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ABSTRACT

In order to investigate further the role of gap-junctional intercellular
communication in the process of cell transformation, we examined the
effects of chemicals that modulate gap-junctional communication on the
induction and maintenance of transformed foci in BALB/c 3T3 cells.
When dibutyryl cyclic AMP, retinole acid, fluocinolone acetonide, or
dexamethasone was added during the induction of cell transformation by
standard (3-methylcholanthrene alone) or two-stage (low dose of 3-
methylcholanthrene plus phorbol ester) protocols, there was a significant
decrease in the number of transformed foci. When BALB/c 3T3 cells are
transformed, there is selective intercellular communication between trans
formed and between surrounding nontransformed cells: transformed cells
communicate among themselves but not with surrounding normal cells.
Addition of dibutyryl cyclic AMP, retinole acid, fluocinolone acetonide,
or dexamethasone to culture dishes in which transformed foci were
present induced communication between transformed cells and surround
ing normal cells. In the continuous presence of these chemicals, there
was a clear decrease in the number of transformed foci. These chemicals
therefore appear capable of reestablishing intercellular communication
between transformed and nontransformed cells and of diminishing the
number of transformed foci. However, when transformed cells were
isolated and placed in culture dishes at donai density in the presence of
these chemicals, there was hardly any decrease in the number of trans
formed colonies, suggesting that the chemicals cannot revert the pheno-
type of transformed cells in the absence of normal cells. These results
suggest that chemicals that modulate intercellular communication not
only inhibit the induction of transformed foci but also revert transformed
cells to the normal phenotypes by establishing intercellular communica
tion with surrounding normal cells.

INTRODUCTION

A common characteristic of cancer cells in a given tissue is
anarchic outgrowth that is out of harmony with surrounding
normal cells. Since harmony among the cells of a tissue is
probably regulated by intercellular communication, it has long
been speculated that aberrant control of intercellular commu
nication plays an important role in carcinogenesis and in the
maintenance of transformed phenotypes. Of the various types
of intercellular communication, gap-junctional intercellular
communication has attracted the most attention, since it could
be the means by which tissue homeostasis is maintained, and
both its structure and function can be measured (1-4).

Using an /// vitro cell transformation system, we are studying
the relationship between gap-junctional communication, induc
tion of cell transformation, and the maintenance of transformed
phenotypes (5). We have obtained evidence that disruption of
gap-junctional intercellular communication plays an important
role in the late phase (tumor promotion) of cell transformation.
This evidence includes the following: (a) for phorbol esters,
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there is a good correlation between their ability to inhibit gap-
junctional communication and their ability to enhance trans
formation of BALB/c 3T3 cells (6); (b) with a variant of BALB/
e 3T3 cells that is highly susceptible to the induction of trans
formation by carcinogens, there is a drastic decrease in gap-
junctional communication capacity at confluence, whereas less
susceptible cells showed constant levels of intercellular com
munication over the whole growth period (7); (c) when BALB/
e 3T3 transformation is induced by chemicals or by transfection
of activated oncogenes, there is a selective lack of intercellular
communication between transformed and surrounding non-
transformed cells, although transformed and nontransformed
cells communicate among themselves (8, 9).

These results are consistent with the hypothesis that in cell
transformation, initiated cells can be transformed only when
intercellular communication is blocked by tumor promoters or
other means. Since gap junctions are the structures through
which physiological factors (molecular weight up to approxi
mately 1000) are transferred from the interior of one cell to
that of a neighboring cell, certain growth control molecules
may also be distributed through them. Although no one factor
has been identified, blockage of the transfer of such regulatory
factors may allow potential tumor cells to accomplish uncon
trolled growth. Likewise, when cells are transformed, intercel
lular communication with surrounding cells is cut off, possibly
because establishment of communication with normal cells
would inhibit or weaken the expression of transformed pheno
types by transfer of growth control factors.

We and others have recently found that certain anti-tumor-
promoting agents, such as cyclic AMP, retinole acid, and glu-
cocorticoids can antagonize the inhibitory effect of TPA3 on
gap-junctional communication (10-12). We therefore postu
lated that such modulators of intercellular communication also
antagonize enhancement of cell transformation induced by
TPA. We further postulated that if these chemicals can reestab
lish intercellular communication between transformed and non-
transformed cells, transformed phenotypes may be suppressed.
We have therefore performed a series of experiments using
these chemicals; we report here that these modulators of inter
cellular communication indeed inhibit or reverse the transfor
mation process and transformed phenotypes in BALB/c 3T3
cells.

MATERIALS AND METHODS

Materials. MCA, dibutyryl cAMP, dexamethasone, fluocinolone
acetonide, all fraiu-retinoic acid, and Lucifer Yellow CH were pur
chased from Sigma Chemical Co. (St. Louis, MO) and PDD from
CCR, Inc. (Eden Prairie, MN). Glass capillaries used for microinjection
were obtained from A-M Systems, Inc. (Everett, WA).

Cell Cultures and in Vitro Transformation Assay. BALB/c 3T3 A31-
1-1 cells (obtained from Dr. T. Kakunaga) were cultured in minimum

'The abbreviations used are: TPA, 12-O-tetradecanoylphorbol-13-acetate;
MCA, 3-methylcholanthrene; PDD, phorbol-12,13-didecanoate; cAMP, cyclic
AMP.
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essential medium (Eagle's) containing 10% fetal calf serum, penicillin

(50 lU/ml), and streptomycin (50 tig/ml) in a 5% CO2 atmosphere at
37'C.

For standard and two-stage cell transformation, 1 x IO4logarithmi
cally growing cells were plated per 60-mm tissue culture dish; 16 dishes
were used for each point in all cell transformation experiments. After
24 h, 3 fig/ml MCA (for standard assay) or 0.5 jig/ml MCA (for two-
stage assay) was added to the culture medium, and 72 h later the
cultures were washed with fresh medium and incubated in normal
medium (for standard assay) or medium containing 10 ng/ml FDD (for
two-stage assay). We used FDD rather than TPA, because of its higher
potency in enhancing BALB/c 3T3 cell transformation (6). The MCA-
induced cytotoxicity measured by cloning efficiency was 60-75% for 3
lig/ml and 10-20% for 0.5 ng/m\. Unless otherwise stated, dibutyryl

cAMP (plus caffeine), retinole acid, dexamethasone, or fluocinolone
acetonide was added after 2 weeks of MCA treatment. Culture medium
was changed twice weekly. At the end of the experiments, the cells were
fixed and stained with Giemsa, and transformed foci were scored under
a dissecting microscope. Only foci that showed a clear transformed
phenotype, as described in the report of the IARC/NCI/EPA Working
Group (13), were considered to be transformed foci. There was no
transformed focus in any control dish without a carcinogen.

Measurement of Intercellular Communication by Means of Dye Cou
pling. Intercellular communication experiments were performed as
described previously (14) with minor modifications. In brief, glass
capillaries prepared with a dual-step puller (Narishige Co., Tokyo,
Japan) were filled with a 10% (w/v) solution of Lucifer Yellow dissolved
in 0.33 M lithium chloride and fixed just beneath the condenser of an
inverted microscope (Olympus Injectoscope IMT-2 SYF). Individual
cells were injected with the aid of an Eppendorf automatic microinjector
(Model 5242). The extent of intercellular communication was deter
mined by the number of fluorescent neighboring cells scored under a
fluorescence phase-contrast microscope 10 min after injection (14).

RESULTS

Inhibition ofCell Transformation. All four chemicals inhibited
cell transformation induced by the standard protocol (Table 1),
although there was a slight variation between experiments. The
most effective chemical appeared to be cyclic AMP; however,
since the concentration used, 1 ITIM,was cytotoxic after pro
longed incubation, it is difficult to conclude that this effect of
cyclic AMP was specific to the cell transformation process.
Nonetheless, cyclicAMP-treated cells grew to a form of mono-
layer in which only a few transformed foci were observed.
Moreover, as described below (Fig. 1), potentially transformed
cells appear to be present on such monolayers. Dexamethasone,
fluocinolone acetonide, and retinole acid were not cytotoxic at
the dose used, and inhibited cell transformation by 65-95%;
therefore, transformation by these chemicals is specific and was
not due to cytotoxicity.

Similar results were obtained when these chemicals were used

Table 1 Effects of various chemicals on conventional (MCA alone)
transformation of BALB/c 3T3 cells

BALB/c 3T3 clone A31-1-1 cells were transformed by 3 jig/ml MCA in the
presence or absence of various chemicals as described in "Materials and Methods."

Concentrations used were 1 HIM dibutyryl cAMP and caffeine, 1 Â¿ig/mldexa
methasone, fluocinolone acetonide, and retinoic acid. Culture dishes were fixed
and stained 4 weeks after seeding the cells.

No. of foci/dish (mean Â±SD)

No. 01 Ir.nslorm.d loci dllh

AdditionNone

Dibutyryl cAMP +
caffeine"

Dexamethasone
Fluocinolone acetonide
Retinoic acidExperiment

125.0

Â±6.2
0.3 Â±0.50.5

Â±0.9
0.9 Â±0.5

NDExperiment

219.5

Â±3.0
0.1Â±0.32.0

Â±2.3
ND*

0.1 Â±0.3Experiment

325.0

Â±6.2
08.8

Â±4.6
ND

8.4 Â±2.8

TimÂ«In culture (WMkl)

Fig. 1. Reversibility of inhibitory effects of chemicals on BALB/c 3T3 cell
transformation. Data presented here are averages Â±SD (Â¿ari)from three inde
pendent experiments. Dex, dexamethasone; HA, retinoic acid.

Table 2 Effect of various chemicals on two-stage (MCA plus FDD)
transformation of BALB/c 3T3 cells

BALB/c 3T3 clone A31-1-1 cells were transformed by 0.5 Â¿ig/mlMCA
followed by 10 ng/ml FDD as described in "Materials and Methods." All other

experimental conditions are identical to those for Table 1.

No. of foci/dish (mean Â±SD)

AdditionNone

Dibutyryl cAMP +
caffeine0

Dexamethasone
Fluolocinolone acetonide
Retinoic acidExperiment

135.8

Â±6.6
07.0

Â±3.2
5.3 Â±2.6
6.5 Â±2.1Experiment

227.5

Â±5.3
014.1

Â±2.7
Not determined

1.5 Â±1.6

Â°Cytotoxic but cells grew as monolayer.
* Not determined.

" Cytotoxic but cells grew as monolayer.

in the two-stage cell transformation protocol (Table 2). The
number of transformed foci produced by 0.5 Me/ml MCA
followedby repeated applications of 10 ng/ml PDD was similar
to that produced in the standard assay with 3 ng/m\ MCA.
Dishes treated with cyclic AMP contained no transformed
focus. cAMP was again cytotoxic and was the most effective
inhibitor, whereas retinoic acid and the glucocorticoids sup
pressed the transformed foci with no sign of cytotoxicity. In
hibition of two-stage BALB/c 3T3 cell transformation by reti
noic acid was reported previously by Saito et al. (15)

Reversibility of Effect of Chemicals on Cell Transformation.
As shown in Fig. 1, when cells are treated with chemicals from
the second to the fourth week and the chemicals are then
removed from the culture media, there is an increase in the
number of transformed foci by the end of the sixth week. These
results suggest that effects of the chemicals are reversible and
that morphologically transformed cells remain dormant in the
presence of these chemicals but become morphologically trans
formed upon release from suppression. The reversibility was
most evident in the case of dexamethasone. It is important to
note that release from treatment with cAMP also resulted in
the production of foci (Fig. 1), suggesting that its suppression
of cell transformation was not due merely to its cytotoxicity.

Effect on Selective Intercellular Communication between
Transformed and Surrounding Nontransformed Cells. We have
shown previously that when BALB/c 3T3 cells are transformed,
they do not communicate with surrounding normal cells but
continue to communicate among themselves (8, 9). In order to
see whether the chemicals we used could reverse the intercel
lular communication block, we added them to culture dishes in
which many transformed foci were present. As shown in Fig. 2
and Table 3, after 1-2 weeks of treatment with these chemicals,
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Fig. 2. Recovery of intercellular communication between transformed and surrounding nontransformed BALB/c 3T3 cells. BALB/c 3T3 cells were transformed
by 3 Â»ig/mlMCA. and when transformed foci appeared (at 4 weeks), dibutyryl cAMP plus caffeine (C, D), dexamethasone (E, F), or retinoic acid (G, H) was added.
One week later, intercellular communication was measured by microinjecting Lucifer Yellow into a nontransformed cell (arrows). Note that there is a clear selective
communication before the addition of chemicals (A, B). A, C, E, G, phase contrast micrographs; B, D, F, H, fluorescent micrographs.
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No. of transformed foci/dish

JP

TimÂ«In culture [wMkl)

f TinÂ»01tlÂ»non

Fig. 3. Effects of cAMP, dexamethasone (Dex), and retinole acid (RA) on
already transformed foci. Data are mean Â±SD (ears) from three independent
experiments.

Table 3 Effects of various chemicals on selective intercellular communication
BALB/c 3T3 cells were transformed by 3 Mg/ml MCA, and when morpholog

ically transformed foci appeared, the indicated chemicals were added. After 1
week, communication between transformed and surrounding nontransformed
cells was measured by microinjecting dye into a nontransformed cell. When the
dye spread to transformed cells to a similar extent as in homologous nontrans
formed cells (Fig. 2), the focus was scored as positive in heterologous communi
cation.

% transformed foci that
do not communicate

with surrounding
Addition normal cells

None
Dibutyryl cAMP + caffeine
Dexamethasone
Fluocinolone acetonide
Retinole acid100

(20)Â°

9(22)
19(21)
20(10)

0(20)
" Numbers in parentheses, number of foci examined.

intercellular communication between transformed and non-
transformed cells was reestablished.

Reversion of Morphologically Transformed Cells. In order to
examine whether these chemicals could also affect cells that are
already transformed, they were added 4 weeks after MCA
treatment, when about 25 transformed foci/dish were present.
After a further 2 weeks of culture in the presence of cAMP,
dexamethasone, or retinole acid, the number of transformed
foci had decreased drastically (Fig. 3). These results suggest
that the chemicals can reverse the morphologically transformed
foci to normal phenotypes. In order to demonstrate this more
directly, we followed the morphological changes in several
transformed foci before and after addition of chemicals. As
shown in Figs. 4 and 5, transformed foci produced by MCA
can indeed be gradually reversed to nontransformed phenotypes
in the presence of these chemicals.

Since we consider that the establishment of intercellular
communication between transformed cells and surrounding
normal cells may be important for the reversion of transformed
phenotypes, we examined whether transformed cells in the
absence of surrounding normal cells could be reversed to a
normal phenotype in the presence of these chemicals. As shown
in Table 4, these chemicals had no effect, although retinoic acid
had significant effects on the morphology of these isolated
transformed cells. These results confirm that these chemicals
reverse transformed phenotypes to normal phenotypes more
effectively in the presence of surrounding normal cells. More
over, when the effect of these chemicals on the growth rate of
normal and recently transformed cells was examined, we found
a similar degree of growth retardation of the two cell types

(results not shown). These results indicate that the chemicals
used in this study do not affect the growth of transformed cells
preferentially and thus suggest that selective cytotoxicity of
transformed cells is not involved in the suppression of trans
formed phenotypes.

DISCUSSION

We report in this paper that chemicals which antagonize the
effect of TPA on gap-junctional intercellular communication
can inhibit morphological transformation of BALB/c 3T3 cells.
These results further support the idea that blockage of intercel
lular communication plays an important role in the process of
cell transformation.

Our results also suggest that already transformed cells can
be reverted to normal phenotypes by these chemicals. In addi
tion, we have shown that these chemicals can restore a selective
absence of intercellular communication between transformed
and surrounding normal cells. While it is difficult to determine
whether the restoration of the selective absence of intercellular
communication by chemicals is the cause or effect of the rever
sion of transformed phenotypes, it is tempting to speculate that
reestablishment of intercellular communication between these
two cell types may facilitate the reversal of transformed phe
notypes. This hypothesis is based on the assumption that nor
mal cells are dominant in their expression of phenotypes, due
to the transfer of growth control factors through gap junctions.
The dominance of normal phenotypes over transformed phe
notypes has been well documented by the use of hybrids between
transformed and nontransformed cells: tumorigenic phenotypes
can be suppressed after hybridization with nontumorigenic cells
(16).

The importance of intercellular communication or of more
general cell interaction in the expression of transformed phe
notypes has been suggested recently by several investigators.
When C3H10T1/2 cells were transformed with UV followed
by phorbol ester treatment, there was no expression of trans
formed phenotypes in the presence of surrounding normal
C3H10T1/2 cells, but when phorbol esters were added, the
transformed phenotypes were rescued (17). These results indi
cate that normal cells suppress transformed phenotypes and
that transformed phenotypes are rescued by inhibition of het
erologous intercellular communication by phorbol esters. Sim
ilarly, when transformed and nontransformed cells were cocul-
tured, there was an outgrowth of transformed cells only when
there was no communication between transformed and non-
transformed cells (18). When intercellular communication be
tween transformed and nontransformed cells was reestablished
in the presence of cyclic AMP, transformed foci did not appear;
cyclic AMP is known to be an up-regulating agent for gap-
junctional intercellular communication (19). This finding is
consistent with the idea that by eliminating the barrier of
intercellular communication between transformed and non-
transformed cells, transformed phenotypes can revert to normal
phenotypes. A study was recently carried out with cells that had
acquired viral oncogenes. When v-myc cells were cocultured
with normal cells there was no transformed focus, but cells with
\-ras or \-src genes could form transformed foci over nontrans
formed cells. When intercellular communication was measured
in these cells, it occurred between v-wyc-transformed cells and
normal cells but not between v-ras- or v-src-transformed cells
and normal cells (20).

Bertram et al. (21) and Mordati and Bertram (22) have
studied the effect of agents that elevate intrace! lular cAMP level
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Fig. 4. Disappearance of a transformed fo
cus in the presence of dexamethasone. BAI H
e 3T3 A31-1-1 cells were transformed as de
scribed in Fig. 3 and then treated with l jig/
ml dexamethasone; the same focus was pho
tographed various days after the treatment.
Culture medium was changed twice a week.

Fig. 5 Disappearance of a transformed fo
cus in the presence of retinoic acid. Experi
mental procedures were identical to those de
scribed in the legend to Fig. 4, except that 1
fig/ml retinoic acid was used.
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Table 4 Effects of anti-tumor promoting agents on morphology of transformed
BALB/e 3T3 cells seeded at donai density

BALB/c 3T3 cells transformed by MCA were seeded at 50 cells/60-mm Petri
dish. After 1 week, indicated chemicals were added and dishes were fixed and
stained after 2 more weeks. Note that in this experiment, morphology of colony,
not focus, was examined. Results are from 10 dishes/treatment group.

TreatmentNone

Dibutyryl cAMP (1 mM) +
caffeine (1 mM)

Dexamethasone (1 /ig/ml)
Retinole acid (1 fig/ml)%

of colonies with
morphologically
transformed cells

(mean Â±SD)78.5

Â±6.3
69.9 Â±7.168.8

Â±5.6
39.1 Â±8.1%

colony forming
efficiency

(mean Â±SD)78.8

Â±14.4
47.2Â±6.154.4

Â±5.9
68.8 Â±4.1

and retinoids on C3H10T1/2 cell transformation extensively,
showing that they inhibit the induction of cell transformation,
although the acid forms of retinoids were not effective in this
system (23). When transformed C3H10T1/2 cells were cultured
with a nontoxic dose of the cAMP phosphodiesterase inhib
itor, 4-(3-butoxy-4-methoxybenzyl)-2-imidazolidinone (RO20-
1724), their growth and focus formation were inhibited only in
the presence of nontransformed 10T1/2 cells (24). These results
are consistent with our observation and conclusion that normal
cells may transfer growth regulatory factors to transformed
cells through gap junctions.

The chemicals that inhibited or reversed the transformation
process and transformed phenotypes in this study have been
reported to be potent inhibitors of mouse skin tumor promotion
(25-28). Fluocinolone acetonide has recently been shown to
antagonize the TPA-induced decrease in gap junctions in mouse
skin epidermis (29). Moreover, painting of retinoic acid in
creases the number of gap junctions in rabbit ear epithelium
(30). These in vivo results suggest that the antitumor-promoting
effect of these chemicals may also involve enhancement of
intercellular communication.
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