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SUMMARY

Several inhibitors of DNA synthesis which could be
expected to act at sequential or concurrent steps were studied
alone and in combination to detect any increased effectiveness
with suspension cultures of leukemia LI210. The type of
interaction was interpreted by comparing the concentrations
of each drug, alone and in combination, required to achieve
50% inhibition of growth after 42 hr of incubation, with the
use of an isobologram for each pair of inhibitors to disclose
synergistic, additive or antagonistic effects. The combination
of l-j3-D-arabinofuranosylcytosine (ara-C) with either
methotrexate (MTX) or 5-fluorodeoxyuridine (FUdR) showed
strong antagonism. Combination of 1-formylisoquinoline
thiosemicarbazone (IQ-1) with MTX yielded slight antagonism,
while the combination of IQ-1 with FUdR was additive or
slightly synergistic. The combination of 9-ÃŸ-D-arabino-
furanosyladenine with MTX was antagonistic, whereas the
combination of 9-0-D-arabinofuranosyladenine with FUdR was
additive. Also, the combination of 9-/3-D-arabinofuranosyl-
adenine with either IQ-1 or ara-C was additive.

The difference between the effects of IQ-1 and ara-C in
combination with either MTX or FUdR strongly implies that
the former drugs act by different mechanisms. These
observations support the interpretation that the primary site
of action of ara-C in these growing cells is not inhibition of
ribonucleotide reducÃase.The various interactions observed in
this study were quite unpredictable and could not be
explained by the present concepts concerning combination
chemotherapy.

INTRODUCTION

A variety of drug interactions, ranging from strong
antagonism to strong synergism, can result from the
combination of 2 drugs that are capable of growth inhibition.
There is a growing interest in understanding the basis for these
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interactions, since various studies have indicated the
superiority of combination therapy for the treatment of
bacterial infections (14), as well as for several types of cancer
(13, 27). The various concepts concerning chemotherapeutic
drug interactions, which include sequential blockade (20),
concurrent inhibition (6), and complementary inhibition (23),
have been discussed in review papers (23, 25, 27).

Several anticancer drugs are known to act at sequential or
concurrent steps involved in DNA synthesis. MTX has been
shown to be a stoichiometric inhibitor of dihydrofolate
reducÃase (29), with consequent inhibition of other enzymes
thai require tetrahydrofolate as a cofactor. Thymidylate
synthelase appears to be the primary enzyme affected by the
lack of this cofactor (2), although there is evidence that the
inhibilion of de novo purine synlhesis may also be importent
in some syslems (2, 11). The antilumor aclivily of FUdR also
appears to resull from inhibilion of Ihymidylate synlhelase
(21). IQ-1, a divalent calion chelator (7), strongly inhibits
DNA synthesis with some delayed inhibilion of RNA and
prolein synlhesis (24). This inhibilion of DNA synlhesis has
been correlaled wilh inhibilion of ribonucleolide reducÃase
(18). ara-A has been shown lo inhibit both ribonucleolide
reducÃase (17) and DNA polymerase (8) in vitro after being
converted lo Ihe 5'-lriphosphale. While il is possible lhal ara-A

does produce a significanl physiological inhibilion of
ribonucleolide reducÃase, inhibition of DNA polymerase is
most consislent with presenlly exisling dala as Ihe primary site
of action of ara-A (8). ara-C has also been shown to be a
potenl inhibilor of DNA polymerase after being converted to
the 5'-triphosphate derivative (8).

Initially, MTX was combined with ara-C to measure their
effect on the growth of suspension cultures of leukemia L1210
cells. Instead of synergism, a remarkable degree of antagonism
was observed. This unexpected and unexplained type of
interaclion led lo Ihis detailed evaluation of combinations of
the selected inhibitors. The present concepts concerning
combination chemolherapy are noi adequate lo explain Ihe
pallerns of drug inleraclions described herein.

MATERIALS AND METHODS

The ara-C was oblained from the Upjohn Co. (Kalamazoo,
Mich.), ara-A was obtained from Dr. H. Wood of the Cancer

3The abbreviations used are: MTX, methotrexate; FUdR,
5-fluorodeoxyuridine; IQ-1, 1-formylisoquinoline thiosemicarbazone;
ara-A, 9-|3-D-arabinofuranosyladenine; ara-C, l-/3-D-arabinofuranosyl-
cytosi/ie.

MARCH 1972 527

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2388896/cr0320030527.pdf by guest on 19 M

ay 2023



Gerald B. Grindey and Charles A. Nichol

Chemotherapy National Service Center (Bethesda, Md.), MTX
was obtained from Lederle Laboratories (New York, N. Y.),
FUdR was obtained from the pharmacy of this institute, and
IQ-1 was a gift from Mr. F. A. French (Mount Sinai Hospital,
San Francisco, Calif.). Stock solutions of all the drugs were
prepared in phosphate-buffered saline (Grand Island Biological
Co., Grand Island, N. Y.), sterile filtered, and stored in a
freezer. The IQ-1 (2.3 mg) was ground in a mortar containing
2 drops of Tween 80, diluted to 100 ml with distilled water,
and adjusted to pH 3.O. After sterile filtration, this solution
was further diluted in phosphate-buffered saline.

Suspension cultures of leukemia LI 210, originating from
the Roswell Park Memorial Institute cell line No. 3116 which
was established in culture by Dr. G. E. Moore, were grown by
diluting the suspension to 1 X 10s cells/ml every 2nd day with

Roswell Park Memorial Institute 1640 medium (19),
supplemented with 10% fetal calf serum, penicillin (62.4
Atg/ml), and streptomycin (66.9 Mg/ml). For the experiments
to be reported, an aliquot was taken on the day after refeeding
and diluted to 2.5 X 10s cells/ml with fresh medium. With a

Biopette (Schwarz BioResearch, Inc., Orangeburg, N. Y.), 0.2
ml of the diluted suspension was added to tubes (12 x 75 mm)
containing the drugs dissolved in phosphate-buffered saline
(0.4 ml) and fresh medium (1.4 ml). The tubes, sealed with
latex stoppers (Size 00) within 15 min after the addition of
medium and cells, were kept stationary and in an upright
position during incubation at 37Â°for 42 hr. Cell number was

determined with a Coulter Model B counter (Coulter
Electronics, Hialeah, Fla.) with a 70-jum window. The cells had
a generation time of 10 to 12 hr and remained in log growth
for at least 45 hr without any detectable lag period. Variation
between duplicate tubes in this system was usually less than
10%. The viability of control and drug-treated cells was 98 to
99% as determined by trypan blue exclusion. The experiments
were set up in a laminar flow hood (Optic Aire Systems, Inc.,
Syracuse, N. Y.) to ensure sterility.

With this system, dose-response curves for pairs of the
various drugs, alone and in combination, were plotted to
determine the concentrations required for 50% inhibition of
growth. An example of these dose response curves has been
presented in the preceding paper (9). The concentrations of
each drug, alone and in combination, required to achieve 50%
inhibition of growth were then compared with isobolograms
(6) to determine the particular type of interaction. Strong or
slight synergism, additivity, and strong or slight antagonism
can be identified from the shape of the curve based on a plot
of the fractional concentrations causing 50% inhibition of
growth.

RESULTS

Chart 1 shows the antagonistic interaction that results from
the combination of ara-C with MTX in the presence and
absence of deoxyadenosine. Previous results (2, 11) had
indicated that MTX can inhibit the purine de novo pathway in
addition to its effect on thymidylate synthesis and that this
portion of the inhibition was reversed by the addition of
deoxyadenosine to the medium (2). In our studies, the
addition of both deoxyadenosine (1.0 X IO"4 M) and

thymidine (1.0 X 10 5 M) to the culture medium completely
reversed the growth-inhibitory effects of MTX. Thus, the
addition of deoxyadenosine to the medium is sufficient to
limit the growth-inhibitory effects of MTX to inhibition of
thymidylate synthesis. Under these conditions, the
combination of ara-C and MTX is also antagonistic (Chart 1).

Chart 1 also shows (a) the antagonistic interaction that
results from the combination of FUdR and ara-C; (b) the
antagonistic interaction between MTX and ara-A; and (c) the
additive interaction between FUdR and ara-A. Shown in Chart
2 is (a) the slightly antagonistic interaction between MTX and
IQ-1 ; (b) the slightly synergistic interaction between FUdR
and IQ-1 ; and (c) the additive interaction that results from the
combination of ara-A with either IQ-1 or ara-C.

DISCUSSION

Several interpretations have been proposed to explain the
mechanism of action of ara-C. These include inhibition of
ribonucleotide reducÃase(4), terminal incorporation into DNA
(5, 17, 26), and inhibition of DNA polymerase (8, 15). The
inhibition of either ribonucleotide reducÃase or DNA
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Chart 1. Summary of the interactions that result from the
combination of either ara-C or ara-A with MTX and FUdR. The range
of the concentration of drug required for 50% inhibition of growth for
the various drugs in different experiments over a 10-month period was:
ara-C, 3.7 to 4.0 X 10"' M; ara-A, 1.3 to 3.1 X IO"5 M; MTX, 1.7 to
1.8 X IO"8 M; FUdR, 1.4 to 2.4X10"' M; and IQ-1, 1.2 to
2.0 X IO"6 M. For the isobologram depicting the combination of ara-C

and MTX, crosses show that data obtained from an experiment with
l.OX IO"4 M deoxyadenosine added to the medium. The con

centration of drug required for 50% inhibition of growth for the 2
drugs in this experiment was: ara-C, 5.1 X 10"* M; and MTX,
2.2 X 10"* M. Crosses in the other isobolograms indicate data from a

2nd experiment.
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Chart 2. Summary of the interactions that result from the
combination of IQ-1 with either MTX, FUdR, or ara-A and from the
combination of ara-A with ara-C. The concentrations of the various
drugs required for 50% inhibition of growth are given in the legend to
Chart 1. Crosses, data from a 2nd experiment.

polymerase by ara-C would be expected to yield
growth-inhibitory effects, while terminal incorporation into
DNA should yield cytocidal effects. The use of isobolograms
to determine the type of interaction between 2 drugs assumes
that they produce only changes in the growth rate of the cells
and not cytocidal effects. Since previous studies (5, 31) had
indicated that irreversible lethal effects were produced by a
brief exposure to high concentrations of ara-C, growth curves
were determined with the use of various concentrations of
drug (Chart 3). ara-C at l.OX 1CT7 M or lower decreased the

growth rate of the cells, with no evidence of cytotoxicity,
suggesting that terminal incorporation into DNA is probably
not involved in the growth-inhibitory effects of ara-C at these
concentrations. Higher concentrations of drug, however,
produced a plateau after 25 hr of incubation, indicating that
cytocidal effects have probably occurred under these
conditions. Partial inhibition of DNA synthesis for this period
of time does not explain this effect, inasmuch as a comparable
degree of inhibition of growth rate by ara-A did not result in a
plateau (Chart 4). Since the occurrence of cytocidal effects
resulting from a brief exposure to the other drugs used in this
study has not been reported, it seemed unlikely that these
drugs would produce a plateau.

For the drug combination studies, concentrations of ara-C
no greater than l.OX IO"7 M were used. At these

concentrations, which were not cytocidal, the inhibition
observed is presumably due to effects on either ribonucleotide
reducÃase or DNA polymerase. Consideration of the
interactions between combinations of ara-C, MTX, FUdR, and
IQ-1 supports the interpretation that inhibition of DNA
polymerase is more likely the site of action for ara-C in this

system. The interaction of ara-C in combination with either

MTX or FUdR (Chart 1), drugs which act as direct and
indirect inhibitors of thymidylate synthesis, was strongly
antagonistic. However, the interaction of IQ-1 in combination
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Chart 3. Effect of various concentrations of ara-C on the growth of

leukemia LI210 cells in vitro.
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Chart 4. Effect of various concentrations of ara-A on the growth of

leukemia LI 210 cells in vitro.
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Chart 5. Summary of the sites of action of the various inhibitors.
The salvage pathways, which are not functional in this cell culture
system, have been omitted.

with either MTX or FUdR (Chart 2) was additive. This
indicates that the primary sites of action for ara-C and IQ-1 are
different, since it is unlikely that interactions such as those
observed could be obtained if both drugs inhibited the same
enzyme. Since the site of action for IQ-1 has been shown to be
inhibition of ribonucleotide reducÃase (18), these results are
consistent with the conclusion reached by Furth and Cohen
(8) that the primary site of action for ara-C is inhibition of
DNA polymerase.

The pairs of drugs selected can be expected to achieve
sequential or concurrent blockade of steps essential for the
synthesis of DNA (Chart 5). Thus, the strong antagonism
observed with the combination of ara-C with either MTX or
FUdR (Chart 1), inhibitors of thymidylate synthesis, was
completely unexpected. ara-C inhibits the system by slowing
the rate of incorporation of dCTP into DNA (Chart 5).
Consequently, the combination of ara-C with either MTX or
FUdR, drugs that slow the rate of DNA synthesis by limiting
the supply of dTTP, should result in at least additive inhibition
of DNA synthesis. The different interactions seen when ara-A
was used in combination with either MTX or FUdR (Chart 1)
were also unexpected. Since both MTX and FUdR can inhibit
thymidylate synthesis, their interaction with ara-A would be
expected to be similar. Since both ara-C and ara-A inhibit
DNA polymerase, their interaction with FUdR should also be
similar. However, the interaction of FUdR with ara-C was
antagonistic, while the interaction of FUdR with ara-A was
additive (Chart 1).

Several concepts, which include sequential blockade (20),
concurrent blockade (6), and complementary inhibition (23,
25), have been presented to explain the interactions of drug
combinations inhibiting separate enzymes. The kinetics of
sequential and concurrent blockade have been described by a
number of workers (1, 12, 22, 28). Webb (28),
Handschumacher (12), and Rubin et al. (22) have concluded
that potentiation of growth inhibition by a drug combination
believed to act either on a monolinear chain or on multiple
pathways to a common metabolite cannot be explained by a
kinetic consideration of isolated enzymes. However, the
combination of sequential inhibitors on the pathway of folate
cofactor synthesis does result in a synergistic interaction (3).

Webb's (28) kinetic analysis seems to be true for simple

monolinear chains. However, a large majority of enzymatic
pathways are not simple monolinear chains but regulated
systems controlled by feedback mechanisms. The pathways
involved in the synthesis of DNA are subject to a wide variety
of feedback activation and inhibition loops. Inhibition of any
1 enzyme in this type of system will result in changes, not
only in the products of that enzyme, but also in many of the
other intermediates in the system. For example, inhibition of
the synthesis of thymidylate will affect not only the levels of
dTTP but also the levels of dGTP, dATP, and dCTP through
the complicated feedback mechanisms which regulate this
system. Thus, inhibition of a single enzyme will result in a
spread of metabolic disruption throughout the entire system,
causing a change in the pool sizes of the various intermediates.
It seems probable that these changes may play a major role in
determining the type of interaction which would result from
the addition of a 2nd inhibitor to this system.

In an attempt to understand this complex phenomenon, a
primitive mathematical model has been constructed which
includes such circuits. Encouraged by satisfactory correlation
between predictions based on the mathematical model and the
actual data on cell growth (10, 30), studies to be reported
elsewhere have evaluated the role of feedback loops in
determining the type of interaction that results from a
combination of inhibitors. This analysis has indicated that the
structure and dynamics of the biological system under
consideration play a major role in determining the type of
interaction which will be observed.
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