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Abstract The purpose of this study was to investigate
how the vinca alkaloid vinblastine in¯uences DNA
parameters and the mechanisms of multidrug resistance
in renal cell carcinoma. After exposing cell cultures of
human renal carcinoma to progressively increasing
concentrations of vinblastine the cell lines were exam-
ined by ¯ow cytometric DNA analysis to assess the
S-phase and G2/M-phase fraction and by a modi®ed
MTT assay. It was shown that the exposed cells became
P-glycoprotein-positive by staining the cells with a
monoclonal antibody (JSB-1). The ¯ow cytometric
analysis revealed, with prolonged vinblastine exposure,
correlated increases in the S-phase and G2/M-phase
fractions (P � 0.0001). When vinblastine-free medium
was used for culturing, the changed DNA characteristics
returned to their original values. Comparing the DNA
parameters with the IC50 (concentration when cell
growth is inhibited by 50%) we found a strong corre-
lation between these parameters (P � 0.0001). In con-
clusion, DNA analysis of long-term vinblastine exposure
may provide insight into events leading to multidrug
resistance. Furthermore, analysis of the DNA pro®le
might also be an important investigation before plan-
ning therapy with vinblastine for renal cell carcinoma.
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Introduction

The biological behavior of renal cell carcinoma must be
taken into consideration when planning therapy. Mul-

tidrug chemotherapy, with an average response rate of
15%, has not played a major role in the therapy of renal
carcinoma. One chemotherapeutic agent commonly used
for therapy is the vinca alkaloid vinblastine [2, 11, 14],
which leads to remission in 20% of cases [21]. It is
known to bind speci®cally to tubulin and to block cells in
mitosis [22]. Other e�ects of vinblastine on intracellular
mechanisms are also presumed. The best-investigated
alteration caused by vinblastine in multidrug-resistant
cells is the overexpression of membrane-linked P-glyco-
protein. P-glycoprotein acts as an ATP-ase-dependent
e�ux pump [7, 9, 25]. The expression of P-glycoprotein
has been identi®ed as an adverse prognostic factor [20].
The e�ciency of drug e�ux can be inhibited by several
agents, which act competitively [19]. A variety of com-
pounds, called chemosensitizers, inhibit the function of
P-glycoprotein [8, 16]. The carcinogenic and mutagenic
e�ect of vinblastine, which is shown in an increased rate
of ploidy alteration, can in¯uence the malignancy of
surviving cells during chemotherapy. Vinblastine is able
to in¯uence the cells in such a way that a more malig-
nant, e.g. tetraploid, phenotype is induced due to DNA
duplication under drug selection. The individual bio-
logical behavior is expressed in altered grading and
DNA status. An in¯uence of the percentage of S-phase
fraction on survival has also been reported [12, 26, 29].

Methods

Six cell lines of renal cell carcinoma (BN 4, 9, 12 ,13, 17 and 18)
cultured from tumor samples of patients in our department were
used. The cell lines were from tumors of di�erent grades (G1±G3)
and were incubated for 10 months with vinblastine. The dose of
vinblastine was increased from 0.5 ng/ml to 400 ng/ml (0.5, 1, 5, 10,
50, 100, 200 and 400 ng/ml) after every third passage. With an
estimated con¯uence of 70% had been reached, the cells were
disaggregated and placed in new culture ¯asks. Immunostaining
was used to evaluate multidrug resistance. Cells were studied with a
modi®ed MTT assay [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide] [23] and with ¯ow cytometry before and after
increases in vinblastine.
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Cytotoxicity was assessed using an MTT assay [4]. The cells
were incubated for 2 h in vinblastine concentrations ranging from
0.05 to 4.0 lg/ml. The cytotoxicity and level of chemoresistance to
vinblastine were evaluated by assessing the concentration at which
vinblastine inhibited cellular growth by 50% (IC50) [25].

The DNA index and the proportions of cells in the di�erent
phases of mitosis were calculated on the basis of the di�erences in
¯uorescence after the sample was measured in ICP 11/22 (Phywe,
GoÈ ttingen, Germany) [17]. Results were calculated using the
methods described by Severin et al. [28] and BuÈ chner et al. [6].

Immunostaining the cells with the monoclonal antibody JSB-1
was used to evaluate whether the cell lines expressed P-glycopro-
teins before or only after long-term vinblastine exposure [10, 31].
On ¯uorescence microscopy the cell lines analyzed were called
positive if ³10% of the cells showed a positive signal, de®ned as
distinct staining of the nuclear membrane or Golgi complex or at
least di�use staining of the cytoplasmic membrane.

Statistical analysis

The correlation coe�cient, [q], was calculated with repeated ob-
servations [3]. Taking into consideration the di�erent biological
behavior of the cell lines, the methods of Blad and Altman [3] were
applied. The analysis was done by the statistical program package
SAS [27] and [P values for the test of no correlation were reported.
P values < 0.05 were interpreted as a correlation di�ering signi®-
cantly from 0.

Results

When analyzing the development of chemoresistance to
vinblastine in renal carcinoma cells the IC50 rose slowly
in the ®rst steps of increased vinblastine concentration in
culture medium. Above a concentration of 50 ng/ml the
IC50 increased rapidly, as shown by the results of MTT
assay. The development of drug resistance to vinblastine
is shown in Fig. 1. The examination of P-glycoprotein
expression showed that the untreated cell lines were
P-glycoprotein-negative, although occasional positive
cells could be seen before exposure to vinblastine. After
exposing the cells to vinblastine the immunostaining
with JSB-1 revealed that the cells became P-glycopro-
tein-positive (Fig. 2).

Following an increase in vinblastine dose, cell pro-
liferation decreased (average 7 days). In the next
passage, however, cell proliferation returned to former
levels (2±3 days). The morphology of the cells was
characterized by an inhomogeneous appearance after
each dose increase: di�erences in size, granulation,
nucleocytoplasmic ratio and cell detritus were found.
The appearance of the cells, however, normalized in the
following passages at the same concentration of vinb-
lastine. Similar observations were made regarding the
viability of the cells: after an increase in dose the num-
ber of viable cells, as determined by trypan blue exclu-
sion, decreased on average to 75%, but in further
passages the coe�cient of viability returned to about
97%.

To evaluate how the DNA parameters of previously
vinblastine-treated cells react on exposure to vinblastine-
free medium, ¯ow cytometry was performed before
treatment, during treatment and after vinblastine expo-
sure. Figure 3 shows the ¯ow cytometric changes

Fig. 1 IC50 values of six renal
cell carcinoma cell lines incu-
bated with increasing concen-
trations of vinblastine
(untreated cells; cells at 5 ng/
ml, at 400 ng/ml vinblastine). A
rise in IC50 re¯ects an increase
in maximal tolerated drug con-
centration of vinblastine in the
culture medium

Fig. 2 Immunostaining with the monoclonal antibody, JSB-1 against
P-glycoprotein. Under long-term vinblastine treatment the renal
carcinoma cells now express P-glycoprotein
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resulting from vinblastine exposure of cell line BN 12.
Similar behavior was seen in all other cell lines. In cells
treated with 3 ng/ml for three passages, the proportion
of cells in G2/M-phase increased by 4.2%, while the
S-phase fraction rose by 12.5%. After exposure to
vinblastine-free medium for three passages, the G2/
M-phase fraction shows an increase of 2.8% and the
S-phase fraction of 3.4% compared with the untreated
cells. The DNA content, which is determined by DNA
index, changed with vinblastine exposure up to 0.75.
After three passages in vinblastine-free medium, DNA
content returned to its initial value.

The observation of alterations in the DNA pro®le
showed that the proportion of the cell-cycle phases
changed with the tolerated drug concentration on
exposure to vinblastine. We found that the proportion
of the G2/M-phase increased (average 10.8% vs 15.9%)
at the start of vinblastine exposure. In the following
dose steps, the increase in G2/M cells was reduced
(Table 1). By increasing vinblastine concentration, the
S-phase fraction rose as well. Analyzing both increasing
S- and G2/M-phase fractions a correlation between the
S- and G2/M-phases was observed for all concentrations
(q � 0.633, P � 0.0001) (Fig. 4). Comparing the
DNA parameters with the IC50 we found a correlation
of q � 0.843 (IC50 vs S-phase fraction, P � 0.0001)
and q � 0.586 (IC50 vs G2/M-phase fraction, P�
0.0001).

Discussion

The conditions under which drug resistance is acquired
during vinblastine exposure are poorly understood. Both
selection of primary P-glycoprotein-positive cell popu-
lations and vinblastine induction of P-glycoprotein
expression in primary P-glycoprotein-negative cells have
been suggested to account for the development of vi-
nblastine-resistant phenotypes [1, 18, 30]. The in¯uence
of topoisomerase II activity and glutathione-S-transfer-
ase [13] level is not essential for multidrug resistance
against vinca alkaloids [1]. Atypical drug e�ux mecha-
nisms might also participate in the loss of drug-induced
cytotoxic e�ciency of vinblastine [1]. In the present
study, we investigated the e�ects of vinblastine on
multidrug resistance development in vitro and on DNA
parameters. A tolerated concentration of 50 ng/ml leads
to an increase in IC50 by a factor of 9±28 compared with
cells treated with vinblastine-free medium only. In the
early concentration steps (0.5±5 ng/ml) the population
doubling time increases by a factor of 1.5. During the
®rst days of incubation the cells with the next highest
concentration of vinblastine had almost no microscopi-
cally observed proliferation activity. In addition, we did
not ®nd substantial changes in the number of vital cells
during this period. Thus, the increase in multidrug
resistance appears to be due to a change in metabolism,
which is indicated by resistance during vinblastine

Fig. 3 Histograms of cell line
BN 4 before treatment with
vinblastine (VBL), during
treatment (vinblastine at
3 ng/ml), and after three
passages (P) without vinblastine
following incubation with
vinblastine (3 ng/ml). When
vinblastine-free medium was
used for culturing, a return of
DNA content and a decrease in
the G2/M- and S-phase
fractions were seen

Table 1 Changes in the G2/M-phase fraction with increase in vinblastine concentration for development of multidrug-resistance. Low-dose
versus high-dose results demonstrate the in¯uence of drug exposure on G2/M-phase cells

Cell line Culture medium vinblastine concentration or change in G2/M-phase fraction

0 5 ng/ml DG2/M 100 ng/ml 400 ng/ml DG2/M

BN 4 6.3% 15.0% 8.7% 20.6% 24.0% 3.4%
BN 9 10.1% 14.6% 4.5% 17.0% 17.2% 0.2%
BN 12 7.0% 13.0% 6.0% 16.0% 21.7% 5.7%
BN 13 14.0% 15.7% 1.7% 20.8% 22.3% 1.5%
BN 17 14.0% 18.5% 4.5% 19.0% 19.9% 0.9%
BN 18 8.8% 14.7% 5.9% 22.0% 23.8% 1.8%
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treatment, rather than to selection of resistant subpop-
ulations. The course of multidrug resistance develop-
ment shows that it is dose-dependent. Doses capable of
reducing cell proliferation also a�ect multidrug resis-
tance induction, whereas incubation with low doses of
drug induces only slight increases in multidrug resis-
tance. Our data suggest that the development of multi-
drug resistance depends on the concentration and
duration of vinblastine exposure.

In the part of this study where cells were exposed to
vinblastine and afterwards to vinblastine-free medium
for three passages, the DNA index returned to the for-
mer value of the untreated cells. Also the other DNA
parameters returned at least partly to former values. The
slightly extended base of the G1 peak after the ®nal ex-
posure to vinblastine-free medium might document the
vinblastine-induced damage to the cells, although there
is no explicit evidence for this hypothesis. Another
possible explanation for these alterations is that the
vinca alkaloid has induced a vinblastine-selected cell line
with apparent changes in the cell cycle.

Bri�od et al. [5] reported that diploid tumors are
resistant to chemotherapy, whereas cytomorphological
changes during treatment indicate chemosensitivity. We
investigated DNA content and the changes in cell-cycle
proportions during vinblastine exposure and showed
that the maximal tolerated vinblastine concentration in
the culture medium is strongly correlated with an in-
crease in the S- and G2/M-phase fraction. DNA is often
the target of cytostatic agents; the vinca alkaloids react
with the microtubuli of the spindle during the metaphase
of mitosis. But other mechanisms of vinblastine action
might exist. The increase in the G2/M fraction is con-
sistent with multidrug resistance development. This
®nding might be related to the fact that ± despite the
e�cient drug e�ux by P-glycoprotein ± vinblastine is
still able to enter the cells and thereby to in¯uence the
cell cycle. Possibly the pumping capacity of P-glyco-

protein is not able to expel the agent completely, and
vinblastine can induce a block in cells that are not
adapted to the new conditions.

During vinblastine treatment the S-phase fraction as
an indicator of cell kinetics increased substantially.
There are two possible explanations: the increased dose
and biological mechanisms induce a higher proliferation
rate as compensation, or the DNA synthesis time for
duplication is prolonged by vinblastine treatment. The
e�ect seems to be that the cells need more time to
complete the cell cycle and stay longer in S-phase. In our
study, however, the required time for outgrowth was
prolonged only in the ®rst passage after the increase in
vinblastine concentration, whereas in the next two pas-
sages the growth time declined to the previous value.
The results re¯ect an adaptation to the new condition.

Our observations agree with reports of a poor re-
sponse rate in tumors with a low S-phase fraction [24].
The cell line BN 17, with the lowest proliferation frac-
tion, displayed moderate adaptation to vinblastine; the
initial IC50, however, was relatively high. The S-phase
fraction of tumors is used to predict clinical response to
chemotherapy, whereas DNA content is not an indicator
of chemosensitivity [26]. Spyratos et al. [29] reported an
increased S-phase fraction in samples of tumor tissue
after each course of chemotherapy. The G2/M-phase
fraction was not calculated. These results agree well with
our in vitro ®ndings. The S-phase fraction on its own
provides only a partial view of tumor cell proliferation
and does not predict the duration of the cell cycle, es-
pecially of the S-phase. From a practical point of view
such studies are demanding, and the complexity of the
drug action sometimes makes interpretation impossible.

This present study showed two things. First, it has
provided an insight into how the vinca alkaloid vinb-
lastine in¯uences the DNA pro®le and the development
of chemoresistance and might be a basis for further
studies on the molecular e�ects of drugs on renal cell

Fig. 4 Fractions of G2/M- and
S-phases in cell line BN 4
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carcinoma. Second, we suggest it may be of use to cal-
culate the S- and G2/M-phase fraction in patients when
planning treatment with vinblastine. In this way, the
response and possible development of chemoresistance
can be estimated before beginning treatment. If the
prospect of failure is too high the treating physician
should consider an alternative therapy.
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