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ABSTRACT

The work described in this paper demonstrates that transforming
growth factor ,Â¡(TGF-/3) induces the soft agar growth of murine epidermal
JB6 clone 41 (Cl 41) cells. In this regard, TGF-/S is more effective than
either 12-O-tetradecanoylphorbol-l 3-acetate or epidermal growth factor.
Together, I (â€¢!â€¢'-,'!and epidermal growth factor produce a greater stim

ulation of soft agar growth than either growth factor alone. In contrast,
addition of TGF-/31 and 12-0-tetradecanoylphorbol-13-acetate together
does not stimulate soft agar growth beyond that produced by I(Â¡I-/>'I

alone. Interestingly, retinoic acid inhibits the ability of all three factors
to induce the anchorage-independent growth of CI 40 cells. K.l-.i also
exerts long-term effects on Cl 41 cells. This was determined by isolating
TGF-/3-induced soft agar colonies and examining their dependence on
TGF-/3. Five of the six anchorage-independent clones isolated after TGF-
ÃŸ\treatment were found to exhibit anchorage-independent growth in the
absence of TGF-/3. In addition, these clones respond far more strongly to
TGF-/91 than do the parental Cl 41 cells in terms of both the numbers
and the sizes of colonies formed in soft agar. The findings reported here
are compatible with the proposal that TGF-/3 mediates some effects of
12-O-tetradecanoylphorbol-13-acetate.

INTRODUCTION

The two-stage model of skin carcinogenesis divides tumor
induction into an initiation stage and a promotion stage (1).
Tumor promoters such as TPA3 or repeated wounding of the

skin can not cause tumor formation by themselves, but can
promote formation of tumors from cells initiated by a sub-
threshold dose of a carcinogen. At present little is known about
the mechanisms by which tumor promoters act. However, TGF-
ÃŸhas been implicated in the actions of TPA and wounding.
TPA has been shown to elevate TGF-ÃŸlmRNA in mouse skin
(2) as well as in various cell lines (3, 4), and levels of TGF-0
are elevated by wounding (5). In regard to the action of TPA,
the TGF-ÃŸlgene is known to contain several functional phorbol
ester response elements (6, 7).

In vitro model systems have been developed to facilitate the
study of skin carcinogenesis. JB6 cells and their clones, such as
Cl 41, were derived from epidermal cells of BALB/c mice (8,
9). Cl 41 cells are immortal and nontumorigenic, but they
respond to tumor promoters, such as TPA, as though they are
initiated cells. In this regard, Cl 41 cells acquire the potential
for anchorage-independent growth when treated in vitro with
TPA (9), and RA inhibits this effect of TPA on JB6 cells (10).
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Moreover, this response to TPA is irreversible. Soft agar colo
nies that formed in response to single and multiple exposures
to TPA have been isolated and shown to retain the capacity for
anchorage-independent growth in the absence of tumor pro
moters (8, 11-13). Anchorage-independent clones developed
from JB6 cells in this manner have been shown to be tumori-
genie (14). In addition, it was established that the anchorage-
independent phenotype resulted from induction and not from
selection of preexisting anchorage-independent cells (14).

Growth factors have also been shown to influence the an
chorage-independent growth of Cl 41 cells. EGF has been
shown to induce the soft agar growth of Cl 41 cells (9). As in
the case of TPA, this induction is irreversible. Soft agar colonies
that formed in response to EGF have been isolated and shown
to retain the capacity for anchorage-independent growth in the
absence of EGF (11). Interestingly, EGF has been shown to
induce transcription of gene constructs containing phorbol ester
response elements (AP-1 sites) when they are transfected into
C141 cells (15).

More recently, it has been reported that TGF-0 inhibited the
ability of TPA to induce the anchorage-independent growth of
Cl 415a cells, a clonal derivative of Cl 41 cells (16). However,
this finding contrasts with an earlier finding that transforming
growth factors induce the soft agar growth of JB6 cells and of
a Cl 41 derivative that lacks EGF receptors (11). Thus, the
effects of TGF-/3 on JB6 cells and its derivatives are complex.
The TGF-/3 family itself is quite complex. At present, five
distinct, but closely related, forms of TGF-0 have been identi
fied and, thus far, TGF-01, TGF-02, TGF-03, and TGF-/34
have been observed in mammalian cells (reviewed in Refs. 17
and 18; also see Ref. 19). Both stimulatory and inhibitory effects
of TGF-0 have been observed on the monolayer and soft agar
growth of a wide range of cells. Although the effects of TGF-/3
are nearly always reversed upon its removal (20-22), the effects
of TGF-0 have been reported to be irreversible in a few studies
(23, 24).

To further our understanding of the influence of growth
factors on the Cl 41 model system and to examine whether the
properties of TGF-01 are compatible with a role in mediating
the effects of TPA, we examined the effects of TGF-0 on Cl 41
cells. Our findings demonstrate that, like TPA and EGF, TGF-
ÃŸstimulates soft agar growth of Cl 41 cells. TGF-/3 also exerts
long-term effects on these cells. Five of the six anchorage-
independent clones induced by TGF-/31 that were isolated in
this study are capable of anchorage-independent growth in the
absence of TGF-0. Our findings demonstrate that TGF-ÃŸmim
ics the effects of TPA on the soft agar growth of Cl 41 cells
and, thus, could mediate the effects of TPA in this system.

MATERIALS AND METHODS

Materials. TGF-/ÃŒ1and TGF-/J2 were obtained from R & D, Inc.
(Minneapolis, MN). EGF was obtained from Collaborative Research,
Inc. (Bedford, MA). Fibronectin was obtained from Upstate Biotech
nology, Inc. (Lake Placid, NY). DME and Ham's F-12 were obtained

from Gibco BRL (Grand Island, NY). TPA, insulin, and transferrin
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were obtained from Sigma Chemical Co. (St. Louis, MO), and RA was
obtained from Eastman Kodak Co. (Rochester, NY).

Cells. CI 41 cells were obtained from Dr. Nancy Colburn (National
Cancer Institute, Frederick, MD) as a clonal derivative of the parental
JB6 cells (8). Stock cultures of Cl 41 cells were maintained in DME
supplemented with 50 units/ml of penicillin. 50 ^g/ml of streptomycin,
and 10% FBS (Hyclone Laboratories, Inc., Logan, UT. and Intergen
Company, Purchase, NY).

Serum-free Monolayer Growth. The serum-free medium used was a
1:1 DME:Ham's F-12 mixture supplemented with 15 mM 4-(2-hydrox-

yethyl)-l-piperazineethanesulfonic acid, 25 nM sodium selenite, 10 Mg/
ml of insulin, and 10 Â¿ig/mlof transferrin plus the factors indicated in
the text. For each experimental condition, 100,000 cells were seeded
in each of three fibronectin-coated 35-mm dishes (five for controls).
After 3 days, cells were harvested by trypsinization and counted with a
Coulter Counter. Fibronectin-coated tissue culture dishes were prepared
as described previously (25).

Soft Agar Growth. Cl 41 cells were suspended in 0.3% Noble agar
containing DME supplemented with 9% FBS plus the factors indicated
in the text. For these experiments, 2000 cells per 16-mm well were
seeded in 0.5 ml of 0.3% Noble agar over a 0.5-ml prehardened layer
of 0.5% Noble agar containing DME supplemented with 9% FBS.
Protocols for examining the growth of cells in soft agar have been
described in detail elsewhere (26). When used, RA was dissolved in
ethanol and diluted 10-fold into 1:1 (v/v) DME:Ham's F-12 before

addition to samples. Similarly, TPA was dissolved in dimethyl sulfoxide
and diluted 100-fold into DME:10% FBS before addition to samples.
Appropriate controls in each experiment demonstrated that ethanol at
a final concentration of 0.05% and dimethyl sulfoxide at a final con
centration of 0.005% have minimal effects on the soft agar growth of
Cl 41 cells. Cloning efficiencies were determined by counting colonies
in five randomly selected grid areas, each of which was one-twentieth
of the total area of the well, or until counts exceeded 100 colonies.
Sizes of colonies were determined by measuring, to the nearest 5 ^m,
the diameters of a total of 10 to 16 colonies in random microscopic
fields and then calculating their individual volumes (4Â«J/3). As re

ported by others, the background colony formation of Cl 41 cells in
soft agar is dependent on the serum concentration used (8). The serum
concentration used in this study (9%) supported a low background level
of soft agar growth (2% or lower).

Isolation of Induced Clones. Colonies of Cl 41 cells that formed in
soft agar in response to TGF-01, EGF, or TPA were isolated in the
following manner. A total of 500 Cl 41 cells were seeded in 1 ml of
0.3% agar containing DME supplemented with 10% FBS plus TGF-
01, EGF, or TPA over a 1.5-ml layer of 0.5% agar in 6-well (35-mm)
plates. TGF-/31, EGF, and TPA were used at final concentrations of 2,
48, and 120 ng/ml, respectively. Dimethyl sulfoxide, the solvent for
TPA, was present in a final concentration of 0.1%. On Days 6 and 11,
additional factors were added to the cells. Specifically, the factors were
added in 100 ^1 of culture medium in the amounts used initially. On
Days 17 and 18, colonies were isolated from the soft agar cultures with
the aid of a narrow bore cannula. These clones were growth individually
in monolayer without added TGF-0, EGF, or TPA for three passages
before use in further experiments. Similar results were obtained with
cells grown for 12 passages in monolayer.

RESULTS

Effects of Growth Factors on the Anchorage-independent
Growth of Cl 41 Cells. During our initial examination of the
ability of growth factors to influence the soft agar growth of Cl
41 cells, we confirmed that EGF induces anchorage-independ
ent growth, and we determined that TGF-/31 also induces the
anchorage-independent growth of Cl 41 cells (Table 1). TGF-
(31stimulated soft agar growth of these cells to a greater extent
than did EGF (Table 1). These effects were not limited to TGF-
01, since TGF-02 was as effective as TGF-/91 (data not shown).
Furthermore, the combination of TGF-01 and EGF induced

the formation of more soft agar colonies than did either growth
factor alone (Table 1).

To further characterize the effects of TGF-fJ on the anchor
age-independent growth of Cl 41 cells, the effects of various
concentrations of TGF-ÃŸl were determined. A small stimula
tion of soft agar colony formation was observed at concentra
tions as low as 50 pg/ml; half-maximal soft agar growth was
observed at approximately 250 pg/ml; and maximal soft agar
growth was observed at 5 ng/ml (Fig. 1). Since near-maximal

soft agar growth was observed at 1 to 2 ng/ml, this concentra
tion of TGF-/31 was used in the studies reported below.

Effects of Retinole Acid on Growth Factor-induced Soft Agar
Growth. To further our understanding of the ability of TGF-/3
to induce anchorage-independent growth of Cl 41 cells, we
examined its effects in combination with RA, since RA inhibits
the effects of TPA (10). RA also inhibits the ability of TPA to
promote tumor formation after initiation of mouse skin by
dimethylbenz[a]anthracene (27). We determined that RA inhib
its the ability of TGF-ÃŸlto induce the soft agar growth of Cl
41 cells (Fig. 2). Significant inhibition was observed at RA
concentrations as low as 5 nM, and nearly 85% inhibition was
observed at 1 p\i. In addition, we determined that RA (at 0.1
to l UM) inhibits, by 30 to 40%, the induction of soft agar
growth by 50 ng/ml of EGF (data not shown). Interestingly,
this concentration of RA has been reported to stimulate the
ability of EGF to induce the soft agar growth of a different
clone (Cl 21) isolated from JB6 cells (10).

Effects of TGF-0 on the Monolayer Growth of Cl 41 Cells. To
complement our studies on the soft agar growth of Cl 41 cells,
we examined the effects of EGF and TGF-01 on the monolayer
growth of Cl 41 cells. Initially, we used serum-free medium,

Table 1 Effects of growth factors on the cloning efficiency ofCI 41 cells in soft
agar

Cl 41 cells were cultured in soft agar with the growth factors indicated, and
the cloning efficiencies were determined after 15 days as described in "Materials
and Methods." TGF-til and EGF were used at a final concentration of 2 ng/ml

and 50 ng/ml, respectively. This experiment was repeated 5 times with similar
results.

GrowthfactorsControl

TGF-tfl
EGF
EGF + TGF-(Jl%

of cloning
efficiency1

22
14
35

e
o

io'
TGF-PI (pa/ml)

Fig. I. TGF-/ÃŒconcentration dependence of Cl 41 cells grown in soft agar. Cl
41 cells were grown in soft agar with various concentrations of TGF-iil. and the
cloning efficiencies were determined after 8 days as described in "Materials and
Methods."
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Fig. 2. Effect of RA on TGF-fMnduced soft agar growth of Cl 41 cells. Cl 41
cells were grown in soft agar in the presence of 2 ng/ml of TGF-01 and the
concentrations of RA shown. After 8 days, the numbers of colonies formed were
determined as described in "Materials and Methods." Cloning efficiencies in the
presence and absence of TGF-01 were 21% and 2%, respectively.

Table 2 Effects of growth factors on the mono/ayer growth of CI 41 cells in
serum-free medium

CI 41 cells (100,000 cells) were grown in serum-free medium containing the
growth factors indicated. On the third day. cell numbers were determined as
described in "Materials and Methods." TGF-$1 and EGF were used at 1 ng/ml

and 25 ng/ml, respectively. This experiment was repeated several times using
2 ng/ml of TGF-01. In these experiments, EGF consistently induced greater
stimulation of growth than did I (.1 . I

GrowthfactorsControl

TGF-01
EGF
EGF + TGF-01
10% SerumCell

no. x10~J159

Â±27Â°

199 Â±21
307 Â±43
329 Â±13
918 Â±19Normalized1.0

1.3
1.9
2.1
5.8

" Mean Â±SD for triplicate dishes.

since growth factors already present in serum could mask the
effects of added growth factors. Similar to its effects on the soft
agar growth of Cl 41 cells, EGF stimulated the monolayer
growth of Cl 41 cells in the absence of serum (Table 2). In
contrast, the effects of TGF-01 on the monolayer growth of
these cells were relatively small, and the effects of TGF-01 and
EGF together were only additive (Table 2). Since TGF-0 in
duced the soft agar growth of Cl 41 cells and since these
experiments were performed in serum-containing medium, we
also examined the effects of TGF-01 on the monolayer growth
of Cl 41 cells in serum-containing medium. Under these con
ditions, no significant growth promotion by TGF-0 was ob
served at either subconfluent cell densities (Fig. 3) or clonal cell
densities (data not shown).

Long-Term Effects of TGF-0 on the Properties of Cl 41 Cells.
CI 41 cells isolated from soft agar colonies that had been
induced to form by TPA have been reported to exhibit anchor
age-independent growth in the absence of TPA (11). Conse
quently, we examined whether TGF-/3 induces a TGF-0-inde-
pendent phenotype in Cl 41 cells. Specifically, we examined
whether cells isolated from TGF-/31-induced soft agar colonies
could form soft agar colonies in the absence of TGF-/31. Six
soft agar colonies induced by TGF-01 were isolated and cultured
in monolayer in the absence of added TGF-0. It should be noted
that each of the isolated colonies represents a distinct clone,
since these soft agar colonies were formed from single Cl 41
cells plated in soft agar at clonal densities. These clones are
named Cl 41-01 through Cl 41-/36. For comparative purposes,

we isolated clones from EGF- and TPA-induced soft agar
colonies. Five clones were isolated from colonies induced by
EGF and named Cl 41-E1 through Cl 41-E5. One clone, Cl 41-
Pl, was isolated from a colony induced by TPA. Remarkably,
five of the six TGF-0 clones exhibited anchorage-independent
growth in the absence of added TGF-0 (Table 3). Thus, clones
originally formed in response to TGF-0 are distinctly different
from the parental Cl 41 cells, as is the case for TPA-induced
anchorage-independent clones (11, and below).

Another interesting property of the TGF-0 clones is their
soft agar growth response to TGF-0. In the presence of TGF-
01, cells from the TGF-0 clones not only formed soft agar
colonies to a greater extent that did the parental Cl 41 cells,
they also formed dramatically larger colonies (Table 3). Again
this was true for all clones except the Cl 41-01 clone (data not
shown for Cl 41-02 and Cl 41-/35). The data shown for three of
the TGF-/3 clones indicate that the colonies they formed in
response to TGF-01 were more than 10-fold larger than the
colonies formed by parental Cl 41 cells treated with TGF-01
(Table 3). Interestingly, although EGF strongly stimulated the
number of soft agar colonies formed by five of the TGF-0
clones, EGF did not induce the marked increase in colony size
observed in the presence of TGF-01 (Table 3).

The five EGF clones isolated in this study did not grow in
soft agar as well as the TGF-0 clones. Whereas two of the five
EGF clones responded to TGF-01 stimulation with cloning
efficiencies close to those of the TGF-0 clones, the sizes of the
colonies formed were much closer to those of the parental Cl
41 cells than to those of the TGF-0 clones (Table 3). Moreover,
in the absence of added growth factors, the cloning efficiencies
of these EGF clones were much lower than those of the TGF-
0 clones. The other three EGF clones did not grow as well as

10'

600 20 40

TIME IN CULTURE (hr)

Fig. 3. Effect of TGF-0 on the monolayer growth of Cl 41 cells. Monolayer
growth of Cl 41 cells was examined in serum-containing medium without (O) or
with (A) 1 ng/ml of TGF-01. Cl 41 cells were seeded at 57,000 cells per 35-mm
dish and harvested at the times indicated. Cell numbers were determined as
described in "Materials and Methods." Each point represents the average of three

or more dishes. In all cases, (he SD for each point was less than 10% of the value
shown. Confluence was reached at approximately 72 h.
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Table 3 Effects of growth factors on soft agar growth of CI 41 cells and sukclones
derived from CI 41 in the presence of TGF-tfl, EOF, or TPA

C\ 41 cells or derivatives of CI 41 cells were cultured in soft agar in the
presence of the factors indicated. On Day 11, cloning efficiencies and colony sizes
were determined as described in "Materials and Methods." Where indicated,
TGF-01 and EGF were added at 2 ng/ml and 50 ng/ml, respectively. This
experiment was repeated with selected clones with similar results, except as noted.

CloneCI

41Cl

41-01Cl

41-02CI

41-03Cl

41-04CI

41-05Cl

41-06CI41-E3Cl

4l-ESCI41-P1Growth

factorControlTGF-01EGFControlTGF-01EGFControlTGF-ÃMEGFControlTGF-01EGFControlTGF-01EGFControlTGF-01EGFControlTGF-01EGFControlTGF-01EGFControlTGF-01EGFControlTGF-01EGF%
of cloning

efficiency1191117410503292317153433824181239353231522718719"13*Av.
colony sizeGim' x10"')411106193128222238146144227491086821

" This experiment with TGF-01 was repeated twice, and cloning efficiencies of

32 and 34% were observed.
* This experiment with EGF was repeated, and a cloning efficiency of 27%

was observed.

the parental Cl 41 cells in soft agar (data not shown) and were
not examined further.

The TPA clone isolated in this study exhibited properties
similar to, though less dramatic than, the TGF-0 clones. Cl 41-
Pl cells exhibited anchorage-independent growth in the absence
of added factors (Table 3). They responded more strongly than
CI 41 cells to added TGF-01. Specifically, the average colony
size was greater than for Cl 41 cells though smaller than for
the TGF-0 clones. In addition, the cloning efficiency in most
experiments was greater than that observed with Cl 41 cells.

Interactions of TGF-0, TPA, and RA. It has recently been
reported that TGF-/3 inhibits the ability of TPA to induce the
anchorage-independent growth of Cl 415acells and that RA acts
synergistically with TGF-0 (16). Therefore, we examined the
interactions of TGF-01, TPA, and RA on the soft agar growth
of the parental Cl 41 cells and one of the TGF-0 clones, Cl 41-
06. The presence of TPA did not alter the ability of TGF-01 to
stimulate soft agar growth of Cl 41 cells (Table 4). The same
was true for the Cl 41-/36 cells. It should also be noted that
while TPA by itself stimulated growth of Cl 41-06 cells, it had
little effect on the soft agar growth of Cl 41 cells at this serum
concentration. However, when the serum concentration of the
soft agar was increased to 18%, TPA stimulated significant soft

agar growth of Cl 41 cells. Again, stimulation by TGF-0 was
greater than that induced by TPA, and TPA did not alter the
stimulation produced by TGF-0 (data not shown). Thus, for the
parental Cl 41 cells and for Cl 41-06 cells, TGF-0 stimulates,
rather than inhibits, soft agar growth in the presence of TPA.

We also examined the effect of RA on the ability of TGF-0
to induce the soft agar growth of Cl 41 cells and of Cl 41-06
cells in the presence and absence of TPA. As described above
(Fig. 2), RA inhibited the ability of TGF-01 to induce soft agar
growth of Cl 41 cells (Table 4). RA also inhibited the ability of
TGF-01 to stimulate soft agar growth of Cl 41-06 cells (Table
4) and of all the other clones tested (Cl 41-PI, Cl 41-03, Cl 41-
04, Cl 41-E3, and Cl 41-E4, data not shown). In addition, RA
inhibited the ability of TPA to stimulate soft agar growth of Cl
41-06 cells (Table 4). However, unlike the results reported for
Cl 415a cells, where TGF-0 and RA acted synergistically (16),
RA antagonizes the effects of TGF-0 on the soft agar growth
of Cl 41 cells and Cl 41-06 cells, even in the presence of TPA.
Consequently, the cloning efficiency of these cells in the pres
ence of all three factors was greater than in the presence of
TPA and RA alone (Table 4).

DISCUSSION

The data described in this paper demonstrate that TGF-0
induces the anchorage-independent growth of Cl 41 cells, that
RA inhibits this induction, and that Cl 41 cells stimulated by
TGF-01 to grow in soft agar (TGF-0 clones) retain the capacity
for anchorage-independent growth in the absence of TGF-0.
Moreover, TGF-01 does not inhibit the soft agar growth of Cl
41 cells when TPA is present. Recently, other investigators
have reported that TGF-0 inhibits the ability of TPA to stim
ulate soft agar growth of a subclone of Cl 41 cells, Cl 415a (16).
However, these investigators did not observe this effect in the
parental Cl 41 cells. In fact, our findings demonstrate that
TGF-0 stimulates soft agar growth of Cl 41 cells to a greater
extent than TPA. Thus, there are important differences between
C141 cells and Cl 41.,. cells.

Overall, the studies reported here indicate that TGF-0 mimics
the effects of TPA on the soft agar growth of Cl 41 cells. Thus,
TGF-0 could mediate the effects of TPA on the anchorage-
independent growth of these cells. In the case of monolayer
growth, neither TPA (12) nor TGF-01 (Table 2; Fig. 3) stimu
lates significantly the growth of exponentially growing Cl 41
cells. However, TPA has been shown to stimulate monolayer
growth of quiescent Cl 41 cells (12).

In other systems, including the two-stage skin carcinogenesis
model, it has been proposed that TGF-0 mediates the action of

Table 4 Interactions ofTGF-iil, TPA, and R.4 on the soft agar growth ofCI 41
cells and Cl 41-liÃ³cells

Cl 41 cells or Cl 41-06 cells were cultured in soft agar in the presence of the
factors indicated, and the cloning efficiencies were determined on Day 7 (Cl 41-
06) or Day 9 (Cl 41) as described in "Materials and Methods." TGF-01, TPA,

and RA were added at 2 ng/ml, 50 ng/ml, and l Â¿IM.respectively. This experiment
was repeated with similar results.

% of cloning efficiency

AdditionsControlTGF-01TGF-01

+TPATPARATGF-01

+RATPA
+RATGF-01

-1-TPA + RACI410.0780.20.00.20.20.6CI41-066514611320312
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TPA (2). TPA elevates TGF-/31 mRNA in mouse skin (2) and
in various cell lines (3, 4). More recently, functional AP-1 sites
(phorbol ester response elements) have been found in the up
stream (6) and downstream (7) regions of the TGF-/31 gene
through which TPA could exert this effect. In addition, the Ha
ras oncogene product, whose expression is elevated during
specific stages of skin carcinogenesis, has been reported to
activate transcription of TGF-01 (28). Conversely, RA reduces
the effectiveness of TPA as a tumor promoter (27) and, in at
least one system, RA reduces the steady-state level of TGF-/31
mRNA (29).

During the past decade, it has become clear that TGF-/3 plays
a central role in the control of growth and differentiation. The
system described in this paper may be useful for studying the
mechanism by which TGF-/3 exerts long-term effects, since it is
one of the few systems in which effects of TGF-/3 are not
completely reversed upon its removal. Furthermore, this model
system can be used to examine whether TGF-ÃŸmediates some
of the effects of TPA in vitro.
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