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ABSTRACT

Arabinofuranosyl-5-azacytosine (ara-AC), a nucleoside com
bining the structural elements of 5-azacytidine and arabinofuran-

osylcytosine, exhibited unusually wide therapeutic activity
against several murine leukemias and all three human xenografts
of the National Cancer Institute tumor panel. Activity was ob
served following either a daily or an intermittent regimen of
treatment in the i.p. L1210 model. However, when multiple doses
were administered on each treatment day, a greater therapeutic
effect was produced and the total dose was reduced. Extensive
necrosis was observed by light and electron microscopy in P388
tumors treated with ara-AC. Following s.c. administration, ara-
AC caused regression of the mammary and lung xenografts (MX-
1 and LX-1) and a 93% inhibition of the human colon tumor (CX-

1); other analogues of this drug failed to demonstrate a compar
ably broad spectrum of activity. Morphological assessment of
treated xenografts revealed a general loss of cell-to-cell contact
and abundant necrosis 24 h after the administration of ara-AC.
In culture, the 50% inhibitory concentrations of ara-AC for P388

and L1210 cells at 24 h were 1.9 and 4.5 ^M, respectively, and
the decline in replication rates was dependent on drug concen
tration. The cytocidal nature of the drug was demonstrated by
cloning experiments in which it was observed that ara-AC abol

ished the clonogenicity of lymphoblasts but was only minimally
cytotoxic to normal murine bone marrow progenitor cells. As
adjudged by flow cytometry, the drug induced a distinct slowing
of cell cycle traverse through S phase. Induction of the differen
tiation of HL-60 cells in culture was another cytotropic effect of
this drug. At 44% differentiation (10 UM ara-AC), 50% of the

cultured cells were viable.
Its broad spectrum antitumor activity, its selective toxicity to

tumor cells, and its ability to produce cytodifferentiation render
ara-AC of interest as a potential antineoplastic agent in humans.

INTRODUCTION

The two nucleosides, ara-C2 and AC, have both demonstrated
notable activity in the control of human leukemia (1-4). The

former agent differs from the normal nucleoside, cytidine, by
virtue of a single diastereomeric change in the furanose ring,
whereas the latter drug differs by the presence of an additional
nitrogen in position 5 of the pyrimidine ring. ara-AC, the synthesis

of which was reported previously by this laboratory (5, 6),
combines structural elements of both of its prototypes into one
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3The abbreviations used are: ara-C, 1-0-D-arabinofuranosylcytosine; AC, 5-

azacytidine; ara-AC, 1-/3-D-arabinofuranosyl-5-azacytosine; DTP, Developmental
Therapeutics Program; NBT, nitro blue tetrazolium; DHAC, dihydro-5-azacytidine;
dACyd, 5-aza-2'-deoxycytidine; ICM, 50% inhibitory concentration; CFU-C, colony
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hybrid molecule. It is the purpose of the present communication
to report the therapeutic and cytological properties of this novel
agent; preliminary accounts of some of these studies have
appeared (7, 8).

MATERIALS AND METHODS

Evaluation of Antitumor Activity, In Vivo. Antitumor evaluations in
vivo were conducted through the Drug Evaluation Branch, DTP, Division
of Cancer Treatment, National Cancer Institute. Mice were obtained
through the Animal Genetics and Production Branch, DTP, Division of
Cancer Treatment, National Cancer Institute, and were kept in holding
rooms until their weights were appropriate (minimum of 17 and 18 g for
females and males, respectively) for tumor transplantation and experi
mentation. Athymic mice were held in barrier facilities and used when
their weights were approximately 23 g. Animals were allowed food (fat
content, 6-12%) and water ad libitum. Tumor lines were obtained from

the DTP frozen tumor bank. Protocols used for screening with the Â¡.p.
implanted B16 melanoma, and L1210 and P388 leukemias have been
published previously (9); the experimental methodology for testing ma
terials against the carcinogen induced transplantable colon 38 carcinoma
have been described elsewhere (10), as have the characteristics of the
i.v. implanted Lewis lung carcinoma (11 ). The subrenal capsule assay for
testing chemotherapeutic agents against human tumor xenografts has
been described previously by Bogden ef al. (12).

For evaluation of the sensitivity of the murine tumors to ara-AC, BALB/
c x DBA/2 F, (hereafter called CD2F,) mice were implanted i.p. with 106
P388, 105 L1210, or 106 L1210/ara-AC leukemia ascites cells; C57BL/6

x C3H F, (hereafter called B6C3F,) mice were inoculated with either 0.5
ml of 1:10 B16 melanoma brei i.p. or 106 Lewis lung carcinoma cells i.V.;

C57BL/6 x DBA/2 (hereafter called B6D2F,) mice were implanted with
70 mg of a colon 38 carcinoma fragment s.c. in the axillary region.
Treatment with ara-AC in saline or saline plus Tween 80 was initiated 24

h (48 h for the colon 38 carcinoma) after the tumor implantation day,
which was designated day 0 according to the schedules listed in Tables
1-3. In each experiment, the drug was tested at several dosage levels,
and each dose was administered to 6-10 mice; 30-40 control mice

received only the vehicle used to inject the drug. The percentage of
increase in life span for the life span assays was calculated as

100%
/ Median survival time of treated mice \

x
\Median survival time of the control mice)/

- 100

For tumor growth inhibition assays, the percentage of tumor inhibition
was calculated as

100% - /Median wt of treated tumors\1

\Median wt of control tumors/J

Tumor size was measured across two diameters and weight was com
puted assuming nearly ellipsoid shape and specific gravity not signifi
cantly different from 1.0. For evaluation of the sensitivity of the human
tumors to ara-AC and structurally related compounds, 1-mm (10 ocular
micrometer units) cubed fragments of either the CX-1 colon, the LX-1
lung, or the MX-1 mammary tumors were implanted under the renal
capsule of athymic nude mice [CrNIH (S)-nu or NCr-nu] and in situ
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Table 1
Response of murine transplantable tumors to ara-AC

Groups of six or ten CD2F1, B6D2F1, or B6C3F1 mice were inoculated with tumor on day 0 as indicated in "Materials and Methods." Treatment with logarithmically

spaced doses of ara-AC dissolved in saline (higher doses suspended in saline or saline plus Tween 80) was initiated 24 h later. The data obtained with the most effective
dose (optimum dose) are shown. Experiments in which ara-AC demonstrated activity were confirmed at least once.

ara-AC-treatedmiceTumor

systemi.p.

B16 melanoma
i.p. L1210 leukemia
i.p. P388 leukemia
i.v. Lewis lung carcinomai.p.

treatment
scheduleqd,a

days 1-9

qd, days 1-9
qd, days 1-9
qd, days 1-9Final

evaluation
day60

3030

60Control

mice
(median survival

time)17.3

8.9
11.6
22.3Optimal

dose
(mg/kg/day)200

200
50

200Increased

life span
(%)41

201115

70o'

qd, daily.

Table 2
Effect of schedule on activity of ara-AC, ara-C, and AC against i.p. L1210 leukemia in mice

Groups of eight CD2F1 mice were inoculated on day 0 with 105 cells and drug treatment was initiated on day 1.

ara-ACScheduleqd,

days 1-9
q4d, days 1,5,9
q3h, days 1,5, 9Optimal

dose/
Total dose8

(mg/kg)50/450

800/2400
12.5/300ILS"

(S/T)

(%)130(0/8)

269 (0/8)
253(1/8)ara-COptimal

dose/
total dose

(mg/kg)40/360

1200/3600
7.5/180ILS

(S/T)
(%)172(1/8)

131 (0/8)
238 (2/8)ACOptimal

dose/
total dose
(mg/kg)4/36

16/48
2/48ILS

(S/T)
(%)154(0/8)

120(0/8)
169(0/8)

a Total dose is the optimum dose multiplied by the number of injections.
" ILS, increase in life span based on mean survival time (S/T, includes day 50 survivors which are shown in parentheses). Mean survival time of control mice was 8.1

days, qd, daily; q4d, every 4 days; q3H, every 3 h.

Table 3
Activity of ara-AC against a subline of L1210 leukemia resistant to ara-C

The L1210 subline in which this survival assay was carried out was previously
shown to be completely resistant to ara-C.

% ILS6

Drug3 L1210/0 L1210/ara-C

ara-AC

AC
DHAC

146
123
67

2
121
196

Drugs were administered i.p. to mice bearing i.p. implanted tumor on days 1-
9.

6 ILS, increase in life span based on mean survival time are shown. Mean

survival times of control mice were 9.4 and 8.2 days for L1210/0 and L1210/ara-
C, respectively.

measurements of length and width were taken using a stereoscopic
microscope equipped with an ocular micrometer. Test groups contained
3-6 mice while the vehicle control group contained 6-12 mice. Treatment

was initiated the day after tumor implantation and animals were killed on
day 11 (day 14 for intermittent treatment of the CX-1 xenograft). At

sacrifice, kidneys were excised and a final in situ tumor graft size was
determined. Tumor size was converted to weight using the formula

Length x width2

2

and the change in mean graft weight between the initial (day 0) and final
readings was used to evaluate drug activity. Results were expressed as
percentage of treated versus control weight change except in those
instances where regression of the test tumors occurred. For the latter
groups, a percentage regression was calculated as

100% x
Tumor wt of test mice

Initial mean tumor wt of test mice

Morphological Observations. For morphological assessment of tumor
sensitivity to ara-AC, untreated and ara-AC treated samples (400 mg/

kg, 24 h prior to sacrifice) of two murine tumor transplants (P388
leukemia, colon 38 carcinoma) and the human tumor xenografts growing
s.c. in athymic mice were examined by light and electron microscopy. All
animals were killed by cervical dislocation. The tumor transplants were
excised, placed into 2% cacodylate buffered glutaraldehyde (0.1 M in
0.75 M sucrose, pH 7.3, 550 mOsmol), and minced with a razor blade
into 1-mm3 pieces. The specimens were then immersed in the fixative

for 2 h and postfixed for 1 h in 1% OsO4 in 0.1 M cacodylate with 0.1 M
sucrose. After dehydration in increasing concentrations of ethanol, the
samples were embedded in Quetol. Sectioning was done with a Reichert
Ultracut ultramicrotome. Thick sections for light microscopy were stained
with toluidine blue. Thin sections for electron microscopy were stained
with uranyl acetate and lead citrate and examined in a JEOL 100Cx
electron microscope using the transmission mode at 60 kV.

Antiproliferative Effects in Vitro. Murine P388 leukemia cells were
maintained in stationary suspension culture in RPM11640 supplemented
with 10% calf serum (Quality Biological, Inc., Gaithersburg, MD) and 5
liM 2-mercaptoethanol. No antibiotics were used. Doubling time was 13-
15 h. Cultures were grown at 37Â°C in a humidified atmosphere of 5%

CO2 in air, and growth was monitored by a Coulter Counter (Coulter
Electronics, Hialeah, FL). Growth rate inhibitions were evaluated following
24 h continuous drug(s) exposure at various concentrations as compared
to vehicle-treated controls.

ICso was determined graphically from a plot of relative growth rate
versus log drug concentration.

L1210 cells were grown in a humidified atmosphere in RPMI 1630
supplemented with 16% heat-inactivated fetal bovine serum (Quality

Biological, Inc.).
Cell Culture and Clonal Plating. The influence of ara-AC on clonal

growth was determined according to the procedure of Chu and Fischer
(13), as modified by Vistica et al. (14); drug was not washed out but ring
opening and loss of biological activity is known to take place within a
matter of hours in aqueous medium (15).

Preparation of Bone Marrow and L1210 Cells for Comparative
Cytotoxicity Studies. Male CD2F, mice (20-25 g) were killed by cervical

dislocation and bone marrow cells were aspirated from femurs into
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Fig. 1. a, electron micrograph of untreated
human lung carcinoma LX-1. Tumor cells ex
hibit features of small cell cancer: close appo
sition of adjacent cells; dense cored cyto-
plasmic granules; and margination of hetero-
chromatin. x 16,600. b, electron micrographs
of human lung adenocarcinoma LX-1 treated
with ara-AC. Morphological features of small
cell cancer have disappeared. Cells exhibit loss
of cell to cell contact and cytoplasmic degen
eration, x 5,200.

McCoy's Medium 5A (Grand Island Biological Co., Grand Island, NY)

containing 16% fetal bovine serum. Cells were washed twice in the same
medium and adjusted to a concentration of 106 nucleated cells/ml. The

murine L1210 leukemia cells were harvested by aspiration, washed twice
in McCoy's Medium 5A, and adjusted to a concentration of 103 cells/ml.

One hundred tumor cells and 105 bone marrow cells (~100 CFU-C),
each in 0.1 ml of McCoy's Medium 5A containing 16% fetal bovine

serum, were coplated in 35-mm Corning Petri dishes containing 1.0 ml
of McCoy's Medium 5A supplemented with 16% fetal bovine serum,

penicillin (20 units/ml), and streptomycin, 20 ÃŸQ/m\;(Microbiological
Associates, Bethesda, MD) (16) as described previously (17). The appro
priate concentrations of ara-AC were added and the plates were incu

bated for 1 week in a humidified atmosphere of 5% CO2 in air. The final
concentration of agar was 0.3%. Mouse uterine extract was used at a
concentration that resulted in maximal colony formation of 90-100
colonies per 10s nucleated bone marrow cells; no colony formation

occurred in its absence. Cell aggregates were scored as colonies if they
contained 50 or more cells. Cloning efficiency for tumor cells in this
system is 90-100%.

Flow Cytometry. L1210 cells in exponential growth (3 x 10s cells/ml)

in RPMI 1630 culture medium supplemented with 20% heat-inactivated
fetal bovine serum were continuously exposed to 8 Â¿twara-AC for a

period of 24 h. Aliquots of treated cells and untreated controls were
removed at the indicated time intervals and processed for flow cytofluo-
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0.1

Fig. 2. Antiproliferative effects of ara-AC in P388 and L1210 leukemia cells in
culture. P388 and L1210 cells in log growth were continuously exposed to varying
concentration of ara-AC or its congeners for 24 h. Growth rates and ICso values
were determined as described in "Materials and Methods." ND, not determined.

100
80
60
so
40

30

20

1 2

DAYS

1 2

DAYS

Fig. 3. Proliferation of ara-AC-treated P388 and L1210 cells monitored over 3
days. P388 (A) and U 210 (B) cells in log growth were exposed to the indicated
concentrations of ara-AC. 0 (â€¢),2 (O), 15 (â€¢).30 (A), and 60 (A) /*M ara-AC.

rometry using the hypotonie citrate/propidium iodide method described
by Krishan (18). DNA distribution curves were generated using a Model
4801 Cytofluorograf (Ortho Instruments) coupled with a Northern Sci
entific Model NS-633 pulse height analyzer. The DNA histograms were

normalized to unit area and plotted by means of a microcomputer.
Induction of Differentiation of HL-60. HL-60 cells were used between

passages 30 and 40. Stock cultures were maintained in RPMI 1640
supplemented with 10 mw 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid and 10% fetal bovine serum. For cytodifferentiation experiments,
exponentially growing cells were harvested by centrifugation and ad
justed to 2 x 106 cells/ml. The experimental medium consisted of RPMI

1640 supplemented with 10 RIM 4-<2-hydroxyethyl-1-piperazineethane-

sulfonic acid, 5% fetal bovine serum, 5 ^g transferrin/ml (Sigma Chemical
Co., St. Louis, MO), and 5 ng insulin/ml (Collaborative Research, Lexing
ton, MA). Cultures were incubated for 4 days at 37Â°C in a humidified

atmosphere of 5% CO2 in air. Cell counts were determined with a Coulter
Counter and viability was assessed by trypan blue dye exclusion. Differ
entiation was assessed by the ability of cells to reduce NBT after
treatment with ^-O-tetradecanoylphorboMS-acetate as described pre

viously (19).

RESULTS

Sensitivity of Murine Tumors to ara-AC in vivo. The thera
peutic effectiveness of ara-AC against a panel of murine trans-

Fig. 4. Effect of ara-AC on clonal growth of L1210 leukemia cells. L1210 cells

were cloned according to the procedure of Chu and Fischer (13).

planted tumors is documented in Table 1. The drug was very
active against the L1210 leukemia, increasing the life span of
mice bearing the i.p. implanted tumor by 201% following i.p.
administration of a 200-mg/kg dose on days 1-9. Life span
increases greater than 50% were observed over a 32-fold dos

age range. Using the same treatment schedule, good activity
also was observed against a second leukemia, the i.p. implanted
P388. Studies with three solid tumors indicated that ara-AC had

good activity against the i.v. implanted Lewis lung carcinoma,
was moderately effective against the i.p. implanted B16 mela
noma, but was inactive (45% tumor inhibition) against the s.c.
implanted colon 38 carcinoma under the experimental conditions
used (every 7 days, days 2, 9 i.p., with an optimal dose of 1200
mg/kg/day). All data obtained with the four sensitive tumors
were confirmed in at least one additional experiment.

The influence of treatment schedule on the activity of i.p.
administered ara-AC, ara-C, and AC in the L1210 model is shown
in Table 2. With ara-AC, similar activity was observed following
either a daily (days 1-9) or an intermittent (days 1,5, and 9)

regimen, if a single injection was administered on each day of
treatment. However, approximately a 5-fold higher total dose

was required to achieve this activity when treatment was admin
istered every fourth day. With the latter schedule, a greater
therapeutic effect was observed when multiple doses (every 3
h) were given on each treatment day instead of a single dose. In
addition, the total dose required to produce the activity was
reduced. As is well known, the schedule affects the activity and
potency of ara-C in an analogous manner, although for all sched
ules in which ara-AC was directly compared to ara-C, the ther
apeutic index for ara-AC was approximately double that for ara-

C, i.e., for all schedules examined, the therapeutic margin of
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Table4
Responseof human tumor xenografts to ara-ACand related compounds

Groups of three or six CR:NIH(s)-nuor NCR-nuathymic mice received tumor implants under the renal capsule on day 0. Treatment with several doses of each drug
was initiated 24 h later according to the schedules in the table. Therapeuticeffects were calculatedas indicatedin "Materials and Methods." Data obtained with the most

effective doses are shown.

Humantumor
xenograftTypeCX-1

ColonLX-1

LungMX-1

Mammarys.c.

treatment
scheduleqd,

days1-10q4d,
days1-13qd,

days1-10q4d,
days1-9qd,

days1-10q4d,
days 1-9ara-AC7-72-69ara-CMeg."Neg.Neg.Neg.9Neg.%

T/C"Palmo-ara-CNeg.147ACNeg.Neg.Neg.Neg.Neg.13dACNeg.Neg.Neg.DHACNeg.Neg.Neg.614

8% T/C, percentage of treated versus control weight change; qd, daily; q4d, every 4 days.
6 Compounds were considered inactive (Neg.) if T/C was greater than 20%.

ARA-AC CONC.,

Fig. 5. Comparative cytotoxicity of ara-AC toward L1210 lymphoblasts and
normal murine bone marrow cells. Murine L1210 leukemiacells and bone marrow
cells were harvested and copiateci as described in 'Materials and Methods."

Experimental points represent the mean of three separate determinations. â€¢,
leukemiacells; A, murine CFU-C.

safety was twice as great for ara-AC as for ara-C. By contrast,

AC demonstrated similar activity on all three schedules, and the
total optimum therapeutic dose was the same for both single
and multiple injections per day in the intermittent regimen (6).

The subline of L1210 leukemia with acquired resistance to
ara-C (20, 21) was cross-resistant to ara-AC (Table 3). In con

trast, the resistant subline retained sensitivity to AC and ap
peared to be collaterally sensitive to DHAC.

Assessment by light and electron microscopy of morphological
changes induced by ara-AC in P388 transplants confirmed the

toxicity of this drug toward this leukemia. Thus, this highly cellular
line, composed of dense lymphocytic and lymphoblastic cells,
demonstrated extensive necrosis 24 h after a single treatment
with ara-AC. Cellular debris composed of nuclear and cyto-

plasmic remnants predominated, while only a few surviving tumor
cells were detectable.

The effect of ara-AC on the murine colon 38 carcinoma cell
line which was unaffected by ara-AC was complicated by the

presence of large areas of necrosis in the controls, with well
preserved tumor cells restricted to perivascular areas. Neverthe

less, there did not appear to be a significant increase in necrosis
after treatment with ara-AC although some of the tumor cells

exhibited extremely condensed nucleoli. Alterations of the nu
clear envelope as induced by ara-C in normal human lymphocytes
(22) and leukemia cells (23) were not observed with ara-AC in
the present experiment.

Sensitivity of Human Tumor Xenografts to ara-AC, in Vivo.
The unusual therapeutic effectiveness of ara-AC against the CX-
1 colon, LX-1 lung, and MX-1 mammary tumor xenografts is

documented in Table 4. Following s.c. administration on days 1,
5, and 9 (and day 13 for the colon CX-1 xenograft), ara-AC

caused the lung and mammary xenografts to regress and inhib
ited the growth of the colon tumor by 93%. The values in Table
4 are representative and were confirmed at least once. This
spectrum of activity against all three xenografts was not dem
onstrated by other analogues of ara-AC (Table 4). Thus, of the
pyrimidines examined, only ara-AC was active against the colon
xenograft. The depot form of ara-C, palmo-ara-C, was ineffective

against this tumor when administered on an intermittent sched
ule, DHAC and dAC were inactive on the daily schedule, and
ara-C and AC demonstrated no activity on either schedule. ara-

AC was unique among this panel of antimetabolites in causing
the lung xenograft to regress. Palmo-ara-C repressed the growth

rate of this tumor to a modest degree but the remaining ana
logues were inactive. The mammary xenograft was sensitive to
all compounds but dAC. However, only ara-AC caused tumor

regression.
Light and electron microscopic examination of the above men

tioned xenografts confirmed the in vivo cytotoxicity of ara-AC in
all three systems. The lung adenocarcinoma LX-1, a highly
cellular neoplasm with little stroma, has ultrastructural features
of small cell cancer (Fig. 1a). After treatment with ara-AC, this

tumor demonstrated prominent areas of necrosis (Fig. 1b). More
over, there was a loss of intercellular junctions and a disappear
ance of the light staining tumor cells with characteristics of small
cells. Instead, tumor cells with very electron dense cytoplasm
containing numerous polyribosomes but no dark staining organ-
elles or any other features of small cell cancer predominated.

The MX-1 mammary carcinoma xenografts are composed of

epithelial cells which grow in sheets and nests with connective
tissue elements interspersed. By electron microscopy, this tumor
is very well differentiated and exhibits features of secretory cells.
After treatment with ara-AC, prominent areas of necrosis were
demonstrable. Moreover, the tumor cells exhibited loss of inter-
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Fig. 6. Differential cytotoxicity of ara-AC. A,

control colonies of murine L1210 leukemia cells
grown in the absence of CFU-C. Tumor colonies

are compact, x 27. B, control colonies of murine
CFU-C grown in the absence of murine L1210
leukemia cells. CFU-C colonies are diffuse, x
27. C, control colonies of murine CFU-C and
murine L1210 leukemia cells, x 27. D, colonies
of murine CFU-C in plate treated with 3 AIMara-

AC. No tumor colonies are present, x 27.

cellular junctions, wide intercellular spaces, swelling of cyto-

plasmic organelles, and lysis and/or fragmentation of nuclei.
The CX-1 colon carcinoma consists of epithelial cells arranged

in sheets or occasional acini with high mitotic activity. Cyto-

plasmic differentiation is generally poor, with ribosomes and
polyribosomes predominating while endoplasmic reticulum and
mitochondria are scanty. After treatment with ara-AC, focal areas

of necrosis became evident. Electron microscopy revealed areas
of obvious cell necrosis and cytolysis, as well as loss of cell-to-

cell contact.
Antiproliferative Effects in Vitro. In laying the foundation for

further studies on the mode of action of ara-AC, it was thought

to be advisable to characterize the cytotoxicity of the drug
toward murine lymphoblasts growing in vitro.

The dose-response curves, as measured by the average
growth inhibition over a 24-h exposure for P388 and L1210, are

shown in Fig. 2. ara-AC exhibited IC50values of about 1.9 /Â¿M

versus P388 cells in culture and about 4.5 tiM versus L1210
cells. The antiproliferative effects of congeners of ara-AC are
tabulated in Fig. 2, inset. It is evident that the IC50of ara-AC is
approximately 20- and 40-fold higher than that of ara-C in the

L1210 and P388 models, respectively.
A longer exposure to the drug produced the results shown in

Fig. 3. Despite growth arrest in both P388 and L1210 cultures,
there was no evidence of significant cell lysis during the time
span of these experiments. However, when clonal plating was
carried out, 2 UM ara-AC (the 1Câ„¢in the antiproliferative studies

presented earlier) produced about 1 log of cell kill, a finding which
establishes that this agent, despite its lability, can be cytocidal
(Fig. 4).

Comparative Cytotoxicity. We next compared the effect of
ara-AC on normal murine bone marrow cells versus neoplastic
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Relative DMA Content (Channel No.)
Fig. 7. Arrest of cell cycle progression by ara-AC. DMA histograms of L1210

cells treated continuously with an 8 Â«Mdose of ara-AC. Details are given in
"Materials and Methods." Ordinate, frequency of a given DNA content expressed

as a fraction of unit area; abscissa, relative DNA content. , control; , ara-

AC treated cells.

765
CONCENTRATION {-tog M)

08 7654
CONCENTRATION l-log Ml

Fig. 8. Induction of differentiation and cytotoxicity by ara-AC. Cultures of ex
ponentially growing HL-60 cells were seeded at an initial density of 2 x 105 cells/
ml and treated as described in "Materials and Methods." Cell counts were deter

mined with a Coulter Counter, viability was expressed by trypan blue dye exclusion,
and differentiation was assessed by NBT reduction.

lymphocytes. The data (Fig. 5) indicate that complete eradication
of U 210 tumor cells was achieved at concentrations of ara-AC
(3-4 UM)which were only minimally cytotoxic to marrow progen
itor cells (Fig. 6).

Effect on Cell Cycle Progression. The panels in Fig. 7 show
the temporal changes in cell cycle distribution of L1210 cells
continuously exposed to an 8 Â¿Â¿Mconcentration of ara-AC. There
was a marked increase in the early "S" phase with a concomitant
decrease in the late "S" and "G2 + M" portion of the curve at 6
h. By 12 h, the population was predominantly in mid- to late "S"
phase. At 15 h, a portion of the cells had left late "S" and "G2 +
M" and reentered the "G/ compartment. At 24 h, additional cells
had entered the "G/ and early "S" phase compartments and the

resultant distribution was similar to the 6-h time point. These

studies indicate that ara-AC interferes with DNA replication ("S"

phase).
Induction of Differentiation. ara-AC is a fairly potent inducer

of differentiation of HL-60 cells (Fig. 8). At a concentration of 10

UM,44% of the cells had gained the ability to reduce NBT to the
formazan (NBT+ cells). However, at this concentration there was

a marked inhibition of growth and only 50% of the cells were
viable. In studies of differentiation (in which results are expressed
as a percentage of differentiated cells) and when there are large
decreases in viability, an "apparent" increase in the percentage

of differentiated cells can be a result of the selective killing of
nondifferentiated cells. In order to eliminate this possibility, it
should be demonstrated that there was an increase in the
concentration of differentiated cells. In the presence of 10 //M
ara-AC, the HL-60 culture grew to a density of 4.8 x 105 cells/

ml during the 4-day incubation period. Viability was 50% and the
percentage of NBT+ cells was 44%. Therefore, there were 2.4
x 105 viable cells/ml and 1.0 x 105 NBT cells/ml. At day 0, there
were 2 x 10s viable cells/ml and 5% (1 x 104/ml) were NBT+.
Thus, 10 MMara-AC increased the concentration of NBT+ cells
10-fold. The control culture at a cell density of 2.4 x 10s viable
cells/ml would have had only 1.2 x 104 NBT+ cells/ml [(2.4 x
105) x 5%]. These calculations indicate that the increase in the

percentage of differentiated cells is, in fact, a result of induction
of differentiation rather than enrichment.

Fig. 8 also demonstrates that dAC was an active inducer of
differentiation. In fact, on a molar basis, this congeneric nucleo-
side was approximately 10 times more potent than ara-AC.

DISCUSSION

Structurally, ara-AC is an analogue both of ara-C and AC,
combining the arabinofuranosyl sugar of ara-C with the triazine

base of AC. With respect to antitumor activity in experimental
animals, ara-AC resembles ara-C more closely than it resembles
AC. A subline of L1210 with acquired resistance to ara-C was
cross-resistant to ara-AC but not to AC or DHAC. In addition,
both ara-AC and ara-C, but not AC, were more active against

the i.p. implanted L1210 leukemia when administered every 3 h
on days 1,5, and 9 and were less toxic when injected once per
day on days 1, 5, and 9.

Ara-AC demonstrated antitumor effects in a wide spectrum of

tumor models. Its activity against three human tumor xenografts
implanted under the renal capsule of athymic mice distinguished
the drug from ara-C, AC, and other structurally similar analogues.
Thus, only ara-AC caused regression of the LX-1 lung and MX-

1 mammary tumor xenografts and also inhibited the growth of
the CX-1 colon tumor. This wide spectrum of activity together
with its relatively low toxicity (6) differentiate ara-AC from its

various congeners.
Although the ICso for ara-C in P388 and L1210 culture is

considerably lower than the comparable values for ara-AC, the
ICso values for ara-AC and AC are comparable. However, this

disparity in molar potency may simply be a reflection of instability
of the triazine moiety which results in ring opening and the
formation of an inactive 1-/3-D-ribofuranosyl-3-guanylurea (24).

ALthough the IC50values were 1.9 and 4.5 ^M versus P388 and
L1210 cultures, respectively, prolonged incubation with the drug
showed no indication of cell lysis even with ara-AC concentra
tions approaching 60 /JM.Cloning of such cells, however, estab-
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lished an efficient cytocidal mode of operation; at 5 ÃŸMara-AC,
eradication of L1210 cells is virtually complete. In contrast, ara-

AC concentrations which were cytocidal to tumor cells were
minimally cytotoxic to CFU-C (Fig. 5). Such cytocidal selectivity

is perhaps the most promising pharmacological feature of this
drug.

On a molar basis, ara-AC is more active than either AC or ara-
C in inducing differentiation in HL-60 cells. Thus, Bodner ef al.

(25) found that AC at concentrations of 16 and 32 /Â¿Minduced
HL-60 to differentiate to cultures containing 27 and 36% NBT+

cells, respectively, over a 6-day incubation period. Even with the
longer inducing period, the extent of differentiation was lower
than was obtained in this study with 10 UMara-AC over a 4-day

incubation period. Studies on the induction of differentiation of
HL-60 by ara-C have been equivocal. Several investigators have
reported that ara-C produces a relatively small effect, if any, on
induction of differentiation of HL-60 cells (26-28). One difficulty
with ara-C is that concentrations that may induce differentiation

are also very cytotoxic. Thus, as discussed by FerrerÃ²et al. (27),
selective killing by ara-C of proliferating, nonmature HL-60 cells

can account in large measure for increases in the percentage of
NBT+ cells.

Viewed in concert, the results presented here warrant the
suggestion that ara-AC, in view of its superior therapeutic po

tency against experimental tumors and its noteworthy margin of
safety in vitro, might be of value in the treatment of human
cancer.
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