Brie¯y, cells were plated on
96-well plates at a density of 3000±5000 cells/well, and drug
treatment was begun 24 h later. At the experimental endpoint MTT
(Sigma) was added to each well at a ®nal concentration of 0.5 mg/
ml. After 3 h incubation at 37 °C, the medium was aspirated, the
cells were lysed with DMSO, and the absorbance of each well at
570 nm was measured in a BioRad Model 3550 microplate reader.
The mean absorbance of six individual wells was used to calculate
relative growth.

To assess the combined e�ects of radiation and ¯avopiridol,
exponentially growing cells were plated at a single cell density on
60 ´ 15 mm tissue culture dishes. After 24 h, plated cells received
2 Gy of gamma radiation from a cesium-cobalt source, and were
then treated with ¯avopiridol for 48 h immediately, or 24 h, or 48 h
postirradiation. After an additional 7±10 days of growth, colonies
were stained with 0.5 g crystal violet per 100 ml ethanol. Each
experiment was performed twice in triplicate.

Generation of multidrug-resistant cells

UMUC-3 and 5637 bladder cancer cells were exposed to increasing
concentrations of doxorubicin. Cells that continued to proliferate
in the presence of 0.3 lM doxorubicin were used for further
studies. Individual cell clones were not isolated. To determine
whether drug resistance was due to overexpression of the MDR1
protein, cells were ®xed and stained with the UIC2 antibody (gift

from Dr. Igor Roninson, University of Illinois, Chicago) and an-
alyzed by ¯uorescent activated cell sorting (FACS) as previously
described [17].

Results

Three established bladder cancer cell lines, and two
immortalized normal urothelial cell lines in which the
status of p53, pRb, and p16 are known (Table 1) were
used to assess ¯avopiridol's cytotoxicity in relation to
common genetic alterations in human bladder cancer.
Figure 1A shows that ¯avopiridol mediated growth in-
hibition of these cells as determined in the MTT assay.
There were only small di�erences in the IC50 values
(concentrations that inhibit growth by 50%) and these
did not correlate with the p53, pRb, or p16 status.
Figure 1B shows that growth inhibition required at least
48 h of continuous drug exposure, even at highly toxic
drug concentrations. To determine whether ¯avopiridol-
induced growth inhibition led to actual cell death,
UMUC-3 and 5637 cells were stained with DAPI after
exposure to 1.0 lM ¯avopiridol for various times

Fig. 2 Flavopiridol exposure
leads to apoptosis. DAPI-
stained UMUC-3 and 5637 cells
following 72 h of treatment
with 1.0 lM ¯avopiridol or
DMSO vehicle (see also
Fig. 1B)

Table 1 Characteristics of
bladder cell lines. The status of
p53, pRb, and p16 are as re-
ported in references 14, 16, and
20

Cell line Derived from p53 status pRb status p16 status

RT4 Super®cial papillary
cancer

Wild type Wild type Deleted

UMUC3 Advanced cancer Mutant Wild type Deleted
5637 Advanced cancer Mutant Mutant Wild type
HUC-E6 Immortalized

normal urothelium
Inactivated Wild type Inactivated

HUC-E7 Immortalized
normal urothelium

Wild type Inactivated Wild type
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(Fig. 2). Figure 1B shows that apoptosis was induced in
both cell lines but was evident in only 5.5% of 5637 cells,
even after 72 h of exposure.

To determine whether growth inhibition was due to
cell cycle arrest, asynchronously growing cells were ex-
posed to 1.0 lM ¯avopiridol for 24 to 48 h and sub-
jected to cell cycle analysis. As shown in Fig. 3, all lines
preferentially arrested in G2/M and this occurred with
as little as 24 h of drug exposure. A similar result was
obtained with normal cultured urothelial cells suggesting
that the G2/M arrest is not a function of G1 checkpoint
abnormalities present in the cell lines.

Because c-radiation can also induce cell cycle arrest,
we investigated the combined e�ects of ¯avopiridol and
radiation. A small dose of c-radiation (2 Gy) in asyn-
chronous UMUC-3 cells, did not lead to any signi®cant
cell cycle arrest within 48 h. However, concomitant ¯a-
vopiridol and radiation led to slightly greater, but sta-
tistically signi®cant, G2/M arrest than ¯avopiridol alone
(Fig. 3B). We thus elected to more carefully examine the
combined e�ects of ¯avopiridol and radiotherapy on the
in vitro colony-forming ability of the UMUC-3 and 5637
cells. Using a dose of radiation that led to approximately
a 50% inhibition of colony-forming e�ciency, we were
unable to demonstrate any signi®cant synergism, al-
though it should be noted that an apparent additive e�ect
(as opposed to antagonistic e�ect) was evident (Fig. 4A).
It should be noted though that only one radiation dose
was used and thus formal tests for synergy were not
performed. Delaying ¯avopiridol treatment by 24 or 48 h
after radiation did not alter these ®ndings.

Because of bladder cancer's sensitivity to cisplatin, we
also examined the combined e�ect of ¯avopiridol and
cisplatin. Once again we were unable to demonstrate any
obvious synergistic e�ect at a dose of cisplatin that
caused 50±75% growth inhibition (Fig. 4B). Preliminary
evaluation of doxorubicin, methotrexate, and campto-
thecin (dosed at their IC50) in combination with ¯avo-
piridol also did not reveal any synergistic or antagonistic
activity (data not shown). Interestingly, ¯avopiridol cy-
totoxicity was maintained in two doxorubicin-resistant
cell lines overexpressing the MDR1 protein (Fig. 5A). In
fact, overexpression of MDR1 led to a slight increase in
overall ¯avopiridol sensitivity (Fig. 5B). More impor-
tantly, we were unable to generate cell lines resistant to
¯avopiridol despite readily generating doxorubicin-
resistant lines from the same parental line.

Discussion

In sum, we showed that ¯avopiridol is capable of in-
ducing G2/M arrest and growth inhibition in a variety of
normal, immortalized, and malignant urothelial cells.
This con®rms previous observations in cell lines from
other solid malignancies [2, 7, 10]. We were also able to
demonstrate apoptosis at relevant growth inhibitory
concentrations, but unlike the observation in some he-
matopoietic cell lines, the level of apoptosis was

quite modest and required up to 72 h of continuous drug
exposure [13]. Growth inhibition did not depend on the
status of the commonly altered cell cycle regulatory
proteins p53, pRb, or p16. Given the increasing evidence
that p53 alterations confer resistance to a number of
``standard'' chemotherapeutic agents, ¯avopiridol may
thus be an important candidate for therapy of p53
mutant tumors [12].

We were unable to demonstrate obvious synergy
between ¯avopiridol and radiation, cisplatin, metho-

Fig. 3A,B The e�ect of 1.0 lM ¯avopiridol on cell cycle distribu-
tion. A G2/M distribution in the indicated cell lines as well as
normal human urothelial cells (n1 HUC) after 36 to 48 h of drug
exposure. Time-course experiments in the UMUC-3 cell line
showed that this e�ect was evident by 24 h of exposure (data not
shown). B E�ect of combined radiation (RT) and ¯avopiridol on
UMUC-3 cells. Cells were treated with 1.0 lM ¯avopiridol or
vehicle with or without additional c-radiation (2 Gy). Di�erences
between control and radiation alone were not signi®cant
(P = 0.10), but the di�erences between control and ¯avopiridol
or the combined treatment as well as the di�erence between
¯avopiridol and combined treatment were signi®cant with P-values
as indicated. The standard two-tailed Student's t-test was used to
assess statistical signi®cance
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trexate, doxorubicin, and camptothecin in the induction
of cytotoxicity. We should note, however, that our
studies were all performed at a single dose of the con-
comitant agent that led to approximately a 50% growth
inhibition. Thus formal tests of synergism were not
performed. Previous studies using more formal syner-
gism analysis have suggested that doses of several con-
comitant agents that lead to higher levels of growth
inhibition do demonstrate synergistic toxicity with ¯a-
vopiridol [3]. Our data also suggest that exposure to

Fig. 4A,B Combination therapy with ¯avopiridol and radiation or
cisplatin does not lead to synergistic toxicity. A Colony-forming
e�ciency of UMUC-3 and 5637 cells continuously exposed to
¯avopiridol for 48 h immediately following 2 Gy c-radiation or
mock treatment. In both cases the absolute colony-forming
e�ciency of the radiation-treated cells is approximately 50% of
the control cells. BMTT assay for UMUC-3 and 5637 cells exposed
to both ¯avopiridol and cisplatin for 72 h. The cisplatin dose led to
a 50±70% growth inhibition by itself

85



radiation and conventional chemotherapeutic agents is
not antagonistic to ¯avopiridol toxicity. This is a critical
observation given that initial studies of ¯avopiridol have
shown decreased cytotoxicity in growth-arrested cells
[7]. Furthermore, we demonstrated that resistance to
¯avopiridol is di�cult to generate in vitro, despite the
fact that the cells we used were p53 mutant, a phenotype

Fig. 5A,B Overexpression of the multidrug-resistance protein
MDR1 does not inhibit ¯avopiridol growth inhibition A Parental
and doxorubicin-resistant 5637 and UMUC-3 cells were stained
with an MDR1 antibody and detected with a ¯uoroscein-labeled
secondary antibody using FACS. B Flavopiridol mediated growth
inhibition in the parental and doxorubicin-resistant 5637 and
UMUC-3 cell lines
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for which drug-resistant mutants are readily generated
[9, 22]. In addition, cells overexpressing the multidrug-
resistance protein, one of the most common mechanisms
of chemotherapeutic drug resistance, were not resistant
to ¯avopiridol, and in fact may even have been modestly
more sensitive. This is somewhat surprising given the
previous observation that ¯avopiridol stimulates the
ATPase activity of the human MDR1 protein [6].

In sum, our observations suggest that ¯avopiridol
may be an interesting agent to explore in clinical trials
with conventional chemotherapeutic agents or radiation
therapy in bladder cancer patients.
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