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ABSTRACT

The role of type ÃŸtransforming growth factor (TGF/3) and epidermal
growth factor (EGF) as regulators of the growth and differentiation of
cultured human neonatal epidermal cells and squamous carcinoma cells
was investigated in postconfluent cultures. Neither cell proliferation nor
DNA synthesis was affected by treatment with TGF0 alone; however,
EGF significantly stimulated cell growth, and this process was specifi
cally antagonized by TGF/S. In addition, TGF/3 inhibited the maturation
of human foreskin-derived epidermal cells, as measured by their compe

tence to synthesize involucrin and to form cornified cell envelopes, in a
dose-dependent manner. Although treatment with EGF did not affect the
maturation of human foreskin-derived epidermal cells, the combination

of a low concentration of TGF/3 with EGF resulted in significant enhance
ment of the maturation of these normal keratinocytes. Growth of three
of four squamous carcinomas in the presence of EGF was not inhibited
by TGF/8. In addition, all four carcinomas were either totally or partially
resistant to the induction of maturation by the combination of TGF/3 and
EGF. This resistance of squamous carcinomas to TGF/3 was paralleled
by an increased sensitivity to the antikeratinizing effects of EGF. Thus,
TGIV? inhibits the mitogenic stimulation of keratinocytes by EGF and
induces cell maturation.

INTRODUCTION

TGF/93 is a homodimeric M, 25,000 protein that is produced

by a variety of normal and transformed cells (1) and binds to
specific cell surface receptors of various cell types (2, 3). In
spite of its ubiquity, the physiological role of TGF/3 in the
regulation of cellular processes is far from clear (4). In vitro, it
appears to either stimulate or inhibit proliferation of niesen-
chymal cells, depending on the culture conditions and the
concentration of the protein as well as on the simultaneous
presence of other growth factors such as EGF, platelet-derived
growth factor, or insulin (5-7). In addition, TGFÃŸappears to
modulate the conversion of 3T3 fibroblasts to adipocytes (8),
suggesting that this polypeptide may play an important role in
the differentiation of mesenchymal cells as well.

In contrast to its mitogenic effects on fibroblasts, recent
studies have shown that TGF/3 is a specific inhibitor of DNA
synthesis in epithelial tissues (9-11). More specifically, Shipley
et al. (11) have recently shown that TGF/3 causes the reversible
arrest of normal human epidermal cells in the Gt phase of the
cell cycle. Furthermore, these cells appear to secrete TGF/3-like
molecules and possess cell-surface receptors for TGF0 (11).
These findings strongly suggest that TGF/3 is a critical compo
nent of an autocrine growth inhibitory system in the epidermis.
Moreover, growth arrest of cultured human bronchial epithelial
cells caused by TGF/3 is accompanied by the induction of
squamous differentiation ( 10). A number of carcinoma cell lines
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have been described that are resistant to the growth arrest
produced by TGF/3 (10, 11). Although the number of TGF/3
binding sites was found to be normal in most of these cell lines
(10), one SqCC was found which lacked cell surface receptors
for the polypeptide (11).

In view of these findings, the current study sought to address
the following major questions. Is the growth arrest caused by
TGF/3 in epidermal cell cultures accompanied by the induction
of the differentiated phenotype and, if so, are malignant kera
tinocytes resistant to this effect of TGF/3? We chose to inves
tigate these questions in postconfluent cultures in which the
processes of cell proliferation and maturation are in a steady
state, and to conduct the studies in serum-free conditions, in
order to be able to precisely determine the effects of individual
growth factors on these processes.

The results show that mitogenic stimulation of HFEC by
EGF is inhibited by TGF/3 in a dose-dependent manner. In
addition, envelope competence of keratinocytes was inhibited
by treatment with TGF/3 alone. However, although EGF by
itself did not induce cell maturation, treatment with low con
centrations of TGF/3 in combination with EGF significantly
increased the keratinization of HFEC. Thus, TGF0 appears to
sensitize HFEC to induction of maturation by EGF.

In contrast to the HFEC, three of four malignant keratinocyte
cell lines were resistant to the antiproliferative effects of TGF/3
as well as to the induction of maturation by TGF/3 in the
presence of EGF. Thus it appears that TGF/8 primarily modu
lates the effects of EGF on keratinocyte growth and maturation
and that the resistance to TGF/3 observed is a manifestation of
the abnormal response of the tumor cells to EGF.

MATERIALS AND METHODS

Transforming Growth Factor. TGF/3, prepared from human platelets,
was generously supplied by Dr. R. K. Assoian, NIH (Bethesda, Ml'))

(4).
Cell Culture. Primary cultures of HFEC were established essentially

as described by Rheinwald (12). Briefly, neonatal foreskins were col
lected within 12 h of circumcision, the dermis was removed by dissec
tion, and the epidermis was separated from the dermis following
flotation on 0.25% (w/v) trypsin (Grand Island Biological Co., Grand
Island, NY) overnight at 4*C. Epidermal cells were then seeded onto a

feeder layer of X-irradiated NIH 3T3 fibroblasts in plastic tissue culture
dishes (Costar, Cambridge, MA) (12) in medium composed of three
parts of calcium-free DMEM (GIBCO) and one part of Ham's F12

medium (GIBCO) supplemented with 5% (v/v) fetal bovine serum
(GIBCO), insulin (5 /ig/ml), transferrin (5 ^g/ml), EGF (10 ng/ml),
dexamethasone (1 Â¿CM),and selenium (5 ng/ml), all obtained from
Collaborative Research (Waltham, MA); choleratoxin (1 nM; List Bio
logical Labs., Campbell, CA); triiodothyronine (2 n\i: Sigma Chemical
Co., St. Louis, MO); and gentamicin (50 UK/ml; GIBCO). Cultures
were incubated at 37'C in an atmosphere of 95% air and 5% CO2 and

fed with fresh medium every 3 days. For passaging of keratinocytes,
residual 3T3 cells were first removed from preconfluent cultures by
incubation with Versene (GIBCO) at 37*C for 10 min. Epidermal cells

were then detached using 0.05% (w/v) trypsin and 0.02 mM EDTA.
Cell numbers were determined using a Coulter ZBI particle counter.

The human SqCCs used in this study were SqCC/Yl, derived from
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a SqCC of the oral mucosa (13, 14); C4-1, obtained from a cervical
carcinoma (IS); CE-48, originating from an esophageal carcinoma (16);
and A431, derived from a vulvar carcinoma (17). These lines were all
propagated in DMEM (calcium-free):Ham's F12 (3:1, v/v) supple

mented with 5% (v/v) fetal bovine serum and 50 Â¿tg/mlof gentamicin.
For experiments in which the effects of various components of the

medium or of TGF/3 on cell growth and differentiation were determined,
cultures of HFEC or SqCCs were grown to confluence, whereupon the
medium was completely replaced with defined medium consisting of
DMEM (calcium-free), Ham's F12 (3:1, v/v) supplemented with insu

lin, transferrin, and selenium as described above, and the calcium
concentration was adjusted to 0.97 mM by the addition of CaCl2. This
medium adequately supported the growth and maturation of both
normal and malignant keratinocytes for the duration of the experi
ments. EGF and TGF/3 were added by making the necessary dilutions
of stock solutions of 1 Â¿ig/ml.Control cultures received vehicle only.

Incorporation of |ine/A>'/-3H|thymidine. The rate of DNA synthesis in
postconfluent cultures was measured as follows: [/netAy/-3H]thymidine
(ICN Radiochemicals, Irvine, CA; 60-80 Ci/mmol) was added at a
level of 1-2 Ci/ml to cultures maintained in defined medium for 5 days
and incorporation allowed to proceed for 2 h at 37Â°C.The medium was

removed by aspiration, the plates were washed with ice-cold phosphate-
buffered saline, and macromolecules were precipitated with 10% (w/v)
trichloroacetic acid. The DNA was then resolubilized by incubation
with 3% (w/v) perchloric acid at 90Â°Cfor 30 min and the radioactivity

in the supernatant determined after addition of Optifluor (Packard
Instrument Co., Inc., Downers Grove, IL), using a Beckman LS7500
scintillation spectrometer.

Cornified Cell Envelopes. In all of the experiments described in this
paper, the fraction of envelope-competent cells in the keratinocyte
cultures was determined on the fifth day following the switch to defined
medium. Cells from 35-mm culture dishes were collected by treatment
with trypsin and resuspended in 2 ml of serum-containing medium.
Cell numbers were determined in O.S-ml aliquots, and the cells in the
remaining 1.5 ml were collected by centrifugation. The cell pellets were
then resuspended in 1.5 ml of serum-free medium containing 100 //M
of the calcium ionophore X537A (Hoffmann La Roche, Nutley, NJ)
and incubated for 2 h at 37Â°C.Following centrifugation for 5 min at

100 x g, the cells were resuspended in 1% (w/v) sodium dodecyl sulfate
and 10 mM dithiothreitol in phosphate-buffered saline. After incubation
for at least 20 min at room temperature, the number of cornified cell
envelopes was determined by counting in a hemocytometer using phase
optics, as described by Rice and Green (18), and expressed as a fraction
of the total number of cells.

Immunofluorescence. The presence of the envelope precursor protein
involucri!) in HFEC was determined as follows. Confluent cultures of
HFEC were maintained in defined medium for 5 days under various
conditions indicated in the text. Cells were detached by trypsinization
and collected on glass slides using a cytocentrifuge (Shandon Elliott).
Slides were then washed with phosphate-buffered saline and the cells
were fixed in 3.7% (v/v) formaldehyde, permeabilized in 100% (v/v)
methanol, and stained with rabbit anti-human involucrin antibody
(1:100 dilution) supplied by R. H. Rice, Harvard School of Public
Health, followed by fluorescein-tagged goat anti-rabbit IgG antibody
(1:32 dilution; Miles Scientific, Naperville, IL), as described previously
(14).

RESULTS

Effects of TGF/3 on the Proliferation and DNA Synthesis of
Keratinocytes. TGF/3 has been shown to inhibit the clonal
growth of normal human epidermal and bronchial cells under
conditions of mitogenic stimulation by EGF (10, 11). In view
of these findings, experiments were performed to determine the
possible dependence of the effects of TGF/3 on the growth of
postconfluent HFEC cultures in the presence of EGF.

Active DNA synthesis was observed in these cultures, even
in the absence of growth factors. Table 1 shows that the inhi
bition of DNA synthesis was dependent both on the concentra-

Table 1 Effects ofTGFÃŸon fmethyl-'HJthymidine incorporation by HFEC

HFEC were grown to confluence in 6-well plates and maintained in basal
medium for 5 days in the presence or absence of EGF (10 ng/ml) and varying
concentrations of TGF0. Cold trichloroacetic acid-precipitable, hot perchloric
acid-soluble radioactivity was determined after a 2-h incubation with
[mifA>>/-3H]thymidineas described in "Materials and Methods."

TGF/3
(ng/ml)

dpm x lO'/well"

Control EGF-treated

0
0.1
1.0

10.0

318Â± 15
321 Â±8
310 Â±71

74 Â±11

884 Â±3
554 Â±44
132 Â±33
296 Â±2

" Means Â±SE for triplicate dishes from two experiments.

IO

we

0)
0

0.1 1.0 10

TGF/3 (ng/ml)

Fig. 1. Effects of TGF/3 on HFEC growth. HFEC were grown on 3T3 feeder
layers as described in "Materials and Methods." At confluence, the serum-

supplemented medium was entirely replaced with basal medium to which TGF/3
was added either alone (â€¢)or in combination with EGF (10 ng/ml) (O). The data
show the total numbers of cells per dish after 5 days of treatment. Duplicate
dishes were used for each condition, and each value represents the mean and SE
of at least three separate experiments.

tion of TGF/3 and on the presence of EGF. Significant inhibi
tion of thymidine incorporation into DNA produced by TGF/3
occurred only at the highest concentration tested. The rate of
DNA synthesis was doubled in EGF-treated cultures and inhib
ited by the concurrent addition of 1.0 ng/ml of TGF/3 to a level
lower than that occurring in untreated cultures. In addition, the
inhibition of DNA synthesis was accompanied by a decrease in
cell proliferation (Fig. 1). Continuous exposure of postconfluent
epidermal cell cultures to 10 ng/ml of EGF led to a significant
increase of approximately 50% in total cell number (Fig. 1).
Treatment of HFEC cultures with TGF/3 specifically antago
nized the mitogenic stimulation by EGF in a dose-dependent
manner (Fig. 1). In the absence of EGF, TGF/3 did not signifi
cantly affect cell growth in 5-day-old HFEC cultures, although
cells displayed morphological changes consistent with cytotox-
icity at 10 ng/ml TGF/3. This observation probably explains the
decreased rate of DNA synthesis in cultures treated at the
highest concentration of TGF/3.

Effects of TGF/8 on Envelope Competence and Involucrin
Content of HFEC. The recent report that TGF/3 is a potent
inducer of keratinization, as well as a growth inhibitor of
bronchial epithelial cells (10), raised the question as to whether
this might be its primary action on epidermal cells as well. As
shown in Fig. 2, 10 ng/ml of EGF alone did not affect HFEC
maturation. Furthermore, the proportion of envelope-compe
tent cells decreased significantly by treatment with TGF/3 from
approximately 60 to 25% at a level of 10 ng/ml. The most
interesting observation was that although neither EGF nor
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Fig. 2. Effects of TGF/3 on HFEC differentiation. Experiments were per
formed as described in the legend to Fig. 1. Cultures were treated with M,l ,;
alone (â€¢)or with the combination of TGF/J and EGF (10 ng/ml) (O). The data
show the numbers of HFEC that could be induced to form cornified cell envelopes
when stimulated with calcium ionophore (see "Materials and Methods"), ex

pressed as percentages of the total cell numbers after S days of treatment.
Duplicate dishes were used for each condition, and each value represents the
mean and SE of at least three separate experiments.

TGF/3 alone appeared to enhance the maturation of epidermal
cells significantly, the combined treatment of HFEC with 10
ng/ml of EGF and 0.1 to 1.0 ng/ml of TGF/3 resulted in a
significant enrichment of the fraction of envelope-competent
cells (Fig. 2). Although EGF partially reversed the strong
inhibition of keratinization produced by 10 ng/ml of TGF/3
alone, the fraction of envelope-competent cells remained sig
nificantly lower than that achieved in the absence of either
polypeptide. Thus, in the situation in which the mitogenic effect
of EGF is inhibited by TGF/3, HFEC appear to be induced by
EGF to acquire envelope competence.

These observations were confirmed by immunohistochemical
detection of one of the major precursors of the cornified cell
envelope, involucrin. This protein was detected by indirect
immunofluorescence in approximately 50% of the cells of un
treated cultures (Fig. 3A). Treatment of HFEC with 1 ng/ml of
TGF/3 resulted in a similar fraction of involucrin-containing
cells (Fig. 3C). Significantly fewer involucrin-positive cells were
detected in EGF-treated cultures, suggesting that EGF inhibits
the synthesis of this protein (Fig. 3B). However, in cultures
treated with both EGF and TGF/3, 60% of cells contained
involucrin (Fig. 3D). These findings demonstrate that involu
crin content as well as cornified envelope formation are en
hanced by the combined treatment of HFEC with EGF and
TGF/3.

Alteration of the Response of SqCCs to Modulation by TGF/3
and EGF. Since malignant transformation is often accompanied
by the expression of a partial or total independence from
environmental factors that control cell proliferation and differ
entiation, the effects of TGF0 and EGF on malignant keratin-
ocytes were investigated. Care was taken to ensure that culture
conditions for these experiments were identical to those used
for the studies with HFEC. Table 2 shows that the growth of
three of four SqCC lines tested was not significantly inhibited
by treatment with 10 ng/ml of TGF/3 in the presence of EGF.
One of the malignant cell lines (A431), however, was as sensitive
to growth inhibition by TGF/3 as normal HFEC. Thus, malig
nant keratinocytes were heterogeneous in their response to this
growth inhibitor.

Fig. 3. Effects of TGF/3 on the presence of involucrin-containing cells in
HFEC cultures. Confluent cultures of HFEC were maintained in denned medium
for 5 days (A) or treated with EGF (10 ng/ml) alone (A), with TGF0 (1 ng/ml)
alone (<"). or with a combination of the two polypeptide growth factors (/').

Cytospin preparations were stained with rabbit antiinvolucrin antiserum and
fluorescein-tagged goat anti-rabbit IgG as described in "Materials and Methods."

Controls included second antibody only (Â£)and preimmune rabbit serum (f).
Numbers in the lower right corner ofeach panel, percentages of involucrin-positive
cells found in each preparation (200 cells counted per sample).

Table 2 Effects of TGFfSon the proliferation of HFEC and SqCCs
HFEC and SqCCs were grown to confluence as described in "Materials and

Methods." The serum-supplemented medium was then replaced with basal me

dium containing a calcium concentration of 0.97 HIM,and the cells were treated
with 10 ng/ml of EGF alone or with EGF in combination with 10 ng/ml of
TGF/3. The data represent the total numbers of cells per dish at the end of 5 days
of treatment. Duplicate dishes were used for each condition.

TGF/3
(ng/ml) HFEC

10' x cells/dish"

A431 SqCC/Yl C4-1 CE-48T

0
104.40

Â±0.45
3.25 Â±0.103.15

Â±0.10
2.30 Â±0.151.60

Â±0.08
1.50 Â±0.101.75

Â±0.15
1.60 Â±0.102.25

Â±0.15
2. 10 Â±0.35

" Mean Â±SE of at least three separate experiments.

Table 3 Effects of EGF on the envelope competence of HFEC and SqCCs
Experiments were performed as described in Table 1. Cells were cultured in

the presence or absence of EGF in basal medium containing 0.97 m\\ calcium,
and the fraction of envelope-competent cells was determined at the end of 5 days
of treatment. Duplicate dishes were used for each condition.

EGF(ng/ml)0

10%

of envelope-competentcells"HFEC88

Â±1867
Â±4SqCC/Yl82

Â±18
15Â±2A43145

Â±6
2Â± 1C4-124

Â±4
10 Â±2CE-482Â±

1
1 Â±1

" Mean Â±SE of at least three separate experiments.

CE-48 cell cultures did not form cornified cell envelopes to
any significant degree in basal medium (Table 3), nor did the
treatment of these cells with the combination of TGF/3 and
EGF induce differentiation (data not shown). The effects of
TGF/8 and EGF on the keratinization of three SqCC lines are
displayed in comparison to HFEC in Fig. 4. Treatment of C4-
1 or SqCC/Yl cells with EGF and 0.1 to 1 ng/ml of TGF/3 did
not significantly increase the fraction of envelope-competent
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Fig. 4. Effects of I (. 1, Â¡on the envelope competence of normal and malignant
keratinocytes. HFEC and three SqCC lines were grown to confluence as described
in "Materials and Methods." The serum-supplemented medium was then replaced
with serum-free medium and supplemented with 10 ng/ml of EGF in combination
with varying concentrations of TGF/J. The fraction of envelope-competent cells
was determined after S days of treatment. Duplicate dishes were used for each
condition, and each value represents the mean and SE of at least three separate
experiments.

cells, although these cell lines remained sensitive to the inhibi
tion of envelope competence produced by 10 ng/ml of TGF/3.
In contrast, A431 cells were partially responsive to the induc
tion of keratinization by the combination of TGF/3 and EGF.
Thus, exposure of A431 cells to EGF and TGF/3 significantly
increased the fraction of differentiated cells, although this effect
was observed only at 5 to 10 ng/ml of TGF0 (i.e., a concentra
tion range that was 5 to 10 times higher than that at which
inhibition of differentiation of nonneoplastic keratinocytes was
observed). Moreover, it should be noted that approximately
40% of the cells in A431 cultures grown in the absence of either
EGF or TGF/3 were competent to form cornified cell envelopes
and the presence of 10 ng/ml of EGF depressed this level of
maturation to 2% (Table 3), whereas the fraction of envelope-
competent cells was about 10% in the presence of both poly-
peptides (Fig. 4). Thus, treatment of A431 cells with TGF/3
resulted in only a partial reversal of the inhibition of maturation
caused by EGF alone.

In summary, the ability of TGF/3 to antagonize the mitogenic
effects of EGF parallels the capacity of keratinocytes to undergo
maturation when exposed to both factors.

Sensitivity of SqCCs to Modulation of Differentiation by EGF.
A number of studies have shown that, as a group, SqCCs often
display an unusual sensitivity to the mitogenic action of EGF
(19-22). Therefore, one possible explanation for the observed
resistance of SqCCs to induction of maturation by the combi
nation of TGF/3 and EGF might in fact be secondary to their
increased responsiveness to the inhibition of differentiation by
EGF. The sensitivity of SqCCs to the action of EGF was clearly
altered in comparison to that of HFEC when identically defined
culture conditions were used. Thus, as shown in Table 3, the
envelope competence of SqCC/Yl, A431, and C4-1 cells was
inhibited by 60 to 95% by treatment with 10 ng/ml of EGF. In
contrast, a concentration of 100 ng/ml of EGF was required to
decrease the fraction of envelope-competent normal keratino
cytes from 88 to 20%, whereas no statistically significant inhi
bition was observed at 10 ng/ml of EGF.

DISCUSSION

The present report illustrates two major points regarding the
physiology of normal epidermal cells and the functional defects
of their neoplastic counterparts (i.e., squamous carcinoma

cells). First, it appears that TGF/3 specifically antagonizes the
mitogenic stimulation by EGF in postconfluent HFEC. Fur
thermore, although high concentrations of either EGF or TGF/3
by themselves inhibit the development of envelope competence,
treatment of HFEC with EGF and TGF/3 simultaneously results
in a significant induction of maturation. The other important
finding was the partial or total resistance of SqCCs to the
inhibition by TGF/3 of mitogenic stimulation as well as to the
differentiation-induction by the two polypeptides. These find
ings suggest a coordinated regulation of cell proliferation and
maturation by TGF/3 and EGF in normal epidermal cells and
loss of these normal controls associated with malignancy.

Wille et al. (23) reported that, at least in clonal cultures of
HFEC, EGF increased the proliferation and inhibited the mat
uration of the cells in an integrated manner. However, in the
experiments reported here, we did not observe a significant
inhibition of cell maturation at the concentration of EGF used.
This discrepancy might be due to the different state of growth
of the cultures in the experiments of Wille et al. (23), the
presence of other modulators in the culture medium, or the fact
that these investigators assayed the accumulation of keratin in
cells rather than envelope competence as the marker of the
mature phenotype.

The most important finding of the present study is the
identification of a specific role for TGF/3 in the regulation of
HFEC growth and differentiation. The sensitivity of HFEC to
the effects of TGF/3 on envelope competence was clearly much
greater than to the antiproliferative activity of this factor.
Growth inhibition in postconfluent cultures of HFEC was
observed at the same concentration of the polypeptide as in
exponentially growing cultures (11). Interestingly, the growth
inhibition produced by TGF/3 was observed only under condi
tions in which the cells were stimulated to proliferate by EGF.
No growth inhibitory effects of TGF/3 were observed in the
absence of EGF, suggesting that TGF/3 might be a modulator
of the mitogenic signal rather than an inhibitor of cell division
in its own right. Support for this assumption was also provided
by the recent findings that TGF/3 specifically inhibits EGF-
induced DNA synthesis in murine epidermal cells (24) as well
as in rat hepatocytes (25).

Besides its effects on cell growth, TGF/3 has a bifunctional,
EGF-dependent effect on envelope competence in post-
confluent HFEC cultures. At low concentrations of TGF/3,
treatment with EGF causes a significant increase in the fraction
of envelope-competent cells, even though neither factor alone
had any effect on keratinization. The immunohistochemical
detection of involucrin was used as an independent marker of
keratinocyte differentiation. Treatment of cultures with EGF
alone led to a significant decrease in the fraction of involucrin-
positive cells (Fig. 3), even though envelope competence was
not inhibited (Fig. 2). This apparent discrepancy might be due
to the participation of proteins other than involucrin in enve
lope formation (26) or to differences in sensitivity between the
envelope-competence assay and the immunohistochemical de
tection of involucrin. In any event, treatment of cultures with
TGF/3 resulted in increased numbers of involucrin-positive cells
in these cultures even in the presence of EGF (see Fig. 3). In
the higher concentration range, TGF/3 by itself inhibited enve
lope competence, and this effect was only partially reversed by
the addition of EGF. Squamous cell differentiation is also
induced by TGFj8 in normal human bronchial cells grown in a
defined medium containing EGF (10) at concentrations lower
than those required to inhibit DNA synthesis. In the latter case,
no depression of keratinization by TGF/3 was observed, possibly
because only low concentrations of TGFÃŸ(i.e., up to 4.0
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were used. TGF/3 has also been found to act as an inhibitor of
the differentiation of fibroblasts to adipocytes in the absence of
EGF without interfering with cell division (8). Thus, TGF/8
appears to act as a bifunctional modulator of maturation in
tissues of different types in a manner that is independent of its
effects on mitosis.

The malignant transformation of epidermal cells is accom
panied by a decreased dependence on exogenous mitogenic
factors as well as by a depressed capacity to undergo terminal
differentiation (27). In accord with this finding, neither inhibi
tion of growth nor enhancement of envelope competence was
observed in three of four SqCCs treated with TGF/3 and EGF.

An explanation for the resistance of the SqCCs to the induc
tion of differentiation by TGF/3 and EGF will have to await
further studies on the mechanism of signal transduction follow
ing TGF/3 binding to cells as well as the identification of the
critical intracellular biochemical events that this signal initiates.
The fact that enhancement of envelope competence, which
appears to depend upon interactions of TGF/3 with EGF, is lost
in the SqCCs, whereas the inhibition of keratinization caused
by relatively high levels of TGF|8, which does not require EGF,
is preserved suggests that the greatly increased sensitivity to
inhibition of differentiation produced by EGF may be in fact
the primary abnormality. The precise mechanism whereby EGF
inhibits the maturation of keratinocytes is unclear, although
the absence of high-affinity EGF binding sites appears to cor
relate with states in which maturation of keratinocytes is sup
pressed, including malignant transformation (28).

Although TGF/3 has been found to bind to specific surface
receptors found on many normal and malignant cells (3), the
subsequent intracellular events remain to be analyzed. Recent
studies found no evidence that intracellular levels of cyclic AMP
were altered by TGF0 treatment (10, 25). It is clear that the
enhanced induction of envelope competence by TGF/3 in epi
dermal cells requires the simultaneous presence of EGF and
that it only occurs when the mitogenic response to EGF is
blocked. At the molecular level, the interaction of the two
polypeptides could occur at a number of different steps. Thus,
TGF/3 could alter the number or the binding affinity of EGF
receptors. Although TGF/3 binding itself appears not to be
affected by chronic exposure to the ligand (29), TGF/8 has been
shown to regulate the number and affinity of EGF receptors on
mesenchymal cells (5,30). Alternatively, the intracellular events
which follow the interaction of TGF/3 with its receptor might
modulate the transduction of the signal derived from the acti
vation of the EGF receptor. Thus, TGF/3 or closely related
substances may fulfill an important role in the regulation of
keratinization in vivo, and resistance to such a factor may
explain in part the defect in terminal differentiation found in
malignant keratinocytes (31).

ACKNOWLEDGMENTS

We wish to express our gratitude to Dr. Richard Assoian of NIH for
providing us with purified TGF/3, Lynn Huff for providing us with X-
irradiated 3T3 cells, and Dr. Leonard Milstone for many helpful
discussions.

REFERENCES

1. Derynck, R., JarreÂ«, J. A., Chen, E. Y., Eaton, D. H., Bell, J. R., Assoian,
R. k., Roberts, A. B . Spurn. M. B., and Goeddel, D. V. Human transforming
growth factor-/) complementary DNA sequence and expression in normal
and transformed cells. Nature (Lond.) 316: 701-705, 1985.

2. Roberts, A. B., Anzano, M. A., Frolik, C. A., and Sporn, M. B. Transforming
growth factorsâ€”characterization of two classes of factors from neoplastic

and nonneoplastic tissues. Cold Spring Harbor Conf. Cell Proliferation, 9:
319-332, 1982.

3. Tucker, R. F., Branum, E. L., Shipley, G. D., Ryan, R. J., and Moses, H. L.
Specific binding to cultured cells of '"I-labeled type 0 transforming growth
factor from human platelets. Proc. Nati. Acad. Sci. USA, 81: 6757-6761,
1984.

4. Assoian, R. K., Roberts, A. B., Wakefield, L. M., Anzano, M. A., and Sporn,
M. B. Transforming growth factors and their role in controlling cell growth.
Cancer Cells, 3: 59-64, 1985.

5. Assoian, R. K. Biphasic effects of type ÃŸtransforming growth factor on
epidermal growth factor receptors in NRK fibroblasts. J. Biol. Chem., 260:
9613-9617, 1985.

6. Massague, J., Kelly, B., and Viottola. C. Stimulation by insulin-like growth
factors is required for cellular transformation by type 0 transforming growth
factor. J. Biol. Chem., 260:4551-4554, 1985.

7. Roberts, A. B., Anzano, M. A., Wakefield, L. M., Roche, N. S., Stern, D.
F., and Sporn, M. B. Type ÃŸtransforming growth factor: a bifunctional
regulator of growth. Proc. Nati. Acad. Sci. USA, 82: 119-123, 1985.

8. Ignotz, R. A., and Massague, J. Type ÃŸtransforming growth factor controls
the adipogenic differentiation of 3T3 fibroblasts. Proc. Nati. Acad. Sci. USA,
Â«2:8530-8534,1985.

9. Tucker, R. F., Shipley, G. D., Moses, H. L., and Holley, R. W. Growth
inhibitor from BSC-1 cells closely related to platelet type ÃŸtransforming
growth factor. Science (Wash. DC), 226: 705-707, 1984.

10. Masui, T., Wakefield, L. M., Lechner, J. F., LaVeck, M. A., Sporn, M. B.,
and Harris, C. C. Type ÃŸtransforming growth factor is the primary differ
entiation-inducing serum factor for normal human bronchial epithelial cells.
Proc. Nati. Acad. Sci. USA, S3:2438-2442, 1986.

11. Shipley, G. D., Pittelkow, M. R., Wille, J. J., Scott, R. E., and Moses, H. L.
Reversible inhibition of normal prokeratinocyte proliferation by type ÃŸtrans
forming growth factor-growth inhibitor in serum-free medium. Cancer Res.,
46:2068-2071, 1986.

12. Rheinwald, J. G. Serial cultivation of normal human epidermal keratinocytes.
Methods Cell Biol., 21A: 229-259, 1980.

13. Pitman, S.W., Tucker, A., and Sasaki, C. Establishment and characterization
of a human squamous head and neck cancer cell line. Proc. Am. Assoc.
Cancer Res., 24: 5, 1981.

14. Reiss, M., Pitman, S. W., and Sartore!li. A. C. Modulation of the terminal
differentiation of human squamous carcinoma cells in vitro by all rrunv
retinoic acid. J. Clin. Invest., 74:1015-1023, 1985.

15. Auersperg, N. Histogenetic behavior of tumors. I. Morphologic variation in
vitro of two related human carcinoma cell lines. J. Nati. Cancer Inst., 43:
151-173, 1969.

16. Hu, C-P., Hsian-Guey, H., Kwang-Yu, C., Pei-Yen, W., Ching-i, W., Chin-
yi, C., Szecheng, J. Lo., Kuang-dong, W., and Chungming, C. Biologic
properties of three newly established human esophageal carcinoma cell lines.
J. Nati. Cancer Inst., 72: 557-581, 1984.

17. Fabricant, R. N., DeLarco, J. E., and Todaro, G. J. Nerve growth factor
receptors on human melanoma cells in culture. Proc. Nati. Acad. Sci. USA,
74:565-569, 1977.

18. Rice, R. H., and Green, H. Presence in human epidermal cells of a soluble
protein precursor of the cross-linked envelope. Activation of the cross-linking
with calcium ions. Cell, IS: 681-694, 1979.

19. Cowley, G. P., Smith, J. A., and Gusterson, B. A. Increased EGF receptors
on human squamous carcinoma cell lines. Br. J. Cancer, 53: 223-229, 1986.

20. Kawamoto, T., Mendelsohn, J., Le, A., Sato, G. H., Lazar, C. S., and Gill,
G. N. Relation of epidermal growth factor receptor concentration to growth
of human epidermoid carcinoma A431 cells. J. Biol. Chem., 259: 7761-
7766, 1984.

21. Ramata, N., Kazuhiro, C., Rikimaru, K., Horikoshi, M., Enomoto, S., and
Kuroki, T. Growth-inhibitor effects of epidermal growth factor and over-
expression of its receptors on human squamous carcinomas in culture. Cancer
Res., 46: 1648-1653, 1986.

22. Banks-Schlegel, S. P., and Quintero, J. Human esophageal carcinoma cells
have fewer, but higher affinity epidermal growth factor receptors. J. Biol.
Chem., 261:4359-4362, 1986.

23. Wille, J. J., Pittelkow, M. R., Shipley, G. D., and Scott, R. E. Integrated
control of growth and differentiation of normal human prokeratinocytes
cultured in serum-free medium: clonal analyses, growth kinetics, and cell-
cycle studies. J. Cell. Physiol., 121: 31-44, 1984.

24. Zendegui, J. G., and Carpenter, G. Epidermal growth factor and the prolif
eration of a mouse keratinocyte cell line. J. Cell Biol., 101: 157a, 1985.

25. Carr, B. I., Hayashi, I., Branum, E. L., and Moses, H. L. Inhibition of DNA
synthesis in rat hepatocytes by platelet-derived type ÃŸtransforming growth
factor. Cancer Res., 46: 2330-2334, 1986.

26. Simon, M., and Green, M. Enzymatic cross-linking of involucriÂ»and other
proteins by keratinocyte participates in vitro. Cell, 40:677-683, 1985.

27. Parkinson, E. K. Defective responses of transformed keratinocytes to termi
nal differentiation stimuli. Their role in epidermal tumor promotion by
phorbol esters and by deep skin wounding. Br. J. Cancer, 52:479-493,1985.

28. Boonstra, J., DeLaat, S. W., and Ponec, M. Epidermal growth factor receptor
expression during human keratinocyte differentiation. J. Invest. Derm., 84:
436, 1985.

29. Massague, J. Type /( transforming growth factor receptors in cells chronically
exposed to the ligand. Cancer Cells, 3: 73-78, 1985.

30. Massague, J. Transforming growth factor-,< modulates the high-affinity re
ceptors for epidermal growth factor and transforming growth factor a. 3.
Cell Biol., 100: 1508-1514, 1985.

31. Rheinwald, J. G., and Beckett, M. Defective terminal differentiation in
culture as a consistent and selectable character of malignant human keratin
ocytes. Carcinogenesis (Lond.), 4:857-861, 1983.

6709

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/24_Part_1/6705/2958654/cr04724p16705.pdf by guest on 19 M

ay 2023




