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The antiviral drug arabinosyladenine inhibited
cellular growth and DN A synthesis in an adeno-
sine deaminase-negative cell line (B-mix K-
44/6). Use of adenosine deaminase-containing
calf serum in the culture medium reversed the
drug-induced inhibition and resulted in a re-
covery of both mitosis and the rate of DNA
synthesis.

The fraudulent nucleoside 9-8-D-arabinofuran-
osyladenine (ara-A¥) possesses antiprolifera-
tive activity against cells in culture and has
some activity against transplantable animal tu-
mors.1-3 The drug also is active against a broad
spectrum of DNA viruses including herpes-
viruses. It is active in cell cultures,*5 in experi-
mental animals®$ and clinical studies have in-
dicated its usefulness against herpetic keratitis?
and disseminated herpes zoster.® The topical
use of ara-A for the treatment of herpes labialis
currently is being explored at The University
of Michigan, School of Dentistry.

The present interest in treating herpes-
virus infections with ara-A has arisen largely
because the drug does not produce serious
toxicity in animals® or man %1031 when used in
its antiviral dose range. We have been studying
the biochemical basis for the selective toxicity
toward herpesviruses and have found that ara-
A inhibits viral DNA synthesis to a greater ex-
tent than host cell DNA synthesis.’?13 On the
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basis of this in vitro work, we have postulated
that the preferential sensitivity of viral DNA
synthesis to ara-A is related to the high thera-
peutic index noted in vivo.l*

Another factor also may be involved in the
low toxicity of the drug. Ara-A is degraded by
adenosine deaminase to ara-H®2 which is con-
siderably less cytotoxic than ara-A.12-1¢ Conse-
quently, the deamination of ara-A in tissues sus-
ceptible to the action of the drug may be an
additional mechanism responsible for the rela-
tively low toxicity of ara-A observed in
vivo.1%:18 This assumes, however, that once ara-
A is metabolized to ara-H, cells can recover
from the inhibitory effects. Inhibitors of adeno-
sine deaminase recently have become avail-
able.'?-21 When combined with such an inhibi-
tor, ara-A is considerably more cytotoxic than
when given alone.13:18:22:28 The implication is
that in the absence of an inhibitor, cells do re-
cover from the effects of ara-A as it is being
deaminated to ara-H. We have tested this as-
sumption directly by utilizing a Rous sarcoma
virus-transformed line of embryonic rat cells
(B-mix K-44/6)2¢ which is devoid of adeno-
sine deaminase activity.25:26 We have observed
that the cell line will grow in medium supple-
mented either with calf serum—which con-
tains adenosine deaminase!®:27-29—or with
horse serum—which does not.2%:2% Conse-
quently, we have been able to compare the ef-
fects of ara-A in cell culture systems that do
and do not deaminate ara-A without recourse
to the use of an adenosine deaminase inhibitor.

Materials and Methods

Drucs anD cHEMICALS.—Ara-A was pro-
vided through the courtesy of Dr. H. Machamer
of Parke, Davis and Co., Detroit, Mi. [8-14C]-
ATP (50 mCi/mmole), [methyl-3H]thymidine
(6.7 Ci/mmole, and [5-*Hluridine (20 Ci/
mmole) were purchased from New England
Nuclear, Boston, Ma.
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CELL CULTURE SYSTEMS.—B-mix K-44/6
Rous sarcoma virus-transformed rat cells were
the gift of Dr. Jan Svoboda, Institute of Experi-
mental Biology and Genetics, Prague, Gzecho-
slovakia. The cultures were grown in Eagle’s
minimal essential medium obtained in pow-
dered form from Grand Island Biological Com-
pany, Grand Island, NY. The medium was
supplemented with 109% tryptose phosphate
broth (Difco, Detroit, Mi) and 10% unhcated
calf serum (KC Biological, Inc., Lenexa, Ka).
The cultures were grown at 37 C in disposable
75 sq cm plastic flasks (Falcon Plastics, Ox-
nard, Ca) in either a closed system or an open
system utilizing a humidified atmosphere of 3%
CO,-97% air. In the closed system, cells were
normally planted in medium containing Hanks’
salt base followed by a complete mediumn
change 24 hours later utilizing medium con-
taining Earle’s salt base for increased buffering
capacity. When cells were cultivated in the
CO, incubator, medium containing Earle’s base
with the NaHCO; concentration reduced to
1.1 gm/liter was employed. All experiments
which measured cellular growth, nucleic acid
synthesis, nucleotide formation, or ara-A me-
tabolism were performed at 37 C in the CO,
incubator. Cultures were subcultured (1:4) at
least every three days using 0.25% trypsin in
in HBS .30

Total cell counts were made either in a
hemocytometer or with a Model F Coulter
Counter equipped with a 100 pm orifice. Viable
counts were determined by means of trypan
blue dye exclusion.

To increase the likelihood of detecting bac-
terial and/or mixed bacterial and mycoplasmal
contamination, antibiotics were never included
in any tissue culture media.3! All cell lines were
screened periodically (tests performed by Mi-
crobiological Associates, Bethesda, Md) and
were found to be mycoplasma free.

CELLULAR GROWTH RATE AND LABELING OF
RNA anp DNA.—B-mix K-44/6 cells were
planted in growth medium at 1.5 X 10¢ cells/
75 sq cm flask or 0.75 X 108 cells/25 sq cm
flask. After 20-24 hours, cells were in early log
phase and the medium was decanted and fresh
Earle’s salt base growth medium containing
drug was added. Medium which contained ara-
A was prepared immediately before use to mini-
mize the degradation of the drug by adenosine
deaminase present in calf serum.2® When total
nucleic acid synthesis was measured, sufficient
i*H]- or [*Clthymidine or [3Hluridine was
added to a final concentration of 0.05-1.0 xCi/
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ml. In pulse label experiments, the isotope was
added at the same final concentration and al-
lowed to remain in contact with the cells for
30 minutes. The radioactive medium then was
decanted, the cell monolayer washed twice
with HBS and the cells harvested by means of
0.25% trypsin in HBS or with 0.25 mM EDTA
{pH 8.0) plus 0.5% calf serum in HBS. Viable
cells were enumerated as described above.

In order to determine the extent of labeled
thymidine incorporation, 100 ul aliquots of cells
were spotted on small numbered squares of
Whatman No. 1 filter paper. After drying, the
squares of filter paper were washed three times
with ice-cold 59 TCA, twice with 959 ctha-
nol, and once with anhydrous diethyl ether. The
dried squares of filter paper were immersed in
15 ml of 0.3% PPO in toluene and radioactivity
determined as described below. Alternatively,
cells were precipitated with ice-cold 0.5 N
HCIO, and the acid-insoluble fraction washed
by three resuspensions in 0.5 N HCIO,. Re-
sulting pellets were dissolved in the toluene-
Scintisol solution described below. The results
of both procedures correlated well.

Incorporation of [*Hluridine into RNA
was measured by dissolving washed, acid-insolu-
ble, cell pellets in 0.3 N KOH and hydrolyzing
for 18 hours at 37 C. Following precipitation
with HCIO, and neutralization with KOH/
KHCO,, aliquots of the resulting supernatant
solutions were added to a mixture of 0.3%
PPO in toluene containing 109% Scintisol (Iso-
lab, Akron, Oh). Samples were counted in a
Beckman Meodel LS-250 or a Packard Model
3320 liquid scintillation spectrometer. Dpm
were calculated for each isotope by the external
standard method.

LABELING OF THYMIDINE NUCLEOTIDES.—
B-mix K-44/6 cells were planted in disposable
100 X 20 mm petri dishes with 10 ml of
growth medium at a concentration of 1.5 X 108
cells/dish. After 20-22 hours, cells were in
early log phase and 1.0 ml of ara-A in growth
medium was added to a final concentration of
120 uM. At selected times [*H]thymidine was
added to duplicate cultures in 0.2 ml of growth
medium at a final concentration of 0.2 uCi/ml.
Incubation at 37 C was continued for 0.5 hour,
then radioactive medium was aspirated, cell
sheets were rinsed twice with medium 199 with-
out phenol red (Industrial Biological Labora-
tories, Rockville, Md), 2.0 ml of ice-cold
0.01 N acetic acid were added, and the cells
scraped from the surface with a rubber police-
man. (This method was used to remove the cell
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sheet because separate experiments established
that up to 40% of labeled intracellular nucleo-
tides leaked from the cells when cell sheets were
removed with trypsin or EDTA.) Cells were
transferred to a conical tube, [M*CJATP was
added as an internal standard, and nucleotides
extracted using the perchlorate procedure of
Bagnara and Finch.32 Acid insoluble material
was washed free of soluble radioactivity by re-
peated resuspension and pelleting in ice-cold
TCA. The insoluble material was dissolved in
0.2 ml of toluene (Packard Instrument Co.,
Downers Grove, I1), neutralized with acetic
acid and dpm determined as indicated above.
DNA was assayed by a diphenylamine pro-
cedure.3?

Thymidine nucleotides were determined
by thin-layer chromatography. KOH-neu-
tralized perchlorate supernatants were concen-
trated by lyophilization and dried material was
resuspended in 200 ul of water. Residual, in-
soluble perchlorate was removed by centrifu-
gation. Aliquots of the supernatant fluids and
a solution containing ATP, TTP, TDP, and
TMP as reference compounds were spotted on
PEI.cellulose thin-layer plates (Brinkman In-
struments, Des Plaines, I1) and developed with
water to remove residual thymidine. The
plates then were chromatographed in the sec-
ond dimension in 2 N formic acid - 2 M LiCl
(1:1, v/v) according to Randerath and Ran-
derath®t to separate the nucleotides. Examina-
tion of developed plates under UV light (254
nm) revealed the reference compounds which
appeared as dark spots. Radioactive metabo-
lites were detected by cutting 0.5 or 1.0-cm
wide sections of the plate into counting vials,
extracting with 0.1 N HCI in methanol, add-
ing 13 ml of 0.3% PPO in toluene solution
and counting as indicated above. These pro-
cedures quantitatively recovered and detected
all labeled compounds spotted on the plates.
Coincidence of radioactive and reference com-
pounds were taken as indicating identity.

Results

EFFECT OF ARA-A ON CELL POPULATION
DOUBLING TIME.—Selected concentrations of
ara-A were added to early log phase cultures of
B-mix K-44/6 cclls propagated in medium con-
taining either horse serum or calf serum. The
former medium gave a culture totally free of
adenosine deaminase activity whereas the latter
provided sufficient enzyme to degrade ara-A
with a half-life of approximately 14 hours.2’
Monolayer cultures of B-mix cells normally ex-
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hibited a population doubling time of 19 hours
when cultured in Eagle’s minimum essential
medium supplemented with horse serum and
14 hours when cultured in medium supple-
mented with calf serum. In the presence of 37
M ara-A cells grown in the adenosine deami-
nase-free environment (horse serum supple-
ment) underwent only 0.25 population doubl-
ings in 28 hours. With 150 gM ara-A there was
no increase in viable cells (Fig 1A). In contrast,
addition of 37 to 225 uM concentrations of ara-
A to cells grown in medium containing adeno-
sine deaminase (calf serum supplement) re-
sulted in a cessation of mitosis for periods of 5
to 30 hours respectively. Following this qui-
escent period growth resumed at the original
rate (Fig 1B). At the highest drug concentra-
tion tested (600 uM ), cells did not resume mi-
tosis and the number of viable cells decreased.

In order to determine if the administration
of 600 uM ara-A resulted in a reversible inhi-
bition of cell growth, ara-A was introduced to
early log phase cells and then rinsed from the
cultures at various times after addition of drug
(Fig 2). When ara-A was removed 11 hours
after addition, the cells rapidly resumed mitosis
and divided with a normal doubling time. If
drug removal was delayed until 35 hours, a fur-
ther loss of viability was averted. When ara-A
was removed 48 hcurs after addition virtually
no recovery was noted. Cells rescued from ara-
A inhibition did not reach the maximum cell
density seen in sham-treated cultures.

ErrecT OF sRA-A ON DNA syNTHESIS.—
The effect of ara-A upon the synthesis of total
cellular DNA was studied by the addition of se-
lected amounts of drug and labeled thymidine
to early log phase cells. Incorporation of labeled
thymidine into TCA precipitable material de-
creased by 64%, 92% and 98% respectively
after a 10- hour exposure to 37, 150 and 600
uM concentrations of ara-A (Fig 3). The effect
of ara-A deamination on the rate of DNA syn-
thesis was examined by pulse labeling cells
grown in calf serum- or horse scrum-supple-
mented medium. Ara-A treatment of cells cul-
tured in adenosine deaminase-containing medi-
um resulted in an initially rapid decrease in the
incorporation rate of [$H]thymidine. At 4 to
5 hours, a minimum rate was reached after
which the incorporation rate recovered slightly
and then remained relatively constant for 8 to
20 hours (Fig 4A). In the presence of 450 pM
ara-A, there was no recovery in the rate of in-
corporation. When the experiment was repeated
using medium devoid of adenosine deaminase,



J Dent Res March 1977

278  DRACH ET AL
107
I A

X
(/2]
<{
|
w
o
£ CONTROL ¢
o]
o @
8
510
-
o 3 37.uM
O = o O
o
= _ 150uM
<
= I -
_ ARA- A
ADDED
5
10 T T T 1 T
20 -0 0 0 20 30 40

TIME (hours) AFTER ADDITION OF DRUG

Fic 1.—Effect of ara-A on the growth of B-mix K-44/6 cells cultured in
horse serum-supplemented medium (panel A) or in calf serum-supplemented
medium (panel B). Drugs were added to identical monolayer cultures and

following incubation duplicate flasks were harvested and cells enumerated at
the times indicated. No drug (@), 37 uM ([0), 150 pM (M), 225 pM (A)

and 600 uM (X).

the rate declined during nearly all the time
periods examined without any recovery to a
constant rate of labeled thymidine incorpora-
tion (Fig 4B). .

In order to learn whether the ara-A-in-
duced decrease in incorporation of labeled thy-
midine actually represented decreased DNA
synthesis or merely reflected a decreased label-
ing of DNA precursors, the effect of ara-A on
the labeling of thymidine nucleotides was exam-

ined. Acid soluble nucleotides were extracted
and characterized chromatographically follow-
ing a 0.5-hour exposure of cells to [*H]thymi-
dine. Data listed in the Table show that dur-
ing the time [3H]thymidine incorporation into
DNA was decreasing—and then recovering—
there were no corresponding changes in the lab-
eling of thymidine nucleotides. We conclude,
therefore, that the observed decrease in labeled
thymidine incorporation arose from a block-
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Fie 1.—Continued.

age of DNA synthesis by ara-A and not from an
inhibition of thymidine uptake or phosphory-
lation.

The effect of ara-A cn DNA synthesis in
both continuous and pulse-labeled experiments
is summarized in Fig 5. Inhibition following a
4- to 5-hour exposure to the drug was chosen
to minimize the recovery of DNA synthesis in
the deaminase-containing cultures. Even though
the drug was degraded only to a minor extent
(approximately 309%) during this time, the ef-
fect of deamination was apparent; ara-A was
most active in the medium devoid of adenosine
deaminase activity. In this medium, a 5.4 zM
concentration of ara-A was required to inhibit
DNA synthesis by 50% compared to a 9.5 pM

concentration required in the presence of the
enzyme.

Errect oF ARA-A oN RNA SYNTHESIS.—
RNA synthesis in B-mix cells was measured by
the incorporation of [3Hluridine into acid pre-
cipitable material. Label incorporated into
DNA was eliminated by KOH hydrolysis of
RNA, precipitation of DNA and assaying the
resulting supernatants for label. No effect of
ara-A on RNA synthesis was apparent except
at the concentration (600 uM) sufficient to
cause cell death (Fig 6).

Discussion

We began the present work as background
for studies on the mode of action of ara-A.
When it became evident that the B-mix K-
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Fic. 2.—Influence of ara-A removal on the growth of B-mix K-44/6
cells. Drug (600 gM) was added to identical monolayer cultures grown in calf
serum-supplemented medium and subsequently removed. At the times indi-
cated, duplicate cultures were harvested and cells enumerated. Cell growth in
the absence ( @ ) and presence (X ) of drug.

44/6 cell line was devoid of adenosine deami-
nase activity, the study was expanded to permit
a direct comparison of the antiproliferative ef-
fects of the nucleoside under conditions where
ara-A was, and was not, converted to ara-H.
Cells grown in medium with adenosine
deaminase activity were inhibited initially but
escaped inhibition within 5 to 20 hours de-
pending on drug concentration (Fig 1B). In
separate experiments (Fig 2), it was observed
that the growth-inhibitory effects of ara-A also

could be relieved by removing the drug-con-
taining culture medium. Following removal of
600 uM ara-A, growth resumed within 10 to 15
hours. This is approximately the amount of
time that would be needed for the cells to de-
grade intracellular arabinosyl nucleotides and
to complete the S and G, phases of the cell
cycle. Doering et al.1® also found that L cells re-
sumed multiplication 9 hours after removal of
200 pM ara-A suggesting that exposure to ara-
A did not damage cells irrevocably. The re-
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versibility of ara-A activity together with the
low activity of ara-H strongly indicate that the
resumption of cell growth in calf serum-supple-
mented medium resulted from the conversion
of ara-A to ara-H. Results from experiments by
Ortiz et al.?8 and by Plunkett and Cohen?? seem
to fit this pattern as well. These investigators
found that the number of viable L cells (which
contained adenosine deaminase) declined dur-
ing the first 10- to 15-hour exposure to ara-A;
subsequently the surviving cells resumed mul-
tiplication. The effect of ara-A on cell via-
bility in other cell lines also reflects the en-
zymatic degradation of the drug.3%:3¢ In con-
trast, Leung et al.3” observed that ara-H was
nearly as lethal as ara-A to a polyauxotrophic
strain of Escherichia coli. Thus, in E coli, con-
version of ara-A to ara-H by cellular adenosine
decaminase did not produce a less effective in-
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hibitor and no resumption of cell growth oc-
curred.

In mammalian cells, a lack of adenosine
deaminase or its inhibition greatly increases the
cytotoxicity of ara-A. In the present work, cel-
lular growth was strongly inhibited by 37 pM
ara-A and completely blocked by a 150 pM
concentration when cells were propagated in an
adenosine deaminrase-free environment (Fig
1A). Recent cloning efficiency experiments by
Plunkett and Cohen?? and by Cass and Au-
Yeung?? also clearly established that exposure
of cells to ara-A plus an adenosine deaminase
inhibitor for periods greater than the popula-
tion doubling time lead to nearly complete loss
of cell viability.

The effect of ara-A on DNA synthesis
paralleled its effect on cellular growth. The in-
hibition of DNA synthesis in B-mix K-44/6
cells cultured in adenosine deaminase-contain-
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F1c 3.—Influence of ara-A on labeled thymidine incorporation. Selected
concentrations of drug and [3H]thymidine (1 uCi/ml, 15 Ci/mmole) were
added to identical early log phase monolayer cultures 22 hours after planting
in calf serum-containing medium. Duplicate flasks were harvested, precipi-

tated and counted at the times indicated.
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Fic 4—Effect of ara-A on the rate of labeled thymidine incorporation
by cells grown in calf serum-containing medium (panel A) or in horse serum-
containing medium (panel B). Selected concentrations of ara-A were added
to identical early log phase monolayer cultures 22 hours after planting. At
the times indicated labeled thymidine (1 wCi/ml, 15 Ci/mmole panel A;
2 pCi/ml, 45 Ci/mmole panel B) was added 0.5 hour before duplicate flasks

were harvested.

ing medium was approximately one-half that
observed in cells cultured in the deaminase-free
medium, wiz. 10 pgM was required to obtain
509 inhibition when measured 4 to 5 hours
after drug addition (Fig 5). However, these ob-
servations were made at time points < 1/3 the
biological half-life of ara-A in the medium.
The activity of ara-A at times twice as long as
the biological half-life, best measured by pulse
exposures to labeled thymidine (Fig 4), reveal-
ed a considerably more potent inhibitory effect

for the drug in adenosine deaminase-free me-
dium. For example, in medium which deami-
nated the drug, inhibition of DNA synthesis 20
hours after drug addition was 78% and 96%
at ara-A concentrations of 37 and 150 uM, re-
spectively. In deaminase-free medium, inhibi-
tions of 949 and 99.6% were noted at the same
time period. In addition, the recovery in the
rate of DNA synthesis noted in cells grown in
the deaminase-containing medium was almost
abolished in cells grown in deaminase-free me-
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dium (Fig 4). In unpublished experiments, we
have observed a more nearly complete recovery
in the rate of DNA synthesis following exposure
of KB cells (an established line of human epi-
dermoid carcinoma cells) to ara-A for 6 to 12
hours. Ara-A has a half-life of 1 to 2 hours in
monolayer cultures of KB cells; thus the more
complete recovery in the rate of DNA synthesis
may be related to the more rapid inactivation
of the drug. LePage,2” working with mice bear-
ing Ehrlich ascites carcinoma and Cass and
Au-Yeung,?? using L1210 cells in vitro also ob-
served a marked inhibition of cellular DNA
synthesis 15 to 30 minutes atter administration
of ara-A. Subsequently, DNA synthesis recover-
ed and surpassed control values by 12 to 24

hours after dosing. No recovery was observed
when the adenosine deaminase inhibitor covi-
darabine was added.2® Recovery of DNA syn-
thesis following inhibition by ara-C also has
been reported.38:39

The activity of ara-A against DNA syn-
thesis in B-mix K-44/6 cells cultured in adeno-
sine deaminase-containing medium is approxi-
mately the same as that noted in vitro by other
investigators. For example, Grindey and Ni-
chol?® found that a 13 to 31 uM concentration
of ara-A was required for a 509 inhibition.
Doering et al.}¢ reported that a 200 uM con-
centration almost totally inhibited DNA syn-
thesis. Less potent effects of ara-A have been
reported by Brink and LePage*' who observed
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TABLE

EFFECT OF ARA-A ON LABELING OF INTRAGELLULAR THYMIDINE
NvucLeoTDEs IN B-Mix K-44/6 CeLLs

- 5 T
Time (hr) after Incorporation of [*H]} Labeled Thymidine (dpm/ug DNA)*

addition of DNA
120 uM ara-A T™P TDP TTP DNA (% Control)
Control 261 156% 2330t 1700 100
0.5 29 243 2740 405 24
1.5 47 276 2430 252 15
2.5 23 218 2840 137 8.1
4.5 63 208 1650 113 6.6
6.5 13 124 1520 132 7.8
8.5 30 179 2350 230 14
10.5 30 145 1710 316 19
245 22 128 1710 411 24

Note: Duplicate monolayer cultures of cells logarithmically growing in calf serum-
supplemented medium were exposed to 0.2 uCi/ml of [*Hlthymidine for 0.5 hour at
selected times. Cells were harvested and radioactive, acid-soluble, nucleotides were
characterized by liquid scintillation counting of sectioned thin-layer chromatograms. Radio-
activity incorporated into DNA was determined in the corresponding acid-insoluble pre-
cipitates.

P * Nucleotide dpm also were volume corrected by the addjtion of an internal standard
([**CIATP) to acid-soluble fractions.

1 Average values from cultures without drug. Cultures were incubated for 0 to 6
hours after sham treatment and then exposed to [*Hlthymidine for 0.5 hour. Prior experi-
ments had established that such labeling of thymidine nucleotides was constant over a
24-hour period in logarithmically growing cells.
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Fic 5.—Dose-response relationships illustrating the inhibition of labeled
thymidine incorporation by ara-A. Data from all experiments (continuous
and pulse labeled) are expressed as the average activity (= standard devia-
tion) remaining after a 4- to 5-hour exposure of cells to the drug. Numbers in
parentheses give the number of replicate experiments at each drug level
Duplicate cultures were used in all experiments. Activity of ara-A cells cul-
tured with horse serum-supplemented medium (Q) or calf serum-supple-
mented medium (@ ).



Vol. 56 No. 3 ANTIPROLIFERATIVE EFFECTS OF ARA-A4 285
30
X 20 -
o)
<<
|
w
N
£
[&]
10
T 104
w —
o
e ]
£
E
O —
w
2 5-
o
(@]
S
[1 4
(@}
[
g —
i
z
a
© -
2D
[}
s
~n
X
I | | 1 I
0 10 20 30 40 50

TIME (hours) AFTER ADDITION OF ARA-A

Fic 6.-—Influence of ara-A on labeled uridine incorporation by cells
grown in calf serum-containing medium. Selected concentrations of drug and
[3H]uridine (0.2 pCi/ml, 26 Ci/mmole) were added to identical early log
phase monolayer cultures 22 hours after planting and duplicate flasks were

harvested at the times indicated.

approximately 80% inhibition of DNA syn-
thesis at 750 uM ara-A and by Hughes and
Kimball4? who noted an approximate 70% re-
duction with 1 mAM ara-A. The lower activity
in the latter two studies might have arisen
through the use of much heavier cell suspen-
sions (3.5 X 107 cells/ml) than used in our
studies (1-2 X 106 cells/25 sq cm bottle) and
the resultant exposure of ara-A to high levels
of adenosine deaminase. In previous work with
KB cells,*® which degrade ara-A with a shorter
half-life (1 to 2 hours) than in the present
study, we found that 67 pM ara-A was needed

to inhibit cellular DNA synthesis by 509% when
adenosine deaminase was not inhibited and 8
#M when it was inhibited by coformycin. The
latter figure agrees well with the 5 M concen-
tration required in the current study using
adenosine deaminase-free cultures. The lower
potency of ara-A reported in our earlier work
with B-mix cells (80% inhibition at 500 uM
ara-A )43 probably was observed because labeled
thymidine incorporation was measured after a
22-hour exposure to the drug thereby permit-
ting significant conversion to ara-H and conse-
quent recovery in DNA synthesis. However,
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both our prior and our current results differ
from those of Bennett et al.#* who observed that
concentrations of ara-A up to 375 gM did not
inhibit DNA synthesis in HEp-2 cells. Even as-
suming that ara-A was totally converted to
ara-H by HEp-2 cells prior to the 9-hour label-
ing period employed, some inhibition would be
expected. However, a change in the labeling of
thymidine nucleotides during the HEp-2 cell
experiments** may be sufficient to explain the
apparent inability of the drug to inhibit DNA
synthesis.

To our knowledge, all other investigators
who utilized incorporation of labeled thymidine
as a measure of DNA synthesis did so without
climinating the possibility that the apparent
inhibition of DNA synthesis by ara-A might re-
flect a decrease in the phosphorylation of the
labeled precursor. The observation that [3H]-
thymidine phosphorylation was not affected by
120 uM ara-A (Table) establishes that inhihi-
tion of labeled thymidine incorporation by ara-
A does reflect inhibition of DNA synthesis. Al-
though ara-C decreases thymidylate synthetase
activity as a secondary drug effect,?? like ara-A
it does not affect the uptake or phosphorylation
of thymidine at concentrations needed to in-
hibit DNA synthesis. Graham and Whitmore#5
found no change in the labeling of thymidine
nucleotides during a > 999 inhibition of DNA
synthesis by ara-C. Roller et al.#¢ also noted
that concentrations of ara-C as high as 411 aM
did not influence thymidine uptake into acid-
soluble material. Chou et al.38 found that ara-C
did not affect labeled pools of cytidine and its
nucleotides during inhibition of DNA synthe-
sis. In contrast, Bennett et al.%* ohserved a
threefold increase in the labeling of thymidine
nucleotides in the presence of 375 uM ara-A.
Although differences between Bennett’s obser-
vations and ours might arise from the use of
different cell lines or from different times of
exposurc to labeled thymidine (9 hours versus
30 minutes in this study), we have no data
which reconcile the dissimilarities.

Little or no effect of ara-A has been ob-
served on RNA synthesis in E ¢oli,37 ascites
tumor cells,541 L cells'® and HEp-2 cells.#*
The lack of effect of < 150 uM ara-A on RNA
synthesis in our studies is consistent with these
observations. Inhibition of RNA synthesis was
observed at 600 uM ara-A but this concentration
was sufficient to cause cell death (Fig 1B). In-
hibition of RNA synthesis also has been noted
following exposure of MDBK cells to high
levels (560 uM) of drug.t”
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Conclusions

The effect of ara-A on cellular growth,
DNA synthesis, and RNA synthesis was meas-
ured in an established cell line {B-mix K-44/6)
devoid of adenosine deaminase activity. Cells
adapted to growth in a medium supplemented
with horse serum provided an environment to-
tally lacking adenosine deaminase activity
whereas cultivation of cells in a medium sup-
plemented with calf serum provided a system
capable of deaminating ara-A to ara-H (half-
life = 14 hours). Under deaminase-free condi-
tions early log phase cells underwent 1.5 popu-
lation doublings during 28 hours compared with
0.25 doublings in the presence of 37 uM ara-A.
When cells were grown in medium supple-
mented with calf serum the addition of 37 to
225 pM ara-A resulted in a cessation of mitosis
for periods of 5 to 30 hours respectively. Fol-
lowing this quiescent period growth resumed at
the original rate. With 600 zAM ara-A mitosis
was reversibly inhibited up to 35 hours after
drug addition.

The effects of ara-A on RNA and DNA
synthesis were monitored by continuously or
pulse labeling B-mix K-44/6 cells with [3H]-
uridine or [*H]thymidine. Ara-A did not in-
fluence RNA synthesis as judged by labeled
uridine incorporation. Under deaminase-free
conditions, 5.4 uM ara-A inhibited labeled thy-
midine incorporation by 50%. In the presence
of the enzyme, approximately twice the ara-A
concentration was required for the same inhibi-
tion; furthermore, the initial inhibition was fol-
lowed by a partial recovery in the rate of thy-
midine incorporation. Examination of thymi-
dine nucleotide pools during ara-A treatment
revealed no changes in the labeling of dTMP,
dTDP, and dTTP. Thus inhibition of [*H]thy-
midine incorporation by ara-A accurately re-
flected inhibition of DNA synthesis.

We conclude that, in spite of an initial in-
hibition of DNA synthesis and mitosis by ara-A,
B-mix K-44/6 cells recover from the inhibitory
effects if the drug is removed either by a change
in the culture medium or by metabolism to
ara-H.

We thank Mrs. Sandra H. Smith for her excellent
technical assistance. Stimulating discussions with Drs.

Theodore R. Oegema and Pauline M. Schwartz are ap-
preciatively acknowledged.

References

1. Conen, S.S.: Introduction to the Biochem-
istry of D-Arabinosyl Nucleosides, Prog Nucl
Acid Res Mol Biol 5:1-88, 1966.



Vol. 56 No. 3

2.

10.

11.

12.

13.

LePace, G.A.: Alterations in Enzyme Ac-
tivity in Tumors and the Implications for
Chemotherapy, Advan Enzyme Regul 8:
323-332, 1970.

. SuHADOLNIK, R.].: Nucleoside Antibiotics,

New York: Wiley-Interscience, 1970, pp.
123-159.

. ScHaBEL, F. M., Jr.: The Antiviral Activity

of 9-B-D-Arabinofuranocsyladenine (Ara-A),
Chemotherapy 13:321-338, 1968.
SuannoN, W.M.: Adenine Arabinoside:
Antiviral Activity In Vitro, in Pavan-LaNG-
sToN, D.; Bucmanan, R.A.; and ALForp,
C.A., Jr. (eds): Adenine Arabinoside: An
Antiviral Agent, New York: Raven Press,
1975, pp 1-43.

Sroan, B.J.: Adenine Arabinoside: Chemo-
therapy Studies in Animals, in PAvan-Lanc-
stoN, D.; Bucmanan, R.A.; and ALFORD,
C.A., Jr. (eds): Adenine Arabinoside: An
Antiviral Agent, New York: Raven Press,
1975, pp. 45-94.

. Pavan-LangsTon, D.; BucmanaN, R.A;

and Arrorp, C.A., Jr. (eds): Ophthalmic
Studies, in Adenine Arabinoside: An Anti-
viral Agent, New York: Raven Press, 1975,
pp 293-416.

. Warreey, R.J.; Ce’ien, L.T.; Douin, R.;

Gavrasso, G.J.; and ALrorp, C.A., Jr. (eds):
Adenine Arabinoside Therapy of Herpes
Zoster in the Immunosuppressed, N Engl J
Med 294:1193-1199, 1976.

.Kurrz, S.M.: Toxicology of Adenine Arab-

inoside, in Pavan-LanesTtoNn, D.; Bucm-
ANAN, R.A.; and Avrrorp, C.A., Jr. (eds):
Adenine Arabinoside: An Antiviral Agent,
New York: Raven Press, 1975, pp 145-157.
Cx’ien, L.T.; WaitLEY, R.].; NamMIAs,
A.J.; Lewin, EB.; Linnemann, C.C.;
FrenkEL, L.D.; BerranTi, J.A.; BUcHAN-
AN, R.A.; and Arrorp, C.A., Jr.: Antiviral
Chemotherapy and Neonatal Herpes Simplex
Virus Infection: A Pilot Study—Experience
with Adenine Arabinoside (Ara-A), Pediat-
rics 65:678-685, 1975.

AronsoN, M.D.; Puirries, C.F.; Guwmp,
D.W.; ALserTINL, R.].; and PaILLIPS, C.A.:
Vidarabine Therapy for Severe Herpesvirus
Infection, | Am Med Assn 235:1339-1342,
1976.

SurpmaN, C. Jr.; Smith, S.H.; CARLSON,
R.H.; and DracH, J.C.: Antiviral Activity
of Arabinosyladenine and Arabinosylhypo-
xanthine in Herpes Simplex Virus-Infected
KB Cells. 1. Selective Inhibition of Viral
DNA Synthesis in Synchronized Suspension
Cultures, Antimicrob Agents Chemother 9:
120-127, 1976.

ScawarTtz, P.M.; Smipman, C., Jr.; and
Dracs, J.C.: Antiviral Activity of Arabinec-
syladenine and Arabinosylhypoxanthine in
Herpes Simplex Virus-Infected KB Cells. II.
Selective Inhibition of Viral DNA Synthe-

ANTIPROLIFERATIVE EFFECTS OF ARA-A4

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

287

sis in the Presence of an Adenosine Dea-
minase Inhibitor, Antimicrob Agents Chem-
other 10:64-74, 1976.

DracH, J.C., and SHipMaN, C., Jr.: The
Selective Inhibition of Viral DNA Synthesis
by Chemotherapeutic Agents: An Indicator
of Clinical Usefulness? Ann NY Acad Sci
In press.

Brink, J.J., and LEPacE, G.A.: Metabolic
Effects of 9-D-Arabinosylpurines in Ascites
Tumor Cells, Cancer Res 24:312-318, 1964.
Dokering, A.; KELLER, J.; and CoHEN, S.S.:
Some Effects of D-Arabinosyl Nucleosides on
Polymer Synthesis in Mouse Fibroblasts,
Cancer Res 26:2444-2450, 1966.

LePace, G.A.: Manipulation of DNA Syn-
thesis in Normal and Neoplastic Tissue with
Drugs, Advan Enzyme Regul 12:373-381,
1974.

LePace, G.A.; WorrH, L.S.; and Kimearet,
AP.: Enhancement of the Antitumor Ac-
tivity of Arabinofuranosyladenine by 2/-
Deoxycoformycin, Cancer Res 36:1481-
1485, 1976.

Woo, PWXK.; Dion, HW.; Lance, SM.;
Danmr, L.F.; and DuruaMm, L.J.: A Novel
Adenosine and Ara-A Deaminase Inhibitor,
(R)-3- (2-Deoxy-8-D-Erythropentofuranosyl)-
3,6,7,8-tetrahydroimidazo [4,5-d] [1,3] Diaze-
pin-8-ol, J Heterocycl Chem 11:641-643,
1974.

Nakamura, H.; Kovama, G.; Irtaka, Y.;
Onno, M.; Yacisawa, N.; Kownpo, S.:
MaEepa, K. ; and Umezawa, H.: Structure of
Coformycin, an Unusual Nucleoside of
Microbial Origin, ] Am Chem Soc 96:4327—
4328, 1974.

ScuAEFFER, H.J., and Scuwenper, C.F.:
Enzyme Inhibitors. 26. Bridging Hydro-
phobic and Hydrophilic Regions on Ade-
nosine Deaminase with Some 9-(2-Hydroxy-
3-Alkyl) Adenines, | Med Chem 17:6-8,
1974.

PrunkerT, W., and CouEen, S.S.: Two Ap-
proaches that Increase the Activity of An-
alogs of Adenine Nucleosides in Animal
Cells, Cancer Res 35:1547-1554, 1975.
Cass, C.E., and Avu-Yeunc, T.H.: En-
hancement of 9-8-D-Arabinofuranosylade-
nine Cytotoxicity to Mouse Leukemia L1210
In Vitro by 2’-Deoxycoformycin, Cancer Res
36:1486-1491, 1976.

Svoeopa, J.; VEseLy, P.; and DoNNER, L.:
Characteristics of Highly Polyploid Clones
Isolated from Lines of RSV-Transformed
Rat Cells, Folia Biol (Praha) 13:40-43,
1976.

SurpmaN, C., Jr.; Novack, J.M.; and
DracH, J.C.: Effect of 9-8-D-Arabinofuran-
osyladenine (Ara-A) and 9-8-D-Arabinofur-
anosylhypoxanthine (Ara-Hx) on Growth
Rate and Nucleic Acid Synthesis in B-Mix
K44/6 Cells, Fed Proc 32:699, 1973,



288

26.

27.

28,

29.

30.

31.

32.

33.

34.

35.

36.

DRACH ET AL

SurpmaN, C., Jr.; SanpBeErs, J.N.;
ScawarTz, P.M.; and Drachl, J.C.: An
Established Mammalian Cell Line Devoid of
Adenosine Deaminase Activity: B-Mix K-
44/6, 15th Interscience Conf Antimicrob
Agents Chemother: Abstract No. 358, 1975.
Isui, K., and Green, H.: Lethality of Ad-
enosine for Cultured Mammalian Cells by
Interference with Pyrimidine Biosynthesis,
J Cell S¢i 13:429-439, 1973.

OrTiz, P.J.; MaNDUKA, M.].; and CouEn,
S.S.: The Lethality of Some D-Arabinosyl
Nucleotides to Mouse Fibroblasts, Cancer
Res 32:1512-1517, 1972.

ScuwarTz, P.M.; Suipman, C., Jr.; CARL-
soN, R.H.; and Dracu, J.C.: Thermal In-
activation as a Means of Inhibiting the
Serum-Associated Deamination of 9-8-D-
Arabinofuranosyladenine in Tissue Culture
Media, Antimicrob Agents Chemother 5:
337-343, 1974.

SuipmaN, C., Jr.: Evaluation of 4-(2-Hy-
droxyethyl)-1-piperazineéthanesulfonic Acid
(HEPES) as a Tissue Culture Buffer, Proc
Soc Exp Biol Med 140:305-310, 1968.
Havrrick, L.: Screening Tissue Cultures for
Mycoplasma Infections, in Krusg, P.F., Jr.,
and PartErson, MK., Jr. (eds); Tissue
Culture: Methods and Applications, New
York: Academic Press, 1973, pp 722-728.
Bacnara, AS., and Fincu, LR.: Quanti-
tative Extraction and Estimation of Intra-
cellular Nucleoside Triphosphates of Escher-
ichia coli, Anal Biochem 45:24-34, 1972.
GiLes, KW., and Myers, A.: An Improved
Diphenylamine Method for the Estimation of

Deoxyribonucleic  Acid, Nature 206:93,
1965.
RanperaTH, K., and RanperaTH, E.: Ion-

Exchange Chromatography of Nucleotides on
Poly-(ethyleneimine ) -Cellulose Thin Layers,
J Chromatogr 16:111-125, 1964.

Mirrer, F.A; Dixon, G.]J.; ExruricH, J.;
Sroan, B.J.; and McLEean, LW, Jr.: Anti-
viral Activity of 9-8-D-Arabinofuranosylad-
enine. I. Cell Culture Studies, Antimicrob
Agents Chemother 1968:136-147, 1969.
SaannNoN, W.M.; WesTBrOOK, L.; and
ScuaserL, F.M., Jr.: Antiviral Activity
of 9-B8-D-Arabinofuranosyladenine (Ara-A)
Against Gross Murine Leukemia Virus in
Vitro, Proc Soc Exp Biol Med 145:542-545,
1974.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

J Dent Res March 1977

Leune, H.B.; DoEring, A M.; and CoHEN,
S.S.: Effect of 9-8-D-Arabinofuranosylade-
nine on Polymer Synthesis in a Polyauxo-
trophic Strain of Escherichia coli, | Bacteriol
92:558-564, 1966.

Cuou, T.-C.; Hurcuison, D.J.; Scuwmip,
F.A.; and PuirLrips, F.S.: Metabolism and
Selective Effects of 1-8-D-Arabinofurano-
sylcytosine in L1210 and Host Tissue in
Vivo, Cancer Res 35:225-236, 1975.
Roserts, D., and Loeur, E.V.: Depression
of Thymidylate Synthetase Activity in Re-
sponse to Cytosine Arabinoside, Cancer Res
32:1160-1169, 1972.

GrinpEY, G.B., and Nicuow, C.A.: Interac-
tion of Drugs Inhibiting Different Steps in
the Synthesis of DNA, Cancer Res 32:527~
531, 1972.

Brink, J.J., and LEPacE, G.A.: 9-8-D-Ara-
binofuranosyladenine as an Inhibitor of Me-
tabolism in Normal and Neoplastic Cells, Can
J Biochem 43:1-15, 1965.

Hucues, R.G., Jr., and KimBarr, A.P.:
Metabolic Effects of Cyclic 9-8-D-Arabino-
furanosyladenine  3’,5-Monophosphate in
L1210 Cells, Cancer Res 32:1791-1794,
1972.

SurpmaN, C., Jr.; SmitH, S.H.; and DracH,
J.C.: Selective Inhibition of Nuclear DNA
Synthesis by 9-8-D-Arabinofuranosyl Aden-
ine in Rat Cells Transformed by Rous Sar-
coma Virus, Proc Nat Acad Seci U.S. 69:
1753-1757, 1972.

Bennerr, L.L.,, Jr.; SHANNON, WM.; AL-
LEN, P.W.; and ArnEeTT, G.: Studies on the
Biochemical Basis for the Antiviral Activities
of Some Nucleoside Analogs. Ann NY Acad
Sei 255:342-358, 1975.

GrauaMm, F.L., and Wurrmore, G.F.: The
Effect of 1-8-D-Arabinofuranosylcytosine on
Growth, Viability, and DNA Synthesis of
Mouse L-Cells, Cancer Res 30:2627-2635,
1970.

RoLLER, B.A.; Hiral, K.; and DerenpI, V.:
Effect of cAMP on Nucleoside Metabolism.
1I. Cell Cycle Dependence of Thymidine
Transport, J Cell Physiol 84:333-342 1974.
GranT, J.A., and SasiNna, L.R.: Inhibition
of Vesicular Stomatitis Virus Replication by

9-B-D-Arabinofuranosyladenine, Antimicrob
Agents Chemother 2:201-205, 1972.





