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Abstract Prior to work on the in¯uence of dosing and
scheduling of the drug etoposide in bone marrow cells,
the DNA-damaging e�ects of three haemopoietic
growth factors, either alone or in combination with
etoposide, were investigated. Sister chromatid exchange
(SCE) frequencies in phytohaemagglutinin-stimulated
mononuclear cells of six normal volunteers were used as
an indicator of DNA damage. The e�ects of three
growth factors on SCEs were investigated at concen-
trations ranging between 0 and 100 ng/ml and those of
etoposide alone, at concentrations varying between 0
and 2 lM. The e�ect of combinations of growth factor
(GF) and etoposide were assessed at a 40-ng/ml con-
centration of each cytokine and at 0.4 lM etoposide.
Results showed not only a dose-dependent rise in SCE
frequency in cells treated with etoposide but also a cy-
tokine e�ect. Stem-cell factor did not cause a signi®cant
change in SCE numbers. However, cytokines with ac-
tivity at the progenitor cell level induced small but sig-
ni®cant increases in SCE numbers at concentrations of
50 and 100 ng/ml (P<0.001). Results of combination
studies indicated a signi®cant 60% increase in SCE
numbers in cells treated with GF and etoposide as
compared with etoposide alone (P<0.00001). This
®nding suggests a sensitivity of peripheral blood
mononuclear cells to SCE induction by GFs given either
as single agents or in combination with etoposide.
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Introduction

Many researchers have shown that a large variety of
exogenous agents that are capable of inducing sister
chromatid exchanges (SCEs) are also carcinogenic and
that the concentration needed to cause SCE is signi®-
cantly lower than that needed to cause an increase in
chromosomal mutation [1]. It has also been reported
that SCE numbers rises signi®cantly after exposure to
alkylating agents and chemotherapy drugs such as
etoposide and cisplatin. The exact mechanism is un-
known, but changes in the post-replication DNA repair
mechanisms that remove illegal recombinations have
been implicated [2]. As the presence of SCE re¯ects
damage to DNA, increasing levels may indicate in-
creasing carcinogenic potency.

Growth factors play an important role in chemo-
therapeutic regimens, many being given in conjunction
with cytotoxic drugs to reduce neutropenic episodes.
Currently, the most common dose-limiting toxicity for
many cytotoxic drugs is myelosuppression, manifesting
as severe leucopenia and/or thrombocytopenia and this
prolonged immunosuppression is a cause of treatment-
related death. This can be ameliorated by the prophy-
lactic administration of extrinsic sources of growth
factors responsible for leucopoiesis [3±5]. The clinical
use of haemopoietic growth factors to minimise che-
motherapy-induced myelosuppression may become more
widespread with the increased use of high-dose chemo-
therapy.

There are few reports describing the e�ect of growth
factors on SCE frequency or on the subsequently in-
creased risk for long-term chromosomal changes. These,
notably including that of Bussing et al. [6], concluded
that administration of such cytokines did not in¯uence
SCE frequency in peripheral blood mononuclear cells
(MNCs) and, consequently, would not produce severe
mutagenic e�ects.

As part of on-going studies into the activity and
schedule dependence of etoposide in bone-marrow
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progenitor cells and cell lines, SCE frequency is being
used as one of a number of measures of drug-induced
DNA damage. These studies include the e�ect of
etoposide in short-term bone marrow cultures that in-
volve the use of granulocyte/macrophage colony-stimu-
lating factor (GM-CSF), interleukin 3 (IL-3) and stem-
cell factor (SCF). Consequently, the e�ect of these cy-
tokines alone and in combination with etoposide on
SCE frequency in MNCs was investigated.

Materials and methods

Peripheral blood was taken from six healthy and haematologically
normal volunteers without recent viral infections. The same six
subjects were used for all of the experiments. In each case, 0.4 ml of
whole blood was maintained in 10 ml of RPMI 1640 supplemented
with 10% fetal calf serum, 1% glutamine, and 1% penicillin (10
MU/ml) and streptomycin (10 mg/ml) solution. Cell mitogenic
activity was stimulated with phytohaemagglutinin-M (PHA-M)
at 20 lg/ml and was maintained in darkness at 37 °C.
Bromodeoxyuridine (BrdU) at a concentration of 10 lM was added
at 24 h of incubation. Following a further incubation period of
24 h, one of three methods was employed, according to the assay
involved: (1) growth factor alone ± 10-, 50- and 100-ng/ml con-
centrations of either SCF (Amgen Ltd, Cambridge, UK), GM-CSF
or IL-3 (both Sandoz Pharmaceuticals, Frimley, UK) were added;
(2) etoposide alone ± serial concentrations ranging between 0 and 2
lM etoposide (Sigma, Poole, UK) were added; (3) combination ±
0.4 lM etoposide and a 40-ng/ml concentration of one of the three
cytokines were added. After a third period of 24-h incubation,
colcemid at 0.1 lg/ml was added at 1 h prior to lymphocyte harvest
by centrifugation. Chromosome spreads were obtained using hy-
potonic treatment with 75 mM potassium chloride for 10 min. Cells
were washed in three successive ®xations in freshly prepared
methanol:glacial acetic acid (3:1). Slides were prepared and stained
according to the method of Perry and Wol� [7]. Next, 15 well-
spread metaphases with a full complement of 46 properly stained
chromosomes were analysed for SCE status in each side. All slides
were analysed at random to reduce any possibility of experimental
bias in the scoring procedure.

Results

SCEs were observed in all cell preparations, including
those without added cytokines. The frequency of SCE at
each concentration studied was variable and was not
normally distributed. For instance, in the absence of
cytokines, control incubations typically showed a
median frequency of 5 SCEs/cell, which for 15 meta-
phases in the 6 subjects ranged from 0 to 11 SCEs/cell.

Table 1 shows the median number of SCEs deter-
mined for each of the growth factors studied at each of
three concentrations. Non-parametric analysis of vari-
ance (Friedman's ANOVA) of all the data for each cy-
tokine, controlling for subject and concentration,
indicated di�erences in SCE numbers with concentration
in both GM-CSF-treated (P<0.05) and IL-3-treated
(P<0.001) MNCs but not in SCF-treated cells. Subse-
quent paired analysis (Wilcoxon signed-rank matched-
pairs test) of the number of SCEs determined at speci®c
concentrations against incubations with no added cyto-
kine indicated signi®cant increases in SCE frequency for
IL-3 at 50 and 100 ng/ml and for GM-CSF at 100 ng/ml
(P<0.001 in all cases).

Figure 1 shows the dose-dependent increase in SCE
frequency obtained with etoposide. A rise in etoposide

Table 1 E�ect of growth factors on SCE frequency. Figures are
expressed as median numbers of SCEs per cell (range); n= 90 in all
cases ± 15 metaphases in each of the 6 subjects

Growth
factor

Concentration (ng/ml)

0 10 50 100

SCF 5 (0±12) 5 (0±13) 5 (1±10) 5 (1±11)
GM-CSF 4 (0±10) 5 (0±16) 5 (0±11) 6 (1±14)*
IL-3 5 (0±11) 5 (0±9) 7 (2±11)* 7 (2±10)*

*P<0.001 versus control cultures with no added cytokine

Fig. 1 E�ect of etoposide on
SCE numbers. MNCs were
cultured in serial concentra-
tions of drug. Points represent
the median values and the
minimal maximal range of SCE
numbers per metaphase spread
of the 6 subjects
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concentration resulted in an increase in SCEs to a pla-
teau of around 20/cell from the 0.4 lM dose.

In the combination assays, all three cytokines were
used at sub-optimal concentrations of 40 ng/ml and
etoposide was applied at 0.4 lM. Figure 2 shows the
number of SCEs determined for each of the etoposide
and growth factor combinations studied. In cells incu-
bated with etoposide alone the median SCE value was 19
(range 13±34) versus 30.5 (range 13±46) for IL-3, 30.5
(range 13±46) for GM-CSF and 29.5 (range 19±35) for
SCF (all P<0.00001).

Discussion

Prior to the investigation of factors that in¯uence the
activity of etoposide in bone marrow and tumour cells,
involving short-term bone marrow cultures, the intrinsic
SCE-inducing e�ect of growth factors, used as a neces-
sary agent in successful colony growth, was tested. The
data presented in this report describe the e�ect of these
growth factors on SCE frequency in MNCs.

Growth factors were used at optimal (100 ng/ml) and
sub-optimal (10 and 50 ng/ml) concentrations with re-
gard to their proliferative and di�erentiating activity in
normal donor marrow-colony assays (unpublished da-
ta). This range of concentration was in line with docu-
mented in vivo plasma concentrations of the growth
factors studied [8, 9]. There is no published information
on plasma levels of SCF.

The di�erences in the SCE numbers seen with these
growth factors were related to the maturity of the cells.
Peripheral blood contains a high proportion of cells that
are well di�erentiated down the lymphoid lineage. SCF
had no e�ect on the SCE frequency, as c-kit expression is
reduced [10]. In contrast, both GM-CSF and IL-3,
showing activity in cells at a later stage of maturation,
induced dose-dependent increases in the frequency of
SCEs in PHA-stimulated MNCs.

There are few reports describing the e�ect of com-
monly used growth factors on SCE numbers. Most of
these have concentrated on G-CSF, a cytokine with
di�erentiative e�ects similar to those of GM-CSF, and
have reported no increased induction of SCEs at con-
centrations of up to 3 lg/ml [6]. However, we demon-
strated a small but signi®cant increase in SCE frequency
in MNCs using GM-CSF at 100 ng/ml and IL-3 at 50
and 100 ng/ml.

Following this preliminary work on growth factor
alone, a combination of cytokine and etoposide was
used in cultures to study any synergistic e�ect that might
in¯uence the activity of etoposide in this short-term
culture system. The subjects tested were the same six
used in our preliminary study. Our data indicate a
positive e�ect of growth factor combined with etopo-
side. As compared with control cultures, etoposide alone
caused an increase in SCE numbers by 280% (19 versus
5), whereas a combination of etoposide with any of the
cytokines studied resulted in an increase of 500% (30
versus 5). This represents an increase in SCE frequency

Fig. 2 E�ect of growth factor
and etoposide on SCE numbers.
MNCs were treated with sub-
optimal concentrations of 0.4
lM VP-16 and 40 ng
GF/ml. Each bar represents the
median number of SCEs de-
tected per metaphase after cul-
ture with IL-3 � etoposide (E ),
GM-CSF (GM ) �E, SCF � E
or E alone (n = 90).
*P<0.00001 versus control
cultures incubated with 0.4 lM
etoposide but no added cyto-
kine
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of 60% in cultures containing both etoposide and cy-
tokine as compared with etoposide alone.

Stimulated MNCs have a large range of cycling times
and were not synchronised in this experiment, as only a
single time point of 24 h was studied. Cells cycling at
more than 24 h would be excluded from SCE scoring by
the resultant incorporation of BrdU to both chromatids,
causing both to be stained with Hoechst 33258 such that
SCEs would not be visible. Conversely, cells cycling at
fewer than 24 h would not have su�cient intercalation
of BrdU into chromatid strands for SCE analysis. Only
correctly stained metaphases with the full complement
of 46 chromosomes and clearly distinguishable sister
chromatids were counted.

SCE frequency is used as an indicator of damage to
chromosomes in prediction of tumour sensitivity in vivo
[11], and correlations between SCE induction and the
induction of carcinogenesis have been established [12].
Although a number of models have been proposed, the
observation that exchange of material between chroma-
tids involves double-stranded DNA breaks implicates
topoisomerase II (topo II) as suggested by Pommier et al.
[13]. The enzyme normally causes transient double-
stranded DNA breaks during replication, but these
breaks become stabilised in the presence of etoposide.
The proximity of DNA breaks on homologous DNA
strands may result in incorrect rejoining, causing an SCE.

Topo II catalytic activity is dependent on the growth
state of cells, with topo II protein expression increasing
during the S and G2 phases and peaking at G2/M [14].
Thus, in the presence of GF the number of cycling cells
would be expected to increase, but an increase in SCE
frequency would result only from an increase in topo II
during the S phase relative to control cultures or from
changes to a post-replication repair system. Such an
increase in topo II after exposure to GF has been re-
ported [15] and would result in a greater number of
cleavable complexes, which in turn may give rise to an
increase in SCE frequency as seen in our own studies.

The increase in the number of SCEs found in the
presence of cytokines alone, although numerically small,
was statistically signi®cant, and when cytokines were
used in combination with etoposide they increased SCE
frequency by 60% over etoposide alone. Investigators
should therefore be aware that the necessary use of
growth factors in bone marrow cultures may in¯uence
the activity of DNA-damaging agents, possibly through
up-regulation of topo II activity. Clinically, the possi-
bility that the application of growth factors may in¯u-
ence the activity of these agents as seen in the present
in vitro studies needs to be investigated further.
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