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SUMMARY

During intermittent alkylating drug therapy the in vitro
myeloma cell thymidine-3H-labeling index increases progres
sively after each treatment course to values as high as 45%.
Elevated tumor cell-labeling indices are observed in both
responding and nonresponding myeloma patients after cell
cycle-nonspecific therapy. In order to determine the mecha
nism underlying the increased labeling index in treated
myeloma patients, we performed autoradiographic studies in
which bone marrow cells were incubated with cytosine
arabinoside (l0@ M) or hydroxyurea (l0@ M) before
exposure to thymidine-3H. In all five patients studied,
incubation of the myeloma cells with either of the S-phase
specific agents resulted in marked inhibition of thymidine-3 H
uptake. These observations indicate that scheduled (prereplica
tive) and not repair DNA synthesis is the basic mechanism
underlying the high labeling indices. The concentrations of
cytosine arabinoside and hydroxyurea, which block DNA
synthesis by myeloma cells in vitro, are in the range attainable
in vivo. Cell cycle-specific antitumor agents could potentially
be effective in myeloma patients when the tumor cell-labeling
index is elevated after cell cycle-nonspecific therapy.

INTRODUCTION

In vivo and in vitro plasma cell thymidine-3 H-labeling
indices in untreated patients with multiple myeloma have been
found to vary between 2 and 4% (1, 11, 15). Perhaps because
only a small percentage of myeloma cells are in DNA
synthesis, chemotherapeutic agents that are cell cycle nonspe
cific have been found to be most useful in treating clinical
disease (2). However, during intermittent alkylating agent
therapy, the myeloma cell-labeling index measured in vitro
increases progressively to values as high as 45% (1 , 15). It is
not known whether the high labeling index represents
prereplicative DNA synthesis, DNA repair, or a combination of
these. The therapeutic significance of this phenomenon is also
unclear. Cell cycle-specific chemotherapeutic agents might
prove useful in the presence of high labeling indices due to
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prereplicative DNA synthesis, whereas continued treatment
with agents of the cell cycle-nonspecific type might have
greater efficacy if DNA repair were the dominant mechanism.

We performed in vitro bone marrow-labeling studies in
myeloma patients who had received cell cycle-nonspecific
chemotherapy in order to defme the mechanism of the
increased labeling index and determine the effect of cell
cycle-specific agents in vitro. The high uptake of thymidine-3 H
in the malignant plasma cells was found to be largely due to
scheduled DNA synthesis rather than repair and was inhibited
by S-phase agents at levels attainable in vivo.

MATERIALS AND METhODS

Patients Studied. Five patients with multiple myeloma were
selected for study. At the time of diagnosis all patients had a
bone marrow plasmacytosis of greater than 30%, a monoclonal
immunoglobulin on electrophoresis of greater than 2 g/lOO ml,
and diffuse osteolytic skeletal lesions detected on bone
radiographs. Throughout their course, the patients were
studied at 2- to 4-week intervals with complete blood counts,
SMA-l2 (Technicon), and serum protein electrophoresis using
a cellulose acetate technique with the Microzone cell
(Beckman Instruments, Inc., Fullerton, Calif.).

Patient characteristics, laboratory data, and clinical status at
the time of the labeling studies are given in Table 1. All
patients had received intermittent courses of cell cycle-nonspe
cific anticancer drugs with or without intermittent prednisone
for at least 2 months. The 2 patients in partial remission (E. M.
and H. S.) were selected for study because their bone marrow
plasmacytosis ranged between 25 and 30%. This represented a
substantial decrease from the 80 to 90% plasma cells observed
in marrow aspirates prior to treatment, yet allowed sufficient
tumor cell numbers for the thymidine-3 H-labeling analyses.

Myeloma Tumor Cell Number Measurements. Serial, total
body myeloma tumor cell numbers were calculated using the
formula described by Salmon and Smith (13). Secretion rates
of the monoclonal immunoglobulin synthesized in vitro were
determined by bone marrow culture and radioimmunoassay
techniques (14). A time-sharing computer system (Myeloma
Study System) was used to analyze the effects of chemother
apy on tumor kinetics (16). Initial tumor cell number,
chemotherapy prior to bone marrow-labeling index studies,
and tumor cell number on the day of those studies are shown
in Table 2.

Bone Marrow-labeling Studies. Bone marrow aspirates for
labeling studies were obtained at least 3 weeks after any course
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MonoclonalPatientAge-SexType

myelomaHgbÂ° (g/l 00 ml)Albumin(g/100 ml)immunoglobulin(g/100 ml)DiseasestatusE.

M.75-MIgGK10.13.43.4Partial
remissionH.S.56-F1gGK12.04.31.9Partial

remissionA.
S.65-FIgGK11.23.92.1ProgressionM.W.57-MIgAK9.13.43.6ProgressionL.

M.63-MIgGK10.23.24.6Progression

PatientInitial
tumor cell
no. X 10@2Immediate prior therapyStudy

day
tumor cell

no. X 10@2%
tumor cell

no.changeÂ°EJ44-:2.26

@Melb@Pred(4)0.49-78H.S.1.35Ctx-Pred(4)0.46-66A.

S.2.59Mel-Pred(2)3.74+44M.W.4.09Adriamycin(4)5.45+33L.

M.3.98Ctx-Mel-Pred (4)3.71-7
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Table 1
Clinical characteristicsof5 multiple myeloma patients

a Hgb, hemoglobin.

Table 2
Total body tumor cell numbersof5 multiple myeloma patients, chemotherapy used,and

responseto therapy

aIncreaseordecreaseintumorcellmassexpressedaspercentageofchange.
b Mel, L-phenylalanine mustard (Burroughs Welcome and Co., Research, Triangle Park, N.

C.); Pred, prednisone; Ctx, cyclophosphamide (Meade & Johnson Co., Evansville, md.).
C Figures in parentheses, number of courses.

of chemotherapy. Four to 6 ml of heparinized bone marrow
were sedimented in 3% dextran, and the nucleated cells were
separated by centrifugation at 150 X g for 7 mm (6). The bone
marrow cells were washed once with Hanks' balanced salt
solution containing 15% fetal calf serum and antibiotics, and
the remaining nonnucleated red blood cells were lysed with
NH.@C1 in Tris buffer. Cells were washed again in Hanks'

medium and 3 X 106 viable cells resuspended in 1 ml minimal
essential medium with 15% fetal calf serum with 1 jiCi
thymidine-3 H (specific activity, 2 Ci/mmole). In separate
tubes cytosine arabinoside (fInal concentration, 10@ M) and
hydroxyurea (l0@ M) were added for 30 min prior to
thymidine-3 H exposure (7). Tubes containing the drugs and a
control tube were then incubated at 37Â°for 1 hr and the cells
were subsequently washed twice with Hanks' medium and
deposited on glass slides with a cytocentrifuge (Shandon
Southern Instruments, Sewickley, Pa.). Autoradiographs were
prepared from slides coated with Kodak NTB emulsion,
exposed for 7 days, developed, and stained with Giemsa (6, 7).
The percentage of thymidine-3 H-labeled tumor cells was
determined by 2 observers on the basis of 1000 plasma cells
counted per slide. Grain counts were determined for each
labeled plasma cell nucleus and the mean grain count/slide was
determined in the following manner: (a) greater than 100 if
more than 50% of the cells had more than 100 grains/nucleus;
and (b) arithmetically calculated if less than 50% of the cells
had more than 100 grains/nucleus. The background grain
count was 0 to 1/nucleus.

Chemical Materials. Hydroxyurea was obtained from Nutri
tional Biochemicals, Inc., Cleveland, Ohio, and cytosine
arabinoside from Upjohn Co., Kalamazoo, Mich. Adriamycin
was supplied by the Drug Therapy Evaluation Branch of the
National Cancer Institute, Bethesda, Md. Thymidine-methyl
3 H (2 Ci/mmole) was obtained from New England Nuclear,

Boston, Mass.

RESULTS

Two of the 5 patients were in clinical remission at the time
of this study. Both patients had greater than a 60% decrease in
total tumor cell number in response to cell cycle-nonspecific
chemotherapy. The other 3 patients demonstrated both
clinical and laboratory progression of their disease. Tritiated
thymidine-labeling indices for each of the S patients studied
are given in Table 3. The highest labeling index (45.5%) was
observed in Patient E. M., who had been in clinical remission
for 3 years in response to intermittent pulse-alkylating
agent-prednisone chemotherapy. His in vitro bone marrow
plasma cell-labeling index during this period was always in the
30 to 45% range. In contrast, Patient M. W., with the next
highest labeling index (24.3%), experienced progressive disease
on adriamycin therapy. Incubation of the myeloma cells with
cytosine arabinoside or hydroxyurea in all cases markedly
decreased the tritiated thymidine-Iabeling indices (Table 3).

Except in Patient L. M., the mean grain count of the
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PatientLI@ (%)LI
(%)

cytosine arabinosideLI
(%)

HydreaTumor
cell

no. X 10'2E.M.45.50.05.50.489H.

S.22.50.01.00.459A.S.12.53.00.03.735M.

W.24.34.20.75.453L.M.8.00.52.53.706

â€”@Mean
graincountsÂ°Cytosine

arabinosideHydieaPatientControlpreparationpreparationE.M.>10013H.S.>1005A.S.>10013M.W.>100104L.M.431214
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chronic lymphocytic leukemia cells with the cell cycle-nonspe
cific drug chiorambucil, the DNA level per cell increased to
approximately 170% of control values and the amount of
thymidine-3H incorporated into whole cells and isolated DNA
increased by a factor of 3 to 5 times the control values.

While these in vitro data corroborate in vivo observations
relating to the effects of cell cycle-nonspecific agents on the
stimulation of DNA synthesis, they do not answer whether
this phenomenon represents prereplicative DNA synthesis,
DNA repair, or a combination of these. DNA repair synthesis
appears to explain the stimulation of DNA synthesis occurring
after UV- or X-irradiation of chronic lymphocytic leukemia
cells in culture, but similar studies have not been performed
following exposure of cells to chemotherapeutic agents (10).

In order to determine the mechanism of thymidine-3H
uptake into malignant plasma cells, we performed in vitro
studies with concentrations of cytosine arabinoside and
hydroxyurea that inhibit scheduled DNA synthesis but not
repair (3). Although Edelstein et aL have recently demon
strated that concentrations as low as 5 X 10 6 M cytosine
arabinoside can measurably inhibit hepatocyte nuclei DNA
repair polymerase, there is no evidence that this drug
interfered with repair synthesis in tumor cells (4). Hydroxy
urea, as well as cytosine arabinoside, markedly depressed
plasma cell labeling when added to myeloma bone marrow
cultures exposed to tritiated thymidine. These results suggest
that scheduled (prereplicative) DNA synthesis is the underly
ing mechanism for the elevated labeling indices seen in these
tumor cells following cell cycle-nonspecific chemotherapy.
Furthermore, those few plasma cells that were labeled with
tritiated thymidine following cytosine arabinoside or hydroxy
urea incubation had very low mean radioactive grain counts
(Table 4). The low level of nuclear labeling could represent
either a small amount of DNA repair synthesis or ineffective
intracellular concentrations of the cytosine arabinoside or
hydroxyurea. The fact that, in all of the study patients, at
least 1 of these 2 drugs almost completely inhibited DNA
labeling tends to rule out DNA repair as an important factor.
Although the DNA synthesis appears prereplicative, it may not
always lead to cytokinesis, which explains the frequently
encountered binucleate plasma cells.

The concentrations of cytosine arabinoside and hydroxy
urea used in these in vitro cell experiments are attainable in
vivo, although only for approximately 20 min after i.v.

administration (5, 12). Given optimal pharmacokinetic condi
tions and appropriate circumstances of drug transport and
activation, cell cycle-specific agents could potentially be
cytoreductive in myeloma patients whose tumor cell-labeling
index is elevated.
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