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ABSTRACT

We have tested transforming growth factor ÃŸ(TGF/8) in the two-stage
BALB/c 3T3 cell transformation assay for possible tumor-promoting
activity, since it has several effects similar to those of tumor-promoting
phorbol esters. After initiation of BALB/c 3T3 cells with 3-methylchol-

anthrene, treatment with TGF0 at 1 ng/ml alone or in combination with
epidermal growth factor (EGF) for 4 weeks enhanced the number of
transformed foci by 5- to 6-fold in comparison with uninitiated cells.

Initiation treatment alone induced no or very few transformed foci in
several assays. Treatment with phorbol-12,13-didecanoate (FDD) at 100

ng/ml for 4 weeks enhanced the number of transformed foci in initiated
BALB/c 3T3 cells by 4- to 5-fold in comparison with uninitiated cells.
Thus, TGF0 at 1 ng/ml is as potent as FDD at 100 ng/ml for tumor-
promoting activity in the two-stage BALB/c 3T3 cell transformation
assay. The enhancing effect of TGF0 was dose-related in the dose range
tested (0.03-1 ng/ml) and was not reversible. Some of the foci induced
by combined MCA-TGF/3-EGF treatment were cloned, and eight out of

nine clones tested produced tumors in nude mice. TGF/3 (1 ng/ml) plus
EGF (2 ng/ml) increased the saturation density to a similar extent as
FDD (100 ng/ml) but did not affect the growth of BALB/c 3T3 cells. We
observed no change in junctional intercellular communication, as meas
ured by the dye transfer method, when cells were treated with TGF/3
during the two-stage BALB/c 3T3 cell transformation assay. Neverthe

less, there was selective communication between transformed and sur
rounding nontransformed cells; MCA-TGF/8 transformed cells intercom

municated among themselves but not with surrounding nontransformed
cells. Our results indicate that TGF/3 has potent tumor-promoting activity

in vitro, but that this activity is not mediated by a complete blockage of
intercellular communication, as is suggested for phorbol ester tumor
promoters.

INTRODUCTION

is a homodimeric polypeptide with a molecular weight
of 25,000 present almost ubiquitously in normal and neoplastic
cells and tissues. It has been originally detected on the basis of
its ability to induce anchorage-independent growth of fibrei-
blasts, which is considered to be a phenotypic characteristic
related to malignancy. However, the growth of many trans
formed and nontransformed cells is rather inhibited by TGF/3,
i.e., TGF/3 exhibits a kind of dual role on the various cell lines
(1-3). It can bind to different types of specific receptors located
on the cell membrane in a variety of cultured cells (4), and the
TGF/9 gene belongs to a well-conserved family, suggesting
fundamental roles of TGF/3 in normal cellular physiology (5,
6).

So far, there is no evidence for the involvement of TGF/3 in
the process of carcinogenesis. However, there exists some in
direct evidences that growth factors may contribute to malig-
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nant transformation. For instance, oncogene-encoded proteins
and growth factors (sis product and platelet-derived growth
factor) or growth factor receptors (erbB product and EGF
receptor; fms product and colony stimulating factor-1 receptor)
have been found to be homologous (7). Furthermore, phorbol
ester tumor promoters can modulate the expression of some
oncogenes and share several common properties with growth
factors. In particular, some effects believed to be relevant for
tumor-promoting activity are seen with both phorbol esters and
TGF/3, including induction of angiogenesis (8, 9), inhibition of
cell differentiation such as myogenic differentiation (10, 11), or
adipogenic differentiation (12, 13) and induction of cell differ
entiation such as squamous differentiation (14, 15). These
biological similarities between phorbol ester tumor promoters
and TGF/3 led us to examine whether TGF/3 also has tumor-
promoting activity. Using in vitro two-stage BALB/c 3T3 cell
transformation assay, we provide evidence that TGF/3 indeed
exhibits strong tumor-promoting activity.

MATERIALS AND METHODS

Materials. EGF (isolated from male mouse submaxillary glands),
EGF and MCA were purchased from Sigma Chemical Co. (St Louis,
MO). FDD was obtained from CRC Inc. (Eden Prairie, MN).

Purification of TGF/8. TGF/3 was purified from human platelets as
described (16, 17). Briefly, extraction and gel nitration were performed
according to Assoian et al. (18). For final purification, the preparation
was subjected to sodium dodecyl sulfate gel electrophoresis followed by
electroelution. The biological activity of TGF/3 was tested as described
(18).

Cell Culture and in Vitro Cell Transformation. BALB/c 3T3 cells
(clone A31-1-1) were kindly provided by Dr. T. Kakunaga, Osaka
University, Japan. The cells were maintained in Eagle's minimum

essential medium supplemented with 10% fetal calf serum (GIBCO, lot
10F-1S47S), and the transformation assay and the scoring of trans
formed foci were carried out as described elsewhere (19).

Two-Stage Morphological Transformation of BALB/c 3T3 Cells. Ex
ponentially growing cells (IO4) were seeded onto 60-mm culture dishes,
with 4-nil culture medium in the presence of 10% fetal calf serum.
Transformation was initiated 24 h later with 1 fig/ml MCA. Four days
after, the culture medium was replaced by fresh medium containing
phorbol ester or growth factors. Promotion was continued by replacing
the medium containing these factors twice weekly. Four to 5 weeks
after the first promoter treatment, cultures were fixed in methanol and
stained with a 2% Giemsa solution. Morphological transformation was
determined under a dissecting microscope. Only densely stained mul
tilayer foci with criss-crossing of the cells at their periphery were scored
as transformed foci (19).

Tumorigenicity Testing. Transformed foci obtained by MCA initia
tion and TGF/3 plus EGF promotion were isolated and trypsinized.
The cells were allowed to multiply in minimal essential medium, and
10s or 10e cells of each clone in a volume of 100 Â¿Â¿1phosphate-buffered

saline were injected s.c. into the backs of nude mice.
Measurement of Intercellular Communication. Intercellular transfer

of fluorescent Lucifer yellow CH dye was examined after direct microin
jection of the dye into cells under phase contrast microscopy and
observation of transfer to neighboring cells under fluorescence micros
copy (20). A 10% (w/v) solution of Lucifer yellow CH in 0.33 M lithium
chloride was transferred to a glass capillary needle, which was prepared
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from a capillary tube using an automatic magnetic puller (Narishige
Co., Tokyo, Japan). Individual cells were impaled with capillaries at a
site close to the nucleus, and dye was injected for 0.5-1 s with an
Eppendorf microinjector under an Olympus injectoscope IMT2SYF.
Transfer of dye to surrounding cells was monitored under the same
microscope between 10 and 20 min after injection.

RESULTS

Growth Curves of BALB/c 3T3 Cells in the Presence of TGF/3.
As shown in Fig. 1, BALB/c 3T3 cells multiply during the
exponential growth phase at the same rate in control cultures
and in those treated with TGF/8 plus EGF or FDD. Control
cells reached confluence after 7 days in culture and remained
confluent with the same saturation density up to day 29. The
presence of TGF/3 (1 ng/ml) plus EGF (2 ng/ml), or of FDD
(100 ng/ml), enhanced the saturation density of BALB/c 3T3
cells to the same extent from day 9 to day 29. EGF alone had
no effect on cell saturation, and a similar increase in density
occurred when TGF/3 was used alone or in the presence of EGF
(data not shown). We have not examined whether the effect
seen without exogenously added EGF is due to the presence of
EGF in the fetal calf serum used in our experiment. These
results indicate that TGF/3 exerts a similar mitogenic activity
as FDD on BALB/c 3T3 cells.

Two-Stage BALB/c 3T3 Cell Transformation using TGF/3 as
Tumor Promoter. Table 1 summarizes the results of two inde
pendent two-stage cell transformation experiments, in which
we used MCA at 1 ng/ml as an initiator and various combina
tions of TGF/3 at 1 ng/ml, EGF at 2 ng/ml, and PDD at 100
ng/ml as promotion treatment for 4 weeks. Treatment of MCA-
initiated cells with TGF/3 alone (group VIII) or in combination
with EGF (group X) resulted in about six and three times more
transformed foci than in uninitiated plates (groups VII and IX),
in experiments I and II, respectively. PDD, a potent enhancer
of BALB/c 3T3 cell transformation (19), enhanced transfor
mation in MCA-initiated cells (group IV) two to three times in
uninitiated cells (group III) in both experiments. Thus, as shown
in Fig. 2 which illustrates the mean value of experiments I and
II, TGF/3 at 1 ng/ml could enhance the number of transformed
foci in MCA-initiated cells to a similar extent as PDD at 100
ng/ml. Furthermore, the foci observed with TGF/3 alone or in
combination with EGF were equivalent in size or larger than

25 0 5
Time (days)

10 15 20 25

Table 1 Two-stage in vitro BALB/c 3T3 cell transformation

Cells were treated with 1 fig/ml MCA for 96 h. PDD (100 ng/ml), EGF (2
ng/ml), and/or TGF/3 (1 ng/ml) was added at each medium change, for 4 weeks.
The plates were scored for transformed foci, as described ( 19).

Treatment of target cells

Group MCA PDD EGF TGF0

Plates with trans- Mean no. of
formed foci/plates transformed

scored per foci per plate
treatment set (Â±SD)

ExperimentII
-II
+III

- + --IV
++V

--â€¢Â§â€¢-VI
+ -+VII
- - -+Vili
+ - -+IX

++X
+ - ++Experiment

II!
_II

+ - --III
-â€¢*â€¢--IV

++V
- - +-VI
+ - +-VII
- - -+Vili
+ - -+IX

++X
+ - ++XI
+ ++XII
+ + -+XIII
+ + + +0/148/1514/1418/185/1313/1412/1518/1815/1514/140/130/1812/1215/153/1210/1012/129/911/1113/133/35/58/800.87

Â±0.9914.50
Â±2.9338.89
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Â±0.513.50
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Â±0.9621.67
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Â±1.8328.93
Â±6.70006.25

Â±2.2615.40
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Â±0.451.70
+0.826.42
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Fig. 1. Growth curves of BALB/c 3T3 cells in the presence of PDD (A) or
TGF/3(B). Cells were seeded at 10* cells per dish alone (â€¢)or in the presence of

(D) PDD (100 ng/ml), or (O) EGF (2 ng/ml) plus TGF/3 (1 ng/ml). The medium
was changed on days, 3, 7, 10, 15, 19, 23, and 26. Points, average of triplicate
experiments.
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Fig. 2. Two-stage in vitro BALB/c 3T3 cell transformation. Average values of
experiments I and // in Table 1.

those observed with PDD. In addition, TGF/3 seems to act
synergistically with PDD to promote transformed foci (groups
XII and XIII in experiment II), suggesting that TGF/3 and PDD
might enhance cell transformation through different mecha
nisms. The background of transformed foci induced by TGF/3
or PDD without MCA treatment may derive from already
initiated cells in the cell population used. In the two experi
ments, EGF alone did not significantly enhance the number of
transformed foci either in control cells (group V) or in MCA-
initiated cells (group VI); furthermore, the foci obtained were
always small. At higher doses (50 ng/ml), EGF has been re
ported to enhance transformation of C3H10T1/2 cells (21).
Such EGF effect may depend on the batch of fetal calf serum
used. Control cells (group I) did not undergo spontaneous
transformation in both experiments, and the dose of MCA
(group II) used induced a small number of transformed foci
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only in one of the two experiments. These results clearly indi
cate that TGF/3 is a strong tumor promoter in the two-stage
transformation assay with BALB/c 3T3 cells. Although EGF
has little effect, we always included EGF to be sure to obtain
maximal activity of TGF|3 and to eliminate possible variation
due to different concentrations of EGF which might be present
in our serum.

Dose-Response of TGF/3 in Enhancement of Cell Transfor
mation. We used TGF/3 at different doses in the presence of
EGF on uninitiated and MCA-initiated BALB/c 3T3 cells to
see whether the tumor-promoting activity observed is a function
of TGF/3 concentration. As shown in Fig. 3, the number of
transformed foci due to the tumor-promoting activity of TGF/3
(i.e., the transformed foci in MCA-initiated cells versus in
uninitiated cells) increased with TGF/8 concentration, with an
effect at a dose as low as 0.1 ng/ml.

Reversibility of the Effect of TGF/8 on Enhancing Cell Trans
formation. Maintenance of the transformed phenotype of cells,
either in monolayer culture or growing as colonies in soft agar,
requires the continuous addition of TGF/3, i.e., twice weekly or
once weekly, respectively (2). We therefore investigated whether
the tumor-promoting activity of TGF/3 is reversible. As shown
in Table 2, the number of transformed foci increased when
initiated cells were treated for 24 days (group I) in comparison
to those treated for 16 days (group II). However, when initiated
cells were treated for 16 days with TGF/3 and then maintained
in control medium for eight additional days (group III), the
number of transformed foci was not significantly different from
that in the group that received TGF/3 continuously for 24 days.
Furthermore, the foci observed in group III were larger than
those observed in group II, suggesting an inhibitory action of
TGF/3 on proliferation of the transformed cells. It is difficult
to know whether such an inhibitory effect is observed already
on initiated cells or only on cells which acquired complete
transformed phenotypes, since initiated cells cannot be readily
isolated. Nonetheless, these data show that the effect of TGF/3

0.03 0.1

TGFfi concentration (ng/ml)

0.3

Fig. 3. Dependence of the two-stage BALB/c 3T3 cell transformation on the
concentration of TGF/3. Cells were initiated with 1 ng/ml MCA for 96 h (â€¢)or
not (O), and then treated with EGF (2 ng/ml) plus TGF/3 for 4 weeks at the
indicated concentrations. Points, average of ten or more dishes. In the group
treated with EGF, six dishes out of 11 contained transformed foci; four out of 13
dishes in the group EGF + TGF/3 at 0.03 ng/ml and 11 out of 13 in the group
EGF + TGF0 at 0.1 ng/ml had transformed foci.

Table 2 Reversibility of the effect ofTGFÃŸon enhancement of BALB/c 3T3 cell
transformation

Two-stage BALB/c 3T3 cell transformation assays were performed as de
scribed in Table 1, legend. Promotion was achieved with TGF/3 (1 ng/ml) and
EGF (2 ng/ml) for 16 days in groups I and III and 24 days in group II. I'd ri
dishes from group III were kept in culture for eight additional days without
promotion.

Treatment of cells at
dayGroupI

II

III0-.16TGF0

TGF0

TGF017->24Fixation

on
day 17

TGF0NoneFixation on
day 24

Fixation on
day 24Mean

no. of transformed
foci per plate(Â±SD)11.

55 Â±2.58

27.20 Â±5.65

23.08 Â±3.20

on promoting cell transformation is not reversible.
Evaluation of the Tumorigenicity of MCA-TGF/9-induced Foci.

We cloned transformed foci resulting from MCA initiation and
TGF/3 (1 ng/ml) plus EGF promotion (from the experiment
presented in Fig. 3). When we injected IO5or IO6cells of nine

typical transformed clones from different Petri dishes into nude
mice, eight induced tumors within 20 weeks. During cloning,
the transformed morphology of some clones disappeared. Such
clones were not tested. When 10s or IO6 nontreated control

BALB/c 3T3 cells were injected into six nude mice, no tumor
was produced even after 30 weeks. Similar results had already
been obtained in our laboratory (22). BALB/c 3T3 cells trans
formed by MCA plus FDD were not tested for their tumori-
genicity. However, in a separate experiment, five foci induced
by MCA plus mezerein were injected into nude mice, and all of
them produced tumors upon inoculation of 106cells per mouse.5

Intercellular Communication during Two-Stage BALB/c 3T3
Cell Transformation in the Presence of TGF/8. We have found
that there exists a good correlation between the enhancement
of cell transformation by phorbol ester tumor promoters and
the blockage of intercellular communication in BALB/c 3T3
cells (23). When subconfluent cultures of BALB/c 3T3 cells
were treated with TGF/3 (1 ng/ml), either alone or in combi
nation with EGF, no change in communication capacity was
observed within 24 h. No significant change occurred during
weekly checks throughout the experiment (data not shown).
Thus, the enhancement of cell transformation by TGF/8 is not
mediated by a complete block of intercellular communication.

We did observe selective communication in transformed foci
of MCA-initiated cells promoted by TGF/3 in the presence of
EGF. As shown in Fig. 4, there is intercellular communication
among normal cells in the monolayer (Fig. 4Z>) and among
transformed cells in the foci (Fig. 4B); however, there is no
communication between normal cells and transformed cells.
Such selective communication appears to be a common feature
of BALB/c 3T3 transformed cells, since it is seen with foci
induced by different agents such as MCA, Af-methyl-Ar'-nitro-

TV-nitroso-guanidine, UV irradiation and as activated human
H-ras gene (22, 24).5

DISCUSSION

Using a two-stage BALB/c 3T3 cell transformation assay, we
have obtained good evidence that TGF/3 can act as a tumor
promoter; TGF/3 increased significantly the number of trans
formed foci in MCA-initiated cells. Moreover, this increase is
dependent on the TGF/3 concentration and the obtained trans
formed foci could produce tumors when injected into nude

5 Unpublished results.
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Fig. 4. Patterns of dye transfer in MCA-EGF-TGF/3-in-
duced transformed foci and surrounding nontransformcd
BALB/c 3T3 cells. *, cells into which dye was injected; A and
B, dye transfer in transformed focus; C and D, dye injected
into a nontransformed cell located close to a transformed
focus.

mice. Although we have observed a general mitogenic effect of that TGF/3 can exert tumor-promoting activity without affect-
TGF/3 in BALB/c 3T3 cells, based on an elevated saturation
density (Fig. 1), the primary mechanism of the tumor-promot
ing activity of TGF/3 cannot be a general mitogenic effect, since
it does not transform uninitiated cells. Thus the effect of TGF/Ã®
appears to be selective for initiated cells, inducing them to
expand clonally over surrounding uninitiated cells, which ful
fills the essential characteristic of tumor promoting agents.

TGF/3-mediated tumor-promoting activity resulted in tumor-
igenic foci and was generally not reversible. Hence, TGF/3 can
induce morphological changes similar to those observed in rat
urothelial cells with known bladder promoters, such as sodium
saccharin and sodium cyclamate, but it is not known whether
these treated cells were tumorigenic or not (25). Although
phorbol esters are good tumor promoters both in vivo and in
vitro, they exert a reversible effect in some cell transformation
systems, such as Syrian hamster embryo cells (26) and C3H
10T1/2 fibroblasts (27). For instance, 1 week of incubation
without phorbol ester tumor promoters resulted in a 70%
decrease in the number of foci produced during two-stage C3H
10T1/2 cell transformation (27). In contrast, there was no
significant decrease in the number of transformed foci of initi
ated BALB/c 3T3 cells when they were incubated for 1 week
without TGF/3. Thus, although many of known TGF/3-mediated

effects are reversible, its tumor promoting activity may result
from more stable cellular changes.

The tumor-promoting effect of TGF/3 in the two-stage
BALB/c 3T3 cell transformation assay was dose dependent,
and the yield of transformed foci obtained with 1 ng/ml TGF/3
was similar to that obtained with 100 ng/ml FDD. Enomoto
and Yamasaki (23) have shown that, FDD activity is almost
maximal at this dose. We did not obtain a plateau in the
response to TGF/3 at 1 ng/ml, suggesting that the tumor-
promoting activity of TGF/3 at higher concentration could even
be more potent. We have not tested higher concentrations of
TGF/3 because of limited supply. Nonetheless, our data indicate
that the potency of TGFjS in enhancing BALB/c 3T3 cell
transformation is greater than a class of potent classical mouse
skin tumor promoters, i.e., the phorbol ester.

Enhancement of cell transformation in BALB/c 3T3 cells by
phorbol esters has been correlated with their ability to block
intercellular communication (23). We have here demonstrated

ing intercellular communication. Nevertheless, it is possible
that TGF/Ã®may block such communication more specifically
and more locally, i.e., between the initiated cells and the normal
cells, which would not be detectable in our assay system. We
observed selective communication between transformed foci
induced by TGF/3 in MCA-initiated cells and surrounding nor
mal cells, which may either have been acquired during the
process of promotion or resulted from the malignancy of the
cells. Thus, it is not clear whether TGF/3 may exert its tumor-
promoting activity without any disturbance of intercellular com
munication.

Phorbol ester tumor promoters bind to and directly activate
protein kinase C (28) in order to exert their biological effects,
e.g., inhibition of cell-cell communication (29), and hexameth-
ylene bisacetamide-induced Friend erythroleukemia cell differ
entiation (30). TGF/3 also binds to specific receptors on the cell
surface, and the role of these receptors in affecting intracellular
cascades are presently intensively investigated. We observed no
effect of TGF/3 on intercellular communication between BALB/
e 3T3 cells and on differentiation of Friend erythroleukemia
cells.6 The effect of TGF/3 on protein kinase C and its interac

tion with phosphatidylinositol turnover and related events have
not yet been reported, and our data indirectly suggest that
TGF/3 acts through other mechanisms than protein kinase C.
This is also suggested by the synergistic effect for cell transfor
mation enhancement of FDD and TGF/3 together. Neverthe
less, it is possible that, beyond protein kinase C signal trans
duction, phorbol esters and TGF/3 may share some common
mechanisms.

We have demonstrated that TGF/3, a ubiquitous factor in
human cells and tissues, has tumor-promoting activity in cell
culture. Although in vivo data is not available, it is therefore
possible that TGF/3 plays an important role in endogenous
tumor promotion. Indeed, TGF/3 is considered to be involved
in the process of skin wound healing and, on the other hand,
skin wounding has been reported to be a tumor-promoting
stimulus on mouse skin (31). It is thus possible that tumor-
promoting activity of skin wounding is associated with TGF/3
secretion.

6This study and unpublished results.
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Note Added in Proof
During submission of this paper, a report appeared demonstrating

that TPA application to the skin of mice induces a very high level of
transforming growth factor ÃŸmessenger RNA (Akhurst et ai.. Nature
331: 363-365, 1988). This raises the possibility that, in vivo, TPA
tumor-promoting activity is mediated at least in part by transforming
growth factor ÃŸ.
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