ample, in precursor uptake, transmitter
synthesis, transmitter degradation) or,
alternatively, to restore the balance be-
tween two or more age-altered neuro-
transmitter systems before a consistently
positive effect on memory is obtained.
Nevertheless, these results indicate that
(i) reliable changes in performance on
this memory task do occur under physo-
stigmine, (ii) certain age-related dif-
ferences in these effects also exist, and
(iii) some aged monkeys perform signifi-
cantly better under a number of short-
term doses. Although these results do
not provide strong support for the use of
physostigmine as a reliable therapeutic
agent for geriatric cognition, they do pro-
vide additional circumstantial evidence
for an important cholinergic role in age-
related memory impairments. More im-
portant, they provide an objective ratio-
nale for believing appropriate pharma-
cological manipulation of the cholinergic
system (perhaps in conjunction with oth-
er neurotransmitter systems) may even-
tually be developed to alleviate some of
the cognitive declines associated with
advanced age.
RaymonD T. BARTUS*
Department of Pharmacology,
Warner-Lambert/Parke-Davis Research
Laboratories, Ann Arbor, Michigan
48106, and Medical Research Division,
American Cyanamid Company, Pearl
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Elimination of Metabolic Cooperation in

Chinese Hamster Cells by a Tumor Promoter

Abstract. Wild-type Chinese hamster V79 cells (6-thioguanine-sensitive) reduce
the recovery of 6-thioguanine-resistant cells when they are cultured together at high
densities, through a form of intercellular communication (metabolic cooperation).
Cooperation is inhibited by 12-O-tetradecanoyl phorbol-13-acetate, rescuing the 6-
thioguanine-resistant cells. These results may be useful in the study of an aspect of
the mechanism of tumor promotion and in assaying for promoters.

Metabolic cooperation is a form of in-
tercellular communication in which the
mutant phenotype of enzyme-deficient
cells is corrected by normal cells or by
different mutant cells. Two types of
metabolic cooperation have been ob-
served: one requires cell-to-cell contact,
the other does not. A typical example of
the former is the hypoxanthine-guanine
phosphoribosyltransferase (HGPRT) sys-

tem described by Subak-Sharpe et al.
(7). Subsequent investigations have in-
dicated that metabolic cooperation also
occurs with the products and functions
of the enzymes coded by genes for ade-
nine phosphoribosyltransferase (2), thy-
midine kinase (C), Na't, K*-activated
adenosinetriphosphatase (3), B-adrener-
gic receptor (4), and plasminogen activa-
tor (5). The second type of metabolic co-

Table 1. The effects of phorbol ester analogs on the recovery of the 6-TG" cells. The percentage
of recovery for each treatment group was obtained by averaging the results for 21 plates, each of
which contained 8 X 10° 6-TG* cells and 100 6-TG" cells. The concentration of phorbol, TPA,
and all phorbol ester analogs was 1 ng/ml. Statistical significance was determined according to a
modification of the Student-Newman-Keuls test. Recovery of cells treated with TPA, phorbol-
12,13-didecanoate, and phorbol-12,13-dibutyrate was superior to that of the control group at the
P < .01 level of confidence; for cells treated with 4-O-methylphorbol-12-myristate-13-acetate,
recovery was superior to that of the control group at P < .05. For each treatment group there
were six control plates, in which 6-TG" cells were cultured alone. The phorbol drugs had no
significant effect on their attachment and growth. Tumor-promoting potential was rated on a
scale of 0 to 4, with 0 representing no significant activity and 4 the greatest activity.

Tumor-promoting Percentage recovery

Phorbol analog activity in vivo + standard error
Control (ethanol) 0 26.7 £ 1.3
Phorbol 0 27513
4-a-Phorbol-12,13-didecanoate 0 31.6 £ 1.5
Phorbol-12,13-diacetate 1 328 £ 1.1
4-O-Methylphorbol-12-myristate-13-acetate 1 33.5 = 1.5
Phorbol-12,13-dibutyrate 2 51.0 = 1.9
Phorbol-12,13-didecanoate 3 91.5 £ 2.2
Phorbol-12-myristate-13-acetate 4 100 *=2.3
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operation is exemplified by the different
syndromes of mucopolysaccharidosis (6,
7). Here cell-to-cell contact is not re-
quired, since cooperation appears to be
mediated by means of a diffusible prod-
uct. Metabolic cooperation has been
shown to be influenced by such factors
as different chemical analogs (8), cell
lines (9), and membrane modifications
(10). Cell-to-cell communication, thought
to be involved in metabolic cooperation,
has also been implicated in a variety of
biological processes, including immune
response (/7) and growth control (12).

We report here a series of experiments
that demonstrate the elimination of
metabolic cooperation between 6-thio-
guanine-resistant (6-TG*) and 6-thio-
guanine-sensitive (6-TG®*) Chinese ham-
ster V79 cells by the potent tumor pro-
moter 12-O-tetradecanoyl phorbol-13-
acetate (TPA).

Since the original demonstration by
Berenblum (/3) of two-stage (initiation
and promotion) carcinogenesis in mouse
skin, a number of more recent studies
have corroborated the two-stage concep-
tualization of tumorigenesis. Initiation
seems to be the result of an irreversible
cellular event that is induced by physical
or chemical changes, whereas promotion
appears to be a reversible process (up to
a point) that depends on repeated treat-

Fig. 1. (a) Effect of cell density on the recov-
ery of 6-TG" cells cultured with and without
TPA. Wild-type 6-TG® cells and a mixture of
approximately 100 x-ray-induced 6-TG" colo-
nies were grown in modified Eagle’s medium
(Earle’s balanced salt solution with a 50 per-
cent increase of essential amino acids and vi-
tamins) supplemented with a 100 percent in-
crease of nonessential amino acids, 1 mM so-
dium pyruvate, and a 5 percent increase of
fetal calf serum. In a humidified air atmo-
sphere (5 percent CQO,) at 37°C, the two cell
lines had a generation time of approximately
12 hours. Both cell lines were cultured simul-
taneously, allowed to attach themselves to the
9-cm-diameter plates (Falcon), and then were
treated with TPA (1 pg/ml) and 6-thioguanine
(10 wg/ml). The TPA was removed about 4
days after the cells were first cultured and re-
placed by a medium containing only 6-thio-
guanine. The colonies were fixed, stained
with Giemsa, and scored for recovery about 3
days later. Percentage of recovery was deter-
mined as the average of the recovery in the
ten plates in each treatment group. (b) Effect
of concentration of TPA on the recovery of 6-
TGF cells. The culture conditions were identi-
cal to those in (a). In each plate, 100 6-TG*
cells were cultured with 8 x 10° 6-TG® cells.
For each treatment group there were four
control plates, in which 100 6-TG* cells were
cultured alone. None of the TPA concentra-
tions had any significant effect on the efficien-
cy with which cells in each group attached
themselves to the plates and grew. Percentage
of recovery was determined as the average of
the recovery in the ten plates in each treat-
ment group.
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ment of the initiated cell by agents which
are weakly carcinogenic or noncarcino-
genic by themselves. Many different
chemical compounds, given to animals
after initiation with chemical or physical
carcinogens, have been implicated as tu-
mor promoters in several organ systems.
The list includes chemicals as structural-
ly and functionally dissimilar as butyl-
ated hydroxytoluene (/4), phenobarbital
(15), thyroid-stimulating hormone (I16),
bile acids (17), Tween 80 (/8), alkanes
(19), and cholesterol (20). Evidence fa-
vors the hypothesis that tumor initiation
is a mutagenic event and promotion an
epigenetic change (21).

In an attempt to delineate the bio-
chemical mechanism of tumor promo-
tion, TPA, the most potent of all known
tumor promoters, has been examined
quite extensively. When TPA is adminis-
tered to cells in culture, a large number
of responses are elicited. Among the
most striking are an increase in the syn-
thesis of DNA and RNA, stimulation of
ornithine decarboxylase activity, an in-
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crease in the uptake of 2-deoxyglucose,
an increase in prostaglandin synthesis,
altered cellular morphology, and an in-
crease in malignant transformations, and
in the recovery of specific mutant somat-
ic cells (22). Clearly, TPA is capable of
inducing major cellular changes whose
significance we do not yet fully under-
stand.

In an attempt to examine the biological
effects of TPA on cellular membranes
and the intercellular transport of small
molecules, we cultured a small number
of 6-TG* V79 cells in the presence of var-
ious numbers of 6-TG® cells; in each
case, the number used was sufficient to
reduce the recovery of the mutant cells
(Fig. 1a). With no treatment, the recov-
ery of the 6-TG" cells diminishes precipi-
tously when the number of wild-type
cells increases. In the presence of 7 X
10> wild-type cells it is possible to re-
cover as colonies approximately 25 per-
cent of the 6-TG" cells originally cul-
tured. However, if the same experiment
is conducted with the addition of TPA,
the recovery of 6-TG" cells is not signifi-
cantly reduced; it is still possible to re-
cover approximately 85 of the 100 6-TG*
cells originally cultured. In this series of
experiments, TPA was present during
the first 4 days of growth, at the end of
which virtually all of the 6-TG® wild-type
cells had been killed. The TPA was then
removed, and cultivation of the colonies
in selective medium was continued for 4
to 5 days. Control experiments have
clearly indicated that TPA does not en-
hance the efficiency with which 6-TG*
cells attach to the plate and grow when
they are cultured alone (data not given).
Therefore, we feel that TPA somehow
blocks metabolic cooperation, thereby
allowing mutant 6-TG" cells to proliferate
in the medium.

In an attempt to determine whether
the modification of the recovery of 6-TG"
cells by TPA was dose-responsive, we
performed the following experiment. Us-
ing 8 X 10°> 6-TG® cells and 100 6-TG"
cells per plate, we measured the recov-
ery of the resistant cells after exposure
to TPA (0.01 to 10 ng/ml). A dose-re-
sponsive relationship was clearly dem-
onstrated when TPA (1 ng/ml) was suf-
ficient to allow the recovery of almost
100 percent of the 6-TG" cells (Fig. 1b).

Table 1 gives the results of an experi-
ment to determine whether this system is
capable of discriminating between tumor
promoters of various degrees of potency
in vivo. In addition to TPA and phorbol
(the parent alcohol of TPA), we exam-
ined five commercially synthesized,
structural analogs of TPA. Excellent cor-
relation was observed between the abili-
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ty of each drug to increase the recovery
of the 6-TG* mutants and its ability to
promote tumors in vivo. Both phorbol
and 4-a-phorbol-12,13-didecanoate (nei-
ther of which promotes the growth of
skin tumors) gave essentially negative
results.

These results, we believe, are appli-
cable for the detection of tumor pro-
moters in Chinese hamster cells in vitro.
At present, phenobarbital, anthralin,
butylated hydroxytoluene, DDT, and
saccharin have blocked metabolic coop-
eration in the V79 system (23). We are
now testing suspected promoters of tu-
mors in humans by using Lesch-Nyhan
fibroblasts (HGPRT™) cocultivated with
normal diploid fibroblasts (HGPRT™).

It would appear that the mechanism
through which TPA increases the recov-
ery of 6-TG" cells in the V79 system is
related to a reduction of metabolic coop-
eration. This could occur through altera-
tion of membrane structure or function
or both, which would reduce the amount
of cell-to-cell communication. This ex-
planation is consistent with a variety of
experimental and theoretical reports.
Borek and Sachs (24) showed that non-
transformed hamster or rat cells can in-
hibit cell replication of transformed cells.
Sivak and Van Duuren (25) noted that
croton oil, a potent promoter of skin tu-
mors in mice, enhances the recovery of
virus-transformed cells that are coculti-
vated with many nontransformed 3T3
mouse cells. Krieg et al. (26) showed
that TPA is an effective inhibitor of a G1
chalone in mouse skin. A mathematical
model was postulated by Bell (27) to ex-
plain how cancer cells escape regulation
by diffusible mitotic inhibitors. He pos-
tulated a locally reduced mitotic inhib-
itor to account for a single transformed
cell proliferating until it reaches a *‘criti-
cal mass.’’ Bertram (28) and Lloyd et al.
(29) showed that untransformed 10T!/2
cells can, by cocultivation, suppress the
expression of transformed C3H 10T!/2
cells. Recently, Bertram (30) showed
that the mechanism by which non-
transformed 10T!/2 cells inhibit the
growth of cocultivated malignant cells
seems to involve the modulation of cy-
clic nucleotides in mediating intracellular
communication between normal and
transformed cells.

Two additional observations should be
considered: (i) transformed human cells
exhibit reduced contact-mediated com-
munication when compared to normal
cells (9) and (ii) malignant cells in mice
melanomas do not form tumors when
mixed with cells of a nonmalignant clone
(5). Since tumorigenicity has been shown
to be a recessive trait (3/) in all but vi-
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rally transformed cells, it is likely that tu-
morigenic cells can be converted into
normal cells when regulatory substances
from normal cells are transferred by
metabolic cooperation. Therefore, we
speculate that a possible mechanism for
tumor promotion could be the elimina-
tion of metabolic cooperation, allowing
cells in the initation phase of carcinogen-
esis to express their transformed pheno-

type.

L.P. YorTl, C. C. CHANG, J. E. TROSKO
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Noncycling Tumor Cells Are Sensitive Targets for

the Antiproliferative Activity of Human Interferon

Abstract. Resting Burkitt’s lymphoma cells (Daudi) in culture are more sensitive
targets for the antiproliferative activity of purified human fibroblast interferon than
cells that are rapidly multiplying. Thus, interferon may be of significant clinical value
in neoplasms involving stem cells and, after chemotherapy, in suppressing the re-

emergence of tumors.

Interferons (IF’s), produced by dif-
ferent cell types, are glycoproteins with
antiproliferative as well as antiviral ac-
tivities. They are being tested as thera-
peutic agents in a variety of malignant tu-
mors and viral diseases (/). Although
IF’s affect a wide range of tumor cell
types, little is known about the events
in the mitotic cycle that are targets
of IF action. Better insight into the
action of IF’s could result in greater sup-
pression of tumor cell proliferation and
possibly effective combinations with
available chemotherapeutic drugs. This
would be very useful for clinical trials,
which are now limited by both the ex-
pense and the amount of IF’s available.

Lymphoblastoid cell lines, established
from Burkitt’s lymphoma, have been
used to study the IF effect on cell divi-
sion and the virus growth cycle (/, 2). Si-
multaneous measurements of IF effects
on expression of virus genes (Epstein-
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Barr virus) and cell growth show that the
kinetics of appearance of the anti-
proliferative and antiviral effects are par-
allel, illustrating the close functional sim-
ilarities between them. Moreover, these
two properties of IF’s are always coor-
dinately influenced, as shown by the gra-
dient of IF sensitivity observed among
certain lymphoid tumor lines 2). Both
biological effects reside in the same gly-
coprotein (I, 3).

The antiviral effect of IF’s is enhanced
in noncycling human cells ¢). In this re-
port we demonstrate that the anti-
proliferative activity of purified human
fibroblast IF (HFIF) on Daudi lympho-
blastoid cells is most pronounced in rest-
ing or nondividing cells. Our experi-
ments imply that intracellular events, in
conjunction with the extracellular IF
concentration, are critical determinants
of the magnitude of antiproliferative re-
sponse. They suggest a strategy for the
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