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ABSTRACT

FET cells are well differentiated human adenocarcinoma cells whose
growth is partially inhibited (50-60%) by transforming growth factor-ÃŸl
(TGF-ÃŸl). In exponentially growing cultures, TGF-ÃŸl induces the expres
sion of transforming growth factor-a (TGF-a) by 3-fold. To determine
whether this induction is the result of increased TGF-a promoter activity,

FET cells were transiently transfected with a plasmid containing 2816
base pairs of the 5'-flanking region of the TGF-a gene linked to luciferase.

Transfected FET cells treated with growth-inhibitory concentrations of
TGF-ÃŸl (10 ng/ml) showed up to a 10-fold increase in luciferase activity.

The increase in luciferase activity was dose dependent through the normal
physiological range of TGF-ÃŸl (0.5-20 ng/ml), saturating at 10 ng/ml. This
effect was also TGF-a promoter specific, inasmuch as the Rous sarcoma

virus long terminal repeat used as a control remained relatively insensitive
to the effects of TGF-ÃŸl. By using progressively smaller portions of the
TGF-a promoter region, the TGF-ÃŸl-responsive element was mapped
between base pairs -77 and -201 of the 5'-flanking region. TGF-ÃŸl treat

ment also affected epidermal growth factor receptor levels. FET cells
treated with TGF-ÃŸl (10 ng/ml) for 48 h showed a 20% decrease in the
number of epidermal growth factor receptors and a 2-fold increase in the

number of high affinity epidermal growth factor receptors on their sur
face. These results indicate that TGF-ÃŸl acts as a positive regulator of
TGF-a transcription, and they suggest a possible mechanism by which
these cells circumvent the growth-inhibitory effects of TGF-ÃŸl.

INTRODUCTION

Polypeptide growth factors play an important role in the regulation
of normal and tumor cell growth. TGF-a3 is one such polypeptide; it

was originally identified in the conditioned medium of Moloney sar
coma virus-transformed 3T3 cells as a component required for the
anchorage-independent growth of normal rat kidney cells (1). TGF-a

is a member of the EOF family of peptide growth factors, which
includes EOF, amphiregulin, vaccinia virus, myxomavirus, and shope
fibroma growth factors (2). It is initially produced as a transmembrane
160-amino acid precursor, which is proteolytically cleaved into a
variety of mature forms containing a 50-amino acid EGF-like domain

(2). These mature forms, as well as the transmembrane form of
TGF-a, have been shown to bind to the EGF receptor and stimulate

cell growth in an autocrine and paracrine fashion (2). In normal
tissues, TGF-a is expressed during embryonic development of mice

(3) and rats (4) and in adult brain (5) and is likely present in all cells
of epithelial origin (2). In vitro evidence using normal keratinocytes
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and mammary epithelial cells and in vivo evidence from studies on
liver regeneration suggest that it is an autocrine stimulator of cell
growth (6-8). In tumors it is found predominantly in epithelial and

other ectodermally derived malignancies, where enhanced expression
of both TGF-a and the EGF receptor is believed to amplify the
growth-stimulatory effects of TGF-a (9, 10).

Although the role of TGF-a as a causative agent in tumor formation

is not definitively proven, evidence from a variety of sources suggests
that it contributes substantially to tumor formation and progression.
There are indications that the proteolytic processing of TGF-a differs
between normal and tumor cells and the cleavage of the membrane-

bound form can be enhanced by the protein kinase activator and tumor
promoter 12-O-tetradecanoylphorbol-13-acetate (11). The production
of soluble forms of TGF-a by tumors may lead to locally high con

centrations, such as those seen in spheroid cultures of A431 cells, and
confer a growth advantage to the tumor (12). Overexpression of
TGF-a in vitro is able to transform cells. Rodent fibroblasts and

human mammary epithelial cells transfected with expression vectors
containing complementary DNA copies of the TGF-a gene become

transformed and can be tumorigenic in animals (13, 14). Inappropriate
expression or overexpression of TGF-a in vivo can also be tumori
genic. Transgenic mice with germline insertions of TGF-a expression

vectors develop hyperplasias in a variety of tissues and carcinomas of
the liver, mammary gland, and colon (15-17).

TGF-a is expressed in human colon epithelium and in human colon

carcinoma cells isolated from tumors. It is believed to be a key
autocrine growth factor for human colon carcinoma because it is
frequently found to be overexpressed with the EGF receptor in human
colon tumors (9, 18). A potential modulator of TGF-a expression in
colon carcinoma cells is TGF-ÃŸl, a M, 25,000 homodimer belonging
to a family of related genes (ÃŸl-ÃŸ5)which show 70-80% amino acid
homology (19). TGF-ÃŸl binds a unique class of receptors and is

ubiquitously expressed in both normal and transformed cell lines and
in normal and neoplastic tissues. In general, TGF-ÃŸl has growth-

stimulatory effects on cells of mesenchymal origin while being a
potent growth inhibitor of cells of epithelial origin, including colon
carcinoma cells (20, 21). Loss of responsiveness to TGF-ÃŸl is be

lieved to be a major factor in tumor formation (22). Although the
molecular mechanisms underlying this loss are poorly understood,
some of the effects of TGF-ÃŸl have been examined in studies using

a group of well characterized human colon carcinoma cell lines (21).
In these studies, the human colon carcinoma cell line HCT116 was
found to be insensitive to the growth-inhibitory effects of TGF-ÃŸl,

while the cell lines MOSER and FET responded with growth inhibi
tion, increased production of extracellular matrix components, and
morphological changes indicative of a more differentiated phenotype
(21, 23). In another group of studies using serum- and growth factor-
starved FET cells, TGF-ÃŸl was able to inhibit the growth factor-
stimulated increase in c-myc and TGF-a mRNA expression. Interest
ingly, treatment of exponentially growing FET cells with TGF-ÃŸl
caused an up-regulation of TGF-a mRNA production (23).
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In this study we investigate the modulation by TGF-ÃŸl of the
TGF-a promoter. To avoid interference from serum components, cells
were cultured in serum-free, chemically defined medium. The TGF-a

promoter region was linked to a sensitive luciferase reporter gene and
used to monitor changes in promoter activity. The results indicate that
treatment of FET cells induces TGF-a promoter activity up to 10-fold.

There was no effect observed on the promoter activity in HCT116
cells, a TGF-ÃŸl-unresponsive cell line. We also demonstrate that this
increase in transcription leads to an increase in TGF-a protein pro
duction. Treatment of FET cells with TGF-ÃŸl results in a 3-fold
increase in soluble TGF-a produced in the culture medium. Using

plasmid deletion analysis, we localized this responsive element to
within the 124 base pairs between base pairs -77 and -201 of the
5'-flanking region of the TGF-a gene. In addition, TGF-ÃŸl treatment

of FET cells decreases EOF receptor numbers, possibly due to ligand-
mediated receptor activation and down-regulation, and increases
2-fold the number of high affinity receptors. Our results indicate that
TGF-ÃŸlplays a role in controlling the expression of the TGF-a gene

in the human colon carcinoma cell line FET.

MATERIALS AND METHODS

Cells and Reagents. Recombinant human TGF-ÃŸl (lot ll/RP-07) was

obtained from Berlex Biosciences (South San Francisco, CA). The purified
protein was reconstituted in 4 PIM HC1 at 250 /-ig/ml and was added neat to
cultures. Human TGF-ÃŸ2 was obtained from Genzyme (Cambridge, MA).

Monoclonal antibody l D11.16 was obtained from Collagen Corporation (Palo
Alto, CA) (24). Luciferase vector pXpl and pRSVLuc were obtained from
Steven K. Nordeen (University of Colorado Health Sciences Center, Denver.
CO) (25). Human colon carcinoma cell lines FET, HCT116, and MOSER have
been described in detail (21).

Isolation of Genomic Clones and Plasmid Construction. The TGF-a
5'-flanking region was isolated from a human leukocyte genomic library

in EMBL3 (Clontech, Palo Alto, CA) by using an oligonucleotide probe
(5'-CGCCCATAAAATGGTCCCCTCGGCTG-3') complementary to the first

exon of the TGF-a gene (26) as a hybridization probe. A 2.8-kilobase Pstl to

.V/iaBI fragment was subcloned into pBKS (Stratagene, La Jolla, CA) from a
positive clone termed <J>T38.The clone was sequenced and contained the first
coding exon of TGF-a and 2816 base pairs of 5'-flanking region (GenBank

accession number M96868). The first TGF-a exon was removed from the
.S'/iuBI end using Ba/31 (New England Biolabs, Beverly, MA) exonuclease

digestion (27), generating a fragment which ended five nucleotides upstream of
the AUG codon. This fragment was cloned into the EcoRV site of pBKS. A Psll
to ///w/III fragment containing the TGF-a promoter region was cloned into the

luciferase vector pXpl from this plasmid, to generate pTGFa2816Luc. The
other plasmids used in this study were generated from pTGFa2816Luc by
removing a P.vfl to Spel fragment to generate pTGFal568Luc, a P.v/1 to Sad
fragment to generate pTGFal 143Luc, a T'ivi to BamHI fragment to generate

pTGFa375Luc, and a Psti to Sacll fragment to generate pTGFa77Luc (Fig. 1).
Cell Culture and Transfection. Cells were grown in serum-free medium

as described (20), with 10 mm /V-2-hydroxyethylpiperazine-jV'-2-ethane-

sulfonic acid, pH 7.0, 100 units/ml penicillin, and 100 fig/ml streptomycin, at
37Â°Cin a humidified atmosphere of 5% COs. Cells were transfected in sus

pension using DEAE-dextran (28). Briefly, cells were removed from plates by
incubation with trypsin/EDTA (GIBCO Laboratories) and washed in Hanks'

balanced salt solution (GIBCO Laboratories) supplemented with 25 niM N-2-
hydroxyethylpiperazine-JV'-2-ethanesulfonic acid, pH 7.0. The cells were re-

suspended in the same buffer containing 100 jig/ml DEAE-dextran (Sigma
Chemical Co., St. Louis, MO) and 1 /xg plasmid DNA/1 x 10'' cells and were
incubated at 37Â°Cfor 60 min. Dimethylsulfoxide (Sigma) was added to 10%

for 2-3 min, and the cells were washed in the same buffer and plated at a
density of 4 x 10'' cells/100-mm dish. Sixteen h after transfection TGF-ÃŸl

(0-20 ng/ml) was added and 48 h later the cells were harvested and luciferase

activity was determined.
Determination of Luciferase Activity. Luciferase activity was determined

by washing the cells in ice-cold PBS and then scraping the cells from the plate

in 0.5 ml of luciferase buffer [25 mm glycylglycine, pH 7.8, 15 ITIMMgSO4, 4

mw ethylene glycol bis(ÃŸ-aminoethyl ether)-JV,AW,Jv"-tctraacctic acid, 1 mm

dithiothreitol] containing 1.0% Triton X-100 (Bio-Rad. Richmond, CA). After
5 min on ice the nuclei were centril'uged ( 10.000 X g for 1 min at 4Â°C).and

the protein concentration of the supernatant was determined using the method
of Bradford (Bio-Rad Protein Assay). Fifty ng of protein were diluted to 100

fil with luciferase buffer and luciferase activity was determined in a Burthold
luminonieter, which injected 100 fil of luciferase buffer containing 0.5 mm
luciferin (Sigma) and 2 niMATP and counted for 20 s. Purified firefly luciferase
(Sigma) was used as a reference.

Determination of TGF-a Concentrations. FET cell-conditioned medium
was prepared by treating 4 x 10" cells/100-mm dish with TGF-ÃŸl (10 ng/ml)
for 48 h. The conditioned medium was dialyzed for 2 h at 4Â°Cagainst PBS

containing 0.1 nui phenylmethylsulfonvl fluoride (Sigma), followed by over
night dialysis against water with one additional change of water for 2 h. The
dialvzed conditioned medium was Ivonhilized and resuspended in â€”¿�volume of

inPBS. The TGF-a concentration was determined by radioimmunoassay (Bio-

medical Technologies Inc., Stoughton, MA) using the standard curve provided
with the assay, which encompassed the range of 0.2-50 ng/ml.

Scatchard Analysis. EGF receptor binding was done essentially as de
scribed by von RÃ¼denand Wagner (2(->)and as modified for adherent cells by
Riedei et al. (30). i:5I-Iabeled EGF (136 fxCi/ng) was obtained from Amer-
sham. FET cells were plated in 12-well dishes at 0.5 X 10" cells/well, and 16

h later TGF-ÃŸl was added (10 ng/ml). After 48 h the cells were washed twice
with ice-cold PBS with Ca2+ and Mg2 ' and 0.5 ml of PBS containing 1.1 ng

(150 nCi) of I25l-labeled EGF was added. To triplicate wells was added 0, 0.5,

1, 2, 4, 8, 20, 40, 80, 200, 500, or 750 ng/ml EGF (Sigma). The cells were
incubated at 4Â°Cfor 4 h with gentle rocking. Unbound radioactivity was

removed by three washes with ice-cold PBS and the cells were lysed in 1 ml

of 0.2 M NaOH, 1% sodium dodecyl sulfate. The radioactivity in the lysates
was determined using a gamma counter.

RESULTS

A set of human colon carcinoma cell lines that were well charac
terized with respect to growth and differentiation were selected for
this study (24). These cell lines were continuously maintained and
grown in chemically defined serum-free medium to avoid complica

tions due to serum components. The three cell lines chosen differ in
their growth response to TGF-ÃŸl (21). HCT116 cells are not growth
inhibited by TGF-ÃŸl, while MOSER and FET cells are 50-60%
growth inhibited. All three cell lines have TGF-ÃŸl receptors (21).

Scatchard analysis revealed 1980 receptors/cell for HCT116 with a K<,
of 64 PM, 1360 receptors/cell for MOSER with a Ka of 16.1 PM, and
4670 receptors/cell for FET with a Kj of 44 PM. No correlation
between receptor number and TGF-ÃŸl responsiveness has been ob
served (21). All three cell lines express TGF-a mRNA and the EGF
receptor (23, 31)4 and, except for HCT116, required EGF in their

culture medium for optimal growth.
To study the molecular mechanisms involved in TGF-ÃŸl signal

transduction, we determined the effects of TGF-ÃŸl on the transcrip-
tional regulation of the TGF-a gene. The 5'-flanking region of the

TGF-a gene, which has been shown to contain a promoter region (26,

32), was cloned from a normal human leukocyte genomic DNA li
brary by using a synthetic oligonucleotide probe homologous to the
first exon of TGF-a. A 2.8-kilobase Pxt\ to SnaBl restriction fragment,
containing the first exon of TGF-a, was subcloned from a positive

phage and sequenced (Fig. 1). This fragment includes previously
published sequences of the 5'-flanking region of TGF-a (26) and

extends these sequences by 1675 base pairs.
To identify potential cis-acting regulatory elements, the 2.8-kilo

base 5'-flanking region was cloned into the luciferase reporter gene

construct pXp 1. Luciferase was chosen as a reporter gene because of
its high sensitivity and because constructs using luciferase have al
ready proved useful in mapping EGF- and estrogen-responsive ele-

4 M. Lynch, unpublished observations.
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Pstl

Fig. 1. The 5'-flanking region of the TGF-a

gene. The diamond at position -5 relative to the

methionine codon marks the end point of the Zto/31
exonuclease digestion used to remove the first cod
ing exon. Convenient restriction sites were used to
partition the promoter into sections, i.e., Sac\\ for
pTGFÂ«77Luc. Bam\\\ for pTGFcr377Luc, Sac\ for
pTGFttll43Luc. Spel for pTGFal568Luc, and
Ps/l for pTGFa2816Luc. The pTGFa343Luc,
pTGFa247Luc. and pTGFa201Luc constructs
were made using ÃŸÂ«/31exonuclease digestions
from the /tomHI site. The tour Alu repetitive se
quences are underlined. In the /torniiI fragment
(position -377), the five potential Ap2 sites are

boxed and the six potential Spl sites are underlined
in hold.
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CGGAGTCTCGCCATTCTCCTTTAGTAGAGAAAAGTGCTGGrTTGTT

T'~TCGTGCCTCAATGGGGGGTTGATGGTATTAATTGACTTGA

CTCAGCCGGCTCTCTAGTCCGAGGAGACAGGCATGTGTGCATTGAAAGGATTGCTCTACTCCCAGGCCCAGAGGGTCAGTAGAGCATCAAATGATCTTTAAAAACCACAGTGGATACTCT
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CGGGTACCTG GAGAACATGA ATCTCCCGGG TGTACTGTCC CCATGAGGGT CACCGAGGAA

CGCCCAGAAT GTCTTCCCTC TATCCCCTCC ACCTCCCCAA ATTCCAGCAC CAGGGGCCAC

AAGGACCACC CAGGTGACTC GGGCCCACAC ACCCCTCTTT CGGGGTACAC TTGGTGGCAG

AGCTGGTGGT GCCATATAAC CAGATTCGTC:ACAGAGACCC ATTTTTTATC AGTCCCAGGC

TTAACGATGT GGCCTGCCTG GGAGGTAAGG CGGCAGGCGT TGCAGAATTG ATGGGAACTG

GTTTAACAAA TTCTTCATTG ATTCAGGGGA CCACTTTCCT TGAGCCAAGT CTTGGCAAGC

CCCTTTCCTG GCTGCGTCCC CAGCCTCCAG CCTTCCCCGC CCCAGAGATG CCCCAGGAGC

GGGTGCCCGG GCGGCTCCGT CCGCCGCCTA GAGCCTGGAA GCCGCCACTG CGGCCCAGGA

CGCCGACCCC GCACGCTGGA GTCCÃœCTGCCGCACGGCGCT GGCAGTCGGG GGTGGTGTCT
BamHI

TTTTCGTCGG CCCGGGTGCC CGGCTCGCGC CGCCAGGCTC TGGGATCCCA

CCTATGGATC1TTCCACTCTT

CTCAGAGCCA CAAATCCTGA

GCTAGCAGGC TTTTGOCCTC

CAGAAGTACG AAGACTGATC

TGGCACAGGT GGGAAACCTG

GGCCGGCGAA ACTCACAGGT

GGCCCCTCGG TGTAGGTAAC

CAATCCGGCT ACGCGGCCGG

GAAGTCAGGC GCTTCCTGCC
-343

:.'AGCCCGCGCCCTGC

TCGGTGCGCT CAGCGTCCCC^CCCCTTACC CCAAACCCCC ACCCTCTGTG COCTCAGGÃ¼GGGOtCCCCCA TCOtOGCOGG
-247 -201

CAGclTGTGCCCCGGTCGCCG AGTGGCGAGG AGGTGACGGT AGCCGCCTTC CTATTTC'V-'' 'â€¢"'J}.'â€¢A >:-.

:GCCG GGGGCAGGC'CCTGCCTAGTCGCGCTGCGGG GCGAGTCÃ•7CAGCAGAGAUGC:GCTCUGTCCT
Sacll ^^~

TGCGTCTTTT TCCCCCGCAC CGCGGCGC'CG CTC'CGCCACT CGGGCACCGC AGGTAGGGCA

CCCGCCCGCC CGTAAA ATG GTC' CCC TCG GCT GGA CAG CTC GCC CTG TTC' GCT

>'.'â€¢â€¢'Val Pro Ser Ala GÃ¬y Gin Leu Ala Leu Phe Ala

GGAGGCTGGA GAGCCTGCTG
SnaBI

CTG GGTACGTAC
Leu

ments in the 5'-flanking region of the TGF-a gene (32, 33). Because

there are no convenient restriction sites just upstream of the first exon,
and to minimize the chance of eliminating important regulatory ele
ments within the 5'-untranslated region, BaÃŸl exonuclease digestion

was performed to remove the first exon of TGF-a. This gave a

construct, termed pTGFa2816Luc, which ended 5 base pairs upstream
of the AUG codon. To confirm that the construct initiated transcription
at the same site as the native TGF-a gene, a 575-base pair fragment
containing the Pvull site at position -243 through the Xbal site in the

luciferase gene at position +105 was used for RNase protection
analysis. Using RNA isolated from HCT116 cells containing an inte
grated copy of pTGFa2816Luc, two bands of the correct size were
observed, one from the endogenous TGF-a gene (108 base pairs) and

the other from the integrated copy of pTGFa2816Luc (213 base pairs)
(data not shown).

Transient transfections were performed using pTGFa2816Luc and
pRSVLuc, a vector containing the Rous sarcoma virus long terminal
repeat driving luciferase, as a control. All transfections were done in
batch, with the cells in suspension, and then the cells were distributed

evenly between plates. This reduced variability between plates to
usually <10%. After treatment of the transfected cells for 48 h with
10 ng/ml TGF-ÃŸl, the luciferase activity differed depending on the
cell type (Table 1). FET cells showed a 7.45-fold increase in TGF-a
promoter activity. The same level of induction was seen with TGF-ÃŸ2,
another member of the TGF-ÃŸfamily, indicating that this isoform is as
potent as TGF-ÃŸl in inducing the TGF-a promoter in FET cells (data

not shown). As controls, the pTGFa2816Luc and pRSVLuc vectors

Table I Modulation of TGF-a promoter activity hy TGF-ÃŸl in three human colon

carcinoma cell lines

The values given are the mean Â±SD nf the fold induction over the untreated controls
(n = 3).

CelllinesHCT

116

MOSER

FETVectorspRSVLuc

pTGFa2816Luc
pRSVLuc
pTGFu2816Luc
pRSVLuc
pTGFo2816LucFold

induction1.12

Â±0.01
0.90 Â±0.02
1.90 Â±0.50
4.18 Â±0.002
1.06 Â±0.01
7.45 Â±0.04
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were transfected into the TGF-ÃŸl-unresponsive cell line HCT116,

which showed no increase in luciferase activity, and into another
TGF-ÃŸl-responsive cell line, MOSER, which showed a 4.18-fold

increase in luciferase activity. This demonstrates that the induction
requires components in addition to TGF-ÃŸlreceptors and the effect is
not restricted to FET cells. The induction is specific for the TGF-a

promoter, because the pRSVLuc control construct remained relatively
insensitive to the effects of TGF-ÃŸl,as did other promoters including

the metallothionein promoter and the HIV long terminal repeat (data
not shown).

This increase in TGF-a promoter activity was reflected as an in
crease in TGF-a protein present in the tissue culture medium. A nearly
3-fold increase in soluble TGF-a protein was detected after 48 h in the
presence of 10 ng/ml TGF-ÃŸl (Fig. 2). The concentration of soluble
immunoreactive TGF-a in the media conditioned by FET cells in

creased from 3.2 ng/ml to 9.02 ng/ml. The radioimmunoassay used
was specific for TGF-a, because the supplemented McCoy's medium

containing 10 ng/ml EOF used as a control showed no immunoreac-

tivity.
To localize the TGF-ÃŸl-responsive element within the 2816-base

pair 5'-flanking region, the promoter was partitioned into segments by

using convenient restriction sites to generate fragments designated
pTGFal568Luc, pTGFal 143Luc, and pTGFa377Luc (Fig. 1). These
vectors were transiently transfected into FET cells and the cells were
treated with K) ng/ml TGF-ÃŸl for 48 h. All constructs showed
TGF-ÃŸl inducibility, compared to the untreated controls (Fig. 3).
Maximal activity was obtained with pTGFa 1143Luc (10.17-fold in

duction), while the next largest vector, pTGFal568Luc, showed re
duced activity (5.7-fold induction), possibly indicating the presence of

negative regulatory elements within this region. Transfection with the
2816-base pair fragment restored partial activity (6.73-fold induction)

but not to the level seen with pTGFall43Luc.
To confirm that the induction of luciferase activity was mediated by

TGF-ÃŸl, the anti-TGF-ÃŸl monoclonal antibody ID 11.16 was used to

block the induction in transfected FET cells (Fig. 4). This antibody
was previously shown to bind TGF-ÃŸlwith high affinity and to block
its inhibition of interleukin-1- and phytohemagglutinin-dependent
proliferation of thymocytes (34). 1D11.16 (1 fj,g/ml) was added si-
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Fig. 2. Determination by radioimmunoassay of the TGF-a concentration in tissue
culture media conditioned by FET cells. FET cells were cultured at a density of 1 X IO6
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Fig. 3. Localization of the potential TGF-ÃŸl-responsive element in the TGF-a pro
moter region. The parental vector pXpl and segments of the TGF-a promoter in pXpl
were transiently transfected into FET cells. TGF-ÃŸl( 10 ng/ml) was added and 48 h later
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Â±SD (n = 3) of the relative light units obtained from the Burthold luminometer.

standardized to purified luciferase, per 50 Â¿tgof protein. The fold induction for each
vector was as follows: pXpl, 0.8ft; pTGFa377Luc, 7.17; pTGFall43Luc, 10.17;
pTGFal568Luc, 5.7; and pTGFa28l6Luc. 6.73.
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Fig. 4. Neutralization of TGF-ÃŸl activity by monoclonal antibody IDI 1.16.

pTGFa377Luc-transfected FET cells were plated at a density of 2 x 10s cells/well in
24-well plates. Sixteen h after transfection the cells were treated with either no TGF-ÃŸl
(/), 10 ng/ml TGF-ÃŸl (2), or 10 ng/ml TGF-ÃŸl and 1 n-g/ml monoclonal antibody
IDI 1.16 added simultaneously (3). After 48 h the cells were lysed and the entire content
of the each well was assayed for luciferase activity.

multaneously with the addition of K) ng/ml TGF-ÃŸl, and the lu

ciferase activity detected 48 h later indicated that the induction of the
TGF-a promoter had been blocked.

To further characterize the effects of TGF-ÃŸl on the TGF-a pro

moter, transient transfections were performed with increasing concen
trations of TGF-ÃŸl(Fig. 5). The TGF-a promoter activity increased in
a dose-dependent manner. All constructs exhibited maximal activity at

10 ng/ml. As with the previous experiments, pTGFa377Luc and
pTGFall43Luc vectors gave the greatest response (10.43- and 10.
62-fold, respectively, at 10 ng/ml) and pTGFal568Luc and
pTGFa2816Luc gave slightly lower values (6.69- and 7.46-fold, re-
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spectively, at 10 ng/ml). Clearly, increasing concentrations of TGF-ÃŸl
gave a linear increase in TGF-a promoter activity, ranging from 0.5

ng/ml to a maximal level at 10 ng/ml.
Since the transcriptional control of the TGF-a gene appeared to be

a direct result of TGF-ÃŸl treatment, we performed further deletion
fragment analysis to identify the region containing the ci's-acting

element(s) involved in TGF-ÃŸlcontrol of the TGF-a promoter. Only
the first 377 base pairs of the TGF-a promoter are required for
TGF-ÃŸl induction (Fig. 3). Therefore, fia/31 exonuclease digestions

were used to generate a series of smaller promoter fragments. Using
pTGFa377Luc as the starting material a series of progres
sively shorter promoter constructs were generated. These were
pTGFa343Luc, pTGFa247Luc, and pTGFa201Luc (Fig. 1). The
pTGFa77Luc construct was generated using the Sacll restriction site
located 77 base pairs upstream of the AUG codon (Fig. 1). Transient
transfection of these constructs into FET cells indicated that TGF-ÃŸl

inducibility was retained with construct pTGFa201Luc, containing
201 base pairs of 5'-flanking region, but decreased after transfection

with pTGFa77Luc (Fig. 6). This places the TGF-ÃŸl-responsive ele
ment within the 124 base pairs of DNA between positions -77 and
-201.

To ascertain whether TGF-ÃŸl treatment also affected the EOF

receptor, Scatchard analysis was performed to determine the number
of EOF receptors on TGF-ÃŸl-treated cells. FET cells were treated
with 10 ng/ml TGF-ÃŸl for 48 h and then incubated with I25l-labeled

EOF and increasing amounts of unlabeled EGF. The results, shown in
Table 2, indicate that after TGF-ÃŸl treatment EGF receptor numbers
decreased by 20% (from 10.2 X IO4 to 8.3 X IO4 receptors/cell) and

the KÂ¡increased 2-fold (from 3.22 nMto 1.5 nw). These effects may be
a direct consequence of TGF-ÃŸl action on EGF receptor expression
levels. However, our results suggest that the down-regulation and

increase in high affinity EGF receptors are secondary effects of the
autocrine stimulation of the EGF receptor by its ligand TGF-a. Ex

amining the phosphorylation state and tyrosine kinase levels of the
EGF receptor before and after TGF-ÃŸl treatment of FET cells will

help to resolve this issue (experiments in progress).

o
u.

12

10

O

O pXpl
â€¢¿�pRSVLuc
V pTGFa377Luc
V pTGFrxll43Luc
D pTGF<xl568Luc
â€¢¿�pTGFa2816Luc

0.0 0.5 1.0 10.0

ng/ml TGF-ÃŸl

20.0

Fig. 5. Dose response of TGF-a promoter region with TGF-ÃŸl. FET cells were tran
siently transfected with the indicated vectors and were treated with 0, 0.5, 1. 10. or 20
ng/ml TGF-ÃŸl for 48 h. The cells were harvested and tested for luciferase activity. The
data are presented as the mean Â±SD (n = 3) of the fold induction, compared to the

untreated controls.

14
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e 10o
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377 343 247 201

Vectors

77

Fig. 6. Localization of the TGF-ÃŸl-responsive element within the pTGFa377Luc

construct. FET cells were transiently transfected with the indicated vectors and treated
with K) ng/ml TGF-ÃŸl for 48 h. The cells were harvested and 50 /ig of protein were

assayed for luciferase activity. The data are presented as the fold induction over untreated
controls.

Table 2 EGF receptor number on TGF-ÃŸltreated FET cells

Results of Scatchard analysis to determine the number of EGF receptors present on
FET cells treated with 10 ng/ml of TGF-ÃŸl for 48 h [mean Â±SD (n = 3)]. Amax. the

number of receptors per cell; KÂ¡,the affinity of the receptors; Hill coefficient, the slope of
the line through the data points.

Bmax

K,Hill

coefficientNo

TGF-ÃŸl10.2

X IO4

3.22 nM
0.710

ng/mlTGF-ÃŸl8.3

X IO4

1.5 mu
0.5

DISCUSSION

TGF-a expression can be modulated by a wide range of agents,
including the activated viral oncogene p21 ras, estrogen, 12-O-tet-
radecanoylphorbol-13-acetate, and growth factors such as EGF and
TGF-a itself (6, 11, 33, 35, 36). Although the mechanism by which
most of these agents modulate TGF-a levels is not known, at least for

estrogen and EGF the induction has been shown to be through an
increase in transcription mediated by promoter elements contained
within the 5'-flanking sequences of the TGF-a gene (32, 33). The

TGF-a promoters of the human and rat genes have been partially
characterized and found to be G+C-rich and missing the usual TATA

and CAT boxes used by most genes as mRNA start signals (26, 32,
37). The basal promoter is located within the first 375 base pairs of the
5'-flanking region, which also contains EGF- and estrogen-responsive

elements (32, 33). This region is rich in potential Spl (six sites) and
Ap2 (five sites) binding sites but is devoid of other known transcrip
tion factor binding sites (26, 32, 37) (Fig. 1).

In previously published reports, TGF-ÃŸl has been shown to in
crease TGF-a mRNA levels in exponentially growing human colon

carcinoma cells (23). We were able to demonstrate, through transient
transfections into the TGF-ÃŸl-sensitive cell line FET, that a 2816-base
pair segment of the 5'-flanking region of the TGF-a gene conferred

TGF-ÃŸl responsiveness to a TGF-a/luciferase chimera. Using re
porter plasmid deletion analysis, the regulatory domains in the 5'-

flanking regions were grossly mapped and indicated a complex reg
ulatory pattern controlling TGF-a gene expression and TGF-ÃŸl
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responsiveness. Since all TGF-ÃŸlresponsiveness was lost when only
the -77 base pair SacII fragment was used, the TGF-ÃŸl-responsive
element must be contained within the -77 to -2816 base pair frag
ment. Although TGF-ÃŸl responsiveness could be restored by adding
as little as 124 base pairs (-201 fragment), the transcriptional activity

was low. Full promoter activity was restored only when 1143 base
pairs were added, indicating that this region contained the basal pro
moter elements and is required for maximal promoter activity. Inter
estingly, transcriptional activity was actually lost upon addition of 425
base pairs (-1568 fragment), indicating the presence of negative reg

ulatory elements within this region, and was partially restored when
the full length 2816-base pair Pstl fragment was used. These findings

suggest that complex regulatory mechanisms composed of multiple
/raw-acting factors influence TGF-a promoter activity and its re
sponse to TGF-ÃŸl.

The deletion mapping analysis identified the major TGF-ÃŸl-re
sponsive element within the 124 base pairs between positions -77 and
-201. This region contains two potential Spl sites (CCGCCC) (38) at
positions -183 and -131 and two potential Ap2 sites (YCSCCMNS-
SS) (39) at positions -189 and -131. These transcription factors are

relatively common, being found in many viral and cellular promoters
including the viral SV40, human metallothionein (liMT-ll.Â¿),growth
hormone, c-myc, and histocompatibility H-2Kh genes (38, 39). Their

wide distribution makes them unlikely candidates as mediators of the
TGF-ÃŸlsignal but, since the Rous sarcoma virus promoter, used as a

control in our experiments, does not contain either Spl or Ap2 sites,
we felt it important to determine whether these transcription factors
could mediate the TGF-ÃŸl response. To answer this question, we

constructed luciferase gene reporter constructs containing the human
metallothionein and HIV type 1 promoters. The metallothionein pro
moter contains five potential Spl sites and three potential Ap2 sites
(40), while the HIV type 1 promoter contains two potential Spl sites
and no Ap2 sites (41 ). Although both promoters gave good levels of
luciferase activity, comparable to that of the Rous sarcoma virus-
luciferase construct, neither responded to TGF-ÃŸl in either the TGF-
ÃŸl-responsive FET or unresponsive HCT116 cell lines. This would
make it unlikely that the TGF-ÃŸlresponse is mediated through Spl or

Ap2. Although these experiments are by no means definitive, they do
support our assertion that the TGF-ÃŸl response shows some specific
ity for the TGF-a promoter. The TGF-ÃŸl response may be a direct

effect mediated either through a unique arrangement of known tran
scription factors or through as yet uncharacterized transcription fac
tors. Alternatively, the induction of the TGF-a promoter could be a
secondary event resulting from other TGF-ÃŸl responses.

In studies conducted by Bronzert et al. (42), TGF-ÃŸinduced the

production of PDGF, while inhibiting normal HMEC growth. The
production of PDGF provided no growth advantage to the HMECs
because they express no PDGF receptors. PDGF secreted by HMECs
is speculated to be a paracrine factor for the surrounding mesenchymal
tissue. A similar mechanism may occur with moderate to well differ
entiated colon cells such as FET cells. TGF-ÃŸlcould perform a dual
role of inhibiting colon cell proliferation and stimulating TGF-a pro

duction to promote mesenchymal cell growth through a paracrine
mechanism. Loss of response to TGF-ÃŸlwould leave the TGF-a/EGF

receptor autocrine loop intact and provide a growth advantage to the
tumor cell. Interruption of this autocrine loop may prove therapeuti-

cally useful.
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