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ABSTRACT

Transforming growth factor-/? (TGF-/3) is a (Â»functionalreagent which
can exert both stimulatory and inhibitory effects upon the same target
cell. Treatment of growth arrested AKR-2B mouse embryo fibroblasts
with TGF-/S has been shown to stimulate mitogenesis by an indirect
mechanism. Addition of the differentiation agents ,V,Y-dimetli) Iform-
amide (DMF) or retinoic acid simultaneously with TGF-/3 blocked the
ability of TGF-0 to induce mitogenesis. These agents partially blocked
the mitogenic effects of epidermal growth factor and platelet-derived
growth factor. DMF blocked TGF-0 induced mitogenesis when added 9
li. but not 24 h, after TGF-0 addition suggesting that DMF affects an
early step in the mitogenic cascade induced by TGF-0. TGF-/3 will induce
anchorage independent growth in AKR-2B fibroblasts and this was also
inhibited by DMF. When AKR-2B cells were grown in monolayer culture,
TGF-0 inhibited their growth. The addition of DMF under these condi
tions did not alter the cell's sensitivity to TGF-/3 and the cells were still

inhibited to the same extent by TGF-/3. Therefore, DMF did not affect
the inhibitory action of TGF-0 on AKR-2B fibroblasts but did block the
stimulatory effects of TGF-0.

INTRODUCTION

TGF3-j3 is a polypeptide with a molecular weight of 25,000

originally recognized by its ability to cause the phenotypic
transformation of nontransformed fibroblasts and to stimulate
the anchorage independent growth of these cells (1, 2). This
polypeptide has been isolated from several types of tissues and
cells and through the use of a cDNA probe, the mRNA for
TGF-0 has been shown to be synthesized in a wide variety of
cultured cells (3). The cellular receptor for TGF-ÃŸhas been
identified and shown to be present on most cell lines (mesen-
chymal and epithelial) tested (4-6). TGF-0 is produced by cells
in an inactive form which can be activated in vitro by acidic pH
or proteases (7-10).

TGF-/3 has also been shown to inhibit the anchorage depend
ent growth of several tumor cells and fibroblasts and the an
chorage independent growth of some tumor cell lines (1, 2).
TGF-/3 blocks the mitogenic effects of several other growth
factors including the action of PDGF in rat embryo fibroblasts
(11) and EGF on myc-transfected fibroblasts (12). TGF-/J in
duced differentiation in trachea! (13) and bronchial (14) epithe
lial cells and inhibited prokeratinocyte growth (15). TGF-/3
blocked the differentiation of 3T3 T stem cells into adipocytes
(16). Therefore, TGF-/3 appears to be a multifunctional poly
peptide whose effects can be influenced by cell type and culture
conditions.

Moses and coworkers have described a model system utilizing
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the chemically transformed AKR-MCA mouse embryo fibro-
blast cell line and the parental nontransformed AKR-2B cell
line (17-19). Growth arrested AKR-2B cells can be stimulated
to undergo mitogenesis by EGF, PDGF, and fibroblast growth
factor (18). TGF-/J was also shown to induce mitogenesis in
AKR-2B cells but only after a prolonged lag phase relative to
the other factors. TGF-/3 induced a mitogenic cascade beginning
with the induction of c-sis mRNA which resulted in an increase
in a PDGF-like protein in the culture media. It was proposed
that this PDGF-like protein acted in an autocrine manner
stimulating c-fos and c-myc expression in the growth arrested
AKR-2B cells (19). This would then lead to G, traverse and
DNA synthesis. Thrombin has also been shown to regulate the
expression and release of PDGF in endothelial cells (20) sug
gesting that the induction of c-sis mRNA may be a common
event in mitogenic cascades induced by a variety of agents.

We have used this mouse embryo fibroblast model cell system
to study the effects of DMF and RA on growth control (21-
23). These differentiation agents reversibly induced a nontrans
formed phenotype in the transformed AKR-MCA cells. DMF
and RA slowed the growth rate of the AKR-2B cells but did
not significantly alter several biochemical markers including
membrane antigens (21), cell surface fibronectin (24), and phos-
phoprotein patterns (21). AKR-2B cells grown in the presence
of DMF or RA and then growth arrested continued to respond
to exogenous growth factors (22, 23). The simultaneous addi
tion of a crude conditioned media preparation containing TGF-
ÃŸand 1% DMF to AKR-2B cells prevented the induction of
the transformed phenotype normally associated with TGF-ÃŸ
treatment of AKR-2B cells suggesting that DMF might inter
fere with the cellular response to TGF-/3 (24).

In this report, we have examined the effects of DMF and RA
on the interaction of purified TGF-0 with AKR-2B cells. Both
of these differentiation agents block the ability of TGF-/3 to
induce a mitogenic response in growth arrested AKR-2B fibro
blasts. TGF-/3 inhibited AKR-2B cell growth in monolayer
culture and this was not affected by the addition of DMF. The
ability of TGF-/3 to induce the anchorage independent growth
of AKR-2B cells was inhibited by DMF.

MATERIALS AND METHODS

Purified porcine platelet TGF-0 and '"Mabeled TGF-0 (213 MCi/

Mg)were obtained from R & D Systems (Minneapolis, MN), mouse
EGF from Boehringer-Mannheim, and PDGF from BRL. DMF was
obtained from Fisher Scientific and insulin and RA (all trans form)
from Sigma.

Mitogenesis Assay. AKR-2B cells were maintained in McCoy's SA

medium supplemented with 10% FBS (GIBCO) and antibiotics (strep
tomycin-penicillin). The mitogenesis assay was performed basically as
previously described (22). AKR-2B cells (5000 cells/well) were plated
in McCoy's SA medium containing 10% FBS into 24-well tissue culture

plates (Corning) and grown to approximately 80% confluence at which
time the medium was replaced with McCoy's SA medium containing

0.1% FBS to achieve growth arrest of the cells. After 48 h, the media
was replaced with McCoy's SA medium containing 0.1 % FBS and 500

ng/ml insulin in the presence or absence of various combinations of
DMF, RA, or growth factors as specified in Figs. 1-4, legends. After
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20 or 33 h, [3H]thymidine (0.9 /iCi/well, 60 mCi/mmol, ICN) was

added and the amount of radioactivity incorporated into trichloroacetic
acid insoluble material was determined (22).

Soft Agarose Assay. The ability of AKR-2B cells to grow in soft
agarose was determined as previously described (25) using 5000 cells/
well in 0.4% agarose plated onto a 0.8% agarose underlayer (Sea Plaque,
FMC Corp., Marine Colloids Div., Rockland, ME) in 6-well tissue
culture plates (Corning). Various concentrations of TGF-/3 were added
to cells in the presence or absence of 1% DMF and the number of
colonies present after 21 days determined after staining with 2-(p-
iodophenyI)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride (26) using
an inverted microscope.

Cell Growth Assay. AKR-2B cells were plated at 15,000 cells/well in
6-well culture dishes (Corning) in McCoy's 5A medium containing 10%

FBS in the absence or presence of 1% DMF. After 24 h, this medium
was removed and replaced with the same medium containing various
concentrations of purified porcine platelet TGF-0 with or without 1%
DMF (in duplicate). After three additional days, the cells were harvested
with trypsin and the number of cells present in each well determined
by hemocytometer counts.

TGF-/9 Binding Assay. AKR-2B cells were plated in 24-well tissue
culture plates (Corning) in McCoy's 5A medium containing 10% FBS.

After 24 h, the media was replaced with the same medium or this
medium containing 1% DMF. Because of the slower growth rate of
AKR-2B cells in the presence of 1% DMF (21) the cells to be put on
DMF were initially plated at a higher density. When the cells reached
90% eon fluency (approximately 10s cells/well) the ability of the cells
to bind |'-"1|T(.1 ,Â¡(R & D Systems) was determined in quadruplicate

as previously described (5, 27) except that the cells were harvested
using a buffer containing 20 HIM4 (2-hydroxyetli> I)-1-piperÃ /incolli
anesulfonic acid, 1% Triton X-100, 10% glycerol, 0.01% bovine serum
albumin, pH 7.4, instead of collagenase. Results are expressed as
specific TGF-/3 bound (fmol/106 cells). In some experiments 1% DMF

was included in the binding buffer. However, this did not affect the
binding of TGF-/3 to the cells.

RESULTS

Mitogenic Response to TGF-/3. TGF-/3 has been shown to be
an indirect mitogen for growth arrested AKR-2B cells with the
maximal incorporation of [3H]thymidine occurring 34 h after
TGF-/3 addition (18, 19). In order to determine the effect of the
differentiation agent DMF on this mitogenic response, growth
arrested AKR-2B fibroblasts were treated with 1 ng/ml TGF-/3
and 1% DMF was added simultaneously or at various times
after TGF-/8 addition. A DMF concentration of 1% was chosen
for all experiments since this concentration was necessary to
induce maximal changes in other parameters (21, 24). Table 1
shows that the addition of 1% DMF up to 9 h after TGF-/3
addition blocked the increase in [3H]thymidine incorporation
normally observed 34 h after TGF-/3 addition.

The lack of [3H]thymidine incorporation at 34 h could be due

Table 1 Effect of DMF on TGF-0 induced mitogenesis
AKR-2B cells were growth arrested for 48 h as described in "Materials and

Methods." TGF-/3 (1 ng/ml) was then added and 1% DMF added at 0, 5, 9, and
24 h after TGF-tt addition. The cells were pulsed for I h with |'l l]Mi>midine 33
h after TGF-/3 addition and the amount of acid precipitable radioactivity deter
mined. The results are expressed relative to control cells treated with T<; I- ,f but
not DMF. A 6- to 15-fold stimulation of a ('H]thymidine incorporation was

observed in control experiments in the absence of DMF. The results represent
average values Â±SD.

Time ofDMFaddition
(h)No

addition
0
5
9

24%

Control [3H)thymidine

incorporation at 34h100(8)-

14 Â±9 (7)
19 Â±10(4)

23(2)
80 Â±21(4)

DMF

DMF,t-2Â«ht
DMF,l=5hf

"DMF. t-Ohr
Oâ€”DMF,t-9hf

" Numbers in parentheses, number of experiments.

36 38 40 42 44 46 48 50

TIME(HR.)
Fig. 1. Effect of DMF on the time course of TGF-/3 induced mitogenesis.

Growth arrested AKR-2B fibroblasts were treated with 1 ng/ml TGF-fi at t = 0.
At 0, 5, 9, and 24 h after TGF-/3 addition, 1% DMF was added to the cells. The
cells were pulsed with ['Hjthymidine for 1 h and harvested at the times indicated
above. The amount of radioactivity present in acid-precipitable material was
determined and expressed relative to cells incubated in the absence of T( ;I Â¡
Points, average of duplicate or triplicate determinations which varied Â±15%from
the mean.

to an inhibition of [3H]thymidine incorporation or a shift in the

time course of incorporation such that the maximum incorpo
ration no longer occurred at 34 h. In order to determine which
was the case, cells received 1-h pulses of [3H]thymidine at
various times after TGF-ÃŸaddition. Fig. 1 indicated that the
peak of [3H]thymidine incorporation occurred 34 h after TGF-/3

addition as previously reported (18) and that the addition of
1% DMF 24 h after TGF-0 did not alter this time course.
When DMF was added simultaneously with TGF-/J or 5 or 9 h
after TGF-/3, very little incorporation of [3H]thymidine occurred
between 24 and 50 h post-TGF-0 treatment. Therefore, the
addition of 1% DMF to growth arrested AKR-2B fibroblasts
blocked the ability of TGF-0 to stimulate [3H]thymidine incor

poration in these cells.
The effect of a second type of differentiation agent, RA, on

TGF-/3 induced mitogenesis was examined. Fig. 2A shows that
RA inhibited the incorporation of [3H]thymidine by growth
arrested AKR-2B cells in a dose dependent manner. A 50%
reduction in thymidine incorporation was observed at 0.45 Â¿Â¿M
RA; therefore, both DMF and RA inhibited the ability of TGF-
ÃŸto induce mitogenesis in growth arrested AKR-2B fibroblasts.

Mitogenic Response to EGF and PDGF. EGF and PDGF will
stimulate DNA synthesis in growth arrested AKR-2B fibro
blasts with the peak of [3H]thymidine incorporation occurring

21 h after growth factor addition. The effect of DMF and RA
on EGF and PDGF was examined (Table 2 and Fig. 2, B and
Q. DMF partially blocked the effect of EGF and PDGF with
[3H]thymidine incorporation inhibited approximately 61-69%
compared to the 86% inhibition of TGF-/3 induced mitogenesis.

RA was somewhat more effective than DMF in inhibiting
the EGF-and PDGF-induced mitogenic response. RA inhibited
the action of both factors (Fig. 2, B and C) with IC50 (level of
dosage producing 50% inhibition) values of 0.6 and 4.7 /IM for
EGF and PDGF, respectively. A 10-fold higher RA concentra
tion was required to inhibit PDGF induced mitogenesis by 50%
suggesting that the mechanism of inhibition may differ for each
mitogen. Therefore, DMF and RA inhibited the growth factor
induced mitogenic response of growth arrested AKR-2B fibro
blasts although these agents were somewhat more effective
against TGF-/3 induced mitogenesis.

Effect of DMF on TGF-0 Binding. To determine if the inhi-
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Fig. 2. Effect of rctincuc acid on growth
factor induced mitogenesis. Growth arrested
AKR-2B fibroblasts were treated with TGF-ÃŸ
(1 ng/ml, A), EGF (5 ng/ml, B), or PDGF (20
ng/ml, C). The indicated concentrations of RA
were added simultaneously with the growth
factors. Cells were harvested and acid-precipi-
table radioactivity determined 21 h (for EGF
and PDGF) or 34 h (for TGF-/3) after growth
factor addition as described in "Materials and
Methods." The results are expressed relative

to control cultures treated identically except
that no RA was added. The effect of 1% DMF
(D) is included on each graph for comparison
with RA. Points, average of three (for TGF-ÃŸ)
or two (for EGF and PDGF) experiments, each
performed in triplicate; Bars, range of values
obtained. Control values in the absence of RA
were 8- to 12-fold for TGF-ÃŸ,45- to 55-fold
for EGF, and 6- to 12-fold for PDGF.

100-

80 â€¢

60 â€¢

40 â€¢

20 â€¢

OÃ›1 0.1 1

(RETINOIC ACID), i

001 01 1 10

[RETINOIC ACID). pM

0.01 01 1 10

I RETINOIC ACID),pM

Table 2 Effect of DMF on the response O/AKR-2B cells to various mitogens
Growth arrested AKR-2B cells were treated with EGF (5 ng/ml), PDGF (20

ng/ml), or TGF-0 (1 ng/ml) in the absence or presence of 1% DMF. The cells
were pulsed with | 'I I |th\ midinc as described in "Materials and Methods." Results

are averages Â±SD and are expressed relative to control cells treated with mitogen
in the absence of DMF. Control values in the absence of DMF were 40- to 50-
fold stimulation by EGF, 6- to 10-fold stimulation for PDGF, and 6- to 15-fold
stimulation for TGF-ÃŸ.

Mitogen % Control

EGF
PDGF
TGF-ÃŸ

31+15 (7)-

39 Â±21 (5)
14 Â±9 (7)

" Numbers in parentheses, number of experiments.

Table 3 Effect of DMF on TGF-ÃŸbinding to AKR-2B cells
AKR-2B cells were plated in growth medium and after 24 h one set received

1% DMF as described in "Materials and Methods." When the cells were approx
imately 90% confluent the binding of '"l-labeled TGF-ÃŸwas determined as

described. Results of two experiments are presented.

Condition TGF-/3 bound (fmol/104 cells)-

No DMF
1% DMF

1
0.5
0.6

2
1.1
1.0

" Numbers, specific binding, done in quadruplicate. Error within each deter

mination was Â±10%.

bition of TGF-ÃŸinduced mitogenesis caused by DMF was due
to altered TGF-/3 binding, the amount of 125I-labeled TGF-ÃŸ

bound to cells grown in the absence or presence of 1% DMF
was determined. As indicated in Table 3, the amount of TGF-
ÃŸbound to AKR-2B cells was similar whether the cells were
grown in the presence or absence of 1% DMF. Therefore, DMF
blocked TGF-ÃŸinduced mitogenesis at a point beyond TGF-ÃŸ/
receptor interaction.

Anchorage Independent Growth. TGF-ÃŸwill induce AKR-2B
fibroblasts to grow with anchorage independence. To determine
the effects of DMF on TGF-/3-induced colony formation, AKR-
2B cells were plated in the soft agarose assay in the presence or
absence of 1% DMF and various concentrations of TGF-ÃŸ.As
reported by other laboratories, TGF-ÃŸinduced colony forma
tion in AKR-2B cells with half-maximal activity occurring at 1
ng/ml TGF-ÃŸ(Fig. 3). The addition of 1% DMF and TGF-ÃŸ
to the cells at the time of plating inhibited colony formation by
greater than 95%. Therefore, DMF blocked the ability of TGF-ÃŸ
to induce anchorage independence in AKR-2B fibroblasts.

Effect of TGF-ÃŸand DMF on Cell Proliferation. As shown
previously (28), in addition to stimulating growth of AKR-2B
cells in soft agarose, TGF-ÃŸinhibited the monolayer growth of
AKR-2B cells. A maximum of 50% inhibition was obtained
with l ng/ml TGF-ÃŸ(Fig. 4). The addition of 1% DMF to the
AKR-2B cells did not change the cell's sensitivity to TGF-ÃŸ.

The DMF-treated cells were inhibited to the same extent as

200 â€¢

150-

100-

Z 50-

0.01 0.1 1.0
[TGF-ÃŸ]ng/ml

10

Fig. 3. Inhibition of H.I .i induced anchorage independent growth by DMF.
AKR-2B cells were plated in a soft agarose assay in the absence (â€¢)or presence
(D) of 1% DMF and various concentrations of TGF-ÃŸas described in "Materials
and Methods." The number of colonies was determined microscopically on day

21. Points, average of two independent experiments and each was performed in
duplicate; Bars, range of values obtained.

50 -

40 -

S 30 -

Z
as

20-

10 â€¢

0.1 1.0
[TGF-ÃŸ]ng/ml

10

Fig. 4. Effect of TGF-ÃŸand DMF on cellular proliferation. AKR-2B cells
were plated into tissue culture dishes in the absence (â€¢)or presence (D) of 1%
DMF. After 24 h, the indicated concentrations of TGF-ÃŸwere added and the
extent of cell proliferation determined by counting the number of cells present on
day 5. Points, average of duplicate wells. Similar results were obtained in a second
independent experiment.

control cells not treated with DMF with the maximal inhibition
also occurring at 1 ng/ml. Therefore, DMF did not affect the
inhibitory action of TGF-|8 on AKR-2B fibroblasts in mono-
layer culture.

DISCUSSION

TGF-ÃŸhas been shown to elicit a wide variety of biological
responses in target cells. The type of response may be either
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stimulatory or inhibitory and is dependent upon the target cell
and the culture conditions used (1, 2). Leof et al. (19) have
proposed that TGF-/3 acts as an indirect mitogen for growth
arrested AKR-2B fibroblasts by inducing a PDGF-like activity
which then acts in an autocrine manner to stimulate DNA
synthesis. A similar mechanism of action (induction of a PDGF-
like activity) has been proposed for the mitogenic effect of
thrombin on endothelial cells (20). PDGF has been shown to
be an important growth factor for a number of cells and has
been shown to induce a number of genes which have been
termed competence associated genes (29-33).

In this report, we have shown that two different types of
differentiation agents, DMF and RA, block the ability of TGF-/3
to induce [3H]thymidine incorporation in growth arrested AKR-

2B fibroblasts. This inhibition was observed when DMF was
added up to 9 h after TGF-0 stimulation while the addition of
DMF 24 h after TGF-/S had no effect. This suggests that DMF
was exerting its effect at an early step in the mitogenic cascade
induced by TGF-/3. The maximal induction of c-sis mRNA
occurs 12-24 h after TGF-/3 addition with PDGF-like activity
peaking in the conditioned media 16-20 h after TGF-/3 addition
(19). TGF-0 binding has been shown to occur rapidly to AKR-
2B cells (5). AKR-2B cells grown in the presence of 1% DMF
bound similar amounts of I25l-labeled TGF-0 (Table 3) sug
gesting that the effect of DMF was not on the binding of TGF-
ÃŸto its receptor. RA was more effective in blocking the induc
tion of mitogenesis by TGF-/3 than by PDGF, also suggesting
action at an early step of the mitogenic cascade. One possibility
consistent with our results is a block in the synthesis of c-sis
mRNA normally induced by TGF-/3. The lack of secreted
PDGF-like activity necessary for mitogenesis (19) would also
explain our results and we are currently examining c-sis mRNA
expression and PDGF activity in the conditioned medium in
the presence and absence of differentiation agents to determine
which of these or other possibilities might explain the observed
results.

The ability of TGF-/3 to induce the anchorage independent
growth of the AKR-2B cells was also blocked by 1% DMF. The
anchorage independent growth of the permanently transformed
AKR-MCA cells (21, 23) and several transformed cell lines
including human colon carcinoma cell lines can be blocked by
DMF as well as RA; therefore, differentiation agents appear to
inhibit the anchorage independent growth of cells whether they
have acquired this growth property through permanent trans
formation or through the addition of TGF-/3 during the assay.

The observed effects of DMF on TGF-/3 induced mitogenesis
or anchorage independent growth was an interference with the
stimulatory effects of TGF-/3. The addition of TGF-/3 to AKR-
2B cells grown in monolayer culture resulted in an inhibition
of cell proliferation (Fig. 4 and Ref. 28). The ability of TGF-/3
to inhibit the monolayer growth of AKR-2B cells was not
affected by the presence of 1% DMF. This suggests that DMF
shows a differential effect in that it is effective in blocking the
stimulatory, but not the inhibitory action of TGF-/8 on AKR-
2B cells. A similar selective effect was described by Roberts et
al. (34) for the effect of RA on myc-transfected fibroblasts. RA
was shown to inhibit the TGF-/3 induced anchorage independent
growth of these cells but did not affect the inhibitory effect of
TGF-ÃŸon their growth in monolayer (34). These results suggest
that DMF or RA may be able to discriminate between different
mechanisms of action that are influenced by TGF-0. Alterna
tively, the difference in [3H]thymidine incorporation between

DMF treated and untreated cells could be due to changes in
[3H]thymidine transport into the cell, differences in pool sizes,

or represent DNA repair synthesis rather than actual DNA
replication.

TGF-/8 has been shown to modulate the number and affinity

of EGF receptors in some cell lines and it has been suggested
that this modulation may be part of the mechanism by which
TGF-/3 modifies the cellular response to EGF (35). Using a
mink lung epithelial cell line, Like and MassaguÃ©(36) have
suggested that the antiproliferative effect of TGF-0 occurred at
a level distal from the receptors for growth promoting factors.
The activity of the S6 protein kinase which was elevated by
exposure of the cells to EGF was not altered by TGF-/9 treat
ment. In addition, the level of EGF-induced proteins secreted
by Swiss 3T3 cells was not altered by TGF-/3 treatment (37).
Therefore, there appear to be several signaling pathways in
volved in the transmission of the TGF-0 signal. The intracel-
lular signals for growth inhibition probably differ from those
of growth stimulation. Our results as well as those of Roberts
ci al. (34) suggest that differentiation inducing agents such as
DMF or RA may interfere with the intracellular signals leading
to growth stimulation (i.e., mitogenesis or growth in soft aga-
rose) while not affecting the signals for growth inhibition ob
served in the monolayer growth assays.
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