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ABSTRACT

Recent studies have demonstrated that type ÃŸtransforming growth
factor (TGF-/3) not only influences cell growth but also affects cell
differentiation. In the present study, two different embryonal carcinoma
(EC) cell lines and their differentiated cells were examined for the
presence of TGF-/3 receptors and for their responses to this factor. F9
and PC-13 EC cells bind little, if any, TGF-0 and do not appear to
respond to TGF-0 in monolayer or soft agar cultures. Treatment of both
EC cell lines with retinole acid leads to the appearance of irreversibly
differentiated cells that begin to exhibit receptors for TGF-/S by 48 h.
After an additional 3-5 days, the differentiated cells express approxi
mately 6000 high affinity receptors for TGF-/9, with an apparent disso
ciation constant of 45 pM. In contrast to the results observed with the
parental EC cells, TGF-/8 influences the growth of the differentiated cells
cultured in both serum-free and serum-containing media. However, TGF-
/?, alone or in combination with other growth factors, does not induce the
differentiated cells to form colonies in soft agar. The possible relationship
of these results to the roles of growth factors during early mammalian
development is discussed.

INTRODUCTION

Several studies have established that mouse embryos at var
ious stages of development produce TGFs3 (1-3). TGFs can be
assayed by virtue of their capacity to induce the anchorage-
independent growth of nontransformed cells, such as NRK
fibroblasts (4). Recent studies with purified factors have dem
onstrated that the soft agar growth of NRK cells can be induced
by various combinations of four growth factors: TGF-a (EGF
can be substituted for TGF-a), PDGF, FGF, and TGF-/8 (5-7).
With the exception of TGF-ft each of these growth factors has
been shown to stimulate the anchorage-dependent growth of
many different cell lines. Although TGF-/3 can stimulate the
growth of some cells, it inhibits both the monolayer and soft
agar growth of many different cell lines, and recent studies
indicate that TGF-ÃŸis closely related, if not identical, to the
growth inhibitor released by African green monkey BSC-1 cells
(8). At present, the mechanisms by which "TGF-ÃŸexerts its

effects are unclear, but characterization of the TGF-/3 receptor
has been undertaken (9) and the binding of TGF-ÃŸto high
affinity cell surface receptors has been reported (10, 11).

Efforts to define the roles of TGFs and related growth factors
during early development have involved the study of EC cell
lines. EC cells are recognized as a useful model system for
studying early mammalian development. Under appropriate
culture conditions, EC cells can differentiate in vitro and mimic,
both morphologically and biochemically, important stages of

Received 3/17/87; revised 5/19/87; accepted 5/27/87.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1Supported by grants from the National Institute of Child Health and Human
Development (HD 19837) and the National Cancer Institute (Laboratory Cancer
Research Center Support Grant CA 36727).

2To whom requests for reprints should be addressed.
3The abbreviations used are: TGF, transforming growth factor, NRK, normal

rat kidney; EGF, epidermal growth factor, PDGF, platelet-derived growth factor,
FGF, fibroblast growth factor; EC, embryonal carcinoma; RA, retinoic acid; IBS.
fetal bovine serum, DME, Dulbecco's modified Eagle's medium; HEPES, 4-(2-
hydroxyethyl)-1 -piperazineethanesulfonic acid.

early mammalian development (12). Work with several EC cell
lines indicated that EC cells release growth factors that behave
like TGFs (13). Further study established that EC cells release
several growth factors (14, 15), including one that is closely
related to, but not identical with, PDGF (16-18). The functions
of these growth factors are unclear, but they are likely to play
important roles in regulating cell proliferation. Regarding
PDGF and EGF, it has been determined that EC cells do not
respond to these growth factors and appear to lack receptors
for EGF (19) and PDGF (18). However, receptors for both
growth factors appear when EC cells differentiate, and the
differentiated cells respond to exogenously added EGF (19) and
PDGF (17) by increased cell proliferation.

Examination of EC cells and their differentiated cells for
responses to other growth factors has been limited, but earlier
work with impure growth factor preparations containing TGF-
a and TGF-/3 suggested that the endoderm-like cells derived
from EC cells respond to TGF-/3, whereas EC cells do not (13).
This possibility is of interest, given the recent finding that TGF-
/->'can influence the differentiation of some cells, including

adipocytes (20), chondrocytes (21), bronchial epithelial cells
(22), myoblasts (23), and mesenchymal stem cells (24). In
addition, TGF-/3 has been shown recently to stimulate the
production of extracellular matrices (25-28) and it is closely
related to the cartilage-inducing factors isolated from deminer-
alized bone (26, 29). Taken together, these studies suggest that
TGF-/3 belongs to a family of growth factors that exert multiple
effects on cell growth and differentiation.

In the present study, we have examined two EC cell lines, F9
and PC-13, and their differentiated cells for TGF-/3 receptors.
Our studies indicate that EC cells express few, if any, receptors
for this factor and do not respond to TGF-/S. In contrast, when
F9 and PC-13 EC cells are induced to differentiate, receptors
for TGF-ÃŸappear, and TGF-0 influences the monolayer but

not the soft agar growth of the differentiated cells. A prelimi
nary report of these findings has appeared (30).

MATERIALS AND METHODS

Materials. Homogeneous preparations of porcine platelet TGF-0
forms 1 and 2 (TGF-/31 and TGF-/32) were obtained from R&D Sys
tems, Inc. (Minneapolis, MN). EGF and pituitary FGF were obtained
from Collaborative Research (Waltham, MA). Insulin and transferrin
were obtained from Sigma (St. Louis, MO). RA and dibutyryl cyclic
AMP were obtained from Eastman Kodak (Rochester, NY) and Boeh-
ringer Mannheim (Indianapolis, IN), respectively. Stock solutions of
EGF, FGF, insulin, transferrin, RA, and dibutyryl cyclic AMP were
prepared as previously described (13, 31, 32). FBS and bovine calf
plasma were obtained from GIBCO (Grand Island, NY) and Irving
Scientific (Irving, CA), respectively. Calf plasma was processed for use
in cell culture as previously described (7).

Cells. Stock cultures of F9 (33) and PC-13 EC cells, clone IA4 (33),
were cultured on gelatin-coated surfaces. F9 EC, PYS-2 (34), and PSA-
5E (35) cells were maintained in DME (GIBCO 430-2100) containing
10% FBS. PC-13 EC cells were maintained in Â«-medium(GIBCO 410-
1900) containing 10% FBS. In some experiments, the cells were cul
tured in the defined medium EM-3, which was developed for the serum-
free cultivation of F9 EC cells. EM-3 is a 1:1 mixture of DME and
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Ham's F-12 supplemented with 15 mM HEPES buffer and 25 nM
selenous acid. EM-3 contains insulin (10 Msi/nil) and Iran sterri n (5 jtg/
ml) in place of serum. The preparation of this medium has been
described previously (31, 36). F9 and PC-13 EC cells were induced to
differentiate by treating the cells with 5 >iM RA for 48 h. After this 2-
day exposure to RA the medium was replaced with medium lacking
RA. In some experiments, the PC-differentiated cells were then treated
with 1 mM dibutyryl cyclic AMP for 24 or 72 h. All cells were cultured
at 37Â°Cin a humidified atmosphere of 95% air and 5% CO2. Cell

numbers were determined by trypsinization of attached cells and elec
tronic counting with a Coulter Counter as described previously (31).
Studies conducted in soft agar were performed as described previously
(7,13) using DME supplemented with 10% FBS. The soft agar cultures
consisted of a base layer of 0.5% agar and a top layer of 0.3% agar that
contained the cells plus the growth factors indicated in the text. Each
growth study (Tables 6 and 7) was performed several times and similar
results were observed in each case.

Preparation and Use of 125I-TGF-|S.Porcine TGF-/31 and TGF-/32
were iodinated by the chloramine-T method as described previously
(37). The specific activities of TGF-01 and TGF-/32 were approximately
100 and 25 /jCi//ig, respectively. The binding assays were performed
according to previously published protocols (37) and except where
indicated, the binding assays were performed with '"I-labeled TGF-/31.

The cells were cultured in 16 nun wells. On the day before the assay,
the culture medium was removed and replaced with medium containing
10% bovine calf plasma. On the day of the assay, the cells were washed
three times with binding buffer (1 mg/ml bovine serum albumin and 25
HIMHEPES buffer in DME, pH 7.4). After removal of the last wash,
'"I-labeled TGF-0 in 200 Â¡ilof binding buffer (with and without

competitors, as indicated in the text) was added. The cells (in triplicate)
were incubated at 22'C and gently rocked for 3.5 h or for the times

indicated in the text. The binding reaction was terminated by gently
aspirating the binding reaction mixture and washing the cells four times
with binding buffer. The cells were then solubilized with lysing buffer
(1% Triton X-100-20 mM HEPES-10% glycerol-0.1% bovine serum
albumin, pH 7.4) and the cell-associated '"I-labeled TGF-0 was deter

mined with a Beckman Gamma 5500 counter. Nonspecific binding was
determined in the presence of a 1000-fold excess of unlabeled TGF-/3.
All binding assays, except the saturation binding study (Fig. 1), were
performed with 2.5 ng/ml '"I-labeled TGF-ÃŸ.The saturation binding
study was performed by adding increasing amounts of '"I-labeled TGF-

ÃŸ(100 pg to 30 ng). The saturation binding data were analyzed and
plotted according to the method of Scatchard (38). To determine the
amount of TGF-ÃŸbinding per cell, cell numbers in four wells were
determined. All of the binding studies reported were performed at least
twice, and in some cases (Tables 1 and 2) they were performed three or
more times. In each case, similar results were obtained.

RESULTS

Differentiation and the Appearance of TGF-0 Receptors. The
abilities of EC cells and their differentiated cells to bind '"!-
labeled TGF-0 were initially examined with F9 EC cells and
their RA-induced differentiated cells. In this model system, RA
irreversibly induces the differentiation of F9 cells and generates
a population of differentiated cells that exhibit some of the
properties of extraembryonic endoderm (39). Further treatment
of the differentiated cells with dibutyryl cyclic AMP leads to
elevated expression of properties exhibited by parietal extraem
bryonic endoderm (40). As observed with the binding of EGF
and PDGF, the binding of TGF-ÃŸto F9 EC cells was, at most,
only marginally higher than background (Table 1) and did not
significantly increase as the concentration of TGF-ÃŸwas in
creased (data not shown). In contrast, the RA-induced F9-
differentiated cells exhibited receptors for TGF-ÃŸ(Table 1).
Significant binding was evident by the end of the 48-h exposure
to RA. The extent of TGF-/3 binding per cell increased during
the next several days and appeared to reach a maximum 3-5
days after the 48-h exposure to RA (Table 1). Treatment of the
RA-induced F9-differentiated cells with dibutyryl cyclic AMP

Table 1 Differentiation ofF9 EC cells leading to appearance of TGF-ÃŸreceptors
F9 EC cells (25,000 cells/16-mm well) were plated in DME supplemented

with 10% FBS. After 24 h, the medium was replaced with DME supplemented
with 10% bovine calf plasma, and the cells were assayed for TGF-ÃŸbinding 24 h
later. For F9-differentiated cells. F9 EC cells were induced to differentiate by
treatment with 5 */\i RA. After 48 h, the culture medium was replaced with
medium supplemented with 10% FBS and lacking RA. Twenty-four h before the
times indicated, the medium was replaced with DME supplemented with 10%
bovine calf plasma, and the cells were assayed for TGF-ÃŸbinding 24 h later. The
times indicated refer to the total time in culture and include the 48-h treatment
with RA. The binding assay was performed with I2'l-labeled TGF-/31 as described
in "Materials and Methods." Each value given is the mean of triplicates. The SD

of each mean was less than 10%. At the time of the binding assay the number of
F9 EC cells was 1.6 x 10* cells, and the numbers of differentiated cells on days
2, 3, 5, and 7 were 5.6 x 10Â»,5.5 x 10s, 5.4 x 10s, and 3.9 x 10*. respectively.
Nonspecific binding, which was determined in the presence of lOOOx unlabeled
TGF-/3, was similar for each cell population and ranged from 1584 counts/10
min for F9 EC cells to 2025 counts/10 min for the day-7-differentiated cells.
Specific binding in counts was converted to fmol per 10" cells by adjusting for

cell number, counting efficiency (60%), and specific activity (2800 cpm/fmol).

CellsF9

cells
F9-differentiated, day 2
F9-differentiated, day 3
F9-differentiated. day 5
F9-differentiated, day 7TGF-ÃŸ

binding
(fmol/ 10*cells)0.2

0.7
1.12.9

3.2Relative

increase1.0

3.55.5

14.5
16.0

Table 2 Effect of dibutyryl cyclic AMP on the binding of TGF-ÃŸto F9 EC-
differentiated cells

F9 EC cells (10,000/16-mm well) were plated in DME supplemented with
10% FBS plus 5 pM RA. After 48 h, the medium was replaced with DME plus
10% FBS and lacking RA. On day 5, the medium was replaced with DME
supplemented with 10% bovine calf plasma, and the cells were assayed for K.I
â€¢t binding 24 h later. The cells treated with 1 mM dibutyryl cyclic AMP were
treated for the times indicated prior to being assayed for TGF-ÃŸbinding. The
binding assays were performed with 125I-IabeledTGF-/81 as described in "Mate
rials and Methods." Each value given is the mean of triplicates. The SD of each

mean was less than 10%. Specific binding in counts were converted to fmol as
described in Table 1. The numbers of differentiated cells in the untreated and 24-
and72-h treated populations were 6.5 x 10', 7.1 x 10*.and6.2x 10s, respectively.

CellsF9

differentiated
F9 differentiated + dibutyryl

cyclic AMP, 24 h
F9 differentiated + dibutyryl

cyclic AMP, 72 hTGF-ÃŸ

binding
(fmol/106cells)2.02.32.7Relativebinding1.0

1.151.35

Table 3 TGF-ÃŸbinding by PC-li EC, PC-1 Â¡-differentiated, and endoderm-like
cells

PC-13 EC (25.000/16-mm well), PYS-2 (25.000/16-mm well), and PSA-5E
(50,000/16-mm well) cells were each plated in DME supplemented with 10%
FBS. After 24 h in the case of PC-13 EC cells and 48 h in the case of PYS-2 and
PSA-5E cells, the medium was replaced with DME supplemented with 10%
bovine calf plasma, and the cells were assayed for TGF-ÃŸbinding 24 h later. For
PC-13-differentiated cells, PC-13 EC cells (10,000 cells/ 16-mm well) were in
duced to differentiate by treatment with 5 /IM RA. After 48 h, the medium was
replaced with medium supplemented with 10% FBS and lacking RA. Twenty-
four h prior to the times indicated, the medium was replaced with DME supple
mented with 10% bovine calf plasma, and the cells were assayed for TGF-ÃŸ
binding 24 h later. The times indicated refer to the total time in culture and
include the 48-h treatment with RA. The binding assay was performed with I23I-
labeled TGF-ÃŸias described in "Materials and Methods." Each value given is

the mean of triplicates. The SD of each mean was less than 10%. At the time of
the binding assay, the number of PC-13 EC cells was 1.1 x IO9 cells, and the
numbers of PC-13-differentiated cells on days 3 and 7 were 1.8 x 10* and 2 x
10Â»,respectively. The numbers of PYS-2 and PSA-5E cells were 2 x 10s and 6.2
x 10\ respectively. Nonspecific binding was similar for each cell population and
ranged from 1770-1994 counts/10 min. Specific binding in counts was converted
to fmol per 10*cells as described in Table 1.

CellsPC-

13 EC cells
PC-13-differentiated, day 3
PC-13-differentiated, day 7
PYS-2
PSA-5ETGF-ÃŸ

binding
(fmol/10Â«cells)0.04

0.82
1.61
1.50
0.56Relative

increase1.020.5

40.2
37.5
14.0
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increased the binding of TGF-/8 further (Table 2), but the overall
effect of dibutyryl cyclic AMP on TGF-/J binding was small
(1.3-fold) relative to the increase induced by RA (16-fold).

These results were extended by examining a second EC cell
line, its RA-induced differentiated cells, and two endoderm-like
cell lines (Table 3). PC-13 EC cells were also found to bind
little, if any, TGF-0, whereas their RA-induced differentiated
cells bound approximately 40-fold more TGF-/ÃŽ.Similarly,
PYS-2 cells (a parietal endoderm-like cell line) and PSA-5E
cells (a visceral endoderm-like cell line) were found to bind
significant amounts of TGF-/3 (Table 3).

Specific Binding of TGF-/3 to High Affinity Receptors. The
specificity of the binding of TGF-0 was examined by determin
ing the abilities of other growth factors to compete with 125I-
labeled TGF-0 for binding to the differentiated cells derived
from PC-13 EC cells. Neither EGF, FGF, nor insulin, added
at concentrations that affect the growth of the differentiated
cells, was able to compete with I25l-labeled TGF-/3 for binding

to membrane receptors (Table 4). Similarly, PDGF does not
reduce the binding of I25l-labeled TGF-ÃŸ(data not shown). In
contrast, unlabeled TGF-/ÃŽ,at concentrations that affect the
growth of the differentiated cells (see below), was able to
significantly reduce the binding of I25l-labeled TGF-/S to the
differentiated cells. Thus, the binding of I25l-labeled TGF-/3 is
specific and is not due to the binding of TGF-0 to EGF or
PDGF receptors, which also appear when EC cells differentiate
(18, 19).

The PC-13-differentiated cells were used to estimate the
number of TGF-,8 receptors per cell. For this analysis, the time
course of TGF-0 binding to the differentiated cells was deter
mined. As found with other cells (10, 37), binding of TGF-/3
reached a maximum by approximately 2 h and did not decrease
during an additional 2-h incubation (data not shown). Next a
saturation binding study was performed and the data were
plotted according to the method of Scatchard (38). As with
other cells (10, 37), a curvilinear Scatchard plot was obtained,
which suggests the presence of two receptor classes, a high
affinity and a low affinity class. Our results indicate that IV
13-differentiated cells express approximately 6000 high affinity
TGF-jS receptors per cell, with an apparent dissociation con
stant of 45 pM for this receptor class (Fig. 1). F9-differentiated
cells were found to express approximately the same number of
high affinity receptors for TGF-/3 and a similar dissociation
constant (data not shown).

After these studies were completed, it was discovered thatl'<;I-1-,;exists in two forms that exhibit significant amino acid

homology. The two forms of TGF-0, which are referred to as
TGF-jSl and TGF-/32, appear to exhibit similar biological activ-

Table 4 Ability of various growth factors to compete with the binding ofTGF-ÃŸto
EC-differentiated cells

PC-13 EC cells (IO,000/I6-mm well) were plated in DME supplemented with
10% FBS plus 5 /.\i RA. After 48 h, the medium was replaced with DME plus
10% FBS and lacking RA. On day 6, the medium was replaced with DME
supplemented with 10% bovine calf plasma, and the cells were assayed for TGF-
13binding 24 h later. The assay was performed with I25l-labeled TGF-/31 as
described in 'Materials and Methods," and unlabeled TGF-/31 was used as the
competitor where TGF-/3 is indicated. Cell number on the day of the binding
assay was 1.3 x 10' cells. Each value given is the mean of triplicates. The SD of

each mean was less than 10%. Specific binding in the absence of competitor was
13,092 counts/10 min.

CompetitorNone

FGF (100 ng/ml)
EGF (100 ng/ml)
Insulin (10 fig/mi)
TGF-/3 (0.5 ng/ml)
TGF-0 (2.5 ng/ml)TGF-/3

binding
(fmol/106cells)3.7

3.8
4.33.7

2.5
2.2Relative

binding1.00

1.03
1.16
1.00
0.68
0.59

0.2

0.1

5 10 15
TQF-p BOUND (f mole)

Fig. 1. Scatchard analysis of TGF-/3 binding by PC-13 EC-differentiated cells.
PC-13 EC cells (10.000/16-mm well) were plated in DME supplemented with
10% FBS plus 5 /iM RA. On days 2 and 4, the medium was replaced with DME
plus 10% FBS and lacking RA. On day 6, the medium was replaced with DME
supplemented with 10% bovine calf plasma, and the cells were assayed for TGF-
Ãbinding 24 h later. The binding assay was performed on 2.5 X 10s cells with

'"I-labeled TGF-/31 as described in "Materials and Methods."

Table 5 Binding of TGF-01 and TGF-02 to F9- and PC-13-differentiated cells
F9 ( 10,000/16-mm well) and PC-13 (10,000/16-mm well) EC cells were plated

in DME supplemented with 10% FBS plus 5 Â¡IMRA. After 48 h and on day 5,
the medium was replaced with DME containing 10% FBS but lacking RA. On
day 6, the medium was replaced with DME supplemented with 10% bovine calf
plasma, and the cells were assayed for T( ;]â€¢., binding 24 h later. At the time of
the binding assay, the numbers of F9- and PC-13-differentiated cells were 3.6 x
10* and 1.2 x IO5, respectively. The binding assays were performed with I2*I-
labeled TGF-01 and '"I-labeled TGF-/32 at equal concentrations (2.5 ng/ml) as
described in "Materials and Methods." Each value given is the mean of triplicates.

The SD of each mean was less than 10%.

Cells

fmol/106 cells

TGF-01 TGF-/32 TGF-02/TGF-01

F9-differentiated
PC-13-differentiated3.5 4.95.2 4.31.5 0.9

ities but may not bind equally to all TGF-/3 receptors (29). In
the binding studies described above, only TGF-01, which is
identical to the form of TGF-/3 isolated from human platelets
(6), was used. Therefore, we compared the relative binding of
TGF-01 and TGF-02. Our studies indicate that F9- and PC-
13-differentiated cells bind both TGF-/31 and TGF-/32 (Table
5). In addition, it appears that the F9-differentiated cells have
a slight preference for TGF-02. However, like TGF-/31, TGF-
(32exhibits little or no binding to F9 or PC-13 EC cells (data
not shown).

Effects of TGF-0 on the Differentiated Cells. The effects of
TGF-/3 on the monolayer growth of the F9- and PC-13-differ
entiated cells were examined in serum-free and serum-contain
ing media, respectively. Under these conditions, TGF-/3 reduced
proliferation of the differentiated cells 16-32% (Table 6). As
expected from the apparent lack of TGF-/3 binding to the
parental EC cells, neither F9 nor PC-13 EC cells exhibited any
growth response to TGF-/3. In addition, TGF-/3 did not appear
to influence the process of differentiation, as determined by the
proportion of morphologically differentiated cells, even when
used at relatively high concentrations (10 ng/ml) (data not
shown). Lastly, the ability of TGF-0 to influence the soft agar
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Table 6 Inhibition ofmonolayer growth of EC-differentiated cells but not growth
of parental EC cells by TGF-0

F9 cells and PC-13 EC cells (20,000 and 25,000, respectively) were plated in
35-mm tissue culture dishes in serum-free medium containing the factors indi
cated, and cell numbers were determined 72 h later. For F9- and PC-13-differ-
entiated cells, F9 and PC-13 EC cells (10,000 and 20,000, respectively) were
plated in 35-mm tissue culture dishes containing DME supplemented with 10%
FBS and 5 /<\i RA. After 48 h, the medium was removed and replaced with
serum-free medium containing the factors indicated. After an additional 72 h, the
number of cells was determined. For all cells, the serum-free medium was a 1:1
mixture of DME and F-12. TGF-/31 was used at 1 ng/ml. In the case of F9 EC
cells and their differentiated cells, the serum-free medium was also supplemented
with insulin and transferrin. PC-13 and PC-I3-differentiated cells were not
cultured in defined medium, since these cells grow poorly in the defined medium
developed for F9 EC cells (39). Each value given is the mean of triplicates.

CellsF9F9

differentiatedPC-13PC-

13 differentiatedFactors

addedNone

TGF-/3
10%FBSNone

TGF-0
10%FBS10%

FBS
10% FBS + TGF-/3
2% FBS
2% FBS +TGF-/310%

FBS
10% FBS -l-TGF-0
2% FBS
2% FBS + TGF-0Cell

no.
(2 x10-*)47

Â±3.5"

46 Â±4.1
126Â±3.43.4

Â±0.3
2.3 Â±0.3

13.6 Â±1.168

Â±1.1
69 Â±2.6
44 Â±1.5
44Â±1.18.0

Â±0.1
6.9 Â±0.1
6.6 Â±0.1
5.3 Â±0.1Relative

no.1.0

0.98
2.681.0

0.68
4.01.0

1.011.
00

1.001.00

0.86
1.00
0.80

â€¢Mean Â±SD.

Table 7 Effects of growth factors on the soft agar growth of EC and EC-
differentiated cells

F9 and PC-13 EC cells (750/I6-mm well) were plated in soft agar as described
in "Materials and Methods." F9- and PC-13-differentiated cells were formed in
monolayer by a 48-h exposure to 5 i/\i RA. The differentiated cells were fed with
fresh medium containing 10% FBS and plated in soft agar 48 h later (day 4) at a
density of 7500 cells/16-mm well. TGF-/31, PDGF, and EGF were used at 2, 10,
and 10 ng/ml, respectively. In all cases, the number of colonies formed was
determined 5 days after plating in soft agar.

CellsAdditionsF9

NoneTGF-0F9

differentiated NoneTGF-0PDGFEGFTGF-0

+ PDGF +EGFPC-13

NoneTGF-/JPC-

13 differentiated NoneTGF-/3PDGFEGFTGF-/3

-1-PDGF + EGFColony

no.267
Â±19"266

Â±3612Â±612Â±816Â±912Â±4I6Â±5216Â±21207

Â±225Â±62Â±

122
Â±814-1120

Â±12
" Mean Â±SD.

growth of the differentiated cells was examined, since one of
the most characteristic properties of TGFs is their ability to
induce the soft agar growth of some nontransformed cells. As
shown by other investigators, differentiation of EC cells leads
to the appearance of cells that cannot grow in soft agar (41).
Our results indicate that the RA-induced F9- and PC-13-differ-
entiated cells do not grow in soft agar, and TGF-/9, individually
or in combination with both EGF and PDGF, does not induce
the soft agar growth of these differentiated cells (Table 7).
Similarly, TGF-j8 was not found to alter the soft agar growth
of either F9 or PC-13 EC cells. It is worth noting that both
PDGF and EGF induced a small increase in the number of
colonies formed by the PC-13-differentiated cells. Although
this was consistently observed, the number of colonies formed

reflected a very small percentage (<0.3%) of the total number
of differentiated cells added to the soft agar cultures.

DISCUSSION

The results reported here demonstrate that differentiation of
two EC cell lines leads to a 16- to 40-fold increase in binding
of TGF-/3. The differentiated cells exhibit approximately 6000
high affinity TGF-/3 receptors, with an apparent dissociation
constant of 45 p\i. In contrast to the parental EC cells, which
do not appear to respond to TGF-/3, the differentiated cells
respond to TGF-/8 by growth inhibition.

The culture conditions used to induce the differentiation of
both EC cell lines lead to the formation of cells that exhibit
properties of extraembryonic endoderm (one of the first cell
types to form during early mammalian development). In the
case of the F9 EC cells, treatment with RA for 48 h followed
by exposure to dibutyryl cyclic AMP is known to induce the
formation of cells that exhibit the properties of parietal ex
traembryonic endoderm (39, 40). The cells formed when PC-
13 EC cells are induced to differentiate by RA have not been
fully characterized, but they may be more closely related to
visceral extraembryonic endoderm (35). Consistent with the
binding of TGF-/3 to the F9- and PC-13-differentiated cells is
the finding that the parietal endoderm-like cell line, PYS-2,
and the visceral extraembryonic endoderm-like cell line, PSA-
5E, also bind TGF-/3.

The data indicate that TGF-0 does not influence the mono-
layer or soft agar growth of F9 or PC-13 EC cells, and TGF-/3
does not appear to influence the differentiation of either EC
cell line. In contrast, TGF-0 influences the proliferation of their
differentiated cells. Under the conditions used, TGF-0 de
creases rather than increases the monolayer growth of the
differentiated cells. This response is consistent with that ob
served with other cells (8). However, the possibility exists that
the inhibitory effects of TGF-/J would be reversed under other
conditions, e.g., in the presence of specific growth factors. Work
with other cells indicates that the effects of TGF-/3 are depend
ent on other growth factors. A good case in point is the effect
of TGF-/3 on the anchorage-independent growth of NRK-49F
cells. For these cells, TGF-/3 increases or decreases the response
to PDGF, depending on the presence or absence of EGF (7).

The numbers of TGF-/3 receptors and the apparent dissocia
tion constants exhibited by the differentiated cells are similar
to those observed with other cells, where receptor numbers
ranged from 10,000-17,000/cell, and apparent dissociation
constants ranged from 25-91 p\i (10, 11, 42). In addition,
curvilinear Scatchard plots like the ones observed for the bind
ing of TGF-ÃŸto the differentiated cells have been observed with
other cells (37, 42). The reason for the curvilinear plots is
unclear, but they may reflect the existence of two classes of
TGF-/3 receptors, as has been suggested for other cells. Equally
important, it is unclear whether the low affinity class of recep
tors is of physiological significance. These questions are cur
rently under investigation.

Another important question that remains to be resolved is
whether EC cells express any receptors for TGF-0. The data
indicate that EC cells bind very little, if any, TGF-/J. However,
it is difficult to prove that EC cells completely lack receptors
for TGF-/3. The binding of TGF-/3 by both EC cell lines is only
marginally higher than background and may not be significant.
If EC cells exhibit TGF-/3 receptors they are too few to be
measured accurately by a radioreceptor assay. In addition, the
low level of TGF-/3 binding observed with EC cells could be due
in part to the few differentiated cells that are present in the
uninduced population of EC cells. The exact number of differ-
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entiated cells in the uninduced population is difficult to deter
mine, but the number of morphologically differentiated cells is
less than 1% for both F9 and PC-13 EC cells. The issue of few
versus no receptors on EC cells also exists for EGF and PDGF
receptors, which also dramatically increase in number when EC
cells undergo differentiation (18, 19). In the case of PDGF
receptors, this issue is complicated by the fact that EC cells
release a growth factor related to PDGF, which could mask
receptors for PDGF (18). This complication does not appear
to exist for TGF-/3. EC cells appear to produce low levels of
TGF-/3, and the levels of TGF-/3 appear to increase slightly
when EC cells differentiate.4

Perhaps the most important issue raised by the work reported
here is the possible effects of TGF-0 during the early stages of
mammalian development. The similarities between EC cells
and the cells of the early embryo suggest that TGF-0 receptors
could begin to appear as a consequence of commitment and
differentiation during the fourth to fifth day of gestation. The
results with EC cells suggest that TGF-/9 could play important
roles during early development and argue that further study of
TGFs during early mammalian development is warranted. This
conclusion is supported by the recent finding that a Drosophila
gene involved in pattern formation can code for a protein that
exhibits significant amino acid homology with TGF-|8 (43).
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