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ABSTRACT

Aqueous extracts of murine embryonic or uterine tissue, or [*N]O? ’-dibutyryl 3’,5-adeno-
sine monophosphate (dbc-AMP) which were cytostatic for the murine mastocytoma
P815Y in vitro also induced rapid changes in the incorporation of exogenous nucleosides
into acid-insoluble material. However, these alterations were not a consequence of growth
arrest. Different dose-response curves were obtained for cytostasis and inhibition of [*H]-
nucleoside incorporation, and changes in [*H]thymidine uptake were detected within 15
min of treatment with the inhibitors. Also, there were differential effects of each inhibitor
on the incorporation of *H-labeled thymidine, uridine, adenosine, or choline into acid-

insoluble material.

INTRODUCTION

Permeability properties of the plasma membrane
have been implicated in the control of cell growth
in vitro (Cunningham and Pardee, 1969; Weber
and Rubin, 1971). Thus, eukaryotic cells exhibit a
reduced transport of certain substrates such as
nucleosides or amino acids (Colby and Rubin,
1969; Plagemann et al., 1969; Kohn, 1968; Weber
and Rubin, 1971; Cass, 1972) during the station-
ary phase of growth. Also, addition of fresh serum
to confluent fibroblast cultures produces a rapid
increase in the incorporation of uridine or inor-
ganic phosphate (Cunningham and Pardee, 1969;
Todaro et al., 1967) followed by a round of cell
division. The stimulation of nucleoside transport is
not thought to reflect changes in the de novo rates
of DNA or RNA synthesis in all cases (Cunning-
ham and Pardee, 1969).

Similarly, it has been suggested (Holley, 1972)
that the abnormal social behavior of tumor cells is
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correlated with changes in membrane permea-
bility. The rates of incorporation of amino acid
analogues (Foster and Pardee, 1969; Isselbacher,
1972) and neutral sugars (Hatanaka and Gilden,
1970; Martin et al., 1971) is increased in virus-
transformed as compared with normal cells.

Our attention was focused on the permeability
properties of tumor cells by the finding (Thomas
et al.,, 1973) that [®N]O?*-dibutyryl 3’,5'-adeno-
sine monophosphate (dbc-AMP), a cytostatic
agent, reduced the incorporation of exogenous
[*H]thymidine into acid-insoluble material by
tumor cells in vitro under conditions where de
novo DNA synthesis was unaffected.

In this report, it is shown that dbc-AMP and
aqueous extracts of murine embryonic tissue, or of
pregnant uterine tissue, produce rapid changes in
the incorporation of exogenous nucleosides into
acid-insoluble material by P815Y cells in vitro.
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Such tissue extracts are known (Rossdale, 1973)
to inhibit the growth of several murine cell lines
but to stimulate the proliferation of bone marrow,
granulocyte precursors, in vitro (colony stimu-
lating factors; Metcalfe, 1970).

MATERIALS AND METHODS

Cell Culture

The murine mastocytoma P815Y was maintained
as suspension cultures in Fischer’s medium supple-
mented with 109, horse serum.

Preparation of Eaxtracts of Embryonic (EE)
and Uterine Wall (UWE) Tissue

The uteri and contents were removed from preg-
nant mice (outbred CDI) at 16-18 days. Embryonic
tissue was separated from the uterine wall and aque-
ous extracts of each tissue were prepared essentially
as described for the isolation of colony stimulating
factor material (Rossdale, 1973). The tissue was ho-
mogenized in 5 vol of deionized water at 4°C. Strep-
tomycin sulfate (8 mg/ml homogenate) was added
and the suspension stirred for 2 h in the cold. After
centrifugation (1,500 g, 30 min) the supernate was
concentrated 5- to 10-fold by dialysis against sucrose,
and active material was precipitated with 50-100%,
ammonium sulfate. The precipitate was redissolved
in a minimum volume of deionized water, and dia-
lyzed extensively against deionized water, followed
by Fischer’s culture medium. The extract was steri-
lized by membrane filtration and stored at —20°C.

Incorporation of Radiolabeled Substrates

Cell cultures (0.8-3.0 X 10°/ml) were incubated
with [3H]thymidine (5 Ci/mmol; 2 uCi/ml) or [3H]-
uridine (5 Ci/mmol; 2 uCi/ml) or [*H]adenosine
(17 Ci/mmol; 2 uCi/ml) or [*Hlcholine chloride
(0.19 Ci/mmol; 2 uCi/ml) at 37°C. After incubation,
cells were washed with culture medium containing
an excess (2 mM) of unlabeled substrate and *H-ma-
cromolecular material was precipitated with 5%
(wt/vol) trichloroacetic acid. Precipitates were
counted in a liquid scintillation spectrometer.

Cell Number

This was determined with a Coulter counter,
model ZBI (Coulter Electronics, Inc., Fine Particle
Group, Hialeah, Fla.). Values for division number
were computed from the ratio of the observed in-
crease in cell number to the theoretical value for a
twofold increase in cell number.
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RESULTS
Inkibition of Cell Growth and [*H]Nucleoside

Incorporation

Growth inhibition by aqueous extracts of em-
bryonic tissue (EE; Fig. 1 a) and pregnant uteri
(UWE;Fig. 1 b) or dbc-AMP. (Fig. 1 ¢) was assayed
by [*H]thymidine incorporation into DNA after
an 18-h incubation period or final division number
at 72 h. The dose-response curves for these two
parameters were significantly different. Each inhib-
itor altered nucleoside Incorporation at concen-
trations which had no apparent effect on cell
growth. This discrepancy was most apparent for
dbc-AMP (Fig. 1 ¢); in the concentration range,
0-0.15 mM, values for final division number were
equal to those of control cultures yet there was al-
most complete inhibition of [*H]thymidine in-
corporation. A similar disparity in dose-response
curves was found for EE (Fig. 1 a; at 0~1 mg/ml)
or UWE (Fig. 1 4; at 0-0.4 mg/ml) at low con-
centrations and at higher concentrations, plateau
values were obtained for both division number
(1.7-2.0) and [*H]thymidine incorporation
(40-509 of control values).

In further studies, the inhibitors were used at
the following concentrations: EE (2 mg/ml),
UWE (1 mg/ml), dbc-AMP (0.3 mM).

Inkibition of *3H-Labeled Thymidine,

Uridine, Adenosine, or Choline Incorporation

Although there was a delay before growth ar-
rest, each inhibitor produced rapid changes in the
incorporation of [*H]nucleosides into acid-insolu-
ble material (Fig. 2). When P815Y cells, in loga-
rithmic phase of growth, were treated with EE
(Fig. 2 a) there was a simultaneous reduction in
the incorporation of the three nucleosides. Differ-
ences from control cultures were apparent within
15 min and maximal at 5 h, yet nucleoside in-
corporation was never reduced to base-line values.
Surprisingly, EE had no effect on [*H]choline in-
corporation in the time interval 0-20 h.

In contrast, there were differences in the times
required for UWE to affect the incorporation of
each nucleoside (Fig. 2 4). Changes in [*H]thymi-
dine incorporation were evident at 30 min followed
by a later reduction for [*H]adenosine (3 h) or
[®H]Juridine and [*H]choline (7 h). Consistent
plateau values for nucleoside incorporation, ap-
proximately equal to 409, of control cultures, were
obtained in the time interval 10-25 h.
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Figure 1 Effect of different inhibitor concentrations on asynchronous cell cultures. Exponentially
growing cells (1 X 10%/ml) were incubated with (a) EE, (b)) UWE, (¢) dbe-Amp; incorporation of [*H]J-
thymidine into DNA was determined after 18 h, and final cell density at 72 h. Values for division num-
ber were computed from the relative increase in cell density. (§——@) [*H]thymidine incorporation;
(] M) division number.
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Figure 2 Effect of (a) EE, (b)) UWE, (c) dbe-AMP on the incorporation of *H]thymidine (@ 9),
PHluridine (O 0), [*H]adenosine (o——a), or [*H]choline (A A) into acid-insoluble material.
At the time indicated, triplicate samples (2 ml) were incubated with labeled substrate for 30 min at
37°C and the incorporation of radioactivity into acid-insoluble material determined.
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There was a striking similarity in the effects of
dbc-AMP on [*H]adenosine incorporation (Fig.
2 ¢) while [*H]thymidine and [*H]uridine incorpo-
ration were reduced to base-line values by 15 h,
and [*H]choline was only marginally reduced by
20 h.

The above changes were specific and rapid,
suggesting that each inhibitor had selective effects
on substrate incorporation rather than eliciting
general changes in membrane transport and/or
substrate phosphorylation.

In the presence of EE or UWE, the incorpora-
tion of each nucleoside was reduced to consistent
plateau values and, for EE-treated cells, [*H]-

12p

cpmf102 celis
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T

choline incorporation was not significantly differ-
ent from control cultures. Similarly, there was a
selective effect of dbc-AMP on [*H]thymidine and
[*H]uridine incorporation.

Kinetics of Substrate Incorporation

The purpose of these experiments was to de-
termine whether the inhibitors produced both
qualitative and quantitative changes in the in-
corporation of radiolabeled substrates. Cell cul-
tures were treated with EE, UWE, or dbc-AMP
for 5 h and the rates of incorporation of [*H]nucleo-
sides (Figs. 3-5) or [*H]choline (Fig. 6) into acid-
insoluble material determined.
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Ficure 3 Rate of uptake of [PHjthymidine into acid-insoluble material after treating cells with differ-

ent inhibitors. (¢) Control cultures (li——Hl), EE-treated (@
tures at 5 h. (b) dbc-AMP-treated cultures at 5 h (A

separate determinations.
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@), or UWE-treated (0——0) cul-
A) and 20 h (oA——A). Mean values for three
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In control cultures the rates of incorporation of
*H-labeled thymidine (Fig. 3 a), uridine (Fig. 4 a),
adenosine (Fig. 5 a), or choline (Fig. 6 a) were bi-
phasic with time, while in treated cultures, with
the exception of [*HJuridine for UWE-treated
cells (Fig. 4 @) and [*H]adenosine for dbc-AMP-
treated cells (Fig. 5 ) the reduced rates of incorpo-
ration were approximately linear. No difference
was found for the incorporation of [*H]choline
(Fig. 6 a). After treating tumor cultures with dbc-
AMP for 20 h, base-line values were obtained for
[*H]thymidine (Fig. 3 b) or [*H]uridine (Fig. 4 5)
incorporation, [*H]adenosine uptake (Fig. 5 &)

cpm/ 102cells
-
L |

was reduced, and the kinetics for [*H]choline up-
take (Fig. 6 4) were linear with respect to time.

DISCUSSION

There is no evidence to suggest a causal relation-
ship between the above changes in nucleoside in-
corporation and events leading to growth arrest.
Each inhibitor produced rapid changes in nucleo-
side incorporation (Fig. 2) yet tumor growth was
arrested after a further increase in division num-
ber of 1.7-2.0 (Fig. 1). Also, different dose-response
curves were obtained for cytostasis and inhibition
of [*H]thymidine incorporation into DNA (Fig. 1).
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Ficure 4 Rate of uptake of [*H]uridine into acid-insoluble material after treating cells with different

inhibitors. (a) Control cultures (l——M), EE-treated (@——@), or UWE-treated (O
A)and 20 h (A

at 5 h. (5) dbc-AMP-treated cultures at 5 h (A
determinations.
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Ficure 5 Rate of uptake of [*H]adenosine into acid-insoluble material after treating cells with different
inhibitors, (@) Control cultures (l——Mll), EE-treated (@——@), or UWE-treated (0——0) cultures

at 5 h. (b) dbc-AMP-treated cultures at 5 h (A
determinations.

Yet it is a remarkable coincidence that each
growth inhibitor had similar and specific effects
on membrane transport (or phosphorylation).
After treating asynchronous cultures for 5 h with
EE or UWE, the kinetics for the incorporation of
[*H]thymidine (Fig. 3) or [*H]adenosine (Fig. 5)
were changed from normal biphasic modes to
linear rates of incorporation, while the incorpora-
tion of [*H]choline (Fig. 6) did not differ from
cultures.

Similar changes were found after brief treat-
ment (5 h) of tumor cells with dbc-AMP. The rates
of incorporation of [*H]thymidine (Fig. 3 4) and
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) and 20 h (oA——A). Mean values for three separate

{H]Juridine (Fig. 4 ) were also linear with time,
that of [*H]adenosine (Fig. 5 b) was quantitatively
reduced, and the incorporation of [*H]choline
(Fig. 6 b) into phospholipid was unaltered. How-
ever, with longer incubation periods (20 h) the in-
corporation of [*H]thymidine (Fig. 3 4) and [*H]-
uridine (Fig. 4 4) were completely inhibited, [*H]-
adenosine (Fig. 5 4) was reduced, and the rate of
incorporation of [*H]choline (Fig. 6 5) was linear
with time.

There has been no attempt to estimate the ac-
tivity of nucleoside kinases in cell-free extracts of
the P815Y tumor after treatment with the above
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Ficure 6 Rate of uptake of [*H]choline into acid-insoluble material after treating cells with different
inhibitors. (a) Control cultures (l——M), EE-treated (——@), or UWE-treated (0——0) cultures

at 5 h. (b) dbc-AMP-treated cultures at 5 h (A
determinations.

inhibitors; it remains to be shown whether mem-
brane transport or intracellular phosphorylation
are primarily affected.

Similar effects of dbc-AMP on nucleoside trans-
port have been reported for other cell lines in vitro
(Hauschka et al., 1972; Kram et al., 1973), and
Hauschka et al. (1972) have suggested that dbc-
AMP has two separate effects on nucleoside in-
corporation: an initial effect on the cell membrane
or membrane-bound carriers and a later inhibition
of intracellular thymidine kinase. The present re-
sults would support such a view.
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A)and 20 h (a

A). Mean values for three separate

It is reasonable to consider that there are two
possible mechanisms for the uptake of thymidine,
uridine, or adenosine: a specific carrier mechanism
which can be blocked by EE, UWE, or dbc-AMP,
and an alternative pathway whereby nucleosides
diffuse across the cell membrane and are phos-
phorylated intracellularly by a second nucleoside
kinase. Perhaps the most convincing evidence for
carrier-mediated transport of nucleosides is pro-
vided by the isolation of “transport mutants.”
After treatment of Chinese hamster cells with high
activity [*H]thymidine (Breslow and Goldsby,
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1969) mutants were isolated which failed to in-
corporate exogenous [*H]thymidine into DNA in
spite of normal intracellular levels of thymidine
kinase. The defect was attributed to alterations at
the cell membrane. In addition, two forms of thy-
midine kinase have been found in tumor cells
(Okuda et al., 1972).

Certain analogies can be drawn between the ef-
fects of EE, UWE, and dbc-AMP on P815Y cells
and those obtained by adding fresh serum to con-
fluent 3T3 cells (Todaro et al., 1967; Cunningham
and Pardee, 1969). In each case there is a rapid
change in nucleoside incorporation: serum stimu-
lates uptake and incorporation is changed from
linear to biphasic rates (Cunningham and Pardee,
1969). EE, UWE, and dbc-AMP inhibit nucleo-
side uptake and there is a change from biphasic to
linear rates of incorporation (Figs. 3-5). Also,
stimulation and inhibition are independent of de
novo DNA and RNA synthesis although cell growth
is ultimately affected.

EE and UWE are relatively crude extracts
which were prepared according to the procedure
(Rossdale, 1973) for the isolation of colony stim-
ulating factor(s). Further fractionation of each
extract is necessary to determine whether in-
hibition of tumor cell growth and nucleoside
incorporation, or the stimulation of bone marrow
granulocyte precursors in vitro are due to a single
component.

There is no nutritional requirement for thy-
midine, uridine, and adenosine in vitro, and
growth arrest is not necessarily a consequence of
altered nucleoside transport yet a further study
of these events may provide an insight into the
role of the cell membrane in growth regulation.

This work was supported by grants from the Medical
Research Council and Cancer Research Campaign
of Great Britain, and student support (to C. A.
Lingwood) from the Cancer Research Campaign.

Received for publication 19 September 1973, and in revised
form 7 January 1974.

REFERENCES

Bresrow, R. E., and R. A. GoLpssy. 1969. Isolation
and characterization of thymidine transport mu-
tants of Chinese hamster cells. Exp. Cell Res. 55:339.

Cass, C. 1972. Density-dependent fluctuations in
membrane permeability in logarithmically growing
cell cultures. Exp. Cell Res. 73:140.

C. A. Lixawoon anp D. B. Tnomas Rapid Changes in Nucleoside Transport

Corpy, C., and H. RusiN. 1969. Growth and nucleic
synthesis in normal cells and cells infected with
Rous sarcoma virus. J. Natl. Cancer Inst. 43:437.

CunningaaAM, D. C.; and A. B. Parpee. 1969. Trans-
port changes rapidly initiated by serum addition
to “contact inhibited”” 3T3 cells. Proc. Natl. Acad.
Sei. U. S. A. 64:1051.

FostER, D. O., and A. B. PArRDEE. 1969. Transport of
amino acids by confluent and nonconfluent 3T3
and polyoma virus-transformed 3T3 cells growing
on glass cover slips. J. Biol. Chem. 244:2675.

Haranaka, M., and R. V. Guwpen. 1970. Virus-
specified changes in the sugar-transport kinetics of
rat embryo cells infected with murine sarcoma
virus. J. Natl. Cancer Inst. 45:87.

Hauscuka, P. V., L. P. Everuart, and R. W.
RusinN. 1972, Alteration of nucleoside transport of
Chinese hamster cells by dibutyryl adenosine
3’,5'cyclic monophosphate. Proc. Natl. Acad. Sci.
U. S. A. 69:3542.

HoLrey, R. W. 1972. A unifying hypothesis con-
cerning the nature of malignant growth. Proc.
Natl. Acad. Sci. U. S. 4. 69:2840.

IsseLBacHER, K. J. 1972, Increased uptake of amino
acids and 2-deoxy-p-glucose by virus-transformed
cells in culture. Proc. Natl. Acad. Sci. U. 8. A. 69:
585.

Koun, A. 1968. Thymidine metabolism and DNA
synthesis in crowded monolayers of animal cells.
Exp. Cell Res. 53:161.

KraM, R., P. MamonT, and G. M. Tomkins. 1973.
Pleiotypic control by adenosine 3’,5’cyclic mono-
phosphate: a model for growth control in animal
cells. Proc. Natl. Acad. Sci. U. S. A. 70:1432.

MarTiN, G. S., S. VenNuta, M. WEBER, and H.
RusinN. 1971. Temperature-dependent alterations
in sugar transport in cells infected by a tempera-
ture-sensitive mutant of Rous sarcoma virus. Proc.
Natl. Acad. Sci. U. §. A. 68:2739.

MetrcaLre, D. 1970. Studies on colony formation in
vitro by mouse bone marrow cells. II. Action of
colony stimulating factor. J. Cell. Physiol. 76:89.

Oxupa, H., T. Armma, T. HasaimoTo, and S. Fuji.
1972. Multiple forms of deoxythymidine kinase in
various tissues. Cancer Res. 32:791.

PLAGEMANN, P. G. W, G. A. Warp, B. W. J. Many,
and M. KorBEcki. 1969. Relationship between
uridine kinase activity and rate of incorporation of
uridine into acid-soluble pool and into RNA dur-
ing growth cycle of rat hepatoma cells. J. Cell.
Physiol. 73:233.

RosspaLe, M. 1973. Factors affecting bone marrow
culture in vitro. Ph.D. Thesis, London University,
London.

Tuaomas, D. B, G. MebpLEY, and C. A. Lingwoop.
1973. Growth inhibition of murine tumor cells, in
vitro, by puromycin, [6N]O2'-dibutyryl 3’ 5'-

367



adenosine monophosphate, or adenosine. Evidence and M. Stoker, editors. The Wistar Institute Press,
of commitment for cell division. J. Cell. Biol. 57:397. Philadelphia. 87.

Toparo, G., Y. Matsuva, S. Broom, A. Roseins, WEBER, M. J., and H. Rusv. 1971. Uridine trans-
and H. GreeN. 1967. In Growth Regulating Sub- port and RNA synthesis in growing and in density-
stances for Animal Cells in Culture. V. Defendi inhibited animal cells. J. Cell. Physiol. 77:157.

368 Tae JourNaL oF CeLL Bioroay - VoLume 61, 1974



