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The effects of a combination of melphalan and
dexamethasone on cell growth, cell cycle flow, cell loss
and DNA cross-links were studied on a myeloma cell line
(RPMI 8226). At low concentrations melphalan reduced
the cell growth by prolonging the S and G, stages. Steroid
sensitivity of the cell line was characterized by
dose-dependent inhibition of cell growth after exposure
of up to 1 um dexamethasone with no cell loss found even
at 10-fold saturation concentration. Dexamethasone
induced prolongation of all cell cycle phases without any
preferences. In combined treatment with melphalan and
dexamethasone, inhibition of cell growth was found after
24 h followed by cell loss after 48 h. This cell loss was
obtained with concentrations of the drugs which by
themselves are only growth inhibitory. Calculation of cell
flow showed that cell loss is a delayed process occurring
after the cells have left the G, phase. By alkaline elution it
was found that dexamethasone treatment caused an
increase in melphalan-induced DNA interstrand cross-
links.
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Introduction

The combination of the alkylating agent melphalan
and the steroid prednisone has become standard
therapy for multiple myeloma.! No multidrug
therapy has shown better therapeutic results than
this combination.? Clinical results with this
combination have indicated an advantage of the
addition of a steroid to melphz.lan.3 It is, however,
not known whether this clinical advantage in
myeloma is based on a cellular interaction between
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the steroid and melphalan. Melphalan, being a
bifunctional alkylating agent, has been shown to
exert its main effect upon DNA.* Alkylating agents
delay cell cycle progression in all cell cycle phases.*
For corticosteroids the effect on the cell cycle has
been described as an effect on early G, cells® or
the G,/S transition.® The combination of melphalan
and a steroid has been shown to potentiate the
cytotoxic effect of either drug given alone”” and a
synergism has been postulated in some systems.'’
The mechanism of interaction is, however, not
clear.

In an attempt to find whether an interaction exists
between melphalan and steroids in a human
myeloma cell line (RPMI 8226)'"'* we have
analyzed the effects of the drugs on cell cycle flow
and DNA cross-linking.

Materials and methods
Cells and cell culture

A well documented human myeloma cell line RPMI
8226'"'2 was used. Cells were maintained in a
suspension culture of RPMI 1640 medium
supplemented with 10% fetal calf serum (FCS), 1%
L-glutamine, 50 ug/ml of penicillin and 50 pug/ml of
streptomycin. Cell viability was assessed by trypan
blue exclusion.

Drugs
Melphalan (Burroughs Wellcome Foundation,
Beckenham, Kent, UK) was obtained as a sterile

powder in commercial vials and 100 mg was
dissolved in 1 ml of 92% ethanol with 2% HCl and
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then diluted with 9 ml of 60% propylenglycol in
sterile water with 1.2% dipotassium hydrogen
phosphate. Stock solutions were frozen at —70°C.
Immediately before drug incubations melphalan
was further diluted in cell culture medium to the
desired drug concentration. Dexamethasone (Merck
Sharp & Dohme International, Rathway, NJ, USA)
was used from commercially available solutions in
liquid form.

Celiular DNA content

DNA content of the cell nuclei was measured using
a technique described previously.” Cells were fixed
in 96% ice-cold ethanol. After fixation the cells were
washed in Tris-EDTA buffer (0.1 M Tris, 0.07 M
NaCl, 0.005M EDTA, pH7.5) together with
1 mg/ml of RNase. After pepsin treatment single
cell nuclei were obtained and stained with ethidium
bromide (25 uM). The DNA content of the cell
nuclei was determined using a rapid-flow cyto-
fluorometer ICP 11 (Ortho Instruments, West
Wood, MA, USA). The output was sorted using a
256-channel analyzer. The number of cells in each
of the cell cycle phases was calculated from the areas
of the histogram assuming a Gaussian function for
the G, and G, + M maxima and attributing the
remaining part of the DNA histogram to the cells
of the S phase.

Calculation of cell cycle flow

The method for calculating cell low through the
various cell cycle phases has been described in detail
elsewhere.'* The advantage of this method is that
cell cycle kinetics at disturbed cell growth can also
be studied. The calculation is based on the total
number of cells and the relative number of cells in
Gy, S and G, + M at different times. In this study
we calculated the outflow of cells from the different
cell cycle stages, related it to the total number of
cells in the corresponding compartments and
expressed the values as percent per hour (%/h). We
also assumed that no resting cells were present.

Alkaline elution

Alkaline elution was used with some modifications
according to the technique used by Kohn.'>!¢
RPMI 8226 myeloma cells were labeled for 24 h
with ["*C]thymidine (5 uCi; 61 mCi/mmol) and then
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exposed to melphalan at different concentrations for
30 min in serum-free medium. After this the cells
wete incubated in medium supplemented with 10%
FCS 4+ dexamethasone for 24 h. The cells were then
resuspended in ice-cold medium with 4% FCS and
irradiated with 600 R with 2 Siemens Stabilopan
ortovoltage X-ray apparatus (140kV, 20 mA,
4 mm Al), collected on polyvinyl chloride filters
(pote size 2 pum, diameter 25 mm; Millipore Corp.
Bedford, MA, USA), washed with 10 ml ice-cold
phosphate buffered saline (PBS) and lysed with 5 ml
sarcosy-EDTA solution (sarcosyl 20 g/t, 0.02 M
EDTA, 5M NaOH added to pH 9.5), which was
allowed to flow through the filter by gravity. The
DNA was then slowly eluted from the filters with
a tetracthylammoniumhydroxide-EDTA solution
(0.02M EDTA (acid form), 5.845g/l tetra-
ethylammoniumhydroxide added to pH 12.1, for
the analysis of DNA interstrand cross-links
0.1% sarcosyl was added] at a flow rate of 2.1 ml/h
using a Minipuls 2 peristaltic pump (Gilford
Medical Electronics, Villers-le Bel, France). For
the analysis of DNA interstrand cross-links, protein
was removed from the filter by adding another 2 ml
of lysis solution containing 0.5 mg/ml of proteina-
se K to the filter and allowing it to remain in contact
with the filters for 1h. The lysis solution was
removed by washing the filters with 5 ml 0.02
M EDTA (acid form), pH 9.5. The elution was
continued for 16 h and the eluted DNA was
collected in eight fractions. The C activity in
each fraction was analyzed by liquid scintillation
counting after adding 1.33 volumes of Instagel
(Packard Instrument Co., Downers Grove, IL,
USA) to each sample. DNA remaining on the filters
at the end of the elution was removed by hydrolysis
in 1 M HCl at 60°C for 1 h and vigorous mechanical
agitation. The DNA temaining in the funnels, filter
holders and tubes was removed by pumping 2.5 ml
of 0.4 M NaOH at room temperature through the
system, and the "*C activity thus obtained was added
to the activity released from the filters.

The following formula was used to calculate the
amount of DNA cross-links as described by Kohn
et al.'®

CF — 1—r 1

1—r

where CF is the cross-linking factor, r, is the
fraction of DNA remaining on the filter at the end
of elution in irradiated control cells and r is the
fraction of DNA remaining on the filter in
melphalan-exposed, irradiated cells. To express the
frequency of cross-links in R-equivalents the CF is



multiplied by the radiation dose used (600 R). The
amounts of DNA-protein cross-links after melpha-
lan exposure was calculated by subtracting the
amounts of DNA interstrand cross-links from the
total amounts of cross-links obtained without
proteinase K.

Results
Effects of dexamethasone on cell growth

Continuous treatment with dexamethasone up to
72 h resulted in a cell growth delay of 24 h, followed
by regrowth up to 48 h and then a further delay at
concentrations of 1 uM or more (Figure 1). An
increase in concentration of the drug up to 10 uM
gave no additional effect on cell growth. No specific
changes in the cell cycle composition were seen at
any time after dexamethasone treatment (Figure 2);
however, small changes as an increase of cells in
early G,/G, could not be estimated from the DNA
histograms. The cell growth delay should be
interpreted as a result of a general decrease in cell
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Figure 1. The growth of RPMI 8226 cells following a
continuous incubation with dexamethasone. Number of
untreated (), and dexamethasone treated cells at
0.1uM (@), 1¢M (O) and 10 uM (). Data points are
mean of triplicate determinations.
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Figure 2. DNA histograms of RPMI 8226 cells at different
time points after treatment with 5 uM of melphalan and
1 uM of dexamethasone, respectively, and in combina-
tion. Analyses were performed on cells pooled from
triplicate specimens from the experiment shown in
Figure 3. The first peak represents the G, phase. The
second peak represents the G,/M phase and cells in
between are attributed to the S phase.

flow through the various phases of the cell
cycle.

Effect of combined treatment with
melphalan and dexamethasone on cell
growth and cell cycle flow

A combination of a 30 min pulse treatment of cells
with melphalan, followed by continuous treatment
up to 72 h with dexamethasone resulted in a lower
number of cells as compared with dexamethasone
treatment (Figure 3). This effect was statistically
significant at 72 'h (»p = 0.001). The early character-
istic cell cycle effects seen after exposure to
melphalan alone (accumulation in S and G, phase)
were not found. We interpret this as a result of a
general dexamethasone-induced inhibition of the
cellflow through all cell cycle stages (Figure 2).
Calculation of cell outflow from the various cell
cycle phases up to 24 h post-treatment shows that
cells located in G, at the time of melphalan
treatment in dexamethasone-exposed cells were
found in S and G,/M 24 h later (Table 1). Cells
located in S and G,/M at the time of treatment pass
through mitosis during the first 24 h post-treatment
resulting in an increase of G, cells (Table 1). We
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Figure 3. Growth of RPMI 8226 cells over time after drug
exposure. Number of untreated (Q), and cells treated
with 5 uM of melphalan (@), 1 uM of dexamethasone ((7J)
and both drugs in combination (Jll). Data points are
means of five experiments + SEM. Melphalan was given
in a 30 min time pulse and dexamethasone was present

during the entire observation period.

Table 1. Number of cells (x 10%ml) in the various cell
cycle phases and cell outflow up to 24 h after combined
treatment with 5 uM melphalan and 1 uM dexamethasone?®

Time (h) G, S G,y/M Total cell
phase phase phase number
0 238 153 59 450
24 318 204 78 600
+80— +51— +19—> +150—
Cell
outflow/24 h: 220 169 150 300

#The cell flow between different cell cycle phases in the time
interval 0-24 h is given below. The total cell number increases
by 150 ( x 10%ml) cells which if no cell death was present would
mean that 150 ( x 10%ml) cells have passed mitosis giving 300
( x 10*/ml) new G, cells. The number of G, cells is only increased
by 80 (x 10*/ml) which means that 220 (x 10%ml) cells have
passed into S. The outflow from S and G,/M phases can be
calculated to be 169 (x 10%ml) and 150 (x10%ml) cells,
respectively, in the same way. Of the 220 ( x 10°*/ml) G, cells
which have passed into S, 70 (x 10%ml) are still in S and G,/M
at 24 h. It is also possible to conclude that these cells in S and
G,/M were in G, 24 h earlier when treated with melphalan, since
about 90% of these melphalan treated G, cells have passed into
S and G,/M.
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suggest that most of the cells lost between 48 and
72 h were damaged in G, at the time of treatment.
The elevated cell loss seen at 72 h in the combined
treatment was from S and G, phase cells lost before
mitosis and/or lost as G, cells after mitosis (Table
2). The cell loss was 20-40% depending on if the
cells died before or after mitosis, tespectively.
Values of cell death were calculated from Table 2
where the reduction in cell number between 48 and
72 h is 20%. If cell death occurred after mitosis the
number of dead cells would have been increased by
100% giving a cell loss of 40%. A further incubation
up to 96 h showed no additional cell loss (data not
shown).

DNA cross-linking after combined
treatment with melphalan and
dexamethasone

Interstrand and DNA-—protein cross-links were
determined by the alkaline elution technique. There
was an increase of melphalan-induced interstrand
DNA cross-links by the addition of dexamethasone
at a time point after maximum build up of
cross-links, ie. 24h post-melphalan treatment
(Figure 4a). The amount of DNA-protein
cross-links was not increased in the presence of
dexamethasone at the time point measured (Figure
4b).

Discussion

Melphalan gives rise to DNA cross-linking and cell
cycle progression delay. Several investigators have
combined steroids with an alkylator but it is not
known whether the addition of a corticosteroid like
dexamethasone may interact with these melphalan-
induced effects.

We have analyzed the influence of dexamethasone
on cell cycle progression and DNA damage in the
dexamethasone-sensitive RPMI 8226 cell line.'”'®

Table 2. Number of cells { x 10%ml) in the various cell
cycle phases 48-72 h after combined treatment with 5
uM melphalan and 1 uM dexamethasone

Time (h) G, S G,/M Total cell
phase phase phase number
48 261 213 132 606
72 293 129 81 503
+32 —84 -5 —103
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Figure 4. DNA interstrand cross-links (a) and DNA-protein
cross-links (b) as measured by alkaline elution 24 h after
a 30 min pulse treatment with 5 and 20 uM of melphalan.
Dexamethasone at a concentration of 1 uM was added
after the melphalan treatment and was present for 24 h.
Results are means of duplicate determinations.

Cell growth retardation after melphalan treatment
(5 uM) was found to be dependent on accumulation
of cells in the S and G,/M phases of the cell cycle,
a finding in accordance with investigations on other
alkylating agents.* The growth delay effect of
dexamethasone analyzed by DNA flow cytometry
showed that the cell cycle progression delay was
not phase specific but rather caused by a similat,
general delay of progression in all cell cycle phases.
With the incubation system used we were able to
note that combination of ‘growth inhibitory’
concentrations (1 and 5 uM) of dexamethasone and
melphalan resulted in a ‘cytotoxic effect’. We have
used a 30 min exposure to melphalan followed by
continuous exposure to dexamethasone. The
cytotoxic effect is delayed to the time interval
48-72 h. Calculations of the outflow of cells reveal
that cells may be lost from the S and G,/M phases
in the 48-72h time interval. This result is
compatible with our previous experience with
‘cytotoxic’ concentrations of melphalan only."
There is, however, an increased number of G; cells
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between 48 and 72 h, indicating that cells have
divided and cell death of cells after mitosis in the
next cell cycle is probably also present (Table 2). In
the present investigation a similar cytolytic effect
was obtained at one-eighth of the melphalan
concentration in the previous study.'” Our finding
of increased DNA cross-linking may serve as at
least one explanation for the increased toxicity of
melphalan upon exposure to dexamethasone. The
effect is especially interesting since it was limited to
an increase of DNA interstrand cross-links and not
to total cross-linking. Dexamethasone may alter the
chromatin structure to a transcriptionally active
form facilitating DNA interstrand cross-linking.
Pretreatment with steroids has increased the toxicity
of alkylators®® and the mechanism of increased
cross-linking has been discussed though not
shown."

Conclusions

Dexamethasone, which in itself is only growth
inhibitory at high concentrations, induced sub-
stantial cell death (20-40% of the cell population)
when combined with ‘low’ growth inhibitory
concentrations of melphalan.

The cell loss was delayed and seen between 48
and 72 h post-melphalan treatment. The cells lost
were damaged in G, and died in S/G, phases and
probably also during the following G; phase. An
increase in melphalan-induced DNA interstrand
cross-links by dexamethasone may in part explain
the cytolytic effect of the drug combination.
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