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ABSTRACT

Short exposure of cultured quiescent cells to micromolar
quantities of B-all-trans-retinoic acid (RA) has been reported to
potentiate the effects of phorbol myristate acetate in promoting
the transition from the resting to growing states of these cells.
Longer periods of exposure to RA result in substantial inhibition
of cellular proliferation. We now show that short-term treatment
of quiescent Swiss 3T3 cells with RA yields marked increases
in uridine phosphorylation and total cellular RNA synthesis as
well as 2-deoxyglucose uptake. Upon subsequent treatment of
the cells with phorbol myristate acetate, a direct correlation
between the comitogenic activity of RA and its stimulation of
uridine phosphorylation and RNA synthesis is apparent. The
increases in 2-deoxyglucose uptake persist after long-term
exposure of the cells to RA when the growth-inhibitory effects
of this agent are observed.

INTRODUCTION

In view of the recent interest in vitamin A and its analogs
(retinoids) as potential cancer chemopreventive agents in ani-
mals (8, 10, 17, 21), their growth-inhibitory effects on cultured
mammalian cells have been widely studied (3, 4, 9, 19). Reti-
noids, however, were also shown to exhibit cell-activating
effects when allowed to act synergistically with the tumor
promotor PMA* (1, 7, 14, 18, 19, 23). We have recently
suggested that both the cell-activating and antiproliferative
activities of RA on murine Swiss 3T3 cells are mediated by
cellular acid-soluble nucleotide pools (14). We now report that
short-term treatment of quiescent 3T3 cells with RA leads to
the stimulation of events which are associated with the transi-
tion from the resting to growing states of these cells, namely,
uridine phosphorylation, RNA synthesis, and 2-deoxyglucose
uptake. The direct relationship between increases in cellular
proliferation and enhancement of these metabolic events is
well established (2, 5, 11, 15, 16, 22, 24). In this communi-
cation, however, we demonstrate a system where the increases
in uridine phosphorylation, RNA synthesis, and 2-deoxyglu-
cose uptake are independent of, and well separated from, a
subsequent mitogenic stimulus. A tight correlation is observed

' Supported by Research Grant CA-28803. To whom requests for reprints
should be addressed.

2 Supported by Research Grant IN-97F from the American Cancer Society.

3 Supported by Research Grant CA-28107 from the National Cancer Institute.

* The abbreviations used are: PMA, phorbol myristate acetate; RA, g-all-trans-
retinoic acid; DME, Dulbecco’s modified Eagle's medium; DNP, 2,4-dinitrophe-

nol.
Received June 7, 1982; accepted August 13, 1982.

4918

between RA-promoted increases in the rates of uridine phos-
phorylation and RNA synthesis in quiescent 3T3 cells and the
subsequent enhancement of the mitogenic stimulation of these
cells by PMA.

MATERIALS AND METHODS

Cells were cultured in 35-mm Petri dishes, rendered quiescent, and
treated with RA as reported previously (14, 19). Cells were labeled with
[*H}uridine (0.5 pCi/ml; 37.6 Ci/mmol) for 1 hr before extraction of
acid-soluble nucleotides. Acid-soluble nucleotides were extracted and
analyzed by high-pressure liquid chromatography on ion-exchange
columns as described (13, 19). Specific radioactivity of [P(HJUTP was
determined by collecting the UTP peak after its chromatographic
separation. Incorporation of [*H]uridine into acid-insoluble material was
determined in the same dishes after extraction of acid-soluble nucleo-
tides. Determination of the effects of the duration of RA pretreatment
on its enhancement of the mitogenic response of 3T3 cells to PMA as
determined by puise labeling with [*H]thymidine has been reported
(19). Swiss 3T3 cells were plated at 4 x 10*/35-mm-diameter tissue
culture dish in DME-10% serum. After a 4-hr attachment period, cells
were changed to DME-0.25% serum and incubated for 72 hr. This
protocol yielded 0.8 to 1.0 X 10° quiescent cells/35-mm dish. Quies-
cent cells were treated with 10 um of RA in serum-free DME for the
period of time indicated, washed once with DME, and subjected to
mitogenic stimuli with PMA (20 ng/ml) in DME without serum. DNA
synthesis was assayed 18 hr after stimulation with PMA. RA treatment
alone without stimulation with PMA did not produce any significant
increases in DNA synthesis over the unstimulated controls (no RA or
PMA treatment). Stimulation by PMA without pretreatment with RA is
reported as time zero of the length of retinoic acid treatment (Chart 1).
Quantitatively, stimulation of DNA synthesis in quiescent Swiss 3T3
cells with PMA alone for 18 hr yielded 11.6 £+ 0.6% (S.E.) of the
stimulation achieved by treatment with 10% serum under the same
conditions. Unstimulated controls produced 2.0 + 0.3% and quiescent
cells pretreated with RA for 4, 7, or 18 hr followed by 18-hr incubation
with DME not containing PMA yielded 5.2 + 3.3% of the stimulation of
DNA synthesis obtained after 18-hr treatment with 10% serum. The
data in Chart 1 are presented as specific radioactivity of total cellular
UTP pools in UTP (cpm/nmol), the level of RNA synthesis in cpm
incorporated into acid-insoluble material/cpm/nmol of [*HJUTP pre-
cursor, and the enhancement of the cellular mitogenic response to
PMA in percentage of cellular response to 10% serum, all plotted
against the duration of RA treatment. Determinations made after stim-
ulation of cells with 10% serum are reported with the corresponding
solid symbols. Each point is the mean of 4 determinations (£S.E.). The
time course of [*H]uridine incorporation into acid-soluble and acid-
insoluble material was linear for 60 min.

Determinations of 2-{*H]deoxyglucose uptake were performed ac-
cording to standard procedures (20). Control cultures were treated
with 0.1 % ethanol for the same period of time since RA is added in this
manner. The uptake of 2{°H]deoxyglucose was linear for 60 min. Data
are presented as the mean of 4 determinations (+S.E.).
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RESULTS AND DISCUSSION

Chart 1 demonstrates dramatic increases in [*H]uridine in-
corporation into total cellular UTP pools after treatment of Go-
G,-arrested Swiss 3T3 cells with 10 um RA. Stimulation of
uridine phosphorylation is evident after a 1-hr exposure to RA
and reaches a maximum at 5 hr. The maximal effects of 10 um
RA on uridine phosphorylation are comparable to the magni-
tude of stimulation achieved by a 2-hr exposure to 10% fetal
calf serum. A 2-fold enhancement of total cellular RNA synthe-
sis, indicated by the increases in the ratio of [*H]uridine incor-
poration into acid-insoluble material to the total [*HJUTP pre-
cursor pool, is observed after 4 hr of treatment with RA. High-
specific-activity [*H]uridine is utilized, and incorporation is per-
formed for 60 min (at which point it is still linear). Therefore,
the possibility of compartmentalization of the precursor
[BHJUTP pools for either ribosomal or heterogeneous RNA
synthesis is eliminated due to equilibration of the radioactively
labeled precursor pools under these conditions (6). Thus, the
values presented for total cellular RNA synthesis take into
account the total cellular [PHJUTP precursor pools. We studied
the relationship between the duration of RA pretreatment and
the subsequent enhancement of the cellular mitogenic re-
sponse to PMA (19). Data suggesting a direct correlation
between 3T3 cell activation by RA and its stimulation of uridine
phosphorylation and RNA synthesis are presented (Chart 1).
Uptake of 2-deoxyglucose by quiescent Swiss 3T3 cells is
markedly enhanced after treatment with 10 um RA (Chart 2).
The increases in 2-deoxyglucose uptake, however, do not
correlate with the comitogenic activity of RA (Charts 1 and 2).
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Chart 1. Stimulation of [*H]uridine uptake into total cellular [PHJUTP pools and
enhancement of RNA synthesis in quiescent Swiss 3T3 cells after treatment with
10 um RA or 10% serum. Correlation with the comitogenic activity of RA. @, A:
determinations made after treatment with 10% serum for the indicated amount of
time.

Activation of 3T3 Cells by Retinoic Acid

The uptake of uridine by mammalian cells has been studied
extensively (5, 11, 24). It has been shown that the stimulation
of uridine uptake by quiescent Swiss 3T3 and other cultured
mammalian cells after short-term exposure to serum or other
growth factors proceeds by enhancement of uridine phospho-
rylation, while the rate of uridine transport, which is independ-
ently regulated, remains unchanged (15, 16). The uptake of 2-
deoxyglucose by mammalian cells is regulated at the level of
transport (22). However, due to the efficient transport of 2-
deoxyglucose into mammalian cells, a high intracellular con-
centration of the free sugar can be achieved which will in turn
make the phosphorylation of 2-deoxyglucose rate limiting (25).

We have previously shown that the increase in cellular re-
sponsiveness to mitogens and the antiproliferative effects of
RA treatment depend upon the length of exposure of the cells
to RA (Chart 1) (16). We have also suggested that these effects
are mediated by RA-promoted effects on cellular ATP pools
(19). Small expansions of cellular ATP pools have been linked
to increases in the rate of rRNA synthesis during the G, phase
of the 3T3 cell cycle and have been termed necessary but not
sufficient for the onset of DNA replication in these cells (2).
Prolonged treatment (over 48 hr) of 3T3 cells with RA yielded
marked increases in total cellular ATP pools. These increases
directly correlated with the growth-inhibitory activity of RA (14).
The data reported here (Table 1) indicate that exposure of
quiescent 3T3 cells to 0.2 mm DNP for the last 2 hr of RA
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Chart 2. Stimulation of 2{*H]deoxyglucose uptake by quiescent Swiss 3T3
cells after treatment with 10 um RA. The data are reported as cpm/pug protein of
2{°H]deoxyglucose plotted against the duration of RA treatment for RA-treated
(O) and control (A) cells.
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Table 1

Effects of RA treatment (10 um) and exposure to DNP (0.2 mMm for the last 2 hr) on total cellular ATP and
UTP pools, [’H]uridine incorporation into total cellular [*HJUTP, and total cellular RNA synthesis

Experimental procedures are described in the text.

Length RNA syn-
of RA DNP nmol/10° cells thesis (%
treat- treat- of con-

ment (hr)  ment ADP ATP uTP [PHJUTP (cpm/nmol) trol)
- 1.8 £ 0.4% 11.9 + 0.6 1.8 £ 0.1 2362+ 271 100
+ 3.6 %02 11110 08=+x0.2 8,318 + 498 103
4 - 1.8+ 04 129 + 04 1.6 £ 0.2 11,764 = 1,025 199
4 + 28 +0.3 11.3+06 09 0.1 8,513 + 661 89
7 - 21 +04 121 £ 1.2 1.6 £ 0.1 12,100 + 699 150
7 + 3.7+ 0.1 11.7 £ 0.2 1.0 £ 0.1 10,0956 + 234 106
24 - 2304 136+ 06 48 +0.2 998 + 122 121
24 + 3.7+09 120+ 1.1 3.1 £ 0.5 1,061 + 239 101
? Mean * S.E.
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treatment produces marked decreases in total cellular UTP
pools and RNA synthesis for RA-treated cells. Total cellular
ATP pools are not significantly altered, while the rate of uridine
phosphorylation is only slightly reduced.

It has been shown that DNP aiters cellular ATP pools by
uncoupling oxidative phosphorylation and enhancing mito-
chondrial ATPase activity (12). The resulting increased availa-
bility of ADP (Table 1) stimulates glycolysis (12) and thus the
maintenance of ATP pools in DNP-treated cells (Table 1). The
data in Table 1 indicate that a constant portion of the total
cellular pools of UTP is susceptible to DNP treatment. This
fraction of the total cellular UTP pools affected by DNP treat-
ment is not dependent on the length of RA treatment despite
the time-dependent increase in total cellular UTP pools induced
by RA after 24 hr. It is thus suggested that ATP pools which
participate in the biosynthesis of UTP exist as 2 functionally
distinct pools, one of which is sensitive to DNP. Considered
together, these findings suggest that total cellular UTP pools
and RNA synthesis, but not the rate of uridine phosphorylation,
are regulated by a functionally compartmentalized ATP pool
which is sensitive to DNP treatment.

Thus, although the growth-inhibitory properties of RA are
clearly observed after long-term treatment (Chart 1) (14, 19),
this analog of vitamin A also possesses the ability of potentiat-
ing the effects of mitogens on mammalian cells via mechanisms
related to its stimulation of rRNA synthesis which must occur
prior to initiation of DNA replication.
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