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ABSTRACT

Three human melanoma cell lines of known content of specific gluco-
corticoid-binding sites were studied for colony formation after a Â»IMdose
of glucocorticoid combined with melphalan. In one of the three cell lines,
M-5A, subcloned from M-5 (formerly designated RPMI8322), the effect
of combined treatment was markedly increased compared to that of
melphalan even if the glucocorticoid was applied for l h only, 10 h before
the melphalan. Semilogarithmic dose-effect plots for a reduction of final
plating efficiency by glucocorticoid were curvilinear, according to a re
ceptor-mediated process. The effects of glucocorticoid, melphalan, and
their combination were linearized by bilogarithmic median-effect plotting
which allowed the quantitation of a synergism which was more marked
in case of glucocorticoid pretreatment, for 1 or 24 h, than on simultaneous
exposure. According to sequential DNA per cell cytophotometry, mel
phalan abolished in M-5 A a glucocorticoid-induced arrest in the <., phase
of the cell cycle. The cytotoxic synergism correlated with an apparent
stimulation by glucocorticoid of the rate of acid-insoluble incorporation
of | 'I l|uriiliiu- and |'4C]leucine and an increase in cell size and protein

content in M-5 \ cells but not in the other two cell lines. The way in
which glucocorticoids induce an enhanced susceptibility to melphalan is
not clear. Our results appear compatible with a hypothesis that chromatin
in a transcriptionally activated state is more vulnerable to cytotoxic
attack by an alkylating agent than under average conditions.

INTRODUCTION

Biopsies from human melanoma (1,2) and melanoma cell
lines of human origin (3-5) have been reported to contain
specific glucocorticoid-binding sites. The affinities ranged from
1 to 22 nM confirming the qualitative similarity and ubiquitous
character of glucocorticoid receptors (6). A slight growth inhi
bition of melanoma in vitro by a 72-h treatment with triamcin-
olone acetonide has been reported (3, 4). We have previously
observed an inhibition of growth in six receptor-positive cell
lines on short-term treatment with a pharmacological dose (7,
8) of prednisolone or dexamethasone (5). In the cells with the
highest level of glucocorticoid receptors a prolonged cell cycle
disturbance was elicited. The cytotoxic effectiveness in terms of
reductions of final plating efficiency was comparable to the
effect observed by Bregman et al. in C8146c melanoma cells on
prolonged treatment with 1 ^M dexamethasone (9).

In several tumor systems in vitro and in vivo (10-12) gluco
corticoids have been reported to potentiate the activity of al
kylating agents. In general, human melanoma is responsive to
melphalan as known from studies in vitro (13) and in nude mice
(11), and from the clinical use of melphalan in regional perfu
sion chemotherapy for melanoma in a limb (14, 15). High drug
levels can be applied on isolated limb perfusion (16-18). We
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have now studied three human melanoma cell lines of varying
responsiveness to melphalan for reduction of colony formation
by combinations of prednisolone or dexamethasone and high
doses of melphalan. An increased sensitivity to combined treat
ment compared to treatment with melphalan alone was ob
served in the one cell line in which glucocorticoids caused an
increase in cell volume and protein content per cell, and in
creased rates of acid-insoluble incorporation of ['HJuridine and
[14C]leucine during disturbed cell cycle progression.

MATERIALS AND METHODS

Cells and Culturing Conditions. Four human melanoma cell lines (M
SA, SK-Mel-25, NKI 26, Mel-IPC-48) were used in these studies. Their
origin and the culturing conditions have been reported (5). At regular
intervals the cells were tested for contamination with mycoplasma by
staining with Hoechst 33258 (19).

Cell Survival Studies. One thousand to 15,000 cells, harvested from
exponentially growing cultures, and carefully dispersed to give a single-
cell suspension were inoculated in 25-cm2 Greiner flasks No. 690170.

Cell numbers were counted using a hemocytometer. Prednisolone and
dexamethasone (Duchefa BV, Haarlem, The Netherlands) were added
to the cultures in 1.4% ethanol in PBS/ Melphalan (Wellcome Ned-
erland BV, Weesp, The Netherlands) was freshly dissolved in Wellcome
Acid Alcohol and diluted with distilled water. Control cultures received
solvent only. Final ethanol concentrations were 0.03 to 0.05%. Treat
ment with glucocorticoid, melphalan, and their simultaneous combi
nation was for 1 h, 24 h after inoculation. In the study of pretreatment
combination schedules, control and pretreated cultures received mel
phalan at the same age (34 or 48 h after inoculation). After treatment
the cultures were washed twice with cold PBS. Fresh growth medium
was added and replaced every 3 to 4 days during continued incubation
for colony formation. The fraction of surviving colonies was determined
and convened to single-cell response according to Sinclair and Morton
(20), using for correction the average number of cells per colony at the
time of treatment (for pretreatment combination schedules: at the time
of beginning of the treatment with melphalan).

Analysis of Drug Interactions. Median-effect analysis of the dose-
effect relations for treatment with melphalan, glucocorticoid, and their
combinations, respectively, was made by the method of Chou and
Talalay (21). The linearized median-effect plot is expressed by

ln(A//.) = /win/) - mloDm

in which yi represents the fraction of cells killed (casus quo lost to
exponential proliferation) by treatment with the dose, l> (in nmol/ml),
f, is the exponentially growing fraction, m is the slope of the plot and
Dm is the dose required to achieve the median effect of ft = f, = 0.5.
Equally effective doses of melphalan (L-PAM) alone, of L-PAM in CT
with a fixed dose (Or,,) of GC, and of GC alone, respectively, were
obtained according to

using the appropriate />,â€žand m values. The equally effective doses
(/>Â«,)were used to calculate a CI, at various levels of cell kill, from the

4The abbreviations used are: PBS, phosphate buffered saline: L-PAM, mel
phalan, i.-phenylalanine mustard: GC, glucocorticoid: CT. combined treatment:
CI, combination index.
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RESULTS

* '
fl^L-PAM

in CT Ai.CC in CT
D^GC

(PÂ«,L-PAMin CT)(Ai.GC in CT)

on the assumption that the drugs were not mutually exclusive. A
combination index of <1 indicates cytotoxic synergism, of >1 antago
nism, whereas CI = 1 indicates additivity.

Cell Separation. Separations of cells according to size were performed
in a sedimentation chamber (R. Brand GMBH and Co., Wertheim,
West Germany) in which cells are fractionated by velocity sedimenta
tion at unit gravity (22). The chamber is equipped with deflectors that
permit undisturbed layering and recovery of the cells. All fluid displace
ments are achieved by letting a cushion liquid (10% Ficoll, M, 400,000,
Pharmacia; sterile solution in PBS) flow in and out by the force of
gravity. A 1-mm sample layer of 177 cm2 surface area was placed atop

of a linear 2 to 8% gradient of bovine serum albumin (Sigma fraction
V; solutions sterilized by ultrafiltration) in PBS. Cells (50-60 x IO6)
were processed in one session of 90 min at 4'C and collected in 29

fractions of 10 ml each. The first five or six fractions contained cells of
low proliferative capacity. Aliquots of the higher numbered fractions
were studied for DNA per cell content by flow cytometry. Representa
tive samples were used to study the effect of dexamethasone and
melphalan on cell survival compared to untreated controls from the
same sample. For sterilization the Perspex separation chamber was
filled with 2% formaldehyde in PBS for 24 h. rinsed thoroughly with
sterile distilled water followed by PBS. All glassware was dry sterilized
at 250Â°Covernight.

Cell Cycle Phase Distribution. Cell cultures and separated cell frac
tions were analyzed for distribution of DNA per cell content by flow
cytometry as described (5). The percentage of cells with a DNA content
corresponding to the GÃ¬,S-, and G2/M cell cycle phase, respectively,
were calculated by planimetry of the histograms.

Rate of Incorporation of [3H]Uridine and |HC|Leucine. About 0.25 x
IO6 cells were incubated for l h at 37Â°Cwith [6-3H]uridine (0.1 ^Ci/
ml, 23.4 Ci/mmol) or L-[t/-14C]leucine (0.1 /xCi/ml, 340 mCi/mmol)

added to the culture medium (Amersham Nederland BV, Utrecht, The
Netherlands). The cells were harvested by trypsinization after three
washes with 3 ml of cold PBS. After centrifugaron the pellets were
suspended in 5 ml 5% trichloroacetic acid (()"(') and kept overnight at
4'C. Acid-insoluble materials were collected on a paper filter, washed

twice with cold 5% perchloric acid and once with ethanol/ether (1:1,
v/v). Filters plus precipitate were dissolved in 1 ml Soluene-300 (Pack
ard) at 50Â°Cfor 1 h. After cooling to 4"( ' liquid scintillation fluid was

added and radioactivity was measured in a Packard Model 3385 liquid
scintillation counter. Duplicate sister cultures of control and treated
cells were used for the determination of cell numbers. Incorporations
were calculated per 0.25 x IO6cells.

Protein and Melanin Contents. Protein was assayed in triplicate
according to Lowry et al. (23) in aliquots of around 0.25 x 10' cells
with bovine serum albumin as the reference. Samples of 1 x K)'1cells

were analyzed for melanin content according to Meyskens and Fuller
(24) using synthetic melanin (Sigma) for calibration. Protein and mel
anin contents were expressed in JJH/I0" cells.

Cell Size Distribution Pattern. For the determination of cell size
distributions a Model ZF Coulter counter was used equipped with a
multichannel analyzer (Tracor, TN-1705) and an XY-plotter (Tracer,
TA- 1148). Cells were harvested by trypsinization, pelleted, and resus-
pended in PBS. The suspensions were carefully dispersed, adjusted to
1 x !()'' single cells/ml and diluted 1:50 with counting solution (sodium

chloride, 0.7%; citric acid, 1.05%; mercuric chloride, 0.1%). Ten thou
sand cells were analyzed per run.

5 Modified from the equation for CI developed by Chou and Talalay (21) for
drug combinations at a constant molar ratio. Widely differently shaped dose-
effect curves for the single agents (Figs. 1-3) suggested the study of fixed doses
of glucocorticoid combined with increasing doses of melphalan and the modified
equation.

The sensitivity to a III treatment with melphalan was com
pared for four melanoma lines exhibiting clonal growth. D0
values for the slopes of the linear regression lines for dose
against percentage of cell survival were 3.05, 2.25, 1.42, and
1.40 ng/m\, respectively. It has been observed previously that
the proliferation of the four cell lines is inhibited to a variable
extent by a 1-h pulse treatment with glucocorticoid (5). The
three lines that differed in sensitivity to melphalan and that
were also the most responsive to glucocorticoid (M-5A, SK-
Mel-25, and NKI-26) were selected to study the combined effect
of treatment with melphalan and glucocorticoid.

Combination Treatment with Glucocorticoid and Melphalan.
Simultaneous treatment with prednisolone (14 Ã•/M)and mel
phalan (1-12 Mg/ml)for 1 h was not more effective against SK-
Mel-25 cells than melphalan alone (not shown). Pretreatment
of NKI-26 or SK-Mel-25 cells for 24 h with 22 ^Mprednisolone,
followedby a 1-h treatment with melphalan, also did not reduce
survival more than did melphalan (data not presented). How
ever, in M-5A cells, simultaneous combination treatment or
treatment with melphalan after a 24 h pretreatment with pred
nisolone resulted in reduced cell survival compared to the effect
of melphalan. The y intercepts were lowered and in pretreated
cells increased slopes of the regression lines for dose against
percentage of cell survival were observed (Fig. 1). M-5A cells,
treated for 1 h with 2.5 Â¿IMdexamethasone, 10 h before a 1-h
treatment with melphalan, similarly exhibited a markedly re
duced survival (Fig. 2).

Dose-Effect Relations for Glucocorticoid. Two phases oc
curred in the effect of a 1-or 24-h treatment of M-5A cells with
glucocorticoid, an early marked inhibition of proliferation re
sulting in a limited reduction of the final plating efficiency(Fig.
3).

10

0.1

0 2 4 6 8 10 12
melphalan(ug/ml)

Fig. 1. Response of M-SA cells to a 1-h treatment with melphalan alone (â€¢)
or melphalan in simultaneous combination with 2.8 ^M prednisolone (9), 24 h
after inoculation, and to a 1-h treatment with melphalan, 48 h after inoculation
<:â€¢>compared to 1 h melphalan immediately after pretreatment with prednisolone
at 2.8 (D), 13.8 (A), or 22 ,<\i (V), from 24 till 48 h after inoculation. Means Â±
SE are presented for two experiments on simultaneous treatment and three
experiments on the effect of melphalan after pretreatment. Experiments were run
in triplicate. Lines are drawn according to the linear regression equation for In
(percentage of single-cell survival) against dose.
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Fig. 2. Response of M-5A cells to a 1-h treatment with melphalan alone (â€¢)

or melphalan in simultaneous combination with 2.5 JIMdexamethasone (9), 24
h after inoculation, and to a 1-h treatment with melphalan. 34 h after inoculation
(â€¢)compared to 10 h after a I-h treatment with 2.5 >IMdexamethasone, given 24
h after inoculation (D). Means Â±SE are presented for two experiments on
simultaneous combination and four experiments on the pretreatment schedule.
Experiments were run in triplicate. Lines are drawn according to the linear
regression equation for In (percentage of single-cell survival) against dose.
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Fig. 3. Dose-effect relations for inhibition of proliferation of M-5A melanoma
cells by glucocorticoid. Final plating efficiencies, measured 14 days after treatment
(closed symbols) and numbers of colonies of Â§50 cells, 8 days after treatment
(open symbols), were calculated on a single-cell basis (20) in percentage of
untreated controls. Presented are the results after treatment with prednisolone
for I h (â€¢,O) or 24 h (â€¢.G) and with dexamethasone for l h (A, A) or 24 h (T,
V) obtained in single experiments in triplicate.

Cell Cycle Effects of Combination Treatment. It has been
reported that M-5A cells respond to a MMconcentration of
glucocorticoid with an altered cell-cycle phase distribution;
these changes were not observed in SK-Mel-25 and were slight
and transient in NKI-26 cells (5, 25). Table 1 compares the
results for the single agents. A low percentage of S-phase cells
immediately after a 24-h treatment with prednisolone, or 24 h
after a 1-h treatment with either glucocorticoid, revealed an
arrest in the G, phase; G2/M phase cells were increased from
14 to 26%. Ten h after 1-h dexamethasone treatment the
accumulation in G, phase was somewhat more marked than
after 24 h (see Table 1, legend). An increased percentage of S-

Table 1 Contrasting effects of prednisolone or dexamethasone and melphalan on
the cell cycle cycle phase distribution ofM-5A cells

One to 1.5 x IO6 of logarithmically growing M-5A cells were plated, 24 h

before treatment with 2.8 /IM prednisolone for 1 or 24 h, 2.5 Â¡IMdexamethasone
for 1 h, or 8 Mg/ml melphalan for 1 h. Flow cytometry was performed immediately
after treatment for 24 h, or 24 h after treatment for I h. Control cultures received
solvent only. The percentage of cell cycle phase distribution was calculated from
planimetry. Data are means Â±SE. Statistical evaluation by Student's t test.

Duration o
treatment

Treatment(h)Controls
(12)"

Prednisolone (1)
Prednisolone (1)
Dexamethasone (6)
Melphalan (6)24

1
Ie1f

Cell cycle phase distribution(%)G,64

Â±1
63
6361

Â±1
19 Â±2"-"S22

Â±1
12Â»
10*
13 + 2*
68 Â±2MG2/M14

Â±0.725*

27Â»
26 Â±0.8*13

Â±y
Â°Numbers in parentheses, number of experiments.
* Different from controls at P < 0.001.
' Ten h after 1 h dexamethasone (four experiments): G,, 73 + 2% (P < 0.02);

S, 4 Â±2% (P < 0.001); Gi/M, 23 Â±2% (P < 0.002). P values are for the
differences from the controls: 64 Â±1, 23 Â±0.6, and 13 Â±0.9% for G,, S, and
G2/M, respectively.

d Different from dexamethasone-treated cells at P < 0.001.

Table 2 Cell cycle phase distribution ofM-5A cells 48 h after treatment with
melphalan alone, or combined with prednisolone or dexamethasone

Twenty-four h after inoculation of 1-1.5 x 10' M-5A cells cultures wer<

treated with 2.8 MMprednisolone for I or 24 h, or with 2.5 nM dexamethasone
for 1 h. Treatment with melphalan (8 *ig/ml for 1 h) was given either simultane
ously with glucocorticoid (experiment I), immediately after a 24-h pretreatment
(experiment II), or 10 h after a 1-h pretreatment with glucocorticoid (experiment
III). DNA per cell contents were determined by flow cytometry as reported (5),
48 h after the melphalan treatment. Control cultures received solvent only. The
percentage of cell cycle phase distribution was determined by planimetry.

Experiment Treatment

Cell cycle phase
Duration of distribution (%)
treatment

(h) G, S G2/M

I None 64 20 16
Prednisolone 1 53 21 26
Melphalan 1 17 5 78
Prednisolone + melphalan 1 29 8 63

(simultaneously)
II None 64 22 14

Prednisolone0 24 63 12 25
Prednisolone* 24 55 23 22

Melphalan 1 14 3 83
Prednisolone + melphalan 24+1 60 94

(prednisolone pretreat
ment)

III None 62 24 14
Dexamethasone0 1 69 9 22
Dexamethasone* 1 60 17 23

Melphalan 1 5 0 95
Dexamethasone + melphalan 1 + 1 O O 100

(dexamethasone pretreat
ment)

' Observed at the time of treatment with melphalan.
sObserved at the time of evaluation of melphalan treatment.

phase cells, 24 h after treatment with melphalan, indicated a
retarded progression through S. Representative experiments on
the cell cycle effect of the combination schedules studied for
cell survival are reported in Table 2. The cell cycle distribution
after combined treatment differed markedly from that after
glucocorticoid alone showing low percentages of G, and S-cells
and a pronounced accumulation in G2/M (compare with after
melphalan).

Position in the Cell Cycle. To compare the relative suscepti
bility of M-5A cells in the various cell cycle phases, exponen
tially growing cells were separated according to size by sedi
mentation at unit gravity. G,-enriched fractions were obtained
that were studied for cell survival after treatment with dexa
methasone or melphalan for 1 h. As presented in Fig. 4 the
small-sized GÃ¬cells in the earliest fraction were the more
susceptible to either drug. SK-Mel-25 cells were similarly stud
ied: inhibition of colony formation by melphalan was 89% for
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law (21) provided a common denominator for the dose-effect
curves for glucocorticoid and melphalan. However, widely dif
ferent slopes of the median-effect plots were obtained for the
logarithmically killing melphalan compared to the receptor-
dependent glucocorticoids (Fig. 6). As revealed by combination
indices of <1 (Table 7), the interaction between the drugs was
synergistic. In short, a given dose of melphalan resulted in the
case of the most effective combination schedule in a 10-fold
increased loss of proliferation compared to melphalan alone. A
5-fold increase occurred after simultaneous combination treat
ment.

The cell cycle effects of the glucocorticoids and melphalan
are opposite to each other (Table 1). Flow cytometry showed
that the cycle disturbance by melphalan was not abolished by
the simultaneous presence of a glucocorticoid (Table 2). Yet,
the diminished slopes of the semilogarithmic and median-effect
plots for simultaneous combination compared to treatment with
melphalan alone (Figs. 1 and 2, Table 6), suggest a partial
suppression of the effect of melphalan by simultaneously sup
plied glucocorticoid whereas similar slopes of the median-effect
plot in pretreated cells (Table 6) indicate an unrestricted mel
phalan action.

Separated fractions of M-5A cells showed a more marked
effect of melphalan on early Gj cells than in Gj/M (Fig. 4).
These results in melanoma agree with a reported higher sensi
tivity to melphalan of synchronized T, lymphoid cells in early
G i phase than in late G2 or S-phase (26). The results in Fig. 4
suggest a minor contribution of G2/M-arrested cells (compare
Tables 1 and 2) to the overall susceptibility of M-5A cells to
melphalan. Since glucocorticoid-treated M-5A cells are not
preferentially blocked in early d (5) it appears that the Gr
arrested condition by itself sensitizes the cells to the action of
melphalan.

The cytotoxic synergism between glucocorticoid and mel
phalan in M-SA correlated with an apparent increase in the
rate of incorporation of [3H]uridine and ['"CJleucine in gluco
corticoid-treated M-5A cells (Table 3) and an increased size
and protein content per cell (Fig. 5, Tables 4 and 5). Growth
inhibition and an increase in size and protein content of cultured
cells by /UMconcentrations of glucocorticoid is not a unique
observation. Several HeLa sublines (MBA, Henle, NIH, S3)
have been reported to increase in RNA and protein content
when grown in 1.4 /i\r prednisolone (27, 28) although this was
not observed in the C41 human cervix carcinoma cell line (29)
or in human and mouse fibroblasts (27) under similar condi
tions. Since in our cells the rates of incorporation of uridine
and leucine were increased on a per-cell basis (Table 3), the
increase in protein content appeared not simply due to ongoing
protein synthesis in nondividing cells. Several systems are
known in which a pulse-dose treatment with glucocorticoid
stimulates RNA and protein synthesis (for review see Ref. 30).
However, in these instances only a few specific mRNA's and

proteins appear involved whereas in glucocorticoid-treated M-
5A cells protein synthesis seems generally increased.

The mechanism by which even a 1-h treatment with gluco
corticoid induces an enhanced susceptibility of M-5A cells to
melphalan is not clear. In the case of pretreated cells, the
synergism would appear to fit the hypothesis that transcription-
ally active chromatin forms a more sensitive target for an
alkylating agent than chromatin in general. Tew et al. have
reported that nitrosoureas preferentially alkylated the transcrip-
tionally active fraction of the chromatin of HeLa S3 cells
pretreated for 22 h with hydrocortisone (31); a more marked
reduction of cell survival was observed after glucocorticoid

pretreatment than after simultaneous treatment (10). However,
in M-5A cells glucocorticoid and melphalan act also synergis-
tically when simultaneously applied. In principle this appears
not to argue against the induction of an altered chromatin
structure as a basis for enhanced cytotoxicity. It has been
reported that DNA cross-linking by melphalan, the presumed
cytotoxic action, requires several hours to develop (32). It might
therefore be that early glucocorticoid-induced alterations in the
chromatin do promote DNA damage by melphalan. The pos
sibility that an enhanced cellular uptake of melphalan would be
responsible has not yet been investigated.

The relatively high number of specific glucocorticoid-binding
sites observed in M-5A cells cannot be related to an exception
ally large cell size (Fig. 5; Tables 4 and 5, untreated controls).
Electron microscopic examination reveals that M-5A cells are
free from mature virions. Yet, unidentified cell foreign
ultrastructures6 seem to make the cells suspect for the presence

of viral genome of a thus far unknown identity and origin.
Whether this circumstance might bear any relationship to the
marked synergism between glucocorticoid and melphalan in M-
SA cells remains to be elucidated.
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