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ABSTRACT

The oncogene jun encodes a transcription factor of the VP-1 family. In
mice carrying viral juif (v-jun) as a transgene, wounding is a prerequisite

for tumorigenesis, suggesting collaboration between the transgene and a
wound-related event. To define possible candidates for this collaborative
process, we examined the effect of several wound-related polypeptide

growth factors on cells from transgenic mice. Tumor necrosis factor a and
interleukin In induce anchorage independence in embryo fibroblasts and
tumor cell revertants from these mice. This effect was specific for the two
cytokines and was restricted to cells from \-jun transgenic mice. Anchor
age independence required the continued presence of the cytokines. Trans-
fection of transgenic cells with a v-juit expression plasmid also induced

anchorage independence and a tumorigenic phenotype in transgenic tu
mor cell revertants. However, there was no correlation between anchorage
independence, expression of Jun, and AP-1 activity. These results suggest

that while increased transgene expression can enhance the growth prop
erties of \-jun transgenic cells, there exist other cytokine-dependent mech

anisms that have a similar effect.
Retinole acid, dexamethasone, or forskolin inhibits induction of anchor

age independence by tumor necrosis factor u, interleukin la, and trans-
fected \-jun. Although these agents affect both AP-1 transactivation po

tential and DNA binding in the transgenic cells, the changes are not
correlated with the inhibition of growth.

INTRODUCTION

The product of the protooncogene c-jun is a transcription factor of
the AP-1 complex ( 1, 2). As a homodimer or heterodimer with mem

bers of the Jun and Fos family, it binds to DNA sequences called TRE
(consensus: TGAG/CTCA) and regulates the transcription of genes
containing these sequences in their promoter regions (3-6). Jun is an
element of signal transmission pathways, and AP-1 activity is stimu
lated by various growth-promoting stimuli, including oncogenes and
growth factors (7-10).

jun was first characterized as the oncogene transduced by avian
sarcoma virus 17 (11). Although overexpression of viral jun (\-jun)

appears to be sufficient for the transformation of avian cells (12, 13),
in mammalian systems^'i/ii-induced transformation requires additional

cooperative factors that remain to be fully defined (14). Transforma
tion, DNA binding, and transactivation activity of Jun can be modu
lated by its interaction with other proteins (15-19).

Transgenic mice carrying v-jun under the control of the promoter
from the murine H2K* gene develop tumors only in the context of a

full thickness wound. This is a multistep process; in homozygous mice
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wounding of the tail is followed by the formation of hyperplastic
granulation tissue. Dermal fibrosarcomas and rhabdomyosarcomas
arise from the hyperplastic wounds in a proportion of these mice over
the subsequent 3^4- months (20, 21). Transgene mRNA expression
increases 5-10-fold during the malignant progression from normal
skin to sarcoma (20). Mice carrying a v-jun transgene driven by the
metallothionein promoter exhibit a similar phenotype.4 Collaboration

between the v-jun transgene and a wound-derived factor may be

required in this multistep process of tumorigenesis.
Normal wound healing requires activation, mobilization, and rep

lication of diverse cell types, as well as the local secretion of extra
cellular matrix components, growth factors, and cytokines (22-24).

Several of these factors have been shown to increase the rate of wound
healing, although the mechanism by which they exert their action is
not well understood (25-27). Wound-promoted tumorigenesis has

been described in other systems, including transgenic mice carrying in
their germline the bovine papilloma virus, raÃ, or TGF-a'' genes

(28-30). However, there is only one case where a protein known to be
active in normal wound repair has been identified as a wound-related
tumor promoter: TGF-/3 can substitute for wounding as a cause of

tumor formation in chickens given injections of the Rous sarcoma
virus (31).

In this paper we describe a specific growth-promoting effect of the
wound-related cytokines TNF-a and IL-la on \-jun transgenic cells
derived from mouse embryos and from wound-related sarcomas. This

effect is inhibited by retinoic acid, dexamethasone. and forskolin,
three agents that affect transcriptional signals with which Jun can
interact (4. 6. 18, 19, 32-44).

MATERIALS AND METHODS

Cells. Primary mouse embryo fibroblasts were prepared according to (he
method of Freshney (45) from 17-day-old embryos of homo/.ygous transgenic

mice of the Tg2 pedigree (20) and from nontransgenic C57B1/6 mice. They
were grown in Dulbecco's modified Eagle's medium buffered with HEPES

(25 mm) containing 4.5 g/liter glucose supplemented with 10% fetal bovine
serum and penicillin/streptomycin. Cultures of two wound-induced tumors
from a v-jun transgenic Tg4 mouse (20) were the source of the revenant cell
clones used in this study. The tumor cultures were grown in Iscove's modified
Dulbecco's medium (Irvine Scientific) buffered with 25 mst HEPES supple

mented with 10% fetal bovine serum, penicillin, streptomycin, nonessential
amino acids, and ÃŸ-mercaptoethanol (55 UM).NIH3T3 and ral clone 9-3 cells
(46) were cultured in Dulbecco's modified Eagle's medium (Irvine Scientific)

buffered with HEPES (25 mvt), containing 4.5 g/liter glucose and supple
mented with 10% fetal bovine serum and penicillin/streplomycin. When indi
cated, the medium contained the following concentrations of growth factors or
chemicals: forskolin (Sigma), 20 UM;TGF-ÃŸ,and TGF-ÃŸ2.porcine recombi
nant. 5 ng/ml (a kind gift of Dr. M. Sporn); TNF-a, human recombinant (R&D
Systems). 5 ng/ml; TGF-a. human recombinant (Collaborative Research. Inc.).

10 ng/ml; basic ftbroblast growth factor, human recombinant (Collaborative
Research, Inc.). 2 ng/ml; IL-la, human recombinant (R&D Systems), 0.1
ng/ml; â€¢¿�y-interferonhuman recombinant (Collaborative Research, Inc.), 200

4 F. Shalaby, A. C. Schuh, and M. L. Breitman. unpublished data.
*"The abbreviations used are: TNF-a. tumor necrosis factor a: IL-la. interleukin la;

TGF. transforming growth factor; RA. retinoic acid: DEX. dexamethasone; FSK, forsko
lin; HEPES. 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid.
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units/ml; insulin (Sigma), 100 ng/ml; epidermal growth factor, from murine
submaxillary glands (Sigma), 6.5 ng/ml; platelet-derived growth factor, human

recombinant (R&D Systems), 2 ng/ml; FSK (Sigma), 20 MM;RA (Sigma). 1 MM;
and DEX (Sigma), 5 MM.

Plasmids and Constructs. The reporter plasmids p-73/+63 ColCAT and
P-63/+63 ColCAT were a kind gift of M. Karin (3). pRc/RSV \-jun was
constructed by inserting the Xbal fragment from RCAS VJ-0 (12) (containing
the whole gag-jun gene) in the Xbal site of the pRc/RSV expression vector
(Invitrogen). pT24m containing the activated human Harvey-ra.Ã§oncogene was

a kind gift of D. Broek. p-jun is pBR322 with a 0.9-kilobase fragment con
taining the complete jun coding sequence from the gag-jun viral gene cloned
into the BamHI-EcoRI restriction sites. The expression vectors pCMx and

pCMx RARa (28) and pRsh GRa (29) were kind gifts of R. Evans. pRc/RSV
PKA was constructed by subcloning a 2.5-kilobase BamUl fragment from the

plasmid pKSG4 (a kind gift of I. Verma) containing the whole open reading
frame encoding the catalytic a subunit of PKA into pBS SKII +. A Hindlll-

Xhtil fragment from this plasmid was then cloned into pRc/RSV.
Transfections and CAT Assays. Transfections were performed by the

calcium phosphate precipitation method of Graham and Van der Eb (47). One
ml of precipitate containing reporter and inducer plasmids as well as salmon
sperm carrier DNA was plated on \0h cells seeded the day before and allowed

to attach for 16 to 20 h. Cells were then washed with phosphate-buffered

saline, and fresh medium was added. For stable transfections, 3 ug of plasmid
DNA were transfected per plate. Two days after transfection, the medium was
replaced by the selective medium containing 800 Mg/ml of geneticin (Gibco).
For CAT assays, 2 Mgof reporter and 3 Mgof inducer plasmid were transfected
per plate, and cells were harvested 40 h later. Cells were lysed, and CAT assays
were then performed according to the method of Gorman (48). All the results
of CAT assays are the average of at least 3 independent experiments.

Cloning in Soft Agar. The efficiency of colony formation in soft agar was
measured by the method of MacPherson and Montagnier (49). F-10 medium

was used, and the final concentration of Sea plaque agarose was 0.4%. The
concentration of fetal bovine serum was 5% for tumor cell revenants and
0.75% for embryo fibroblasts. Colonies were counted after 3 weeks. All de
terminations of agar colony formation are the averages of three independent

experiments.
Tumorigenesis Assay in Immunodeficient Mice. Cells ( IO6)were washed

two times in phosphate-buffered saline and then injected s.c. in 0.2 ml of
nonsupplemented Iscove's modified Dulbecco's medium in the left flank of

nu/nu mice (Simonsen Laboratories, Inc.). Another IO6 cells were replated in

cell culture after passage through the needle used for injection in order to check
viability. Medium alone was injected into the right flank as a control. Four
mice were given injections in 2 independent experiments for each cell line
tested. Tumor growth was monitored every week. After 6 weeks, mice were
sacrificed, and tumors were measured and weighed.

Southern and Northern Blot Analysis. Total genomic DNA was digested,
electrophoresed. transferred to nylon filters, and hybridized using standard
procedures (50). Poly(A) RNA was isolated using the RNAzolB extraction
method (Cinna/Biotecx) followed by several passages over an oligodeoxythy-

midine cellulose column. Two to 5 Mgof each sample were loaded on agarose
gels. Electrophoresis and transfer to nylon membranes were followed by two
sequential hybridizations, v-jun hybridization was standardized against ÃŸ-actin

hybridization and ethidium bromide staining of mRNA. Probes used were a
v-jun 0.9-kilobase EcoRI-BÂ«mHI fragment from p-jun and a 0.8-kilobase ÃŸ-ac

tin fragment (Oncor).
Cell Extracts. Approximately 5 x IO7cells were trypsinized and washed

in phosphate-buffered saline and in TMS buffer (0.25 Msucrose; 5 mM MgCl2:

10 HIMTris, pH 7.5) supplemented with leupeptin, aprotinin, pepstatin, and
phenylmethylsulfonyl fluoride (Sigma) at concentrations recommended by the
manufacturer. Cells were then resuspended in the same buffer containing
0.25% of Triton X-IOO and left for 10 min on ice. NaCl was added to a

concentration of 0.3 M.and incubation on ice was prolonged for 10 min. Cells
were then microfuged at 14,000 r.p.m. at 4Â°Cfor 15 min. The supernatant was

harvested; supplemented with 20% glycerol, Brij 35 0.1%, and 1 imi dithiotre-

itol; and dialyzed overnight against 1000 volumes of SB buffer (50 ITIMNaCl;
20 mM HEPES; 5 mM MgCl2; O.I mM EDTA; 20% glycerol; 1 mM dithiotreitol,
pH 7.9) supplemented with the above-mentioned protease inhibitors. The ex
tracts were then microfuged at 14,000 r.p.m. at 4Â°Cfor 15 min, and the
supernatant was harvested and kept at -80Â°C.

The protein concentration of the extracts was determined using the Bradford
reagent (BioRad), and an equal amount of different protein extracts was used
for Western blot analysis and band shift assays.

Western Blot Analysis. Protein extracts were mixed with an equal volume
of 2X sample buffer containing sodium dodecyl sulfate and analyzed as done
by HÃ¢varsteinet al. (51 ) using rabbit polyclonal antiserum prepared against the
carboxy terminal 100 amino acids of the c-Jun protein (a kind gift of Stephen

Hann).
Band Shift Assays. The sequence of the synthetic oligomer used in the

mobility shift assay was derived from the human collagenase gene promoter
(3). The oligomer was labeled with Klenow enzyme in presence of [a-"2-P]-

dCTP. The binding reaction contained 3 Mg of poly deoxyinosine-deoxycyti-

dine as a nonspecific competitor, 150 Mgof cell extract, about 0.5 to 1 ng of
labeled probe, and various amounts of competitor when required in a buffer
containing 10 mMTris (pH 7.5), 50 mMNaCl, 5 mMMgCl2, 1 niMdithiothreitol,
I m.MEDTA and 5% glycerol. After 20 min of incubation at room temperature,
the mixtures were loaded on a 5% polyacrylamide gel and electrophoresed for
6 h at 150 V at 4Â°Cin the same Tris-EDTA buffer (0.75 X); running for 6 h

allowed the separation of complexes containing \-jun and c-jitn. Shorter par

allel runs were performed to ensure that the probe was in excess in all reac
tions.

RESULTS

Characterization of Transgenic Cell Lines. In order to investi
gate the effect of wound-related cytokines on transformation, we
isolated and characterized v-jun transgenic cells. Primary embryo

fibroblasts were prepared from transgenic and nontransgenic mice.
Primary cells from both origins have the same typical fibroblastic, flat
morphology and grow at approximately the same rate. At high serum
concentrations (>5%) transgenic primary cells form agar colonies
with an efficiency of IO"4. This ability is lost at low (<1%) serum

concentrations. These cells are not tumorigenic in nude mice. Non
transgenic primary fibroblasts did not form agar colonies even at >5%
serum concentration (efficiency <10~6). Several cell lines have been

derived previously from wound-related tumors of v-jun transgenic

mice. These lines consisted of highly pleomorphic cell populations
that were also heterogeneous with respect to their growth properties
(20, 21). From cell lines that originated from two different tumors of
the Tg4 transgenic pedigree, we selected and isolated two flat rever-
tant clones, 1-7.1 and L2. These clones were grown into cell lines.
Cells of line 1-7.1 were contact inhibited in culture. Their cloning
efficiency in agar at 5% serum was 10~6, and they failed to induce

tumors in 4 of 4 nude mice inoculated. Their genome contained about
35 copies of the transgene, which was transcribed and translated at a
moderate level as compared to transformed cell clones derived from
the same tail sarcomas (compare 1-7.1 with the transformed 1-9.8

clone in Fig. 1). With respect to growth in culture and transgene
expression L2 was similar to 1-7.1 but initiated tumor formation in

nude mice. However, these tumors stopped enlarging after 3 weeks
and at autopsy (6 weeks) weighed less than 0.2 g.

TNF-a and IL-la Specifically Increase Agar Colony Formation
and the Tumorigenicity of \-jun Transgenic Cells. We first deter
mined the efficiency of agar colony formation for mouse embryo
fibroblasts of wild type and \-jun transgenic origin. Among the
wound-related cytokines investigated, only TNF-a and IL-la signif
icantly enhanced the cloning efficiencies of v-jun transgenic embryo

fibroblasts in agar. These two cytokines had only a weak effect on the
anchorage independence of nontransgenic cells (Fig. 2). Transgenic
agar colonies did not consist of immortalized cells; they could not be
propagated into cell lines.

In order to confirm the requirement of the transgene for cytokine
stimulation, we analyzed the cell lines 1-7.1 and L2 and compared
them to nontransgenic NIH3T3 and clone 9-3 rat cell lines (Fig. 3).
TNF-a, IL-la, TGF-ÃŸ,,and TGF-ÃŸ2(tne latter not shown) increased
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a Ã• Ã• I
v-Jun

2.1-
1.9-

Fig. I. Presence and expression of the transgene in trunsgenic cell lines. A. Southern
blot analysis of genomic DNA extracted from sarcoma cell lines and chicken embryo
fibroblasts and digested with Hwn\\\. A single band hybhdi/cs with the v-yim-specific

probe at the expected size of 2.0 kilobases. Comparison with restricted chicken genomic
DNA containing only I copy of the jun gene per haploid genome shown in the right lane
allows an estimation of the number of copies of the transgene, ÃŸ.Northern blot analysis
of poly(A)- selected RNA using a v-jHfl-specific probe. Two bands were observed at 1.9
and 2.1 kilobases. The two bands probably arise from the use of alternative transcription
start sites in the H2Kk promoter or alternative poly(A) addition sites in the simian virus

40 polyadenylation signal. Poly(A) RNA extracted from chicken embryo fihroblasts
infected with avian sarcoma virus 17 (CEF v~jun) has been used as the positive control.
Poly(A) RNA extracted from NIH3T3 (used as a negative control and loaded in a 5-fold
excess) weakly hybridizes with the \-jun probe at the expected si/e for endogenous mouse
c-jun.
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Fig. 2. Influence of cytokines on anchorage dependence of mouse embryo fibroblasts.
Transgenic and nontransgenic embryo fibroblasts were plated in soft agar medium con
taining the indicated cytokines and a final concentration of 0.75% serum. Results are
expressed as the number of colonies per million cells plated. MEF, normal mouse embryo
fibroblasts; trans MEF, transgenic mouse embryo fibroblasts.

the efficiency of agar colony formation by transgenic cells, while
epidermal growth factor, basic fibroblast growth factor, y-interferon,
platelet-derived growth factor, and TGF-a did not alter growth in agar.
The growth-promoting effects of TNF-a and IL-1 a were not seen with
the nontransgenic NIH 3T3 controls. However, both forms of TGF-ÃŸ

increased the efficiency of agar colony formation of NIH3T3. indi
cating that this effect was not dependent on the presence of the jun
transgene. Indeed, TGF-ÃŸis known to confer anchorage independence
on normal mouse cells (52-55). We picked three agar colonies of
I-7.1, two induced with TNF-a and one with IL-1 a, and propagated

them in the presence of the respective cytokines for 3 weeks. All three
subcolonies induced tumors in nude mice, indicating enhanced growth
in culture was correlated with acquisition of oncogenicity in the an

imal. These results demonstrate that TNF-a and IL-1 a specifically

increase anchorage independence and induce tumorigenicity in three
independently derived populations of \-jun transgenic cells.

Expression and Activity of the Transgene in Cells Treated with
TNF-a and IL-la. The transcription of several genes is induced at
high levels in response to TNF-a within 16 h after the start of cytokine
treatment (56). Among the TNF-a-responsive elements is the W2A*

promoter similar to the one used to drive \-jun in transgenic mice (57).
We therefore used the 16-h time point for an initial analysis of \-jun
expression in cytokine-treated I-7.1 and L2 cells. Neither TNF-a nor
IL-la induced transgene expression in mass culture of either cell line.
There was also no detectable increase in v-Jun-specific immunofluor-

escence. A more detailed time course analysis extending for 24 h of
cytokine exposure as well as CAT assays for AP-l transactivating

activity confirmed these results.
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Fig. 3. Influence of growth factors and cytokines on colony forming efficiency of cells

in s ft agar. A, transgenic cells; ÃŸ,nontransgenic cells. Results are expressed as number
of colonies per million cells plated. Colony-form ing efficiency of cells transformed by an
act i ated Ha-ra.s oncogene is also shown as a positive control for transformation. <p.
untreated cells. Ins, TNF-ct. IL-l, and TGF-ÃŸ,cells treated with insulin, tumor necrosis

fact r a, interleukin la. and transforming growth factor ÃŸ.respectively. #, the transfor
mat in efficiency of transgenic revenants by Ha-ra.v is low compared to N1H3T3 or clone
9.3 ells, The transformation efficiency of L2 by Ha-ra.v was not determined. *. epidermal
growth factor, platelet-derived growth factor, â€¢¿�y-interferon.TGF-a, and basic fibroblast

growth factor. These growth factors were all individually tested and found to have no
influence on the colony-form ing efficiency of any of the cell lines.
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Since cytokine-induced agar colony formation occurred with an
efficiency of about 10~3 one would not expect to see enhanced v-jun

expression in mass cultures of TNF-a- or IL-1 a-treated cells, if jun

expression was stimulated only in potential colony formers. Therefore
we investigated clones derived from cytokine-induced agar colonies.
Transgene expression was found to be increased 5-10-fold in 5 of 6
L2 clones treated with TNF-a or IL-la as detected by Northern blot
analysis (Fig. 4/4; Table 1). Cells transformed by TGF-ÃŸdid not show
this increase in v-jun expression. Western blot analysis (Fig. 4B: Table
1) showed that levels of v-Jun protein were increased in the five

clones overexpressing the transgene; Jun protein was not detectable in
the clone with unchanged transgene mRNA level. DNA binding ac
tivity was then measured by a band-shift assay (Fig. 4C; Table 1)
using the AP-1 binding site from the human collagenase gene, and

transactivating potential was determined with the V3/+63 ColCAT
reporter plasmid. Neither DNA binding nor transactivation as mea
sured by these assays behaved in parallel lo jun expression or anchor
age-independent growth. In agar colony-derived clones from cell line
1-7.1 there was even less of a correlation between growth potential,
Jun expression, and AP-1 activity (Table 1). These results suggest that

v-jun

2.1-

1 .9-

actin

2.0-

L2 IL-1

M I 2I5

TNFa

al 0.2 0.3c'T*LLLU
OÃ›ELUU

t
B v-jun-

c-jun-

AP-1-

Fig. 4. Influence of anchorage independence induced by the cylokines on the transgene mRNA levels, protein, and AP-I DNA binding activity. A. Northern blot analysis of poly( A)
selected RNA extracted from individual anchorage-independentcolonies of L2 cells transformed by TNF-a or IL-1 a. L2 II. 12. and 15 and L2 al. a2. and o3 are individual colonies
of L2 transformed by IL-la and TNF-a. respectively, \-jun- and (3-actin-specific probes were used. A 10-fold increase of v-jun Â¡nRNA in the L2 colonies transformed by TNF-a as
well as a 5-fold increase in two L2 subclones transformed by IL-1 a were found, fi and C, Jun protein expression and AP-1 DNA binding activity in L2 transformed subclones. Results
obtained for chicken embryo fibroblasts infected with RCAS MCJ (58) (expressing mousec-jun) and chicken embryo fibroblasts infected with avian sarcoma virus 17 (expressing high
amounts of v-jun protein) are also shown. B. Western blot analysis. Proteins were separated on a sodium dodecyl sulfate/IfÂ» polyacrylamide gel. transferred, and probed with a
polyclonal antiserum made againsl the carboxy terminus of Jun. C band shift assayusing a labeled synthetic AP-1 oligonucleotide and cell extracts from the transformed L2 suhclones.
NIH3T3. and CEF transformed by v-jun. Gels were run for 6 to 7 h to allow separation between the \-jun- and c-;iÂ»i-containingcomplexes. Parallel shorter runs were conducted to
ensure that the probe was present in large excess (results not shown). A I(X)X molar excess of nonlabeled AP-1 oligonucleotide (but not of an oligonucleotide containing a mutated
TRE site; results not shown) prevented the formation and indicated the specificity of the retarded complex. The complex shown was also identified as containing Jun proteins since
its formation was inhibited by preincubation with a polyclonal anti-Jun antiserum (results not shown).
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Table I Properties ttf cvtokine-treated subclones of v-jun transgenic ceil lines

1.2 and 1.71

Subclone or
cellline-7.-7.

[-2-7.
1-3-7.
1-4-7.
al-7.
a3-7.

a4L2L21-1L2

1-2L2
1-5L2alL2a2L2a3\-jun

RNA
expression"15<0.55<0.5<0.5<0.515I5IO1010v-Jun

AP-1Western
blots'' bandshifts'+

1+
~5+
1+

1++
~5+1+

1+++
~2~2-m-

1...+++â€¢H-f

1AP-1

CAT assaysd10.88.21.71.80.82.81I.I0.90.40.20.30.07

" Northern blots were scanned with an LKB ultroscan XL laser densitometer. Numbers
refer to the -fold induction of v-Jun niRNA as compared to the level in 1-7.1 cells, which

was sel at 1.0.
'' The intensity of Jun bands on Western blots was graded scmiquantitatively as: -,

absent; +, low; ++, moderate; or +++, high.
' Autoradiographs of band shift assays were scanned with an LKB ultroscun XL laser

densitometer. and numbers refer to the -Ibid difference in AP-1 DNA binding activity as
compared to 1-7.1 and L2. which were arbitrarily set at 1. Induction of anchorage
independence by IL-la or TNF-a did not induce any change in mobility of the AP-I-
spccific complex.

(/ Numbers represent the ratios between CAT activities using p-73/+63 ColCAT and

P-63/+63 ColCAT (AP-1 site deleted!, normalized to 1-7.1 and L2. which were set at I.
The data are the averages of three independent experiments.

anchorage-independent growth of the transgenic cells, while contin
gent on the presence of the transgene, does not require enhanced \-jun
expression or AP-1 activity.

Agar Colony Formation and Increased Transgene Expression
Depend on the Continued Presence of the Cytokines. Clonul lines
of 1-7.1 and L2 derived from cytokine-induced colonies were re-
cloned in agar in the presence and absence of IL-la or TNF-a.

Omission of the cytokine reduced the cloning efficiency of 11 of 12
subclones to background levels; only one of the subclones derived
from L2 and induced by TNF-a retained an increased ability for
anchorage-independent growth. We also determined levels of \-jun
mRNA in three L2 TNF-a-transformed subclones that had shown

increased expression of the transgene (cf. Fig. 4). Northern blot anal
ysis performed 3 weeks after withdrawal of the cytokine revealed a
marked decrease of transgene expression in all three clones. These
observations suggest that within the time periods tested the cytokines
do not permanently up-regulatey'i/'f mRNA levels and do not induce a

genetically stable transformation in most colonies of 1-7.1 or L2.
However, the appearance of a TNF-a-independent clone suggests that

additional genetic changes occur eventually and may be part of the
multistep process that leads to genetically stable oncogenic transfor
mation.

Overexpressed \-jun Transforms Transgenic Tumor Cell Revert-

ants but not Nontransgenic Cell Lines. The increase in transgene
mRNA levels associated with some cases of cytokine-induced trans
formation suggested that overexpression of v-jun in the transgenic

revertan! cell lines might retransform these cells. In order to test this
possibility, lines 1-7.1 and L2 were transtected with the v-jun expres
sion vector pRc/RSV v-jun that contained a neomycin resistance
marker. For each of the cell lines, pools of 300 to 500 G418-resistam

clones were grown into mass cultures, expression of the transfected
jun was verified by Northern blot analysis, and functional activity of
the transfected gene was confirmed by CAT assays using a reporter
gene driven by a promoter containing an AP-1 binding site. Overex
pression of transfected v-jun induced increased efficiency of colony
formation in agar in both 1-7.1 and L2. 1-7.1 cells transfected with the
v-jun construct formed large and progressively growing tumors in 4 of

4 nude mice receiving injections. These results show that overexpres

sion of v-jun increases agar colony formation of the transgenic 1-7.1
and L2 cells to the same extent as TNF-a and IL-la and renders 1-7.1

cells tumorigenic in nude mice. As controls for these experiments, we
transtected pRc/RSV v-jun into NIH 3T3 and into rat clone 9-3. After

G418 selection and verification of transgene expression and activity in
the selected cells, agar colony formation was determined. It was not
increased relative to nontransfected cells (Fig. 5). The v-y'wi-trans-

fected NIH 3T3 and clone 9-3 cells also failed to respond to TNF-a
or IL-la treatment with increased agar colony formation. The inef

fectiveness of the cytokines in this situation may be related to the
different promoter driving v-jun.

Growth Factor-induced Anchorage Independence of \-jun

Transgenic Cells Is Inhibited by Forskolin, Dexamethasone, and
Retinole Acid. 1-7.1 cells treated with TNF-a or IL-2a or transfected
with a v-jun expression vector were plated in soft agar in the presence

or absence of FSK, DEX, or RA as well as dimethyl sulfoxide and
ethanol controls. The results are shown in Fig. 6. FSK and RA reduced
the colony-forming efficiency in soft agar induced by TNF-a or IL- la
v-jun to background levels, while DEX lowered it significantly (2, 8,

and 18 times, respectively). We did not observe a significant effect of
dimethyl sulfoxide or ethanol on anchorage independence. Control
experiments showed that FSK, DEX, or RA at the concentrations used
were not toxic for 1-7.1 cells. The cloning efficiencies of these cells

on solid support were 57% in the presence of RA, 160% in the
presence of DEX. and 170% with FSK. These results indicate that
activation of the cAMP. RA, or glucocorticoid signal transmission
pathways inhibits the anchorage-independent growth-promoting effect
of TNF-a, IL-la, or v-jun in v-jun transgenic cells.

In order to relate the growth inhibition by RA. DEX, or FSK to the
molecular function of the jun transgene, we determined AP-1 activity
in mass cultures of the 1-7.1 cells in the presence of various additives.

The 73/+63 ColCAT reporter was cotransfected with expression vec
tors for the retinole acid receptor a. the glucocorticoid receptor a, or
protein kinase A in the presence or absence of RA, DEX, or FSK.
These treatments had stimulatory or inhibitory effects on CAT activity
but were not correlated with the observations on agar colony forma
tion.

An absence of correlation between the alteration of anchorage
independence and biochemical measurements on Jun was also seen in
gel shift studies. DNA-binding activity was investigated by transfect-
ing 1-7.1 cells with a v-jun expression vector and various combina

tions of FSK, RA, DEX, and their receptors. Cell extracts were al
lowed to react with the AP-1 binding site from the human collagenase

gene. Complex formation could be specifically competed for with
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Fig. 5. Transformation by transfected \-jun. Efficiency of agar colony formation of

I-7.1, L2. and NIH3T3 cells transfected by the pRc/RSV vector alone ( I-7.1. L2. NIH) or
the pRc/RSV v-jun expression vector (l-7.1vj, L2vj, NIHvj). Results are expressed in
number of colonies per million cells.
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Fig. 6. Influence of \-jun cytokines. retinole acid, dexamethasone. and forskolin on
colony forming efficiency of I-7.1 cells in soft agar. Cells iransfected with pRc/RS V \-jun
or treated with TNF-Q or IL-1 a, respectively, have been plated in soft agar. in regular

medium, or in the presence of RA. DEX, FSK. or dimethyl sulfoxide or ethanol, respec
tively Â«helast two chemicals were negative controls, since they are used as solvents for
the former three chemicals). All efficiencies are the average of three independent exper
iments.

cold oligonucleotide probe but not with oligonucleotide probe con
taining a mutated TRE site. Although RA, DEX, or FSK affected AP-1

DNA binding, there was again no correlation with CAT activity or the
effect on agar colony formation. Western blots of the same cells
demonstrated that the protein expression levels of v-jun were not

changed by RA, DEX, or FSK with or without cotransfected receptors
(data not shown).

DISCUSSION

v-jun transgenic mice do not show an increased incidence of spon

taneous tumors. However, their wound tissue is uniquely prone to
oncogenesis: a fraction of the full-depth wounds in these animals
develop into fibro- or rhabdomyosarcomas. The transgene in these

animals is necessary but not sufficient for tumor formation; wounding
provides the needed cofactors (20, 21).

In this study we have searched for some of these cofactors, testing
for enhanced growth potential of transgenic cells in culture. We found
induction of anchorage independence in jun transgenic cells by TNF-a
and IL-1 a. This effect is specific; it is dependent on the presence of
the transgene, and it is induced only by TNF-a and IL-la, two

cytokines that are known to play an important role in wound healing
(23, 58). Within the time periods tested (6 weeks) anchorage inde
pendence of the transgenic cells requires the continued presence of the
cytokines. The enhanced growth potential is therefore initially phe-
notypic. However, eventually cytokine-independent genetic variants
emerge. Such cytokine-independent, transformed cells are also found
in other, unrelated cell lines isolated from wound-induced tumors.

They probably represent a further step in tumor progression in which
the enhanced growth potential becomes fixed genetically. The cyto-
kine-dependent agar colonies of our experiments were, however, tu-

morigenic. This fact may reflect the presence of effective cytokine
levels in the animal at the site of injection or the outgrowth of
cytokine-independent mutants, or possibly both.

While the presence of the transgene is clearly a prerequisite for
TNF-a- and IL-la-induced anchorage independence, its increased

expression and activity are not the only mechanisms by which trans

genic cells can become agar colony formers. The lack of correlation
between growth, jun expression, and AP-1 activity suggests that agar

colony formation can be stimulated either by constitutive expression
levels of the transgene or by ^/Â¡-independent, alternative signals that
have the same effect. Nevertheless, overexpression of v-jun intro

duced into transgenic cells by transfection does increase agar colony
formation but fails to do so in normal mouse fibroblasts. This result
documents one of the mechanisms by which the growth potential of
v-jun transgenic cells is enhanced.

The specific sensitivity of v-jun transgenic cells to the growth-
promoting effects of TNF-a and IL-la identifies two potential cofac
tors in wound-related carcinogenesis. The initial phenotypic changes

induced in transgenic cells by these cytokines are complex and in
volve jH/i-dependent andy'iin-independent regulatory circuits. Progres

sion to full tumorigenicity results from additional genetic changes that
remain to be defined.

There exist numerous examples for the interaction of steroid hor
mones, RA, and cAMP signal pathways with AP-1. These interactions

can be stimulatory or inhibitory, depending on the composition of the
AP-I complex and on the nature of the response element in the

promoter (18, 19, 32, 42). They may involve different mechanisms,
e.g., cooccupancy of composite response elements, direct mutual in
hibition of AP-1 and hormone receptor proteins, or tethering to the
DNA target sequence. RA, DEX, or FSK inhibits cytokine-induced
agar colony formation by the v-jun transgenic 1-7.1 cells. Stimulation
of colony formation by TNF-a or IL-1 a requires the presence of the
v-jun transgene in the mouse cells. Colony formation by 1-7.1 cells
can also be induced by transfection of v-jun. v-jun is therefore nec
essary for 1-7.1 colony formation, although enhanced expression of

the transgene is not required. Because the presence of the transgene is
a prerequisite for the anchorage independence of 1-7.1 cells we ex

pected that the inhibition ofthat growth by RA, DEX, and FSK would
be reflected in a change in the regulatory activity of the Jun protein.
Although RA, DEX. or FSK influenced AP-1 transactivation potential

and DNA binding, these changes were not correlated with growth
regulation. As an explanation of these results, one could suggest that
the conditions for these measurements are too divergent. CAT and gel
shift assays reflect values obtained with mass cultures of cells within
48 h; the agar colony assay deals with cell clones that represent a
minority of the population and takes 3 weeks. CAT and gel shift assays
performed in conjunction with multiple transfections of expression
vectors also grossly change balances of the participants in various
AP-1 activities, including interacting BZip proteins or other transcrip

tion factors. The conditions for the agar colony assay are bound to be
different. It is also likely that the regulatory activities of Jun are highly
context dependent and that the collagenase promoter is not represen
tative of the Jun targets that are involved in growth control. The data
on the effects of RA, DEX, or FSK on the growth properties of jun
transgenic cells suggest that the Jun protein is positioned at the cross
roads of diverse signal chains and that understanding these regulatory
interactions at the molecular and cellular levels presents a major
challenge for future research.
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