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ABSTRACT

While clonal cell variants of BALB/c 3T3 with high and low
susceptibilities to ultraviolet radiation- and benzo(a)pyrene-in-

duced transformation show similar intercellular communication
capacities when they are in the growing phase, a significant loss
in communication occurs at confluence only in transformation-
sensitive clonal variant cells. A potent tumor promoter, 12-O-
tetradecanoylphorbol-13-acetate, which also enhances BALB/c

3T3 cell transformation induced by methylcholanthrene, inhibited
intercellular communication of these variants to a similar extent.
These results suggest that intrinsic differences in the control of
intercellular communication may be a determinant of the suscep
tibility of these variants to the induction of transformation.

INTRODUCTION

The cellular events that determine the alteration of a normal
cell and its clonal growth into a malignant tumor are not known.
Before the mechanism that controls cellular growth is altered by
a carcinogenic stimulus, a potentially cancerous cell functions
normally, and cellular growth is controlled in complete harmony
with that of surrounding cells in a given tissue. Intercellular
communication via gap junctions is considered to play an impor
tant role in the control of cellular growth and differentiation (16);
therefore, its alteration during carcinogenesis has been much
discussed (for reviews, see Refs. 16 and 20). Although the direct
involvement of altered intercellular communication during cell
transformation has not been demonstrated unequivocally, recent
findings that a class of tumor-promoting agents, phorbol esters,

inhibit intercellular communication as measured by metabolic
cooperation (18, 25), by an electrophysiological method (3, 12,
24), or by a dye transfer method (2, 5, 7) have provided support
for the involvement of such blocked communication in a later
stage (promotion) of carcinogenesis.

In order to study the relationship between intercellular com
munication and carcinogenesis, we have been using an in vitro
cell transformation system of BALB/c 3T3 cells (4, 23). One of
us (T. K.) has isolated and characterized a number of clonal
variants of BALB/c 3T3 cells with different susceptibilities to UV
radiation and B(a)P3-induced transformation (10,11,15). Despite
a marked difference in susceptibility to UV- and B(a)P-induced
cell transformation, A31-1-13 and A31-1-8 clonal cells showed
similar susceptibilities to UV- and B(a)P-induced mutation, and
the extent of formation and removal of B(a)P-DNA adducts was
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also very similar (10,11,15). If it is assumed that DMA damage
and mutation are involved in the earlier phase (initiation) of cell
transformation, it is likely that the later stage (promotion) of cell
transformation is affected differently in these 2 clonal variants.
Therefore, we have characterized these clonal cells in terms of
multistage cell transformation.

We report here that these cell lines respond to a tumor
promoter, TPA, in similar ways, including enhancement of cell
transformation and inhibition of intercellular communication. Our
results also indicate, however, that a highly susceptible cell line
(A31-1-13), but not a resistant cell line (A31-1-8), loses intercel

lular communication when the cells reach confluence. On the
basis of these results, we propose that the intrinsic capacity for
intercellular communication is an important determinant in the
promotion phase of cell transformation.

MATERIALS AND METHODS

Materials. Lucifer Yellow CH, retinole acid (ali-trans), dibutyryl cyclic

AMP, and MCA were purchased from Sigma Chemical Co., St. Louis,
MO. Capillary tubes used for microinjection were obtained from A-M

Systems, Inc., Everett, WA.
BALB/c 3T3 Cell Lines. The clonal cell lines of BALB/c 3T3 A31 with

high (A31-1-13) and low (A31-1-8) susceptibilities to induced transfor

mation which were used in the present study were isolated as described
previously (10). They were cultured in Eagle's minimal essential medium

supplemented with 10% fetal calf serum.
In Vitro 2-Stage Cell Transformation. For induction of transformed

foci, 1 x 104 cells were seeded onto 60-mm Falcon plastic dishes, and

MCA (0.5 Â¿ig/ml)was added to each culture dish on the following day.
After 48 hr of treatment, MCA was removed by replacement with fresh
medium with or without TPA (100 ng/ml). The culture medium was
changed every 3 or 4 days for 4 or 5 weeks, until transformed foci
became visible under the phase-contrast microscope. However, TPA

treatment was stopped after 2 weeks, and cells were continued in culture
in the absence of TPA thereafter (8). Transformed foci were scored after
fixation and Giemsa staining.

Measurement of Electrical Coupling. The measurement of intercel
lular coupling was carried out under an inverted phase-contrast micro

scope, as described previously (3, 24). In brief, a microelectrode was
inserted (under a phase-contrast microscope) into each paired cell. An
inward pulse current (8 x 10~9 amp, 200-msec duration) was passed

through one of the electrodes, and the extent of cell coupling was
determined by measuring the corresponding electrotonic potential of this
cell and its neighbor. In our system, the minimum electrotonic potential
(V2) detectable from adjacent coupled cells after injection of current was
0.2 mV; therefore, cell pairs that showed less than 0.2 mV of V2 were
considered not to be coupled.

Measurement of Intercellular Communication by Means of Flu
orescent Dye Transfer. Intercellular transfer of fluorescent Lucifer Yel
low CH was measured after direct microinjection of the dye into a cell
under a phase-contrast microscope and observation of its transfer to

neighboring cells under a fluorescent microscope. Since this dye cannot
diffuse through the membrane, its transfer into neighboring cells is
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believed to occur via gap-junctional communication (1,14,19). Microin

jection was carried out using an Olympus injectoscope (21). A 10% (w/
v) solution of Lucifer Yellow CH in 0.33 M lithium chloride solution was
transferred to a glass capillary needle, which was prepared from a
capillary tube using an automatic magnetic puller (Narishige Co., Tokyo,
Japan). Individual cells were impaled with capillaries close to the nucleus,
and dye was injected continuously for 3 to 5 sec by hand pressure. The
transfer of dye into surrounding cells was monitored under a phase-

contrast fluorescence microscope 10 min after injection. Since it was
found that functional dye transfer is constant for at least 40 min in cells
maintained at room temperature, microinjection of dye and observation
of the extent of dye transfer were performed within 30 min after the
cultures had been brought to room temperature.

Assay of [3H]PDBu Binding to Intact BALB/c 3T3 Cells. The binding
of [3H]PDBu to intact cells was assayed directly in Linbro culture plates,
as described previously (24). [3H]PDBu was added directly into the wells,
and the plates were returned to the CO2 incubator at 37Â°for 30 min.

The cell layers were then washed twice with 2 ml cold phosphate-

buffered saline, and the cells were lysed in 1 ml of 0.1 N NaOH. The
radioactivity in the cell lysates was counted in a liquid scintillation counter
(Packard Tri-Carb, Packard). In order to determine nonspecific binding
of [3H]PDBu, 15 ing of cold PDBu were added to some wells. Specific
binding was calculated as the total binding of [3H]PDBu in the absence

of cold PDBu minus nonspecific binding. The final concentration of the
solvent, dimethyl sulfoxide, was always adjusted to 0.8%.

RESULTS

Comparison of Transformation-sensitive (A31-1-13) and
-resistant (A31-1-8) Clones of BALB/c 3T3 Cells in Their
Response to TPA. Under the consideration that the difference
in susceptibility of BALB/c 3T3 cell variants to induced transfor
mation may be due to their different ability to express phenotypes
related to the promotion phase of cell transformation, we have
characterized these cell lines by comparing several biochemical
and biological responses to the exogenously added tumor pro
moter, TPA.

Scatchard analysis of the specific binding of [3H]PDBu to intact
cells showed that these 2 clonal cell lines, A31-1-13 and A31-1-
8, have a similar number of receptors, 2.6 x 105 and 2.9 x 105/

cell, with a similar affinity for the phorbol ester, 16.1 and 12.7
nw, respectively (Chart 1). One of the earliest responses of cells
to TPA is the stimulation of 2-deoxyglucose uptake (13); the
extent to which A31-1-13 took up 2-deoxyglucose was some
what greater than that of A31 -1-8 at confluence. However, in the
presence of TPA, the uptake was stimulated proportionally, 6.2-
and 8.0-fold increases for A31-1-13 and A31-1-8, respectively

(not shown).
As summarized in Table 1, these cell lines showed different

susceptibilities to MCA-induced cell transformation, confirming

previous results (10). However, both cell lines responded to TPA
in its enhancement of MCA-induced cell transformation.

When intercellular communication was measured using an
electrophysiological method, these 2 cell lines showed very
similar communication capacities, and the extent to which this
capacity was inhibited by TPA was also very similar (Table 2).
Very similar results were obtained using another method to
measure intercellular communication, i.e., dye transfer assay.
The results are summarized in Table 3. These results suggest
that these cells have a similar capacity to transfer molecules as
well as ions between cells and that TPA inhibits the transfer to
a similar extent.
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Chart 1. Specific binding of [3H]PDBu to BALB/c 3T3 A31-1-8 and A31-1-13
cells. The assay was carried out as described in the text. A. saturation curve; B.
Scatchard analysis.O, A31-1-8 cells; â€¢,A31-1-13 cells.

Tabtel
Enhancementof transformationof BALB/c 373 clonesA31-1-8 and A31-1-13by

TPA
Cell transformationwith MCA and TPA was carried out as described previously

(8).
Transformationfrequency (x 106/survivingcell)

with the following clonal variants of BALB/c 3T3
cells

TrofltmontControl

MCA alone"
MCA + TPACA31-1-8<0.5

<0.5
7.1 Â±4.3A31-1-131.0

Â±0.1"

20.0 Â±8.0
96.6 Â±14

â€¢Mean Â±S.D.
" Cells were treated with MCA (0.5 /ig/ml) for 3 days.
c Cells were treated with MCA (0.5 )ig/ml) for 3 days and then with TPA (100

ng/ml) for 2 weeks.

Comparison of Intercellular Communication Capacity at the
Growing and Resting Phases of A31-1-13 and A31-1-8 Cells.
Results described above indicate that A31-1-8 and A31-1-13

clonal cells respond to a similar extent to exogenously added
TPA, presumably through their specific receptors. Therefore,
these cells have a similar ability to express tumor promotion-

related phenotypes, which suggests that the difference in their
susceptibility to induced cell transformation is not due to an
intrinsic difference in expression of such transformed pheno
types. However, since TPA enhances morphological cell trans
formation, it is conceivable that some of the phenotypes altered
by TPA are important determinants in the enhancement of cell
transformation; we consider blocked communication to be the
most probable of these.

We therefore pursued investigations on whether BALB/c 3T3
cells with different transformation susceptibilities exhibit different
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Table 2
Comparison of BALB/c 3T3 A31-1-8 and A31-1-13 donai cells in their capacity for intercellular communication (electrical coupling)

Electricalcell coupling was measuredas described previously (3, 24). A microelectrodewas inserted into each of a pair of cells (cell 1 and cell 2), and an inward pulse
current (1 x 10Â°amp, 200 msec) was passed through cell 1.

Membrane potential(mV)CellsA31-1-8

-TPA
+TPAA31-1-13

-TPA
+TPACelM16.4

+ 3.1
14.4 Â±2.916.3

Â±4.2
14.2 Â±0.6Cell

215.2

Â±3.4
13.8Â±2.515.5

Â±2.7
13.8 Â±2.0V1

(mV)"13.1

Â±3.3
20.4 Â±5.017.4

Â±4.3
19.0 Â±2.6V2

(mV)a5.7

Â±2.4
2.0 Â±0.96.5

Â±3.0
1.7Â±0.5%of

uncoupled
cells'10

35023%of

coupled
cells100

6510077Coupling

ratio
(V2/V1)0.43

Â±0.12
0.11Â±0.060.37

Â±0.14
0.09 Â±0.03"Output

of change of membrane potential in cell 1 (V1) and cell 2 (V2)during current flow.

Table 3

TPA effect on growing BALB/c 373 variant cells in their intercellular
communication capacity

Cells (104)were seeded onto 60-mm Retri dishes, and 6 days later, they were

treated with TPA for 4 hr before the dye transfer assay.
Dye-coupledcells/injectionNone

TPA(100ng/ml)A31-1-832.8

Â±6.5" (28)"

4.8 Â±2.1 (16)A31-1-1328.4
Â±7.4(19)

3.2 Â±2.9 (32)

Mean Â±S.D.
b Numbers in parentheses, number of injections.

capacities for intercellular communication under conditions simi
lar to those in which cell transformation occurs, i.e., long-term

culture at confluence. Both cell lines grow at a similar rate before
they reach confluence, but A31-1-13, a highly transformable cell

line, shows a higher saturation density (Chart 2-4). The intercel
lular communication capacity of these cell lines was determined
during growing and resting phases, using a dye transfer method,
since quantitative determinations of communication by the eleo
trophysiological method described in Table 2 are not suitable for
confluent cultures. The results are shown in Fig. 2B. When the
cells were growing, the 2 lines showed a similar capacity for dye
transfer: about 30 surrounding cells became fluorescent 10 min
after microinjection of the dye into a single cell (Chart 23; Fig.
1). When they reached confluence, however, the communication
capacity of these 2 lines differed: A31 -1-13 cells lost their com
munication, while A31-1-8 cells continued to communicate with

each other to a similar extent (Chart 26; Fig. 1). When TPA is
added to culture medium of confluent A31-1-8 cells, a significant
decrease of the dye transfer (92% inhibition after 1-hr treatment

with 100 ng TPA per ml) was observed.
The decrease in the capacity of intercellular communication of

A31 -1-13 cells is not due to their decreased viability. As shown

in Table 4, the intercellular communication can be restored when
the confluent culture of A31 -1-13 cells is treated with either cyclic
AMP or retinole acid. Cyclic AMP has been reported to be an
upregulating factor of intercellular communication (6), and we
have found recently that cyclic AMP and retinoic acid protect the
TPA effect on intercellular communication (2,12, 23).

DISCUSSION

The present study indicates that transformation-sensitive
(A31-1-13) and -resistant (A31-1-8) variants of BALB/c 3T3

respond to TPA in similar ways, including enhancement of cell
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Chart 2. Comparison of growth rate and intercellular communication capacity
of clones A31-1-8 and A31-1-13 of BALB/c 3T3 cells.A, growth curve; B, intercel
lular communicationmeasuredby the dye transfer method. At the indicated times
of culture, Lucifer Yellow solution was microinjected into individualcells using an
Olympus injectoscope (14), and the number of fluorescent cells was counted 10
min later under a fluorescencemicroscope.Eachpoint representsthe mean Â±S.D.
from 43 to 90 independent injections.O, A31-1-8 cells; â€¢,A31-1-13 cells.

transformation and inhibition of intercellular communication. Pre
vious studies have shown that there is no difference in their
response to UV-induced mutation, capacity to metabolize B(a)P,

extent of binding, and removal of B(a)P metabolites to and from
DNA (10, 11, 15). Thus, it appears that these variants do not
differ in their capacity to respond to exogenously added initiating
and promoting carcinogens. These results, in turn, suggest that
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Table 4

Effect of dibutyryl cyclic AMP and retinole acid on dye transfer between BALB/c
373 variant cells

Cells were cultured for 3 weeks, as described in the text, and then treated with
each chemicalfor 24 hr before the dye transfer assays.

Dye-coupledcells/injection

None
Dibutyryl cyclic

AMP (1 mm)
Retinoicacid (5 x

IO"8 M)A31

-1-8cell29.5
Â±8.7a (28)6

69.9 Â±10.4(16)58.1

Â±12.3 (25)A31-1-13cell1.6Â±

1.4(34)
62.5 Â±10.2(14)44.5

Â±10.7(33)

" Mean Â±S.D.
6 Numbers in parentheses,number of injections.

both transformation-sensitive and -resistant clonal cells have

ability, in appropriate conditions, to express several phenotypes
related to initiation or promotion of cell transformation.

A clear difference was found in their capacity to communicate
among themselves when these 2 clonal variants were cultured
up to their confluence. The transformation-sensitive clone, but

not the resistant one, lost their intercellular communication at
their confluence, as if TPA had been added to the culture
medium. Since tumor promoters are known to inhibit intercellular
communication (2) and to enhance the transformation of BALB/
e 3T3 cells (Refs. 2 and 8 and this study), it is tempting to
speculate that the capacity to communicate intercellularly is an
important determinant of the ability to express the promotional
phase in the process of cell transformation. Our results might
then suggest that BALB/c 3T3 A31 -1-13 cells are highly suscep

tible to induced cell transformation, because they are able to
express a promotion-related phenotype, i.e., blocked intercellular

communication, at their confluence.
The loss of intercellular communication at confluence may help

initiated cells to grow over surrounding normal cells, which would
account for the high transformability of A31-1-13 cells. Along

this line, if we consider that a transformed focus is the result of
the clonal expansion of an initiated cell, we may expect that
transformed cells do not communicate with surrounding normal
cells. In fact, we have shown recently that, when BALB/c 3T3
cells are transformed by MCA, they communicate among them
selves but not with surrounding nontransformed counterparts
(4). These observations are consistent with the suggestion that
cell-to-cell contact at confluence is an important determinant of

chemically induced cell transformation (17).
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B

Fig. 1. Patterns of fluorescent dye transfer among different clones of BALB/c 3T3 cells at near confluency (Day7) and at full confluency (Day21). A, A31-1-8 cells on
Day 7 of growth; B, A31-1-8 cells on Day 21; C, A31-1-13 cells on Day 7; D, A31-1-13 cells on Day 21. Left, fluorescent micrographs;right, phase-contrast micrographs

of the same area.
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