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SUMMARY

1-/3-D-Anabinofunanosylcytosine (cytanabmne;ana-C)and 5-
azacytidine (5-azaCR), cytosine nucleoside antimetabolites
with different mechanisms of action, are both effective in
the treatment of human leukemia, and the clinical use of
these two agents in combination has been suggested. We
have studied the therapeutic effect in L1210 leukemic mice
of single i.p. doses of ana-C and 5-azaCR in combination.
Therapeutic effects observed depended markedly on the
sequence and time interval between the doses of each
agent. Antagonism was observed when both agents were
administered simultaneously. The optimal therapeutic ef
fect was observed when 5-azaCR was administered after
ara-C at a time when tumor DNA synthesis had maximally
recovered after the ana-Cdose. The dose-interval effect and
correlation with recovery of DNA synthesis capacity were
also observed in studies in vitro in which the survival of
L1210 cells in culture was examined. ara-C was shown to
inhibit the incorporation of [4-'4C]-5-azaCR-denived radioac
tivity into DNA of L1210 cells in culture, and the therapeutic
effects observed are interpreted in terms of these latter
results and the mechanisms of action of the two agents.

INTRODUCTION

ara-C2 and 5-azaCR are both pynimidine nucleoside anti
metabolites active in the treatment of human leukemia (4,
13, 20, 22, 34). 5-azaCR has also been shown to be effective
in patients with acute myelocytic leukemia resistant to ana-C
treatment (22). On the basis of these results, the clinical use
of these 2 agents in combination has been suggested (22).

We have reported (2, 41) that the time interval between 2
doses (exposures) of ara-C (or sevenal.othen DNA synthesis
inhibitors) has profound effects on the therapeutic activity
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in L1210 leukemic mice and on the survival of L1210 cells in
culture. Because of the possible clinical use of ara-C and 5-
azaCR in combination, we have studied the effect of dose
interval and sequence of administration of single doses of
each of these 2 agents (in combination) in these same
systems. We have attempted to correlate optimum Se
quence and dose intervals with the kinetics of inhibition and
recovery of DNA synthetic ability after a dose of each agent
alone. The effects of ana-C on the incorporation of [â€˜4C]-5-
azaCR-denived radioactivity into nucleic acids of L1210 cell
were also investigated.

MATERIALS AND METHODS

Agents Used. ana-C and 5-azaCR were supplied by The
Upjohn Company, Kalamazoo, Mich. [methyl-3H]TdR (2.2 Ci/
mmole) and [5-3H]UR (27 Ci/mmole) were obtained from
New England Nuclear, Boston, Mass. [4-'4CJ-5-azaCR (50
mCi/mmole) was obtained from the Monsanto Research
Corporation, Dayton, Ohio, through the courtesy of H. B.
Wood, Chief, Drug Development Branch, Drug Research
and Development, Division of Cancer Treatment, National
Cancer Institute. Thin-layer chromatographic analysis mdi
cated that purity of all radioactive materials exceeded 95%.
Solutions of ana-Cand 5-azaCR were prepared in 0.9% NaCI
solution. Injection solutions were used within 4 hr of prepa
ration and were stored in a refrigerator between injections.

Survival and Toxicity Studies in Vivo. The parent line of
L1210 cells was obtained from I. Wodinsky (Arthur 0. Little,
Inc., Cambridge, Mass.) and was maintained by weekly pas
sage (i.p. inoculation) of ascites cells in female DBA/2 mice.
Therapeutic studies were conducted in female C57BL/6 x
DBA/2 F, (hereafter called BD2F1) mice from the same
source, weighing 19 Â±2 g. Mice were inoculated on Day 0
with 1 x 1O@L1210 cells/mouse. Agents were administered
i_p. on Day 2. When both agents were administered, the
interval between doses was varied from 0 to 12 hr in 2-hr
increments. The initial dose was administered at 8 a.m.
Additional groups of mice received single doses of ana-C or
5-azaCA at different times of the day (8 a.m., 12 noon, 4
p.m., on 8 p.m.). Ten mice/group were used. Mice were
observed and their deaths were recorded twice daily. Mean
survivals Â±S.D. were calculated. The % ILS was calculated
from mean survival times of treated and control groups.
Average weight changes (g/mouse) were calculated from
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Table1Effect
of ara-Con incorporation of (4-'@CJ-5-azaCR-derivedradioactivity into DNAand RNAof L1210cells incultureL1210

cells(3 x lOs/mI)werepreincubatedwith (+ara-C)orwithout (â€”ana-C)ara-C(5pg/mI) fon30 mmpniontoaddition ofprecunson([4-â€˜4CJ-5-azaCR,
0.24to 0.48pci/1.2 to 8.2 @g/ml;[methyl-3H]TdR,2 @Ci/2pg/mI; [5-3H]UR,2 @.tCi/5@g/ml).After 60mm furtherincubation,cells

were sedimentedand washed,and incorporation of radioactivitywas determined after separationof DNAand RNA.DNAandRNAconcentrations
weredetermined,and specific activities (pg precursor per @.&gnucleic acid) were calculated basedon specific activitiesofprecursors.

Incorporation in the presenceof ana-C(+ara-C)was also expressedas percentageof incorporation in the absenceofara-C(â€”ara-C).
In addition, percentageof total incorporated label found in DNAwas calculated basedon observedDNAand RNAcontent.Incorporation

intoIncorporation
into DNA (pg pre- Incorporation into RNA (pg pre- DNA as % of total in

Concentra- curson/@gDNA) curson/@gRNA) corporation
tion of precur

Precursor son(@.tg/ml) â€”ana-C +ara-C % â€”ara-C +ara-C % â€”ara-C+ara-C[4-'4CJ-5-azaCR

1.2 73 8 11 171 218 127 15.81.62.4
127 12 9 333 390 117 15.61.45.3
198 32 16 635 806 127 14.12.08.2
251 33 13 928 1220 131 13.91.6[methyl-3HJTdR

2.0 2650 37 1.4 6 52 96.676.9[5-3H]UR

5.0 426 263 6140 6720 110 3.5 2.2

ara-C-5-azaCR Combinations

Himmelfanb et a!. (19). Briefly, after drug exposure cells
were centrifuged and washed. They were then planted in
medium containing 20% serum and 0.15% agar. The plating
efficiency of control (untreated) cells was 70 Â±10%, and
control survival was normalized to 100%. The coefficient of
variation (standard deviation expressed as a percentage of
the mean) in determination of percentage of survival was
about 15%. Individual ranges are shown.

DNA Synthesis Measurement in Cell Culture. The abil
ity of L1210 cells in culture to synthesize DNA (as measured
by incorporation of [methyl-3H]TdR) was determined as de
scnibed previously (2) except that the exposure time to the
agent was 2 hr.

Incorporation Studies. L1210 cells in culture (3 x lOs/mI)
were concentrated 10-fold (by centnifugation and nesuspen
sion in fresh medium) immediately prior to exposure to
agents. Cells (5.0 ml, 3 x lOs/mI) were pneincubated (30 mm,
37Â°)with ara-C (5 j@g/ml) or 0.9% NaCI solution (control).
Then [4-'4C]-5-azaCR, [methyl-3H]TdR, or [5-3HJUR were
added (see Table 1 for concentrations). After 60 mm at 37Â°,
samples were chilled in ice, and excess unlabeled precur
sons (final concentration, 1 mg/mI) were added to stop
incorporation of label. Cells were centrifuged and washed 4
times with 5 ml 10% tnichlonoacetic acid (4Â°)and once with 5
ml ethanol. DNA and RNA were separated according to a
modificaton (31) of the method of Schmidt and Thannhau
sen (48), and incorporation of radioactivity was determined
by liquid scintillation techniques. DNA and RNA content was
determined by previously described methods (6, 11), and
specific activities (pg precursor per @gnucleic acid) were
calculated. Preliminary experiments established that incor
ponation of precursors was approximately linear with time
oven the period of study.

RESULTS

The effects of administration of single i.p. doses of both
ara-C and 5-azaCR on the survival and weight change of
L1210 leukemic mice are shown as a function of the interval

the weights on Days 1 and 5. The approximate percentage
of cell kill achieved was calculated from survival data by the
method of Schabel (47). Survivors on Day 45 were consid
ened cured.

DNA SynthesisMeasurementIn Vivo.The methodused
was essentially that of Young et a!. (55). Female BD2FI mice
were inoculated on Day 0 with 1 x 1@'L1210 cells/mouse.
On Day 3, groups of mice were dosed i.p. with ara-C (250
mg/kg) 5-azaCR (50 mg/kg), on 0.9% NaCI solution (control)
and, at various times thereafter, [methyl-3HITdR (50 @.tCi/
mouse; 2.2 Ci/mmole; 0.5 ml volume) was administered to 2
mice from each group. Thirty mm later, animals were sacni
ficed. Ascites fluid was withdrawn from the penitoneal cavi
ties and placed on ice. Approximately 1.5 inches of intestine
(beginning about 0.25 inch below the pylorus) were re
moved; the mucosa was scraped from the senosa and was
suspended in buffer (0.1 M phosphate-0.9% NaCI solution,
pH 7.45). Marrow was extruded from both tibias of each
mouse into buffer. Tissues from the 2 mice in each group
were combined. All samples were centrifuged (1000 x g, 5
mm, room temperature) and frozen. DNA was extracted as
follows. All samples were subjected to freeze-thawing (3 cy
des) to disrupt cells. After centnifugation, the cell pellets
were washed once with 6% cold tnichlonoacetic acid. DNA
was extracted with 4 ml of 5% tnichlonoacetic acid (90', 15
mm). Radioactivity of aliquots (duplicate; 0.5 on 1.0 ml) of
the resulting DNA extract was determined by liquid scintilla
tion techniques using a Diotol counting solution. DNA con
tent was determined by a modification of the Schneider
(diphenylammne) method (6). Specific activity (cpm/@g DNA)
was calculated using radioactivity and DNA content values.
Results with each agent (average and range) are expressed
in Charts 2 and 3 as a percentage of control values.

In Vitro Cell Survival Studies. L1210 cells were main
tamed in culture in Roswell Park Memorial Institute Medium
1634(GrandIslandBiologicalCo.,GrandIsland,N.Y.)sup
plemented with fetal calf serum (5%), NaHCO3(0.075%, w/
v), penicillin G (0.1 mg/mI), and streptomycin (0.05 mg/mI).
Cell survival after drug treatment was determined by don
ing in soft agar by a modification (2) of the method of
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Chart 1. Effect of interval and sequence of administration on the treat
mont of Li 210 leukemic mice with a combination of single doses of ara-C and
5-azaCR. L1210 leukemic BD2F, mice were treated 2 days after tumor inoc
ulation with single i.p. doses of ara-C (250 mg/kg) and 5-azaCR (50 mg/kg)
alone (& ara-C; 0, 5-aradR) or in combination ( 0, 5-araCR before are-C;â€¢,
5-azadR after ara-C; 9, simultaneous adminstration). Control animals (0)
were untreated. The 1st agent was administered at 8 a.m. The sequence of
administration and interval between doses were varied. Where agents were
administered singly, they were injected at 8 am., noon, 4 p.m., or 8 p.m. A,
average weight change (g/mouse; Days 0 to 5). Numbers in parentheses,
toxic deaths (prior to Day 8). B, mean survival times (Â±S.D.), % ILS, and cell
kill (%)[calculatedby the methodof Schabel(47)].Numbersin parentheses,
(45@daysurvivors).

99.9
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between the 2 doses and the sequence of administration in
Chart 1. A single dose of ana-Calone (250 mg/kg) increased
survival only 14 to 23% (18.5% ILS mean). A single dose of
5-azaCR (50 mg/kg) was much more effective, yielding a 63
to 71% ILS (67% ILS mean). When the 2 agents were ad
ministered simultaneously (time interval 0), significant an
tagonism was observed: and the 24% ILS achieved was
lower than that observed with 5-azaCR alone and only
slightly greaten than that observed with ara-C alone. When
5-azaCR was administered before ara-C, the therapeutic
effects observed increased as the dose interval increased to
approximately 6 hr. At intervals of 6 hr or greater, similar
increases in life-span (56 to 61%) were observed. This effect
was comparable to but slightly less than that observed with
5-azaCR alone. On the other hand, when 5-azaCR was ad
ministered after ana-C,therapeutic effects were greaten than
that observed with 5-azaCR alone. With intervals of 8 and 10
hn, % ILS values were in excess of 100%.

Neither ara-C non 5-azaCR administered alone were le
thally toxic. Occasional toxic deaths were observed in mice
treated with the combination, but this did not appear to be a
function of interval or sequence. Where 5-azaCR was ad
ministered before ara-C, weight loss observed with the com
bination was similar to that observed with 5-azaCR alone
and relatively independent of interval. However, when 5-
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azaCR was administered from 6 to 12 hr after ara-C, higher
weight losses were observed. Weight loss observed with
simultaneous administration of the 2 agents was similar to
that observed with 5-azaCR alone.

Charts 2 and 3 show the effects of single i.p. doses of ara
C or 5-azaCR on DNA synthesis of L1210 ascites cells, bone
marrow, and duodenal mucosa of leukemic mice. ara-C [250
mg/kg i.p. (Chart 2)] caused a 99% inhibition of L1210 cell
DNA synthesis within 2 hr after administration. As observed
previously (41), DNA synthesis partially recovered such that
levels were 15 to 25% of control at 10 to 12 hr after adminis
tration. DNA synthesis in bone marrow and duodenal mu
cosa was inhibited much less than in the Ll210 cells. Maxi
mum inhibitions of Ca. 90% were observed. The kinetic
values of recovery for the 2 normal tissues were similar to
each other and to that observed with the tumor cells. Levels
of 60 to 80% of control were observed 10 to 12 hr after
administration.

When 5-azaCR (50 mg/kg i.p.) was administered (Chart 3),
inhibition of DNA synthesis was much less rapid than that
observed with ara-C. With the L1210 cells, DNA synthesis
was inhibited 84% at 2 hr and 99% at 12 hr after 5-azaCR. No
recovery was observed. Inhibition in duodenal mucosa and
bone marrow, although less severe, followed a similar ki
netic pattern. DNA synthesis levels of 15 to 40% of control
were observed 4 to 12 hr after 5-azaCR administration.

The survival of L1210 cells in culture are shown in Chart 4
as a function of the interval between 2 sequential doses of
(exposures to) ara-C and 5-azaCR. Also shown are the ef
fects of each agent on DNA synthesis ([methyl-3H]TdR incor
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Chart2. Effectson DNAsynthesisafteradministrationof are-C.L1210
leukemic mice were treated with a single i.p. dose of ara-C (250 mg/kg;
arrow). At various times, [methyl-@H]TdR(50 g@Ci/mouse;2.2 Ci/mmole) was
injected i.p. Incorporation into DNA of peritoneal ascites L1210 cells, duo
denal (g.i.) mucosa, and bone marrow was determined 30 mm later. The
interval shown does not include the 30-mm labeling period. Results are
expressed as percentage (average and range) of incorporation in control
(untreated) mice. Control incorporations (mean cpm/@g DNA Â±S.D.; n = 14)
were: Ll2l0ascites, 5600 Â±1500; duodenal mucosa, 100 Â±30; bone marrow,
110 Â±15.
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Chart 3. Effects of DNA synthesis after administration of 5-azadR. L1210
leukemic mice were treated with a single i.p. dose of 5.azaCR (50 mg/kg;
arrow). At various times, Imethyl-3HJTdR(50 @.tCi/mouse;2.2 Ci/mmole) was
injected i.p. Incorporation into DNA of peritoneal ascites L1210 cells, duo
denal (g.i.) mucosa, and bone marrow was determined 30 mm later. The
interval shown does not include the 30-mm labeling period. Results are
expressed as percentage (average and range) of incorporation in control
(untreated) mice. Control incorporations (mean cpm/@g DNA Â±S.D.; n = 14)
were: L1210 ascites, 5000 Â±1500; duodenal (g.i.) mucosa, 130 Â±40; bone
marrow, 110 Â±14.

0 2 4 88

INTERVALBETWEENEXPOSURES(HOURS)
Chart 4. Effect of interval and sequence of exposure on the survival (â€”)

and DNA synthesis (- - - -) of L1210 In culture exposed to ara-C and 5-azadR.
L1210 cells were exposed to either are-C (5 @g/ml)or 5-azaCR (1.25 @g/ml)
for the period 0 to 2 hr. Exposure was terminated by extensive washing. In the
survival studies, cells were resuspended in fresh medium and, at various
times, the 2nd agent in the combination was added. After a 2-hr exposure to
the 2nd agent, cells again were washed and survival was determined by a
soft-agarcloningtechnique.Survivals(meanandrange; @,simultaneous
exposure to 5-azadR and ara-C) were compared to control survivals in the
absence of drug. The survival for a 2-hr exposure to each agent alone is also
shown (& ara-C; 0, 5-azadR). The expected survival for independent, addi
tive activity (cross-hatched area) was calculated from the product of the
single-agent survivals. In the DNA synthesis experiments, cells were exposed
for 2 hr to ara-C (5 @.tg/ml)(â€¢)or 5-azadR (1.25 @g/ml)(0). At various times,
aliquots were removed and incorporation of (methyl-'H)TdR (30 mm) into
DNA was determined and compared to controls. Ordinate, time from the
initiation of the exposure to the 1st agent to the time of initiation of the
exposure to the 2nd agent (survival studies) or (methyl-@H]TdR(DNA synthe
sis studies).

3 Results are expressed as pg precursor equivalents per @gnucleic acid.
There is about twice as much RNA as DNA in L1210 cells: 13 to 16 @g/10'
cells and 6 to 9 g@g/10'cells, respectively. Thus, incorporation into DNA is
also expressed as percentage of the total incorporation after correction for
the amount of the respective nucleic acid.

poration) of the cells as a function of the time after a 2-hr
exposure to that agent. Survivals after a 2-hr exposure to
ana-C (5 .tg/mI) or 5-azaCR (1.25 pg/mI) alone were 28 and
5.1%, respectively. If one assumes that each agent is acting
independently, the expected survival for an â€œadditiveâ€•com
bination would be the product of the surviving fractions for
exposure to each agent alone. Thus, in this case, an addi
tive effect would be approximately 1.4% survival (0.28 x
0.051). Antagonism and synergism would then be indicated
by survivals of greater than 1.4% and less than 1.4%, respec
tively. With a simultaneous exposure to a combination of
ara-C and 5-azaCR, survival (10%) was actually less than
that observed with 5-azaCR alone (indicating a degree of
antagonism). When cells were exposed to 5-azaCR after ara
C, cell survivals at intervals of 5 and 7 hr were 0.04%,
indicating synergism. When cells were exposed to 5-azaCA
before ara-C, cell kill increased with the interval between
exposures and was slightly greater than that expected for
an additive combination at 14 hr. The effects observed in
vitro (Chart 4) and those observed in vivo (Chart 1) are in
reasonable agreement. In a recent report Momparler et a!.
(39) observed similar results (i.e., antagonism with simulta
neous exposure and maximal cytotoxicity when 5-azaCR
followed ara-C) with S-phase hamster fibrosarcoma cells in
culture.

With a 2-hr exposure to ara-C, DNA synthesis of L1210
cells in culture was rapidly inhibited (2% of control). After
removal of the agent by washing, DNA synthesis quickly
recovered, reaching a maximum of 53% of control 6 hr after
the initiation of the exposure. Over the next 4 hr DNA syn
thesis again decreased. The time of maximal recovery of

DNA synthesis correlates well with the optimum time (for

maximal cell kill) for exposure to 5-azaCR after an exposure
to ana-C.DNA synthesis of cells exposed for 2 hr to 5-azaCR
gradually declined to approximately 50% of control at 12 hr
after the exposure, and no recovery was observed.

The effects of ana-C on the incorporation of [4-'4C]-5-
azaCR-denived radioactivity into the DNA and RNA of L1210
cells in culture are shown in Table 1. In the absence of ara
C, the total incorporation of [4-'4CJ-5-azaCR-denived radio
activity into DNA was approximately 15% of that incorpo
rated into RNA. ana-C inhibited the incorporation of 5-
azaCR-denived radioactivity into DNA by about 90%, but
stimulated (by about 25%) incorporation into RNA. Consid
ening the ratio of ANA to DNA in these cells,3 the net effect of
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G.L.Neileta!.
ara-C was to divert the radioactivity from DNA into RNA with
littleeffecton totaloverallincorporation.ara-Cinhibited
[methyl-3H]TdR incorporation into DNA by 98.6% but had no
significant effect on the incorporation of [5-3H]URinto RNA.
The efficiency of separaton of DNA and RNA was indicated
by the fact that less than 4% of the tnitium from the [methyl
3H]TdR and [5-3HJURwas found in the RNA and DNA frac
tions, respectively. In other experiments (not shown here)
when incorporation of [3H]cytidine (2 @Ci/1@.tg/ml)into DNA
and RNA of L12l0 cells (5 x lOs/mi) was measured, approxi
mately 12% of the incorporated label was found in the DNA
fraction. ana-C (5 @tg/ml)inhibited oven 80% incorporation
into DNA but stimulated (approximately 40%) incorporation
into ANA.

DISCUSSION

Although they are structurally similar, ara-C and 5-azaCR
differ considerably in their mechanisms of action and phan
macological behavior.4 ara-C activity can, under certain cm
cumstances, be antagonized by deoxycytidine (9, 15, 17).
The activity of 5-azaCR can be antagonized by cytidine and
(to a lesser extent) unidine (14, 31). In mammalian cells,
ana-Cand 5-azaCR are phosphorylated by deoxycytidine ki
nase and unidine kinase, respectively (12, 23, 30, 38), and
such phosphonylation is a prerequisite for the cytotoxic ac
tivity of each agent (24, 25, 53, 54). After further phospho
rylation by nucleotide kinases, both agents are incorpo
rated into DNA and RNA (9, 10, 18, 21, 31, 45, 49). The
incorporation of 5-azaCR into DNA apparently follows re
duction of 5-azaCR diphosphate to the corresponding de
oxynudleotide and subsequent incorporation of 5-azade
oxycytidine tniphosphate (31, 44). Unlike ara-C, the
incorporation of 5-azaCR into RNA is greaten than that into
DNA. ara-C specifically inhibits mammalian cell DNA syn
thesis. It has little effect on total ANA and protein synthesis
(2), although there is evidence (7, 9) that incorporation of
[5-3HJURinto low-molecular-weight RNA is inhibited. With
5-azaCR, although DNA synthesis is inhibited to the greatest
extent, RNA and protein synthesis are also inhibited (32, 44).

Detailed mechanism studies suggest that the inhibition of
DNA synthesis seen with ara-C is a nesult.of 1 or more of: (a)
inhibition by ana-C diphosphate of the nibonucleotide re
ductase-catalyzed reduction of CDP to dCDP (8); (b) com
petitive inhibition (by ana-C tniphosphate) of DNA polymer
ase (16, 18, 35, 36); or (c) incorporation of ara-C into DNA
followed by termination of synthesis of the DNA chain (35,
36). The mechanism by which macromolecular synthesis is
inhibitedby 5-azaCR has not been definitelyestablished
and is probably complex (31, 58). However it has been
proposed that degradation of the rather labile tniazine moi
ety of the 5-azaCR nucleoside after incorporation into DNA
and RNA results in instability of the tertiary structure of
those macromolecules (57). The detailed relationship of
DNA synthesis inhibition to actual cell death has not yet
been definitively established for either of these agents. Both

I An recent extensive and pertinent review of the mechanism of action and
pharmacological behavior of ara-C can be found in Ref. 37. Mechanism of
action of 5-azaCR is reviewed in Ref. 51.

agents have been shown to cause chromosome breaks in
mammalian cells (1, 5, 32).

It has been shown with synchronous DON Chinese ham
ster fibroblasts that ana-C is remarkably cell cycle phase
specific, killing only those cells in the S (DNA-synthetic)
phase at time of cell drug contact (even at high levels) (3,
56). On the other hand, although cells in S phase were
considerably more sensitive to the lethal effects of short
exposures to 5-azaCR than are cells in other phases, this
phase specificity was quite dose (or Ievel)-dependent (32).
At high levels of 5-azaCR (unlike ara-C), cells exposed in G1,
G2,or M phases were killed.

Disposition studies in mice with ara-C and 5-azaCR (42,
43) indicate that, after i.p. administration, most of the agent
(and metabolites) disappears from the blood and is excreted
in the urine within less than 12 hr. Plasma half-lives for the
agents are less than 60 mm. Excretion of unchanged drug
and antimetabolites with ara-C is, however, more complete
(e.g., >90% at 24 hr) (33) than when 5-azaCR is adminis
tered (65% at 24 hn) (Ref. 46; unpublished results, these
laboratories). Tissue levels of 5-azaCR (and/or metabolites)
persist for longer times than are observed with ana-C.

Therapeutic effects in L12l0 leukemic mice with ara-C are
exquisitely dependent on the schedule used. Administration
of the agent on a schedule mimicking a continuous infusion
over a 24-hr period is much more effective than single pulse
doses (50). With 5-azaCR, however, such â€œaround-the
clockâ€•therapy was of no particular advantage and daily
doses were as effective as administration every 3 hr oven a
24-hr period (52). In addition, single doses of 5-azaCR are
much more effective than are single doses of ara-C (Chart
1).

We have shown (Chart 1) that, when single doses of 5-
azaCR and ara-C were administered in combination to
L1210 leukemic mice, the best therapeutic results were
observed when 5-azaCA was administered 8 to 10 hr after
ara-C. Similar results were observed in cell culture studies.
When the 2 agents were administered simultaneously, an
tagonism was observed. These results can most easily be
interpreted if one assumes that incorporation of 5-azaCR
into DNA is necessary for the full lethal effect of that agent.
Thus, the level of DNA synthesis at the time of 5-azaCA
administration will determine its killing effect. For example,
the least effective time for administration of 5-azaCR was
when DNA synthesis was maximally inhibited by ara-C (i.e,
at about the time of ara-C administration). Conversely, the
optimum time corresponded approximately to the time at
which DNA synthesis had maximally recovered after ana-C
administration. We also showed that ara-C inhibited the
incorporation of [4-'4C]-5-azaCR-denived radioactivity into
DNA (but not RNA), supporting the above hypothesis.

On the basis of this simple hypothesis, one would expect
that, if 5-azaCR were administered before ana-C, inconpora
tion of that material into DNA would be unaffected by ara-C
and the therapeutic effect should be relatively independent
of the time of ara-C administration. However, with this Se
quence (both in vivo and in vitro), additive effects were
observed only when 5-azaCR was administered several hr
before ana-C. A possible explanation is provided by the
observation that [4-'4C1-5-azaCR-derived radioactivity incor
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mia.J. Clin. Invest.,48: 1124-1130,1969.

28. Lampkin, B. C., Nagao, T., and Mauer, A. M. Synchronization of the
Mitotic Cycle in Acute Leukaemia. Nature, 222: 1274-1275, 1969.

29. Lampkin, B. C., Nagao, T., and Mauer, A. N. Synchronization and Re
cruitment in Acute Leukemia. J. dIm. Invest., 50: 2204-2215, 1971.

30. Lee, T., Karon, M., and Momparler, R. L. Kinetic Studies on Phosphoryla
tion of 5-Azacytidine with Purified Uridine-Cytidine Kinase from Calf
Thymus. Cancer Res., 34: 2482-2488, 1974.

31. Li, L H., Olin, E. J., Buskirk, H. H., and Reineke, L. M. Cytotoxicity and
Mode of Action of 5-Azacytidine on L1210 Leukemia. Cancer Res., 30:
2760-2769,1970.

32. Li, L. H., Olin, E. J., Fraser, T. J., and Bhuyan, B. K. Phase Specificity of 5-
Azacytidine against Mammalian Cells in Tissue Culture. Cancer Res.,30:
2770-2775, 1970.

33. Lisa, R. H., and Neil, 6. L. Comparative Studies of Cyclocytidine (NSC
145668) and Cytosine Arabinoside (NSC-63878) in Mice. Cancer Chemo
therapy Rept., 59: 501-513, 1975.

34. Mcdredie, K. B., Bodey, G., Burgess, M. A., Gutterman, J. U., Rodriguez,
V., Sullivan, M. P., and Freireich, E. J Treatment of Acute Leukemia with
5-Azacytidine (NSC-102816). Cancer Chemotherapy Rept., 57: 319-323,
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35. Momparler, R. L. Effect of Cytosine Arabinoside 5'-Triphosphate on
Mammalian DNA Polymerase. Biochem. Biophys. Res. Commun., 34:
465-471, 1969.
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poration into RNA and DNA is rather protracted, increasing
over a 1- to 6-hr period (L. H. Li, unpublished data; unpub
lished data, these laboratories). The relatively slow and
gradual decrease in DNA synthesis observed with 5-azaCR
(Charts 3 and 4) is consistent with this. Thus, one might
expect that ara-C administration up to 4 to 6 hr after 5-
azaCR administration will still exert some effect on the
incorporation of the latter agent and on its subsequent
therapeutic effects.

Toxic effects (as measured by weight loss) (Chart 1) were
most severe under conditions where the therapeutic effects
were most favorable. The cell cycle kinetic parameters of
mouse bone marrow and gastrointestinal mucosa (tissues
most susceptible to the effects of agents such as ara-C and
5-azaCR) are unfortunately very similar to those of L1210
tumor cells. The time course of DNA synthesis inhibition in
these 2 normal tissues was also qualitatively similar to that
observed in the tumor cells. Thus, in this case, an increased
therapeutic ratio is not to be expected. This does not pre
dude the possibility of a selective advantage in other hosts
and/or tumor systems.

Results of these studies suggest that considerable cau
tion should be exercised if a combinaton of 5-azaCR and
ara-C is to be used clinically. Our results suggest that ex
pected therapeutic effects will be greatest if 5-azaCR is
administered after ara-C at a time when the tumor cell DNA
synthesis capacity is maximally recovered and that the least
favorable method would be simultaneous administration.
Labeling experiments such as those performed by Lampkin
et a!. (26â€”29)on as suggested in our earlier single-drug
studies (41) should prove of significant benefit in prediction
of the optimum dose interval for these 2 drugs.
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