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ABSTRACT

Wounding Â¡sa prerequisite for tumor formation in \-jun transgenic

mice. The progression from wound to dermal sarcoma is a multistep
process which, at some stage, results in an increase in transgene mRNA
expression in tumor tissue. However, transgene expression in individual
sarcoma cells stained for Jun protein cultures is heterogeneous. We cloned
several cell lines from wound-related \-jun transgenic tumors to deter

mine whether a relationship existed between the cellular growth proper
ties and structure, expression, or function of the transgene. Cell lines with
very high \-jun expression had a high cloning efficiency in soft agar and

tumorigenicity in nude mice. However, for cell lines with an intermediate
or low level of transgene expression there was no correlation between
transgene expression and the transformed phenotype. There was also no
correlation between transgene expression and individual cell line mor
phologies, growth rates, transgene genomic DNA copy number, or niKN V
expression ofjun-related genes. The tumor cell subclones (1-20.2, 3-24.3)

with very low transgene expression, very poor cloning efficiency, and low
tumorigenicity also showed reduced activator protein 1 DNA binding
activity and had an increased expression of endogenous c-jun when com
pared to other tumor cell lines. Transfection of a \-jun expression vector

into cell lines with poor cloning efficiency and low tumorigenicity en
hanced both in vitro cloning and in vivo tumor formation. However, such
overexpressed \-jun had no effect on NIH3T3 cells. Our studies show that
expression of the \-jun transgene contributes to the transformed pheno

type of tumor cell lines but that there are additional factors that determine
growth properties in culture and in the animal.

INTRODUCTION

The v-jun oncogene was originally isolated from avian sarcoma

virus 17(1). This virus induces fibrosarcomas at the site of inoculation
in chickens and transforms chicken embryo fibroblasts in vitro ( 1, 2).
The protooncogene c-jun encodes a nuclear protein that is a major
component of the AP-14 complex (3, 4). Overexpression of the c-Jun

protein is growth stimulatory in avian cell cultures, but it is not
tumorigenic (5-7). In primary cultures of mammalian cells overex
pressed v-Jun or c-Jun does not induce a detectable change in growth
properties, but coexpression with a mutationally activated Ha-rai
gene leads to cotransformation (8). Endogenous c-jun expression is

enhanced in response to a variety of oncoproteins and growth factors
(9, 10), and overexpression of activated Ha-ros enhances c-jun trans-

activation by serine phosphorylation in the transactivating domain of
the protein (11-13). These observations suggest that changes in Jun

expression and activity are linked to altered growth properties of the
cell.

Wounding is a prerequisite for tumorigenesis in transgenic mice
carrying the germline \-jun under the control of the promoter from
the murine major histocompatibility complex I gene H2Kk (14). After
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wounding, 85% of v-jun homozygote mice develop abnormal hyper-
plastic granulation tissue at the site of the wound, followed 3-4

months later by the formation of a dermal fibrosarcoma in a further
25% of cases. There is a 5-10-fold increase in transgene mRNA

expression in sarcoma tissue compared to normal skin in these ani
mals. Tumor cross-sections, however, show a heterogeneous pattern of

transgene expression (15).
We have cloned and characterized a series of cell lines from wound-

related tumors formed in H2Kkfv-jun transgenic mice. In order to

understand the role of \-jun in this model of tumorigenesis we eval
uated the relationship between the cellular growth properties, trans-

gene structure, expression, and function.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. Clona! cell lines from wound-related
dermal sarcomas were cultured in Iscove's modified Dulbecco's medium (Ir

vine Scientific) buffered with 25 min 4-(2-hydroxyethyl)-l-piperazineethane-

sulfonic acid supplemented with 10% fetal bovine serum, penicillin, strepto
mycin, nonessential amino acids, and ÃŸ-mercaptoethanol. The tumor cell lines
were all derived by limiting dilution (14). \-jun transgenic embryo fibroblasts
were prepared according to the method of Freshney (16) from 17-day-old

embryos of the homo/.ygous Tg2 lineage (14). Both the NIH3T3 cells and the
v-jun transgenic embryo fibroblasts were cultured in Dulbecco's modified
Eagle's medium (Irvine Scientific) supplemented with 4-(2-hydroxyethyl)-l-

piperazineethanesulfonic acid (25 HIM),glucose (4.5 g/liter), 10% fetal bovine
serum, and penicillin/streptomycin.

Southern and Northern Analysis. Total genomic DNA was digested, elec-

trophoretically size fractionated, transferred to nylon filters, and hybridized
using standard techniques (17). Total cellular RNA was isolated using the
method of Chomczynski (18) and then passaged several times over an oli-
godeoxythymidine cellulose column. Two to 5 jig of poly(A)-selected RNA
was denatured for 10 min at 65Â°Cin 50% formamide (v/v), 3% formaldehyde.

0.4 Mboric acid, and 0.02 M EDTA and separated through a 1.0% agarose/3%
formaldehyde gel then transferred in 20x standard saline citrate (Natrium

chloride. 0.15 M, Natrium citrate, 0.3 M) in nylon filters. Hybridization was
performed using standard techniques (17). All Southern and Northern hybrid
izations were washed in stringent conditions (0.2 x standard saline citrate/0.1%
sodium dodecyl sulfate at 65Â°C).

Protein Analysis. Cell protein extract preparation. Western blotting anal
ysis, and gel shift mobility assays were performed as described in the accom
panying paper (19).

Anchorage-independent Growth. The efficiency of colony formation in

soft agar was measured by the method of McPherson and Montagnier (20).
F-IO medium supplemented with 10% fetal bovine serum was mixed with

agarose to a final concentration of 0.4%. Colonies were counted after 3 weeks.
All assays were the average of at least three independent experiments.

Tumorigenicity Assays. Cells (IO6) were suspended in Iscove's modified
Dulbecco's medium and injected s.c. into the flank of athymic nu/nu mice.

Medium alone was injected into the other flank. Four mice were given injec
tions in two independent experiments for each cell line. After 6 weeks of
observation the mice were sacrificed, and tumors were surgically resected and
weighed.

Plasmids and Probes. The v-jun probe used on Northern and Southern
analyses was a 0.9-kilobase BamHI-EcoRI fragment from pG5-5-l containing
the v-jun coding sequence from avian sarcoma virus 17 (1). The following
probes were used in Northern analysis: a 1.0-kilobase Pstl/Hindlll fragment
from the human c-fos cDNA and a 1,4-kilobase Srvl fragment from the murine
c-jun cDNA, both kindly provided by Dr. 1. Verma; a 1.3-kilobase Pstl frag
ment from the murine c-ets-2 cDNA, kindly provided by Dr. T. Papas; a
1.5-kilobase EcoKi fragment from the murine JunB cDNA and a 1,7-kilobase

EcoKl murine JunD cDNA, both kindly provided by Drs. D. Nathans and K.
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\--jun TRANSOENIC CELL LINES

Ryder; and a 1.7-kilobase EcoRl fragment from the murine stromelysin cDNA,
kindly provided by Dr. L. Matrisian. The v-jun expression vector pRc/RSV
v-jun was constructed by cloning the 1.8-kilobase Xba\ fragment from the

previously described vector RCAS-VJ-0 (21) into the Xba\ site in the expres

sion vector pRc/RSV (Invitrogen), which also contains the selectable marker
gene for Neomycin (0418) resistance. Expression of the gag-jun coding se

quence was then under the control of the promoter from the Rous sarcoma
virus long terminal repeat. All double-stranded DNA probes were labeled with
[a-12P]dCTP by the random primer labeling method.

Transfections. Transfections were performed as described in the accom
panying paper (19).
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RESULTS

Wound-related Tumors of \-jun Transgenic Mice Give Rise to
Various Continuous Cell Lines. Clonal cell lines were derivedfrom
wound-related dermal sarcomas forming in the tail of \-jun transgenic
mice of two different parent transgenic lineages (14) known as Tg2
and Tg4 (Table 1).The F3-1-1 line was obtained from a mouse of the
Tg2 lineage. The L2 and Ll-1 lines were derived from 2 different tail
fibrosarcomas which formed at different times in the same mouse of
the Tg4 lineage. The Ll-1 line was injected into athymic nu/nu mice,
and the tumor that formed was used to generate the N2a line. The
clonal Ll-1 cell line was further subcloned by limiting dilution to
generate different lines. Therefore, differences between Ll-1 sub-
clones reflect mutations occurring in cell culture. All these cell lines
represented both the population of cells heterogeneous for v-jun ex
pression during in vivo tumorigenesis and cells with acquired muta
tions conferring a proliferative advantage in vitro. We went on to
characterize the tumor cell lines and cells derived from Tg2 mouse
embryos for the relationship between the \-jun transgene and the
transformed phenotype.

Growth Properties of v-jun Transgenic Tumor Lines Are Het
erogeneous. Cloned and subcloned cell lines exhibited diverse mor
phologies, from flat cells with minimal cytoplasmic processes (L2) to
more compact cells with longer cytoplasmic extensions (3-24.3).
Some cell lines also demonstrated myogenic abilities and were able to
fuse into myotubes. This diversity of morphological appearance was
also present among subclones of Ll-1.

Table 1 summarizes the growth properties of the cell lines. The
efficiencies of agar colony formation vary over a wide range. All of
the cell lines except 1-7.1 were tumorigenic in athymic nu/nu mice
with marked differences in tumor size. These differences correlated
with the cloning efficiency in soft agar. Cells with poor or very poor
cloning efficiency formed very small tumors which stopped growing
at 2 weeks postinoculation. Cells with high cloning efficiency gener
ated tumors which continued to enlarge at 6 weeks postinoculation
and which were 10- to 20-fold larger than tumors derived from cells
with poor or very poor cloning efficiency. Transgenic mouse embryo
fibroblasts were nontumorigenic.

2.0 Kb- â€”¿�

Fig. 1. Southern blot analysis of the v-jun transgene in sarcoma cell lines. Genomic
DNA was extracted from ihe indicated (ail sarcoma cell lines, transgenic mouse embryo
fibroblasts (transMEF), and chicken embryo fibroblasts (CEF) and digested with BamHl.
A single band hybridizes with the v-jun probe at the expected size of 2.0 kilobases.
Comparison with restricted chicken genomic DNA containing only 1 copy of thejun gene
per naploid genome (shown at a longer exposure time in order to be visible) allowed us
to estimate the number of copies of the transgene. The results were also confirmed by a
similar analysis of Â£VoRI-restricted DNA.

Growth Properties of \-jun Transgenic Cells Are Imperfectly
Correlated to Transgene Copy Number or Expression. Because of
the wide heterogeneity in biological properties we investigated trans-
gene structure and expression in the tumor-derived cell lines. Southern
blot analyses of genomic transgene fragments are presented in Fig. 1.
They show that the transgene copy number varies between 35 and 130
across all of the cell lines. There was no evidence of deletion or
rearrangement of transgene DNA. The tumor cell line F3-1-1 from the
Tg4 transgenic lineage had a 3- to 4-fold higher transgene copy
number than the other cell lines. It may be significant that this line also
showed the highest efficiency of agar colony formation, was very
tumorigenic, and showed relatively high AP-1 DNA binding activity
(vide infra).

Northern blot analysis of the transgenic cell lines revealed wide
heterogeneity in the level of transgene messenger RNA expression
(Fig. 2). The amount of poly(A)-selected RNA hybridizing with the
v-jun probe varied by a factor of 100 among the cell lines. There was

Table I Derivation and properties of v-jun transgenic tumor cell lines

Transgenic
lineageTg-2Tg-4Tumor celllineF3-1-1Ll-1L2Subclones1-7.11-7.31-9.21-9.83-24.23-24.31-20.2N2aEfficiency

of agar
colonyformationa-/>7060

Â±10006Â±4230

Â±60420
Â±50150

Â±20<1<1<1880

Â±752Â±2MorphologySpindle-shapedFlatFlat

withfociCompact;
roundCompact;
roundCompact

withextensionsCompact
withextensionsCompact
withextensionsSpindle-shapedFlatTumorigenicity

in nudemice'4.5

g/progressiveNo
tumorNDNDNDND0.2

g/nonprogressive0.3
g/nonprogressive2.4
g/progressive0.2

g/nonprogressive
" Results are expressed as the number of colonies per 0.5 million cells plated. Results of 3 independent experiments are presented.
'' When described in the text, we defined qualitatively these efficiencies as follows: high, >800; moderate, 100-800; poor, <100; very poor, <1.
' Tumor size (in grams) 6 weeks postinoculation. ND, not determined.
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Fig. 2. v-jun transgene expression in sarcoma
cell lines. Northern blot analysis of poly(A)-select-
ed RNA from transgenic sarcoma cell lines, trans-

genie mouse embryo fibroblasts (transMEF ),
NIH3T3 mouse fibroblasts as negative control, and
chicken embryo fibroblasts infected with avian sar
coma virus 17 (CEFv-jun) as the positive control. A
v-y'u/f-specific probe was used. Two bands were

observed at 1.9 and 2.1 kilobases. The blots were
scanned with an LKB ultroscan XL laser densito-
meter; numbers below each lane, -fold expression
of v-jun mRNA as compared to the level of the
lower expressor (3-24.3) set at 1.0.
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a rough correlation between mRNA transgene expression and agar
colony formation. Very low ( I X basal level on Fig. 2) mRNA expres-

sors were all very poor agar colony formers. There was less correla
tion between cell morphology and transgene mRNA expression. Some
cell lines with flat morphology (transgenic embryo fibroblasts, F3-1-1,

L2) showed a high level of jun mRNA, while the transgene mRNA
was undetectable in other cell lines (e.g., 3.24.2) with a more rounded,
transformed morphology.

A semiquantitative determination of Jun protein expression in West
ern blotting assays (Fig. 3) showed a correlation between mRNA
levels and Jun protein quantities in individual cell lines. Surprisingly,
cell lines with low transgene expression ( I X basal level in Fig. 2),
very poor efficiency of anchorage-independent growth, and low tumor
formation (i.e., 1-20.2 and 3-24.3) had an increased expression of the

endogenous cellular Jun protein. This inverse relationship between
transformation and expression of cellular Jun has also been noted in
other cell systems (22).

AP-1 Activity in Transgenic Tumor Cell Lines Is Partially Cor
related with Growth. The v-Jun protein would be expected to form
homodimers or heterodimers with endogenous Jun-related proteins,
bind DNA at the AP-1 consensus sequence, and influence the tran-

scriptional regulation of target genes. We tested the possibility that
loss of Jun expression might correlate with loss of DNA binding or

altered protein DNA complex mobility. We performed gel mobility
shift assays using equal amounts of nuclear protein extracts of trans
genic cells grown in log phase bound to the AP-1 consensus sequence
(Fig. 4). Cell lines 1-20.2 and 3-24.3 with low transgene expression
(IX basal level) and very poor cloning efficiency had a low AP-1

DNA binding activity. There was otherwise no correlation between
transgene expression or cloning efficiency and AP-1 DNA binding

activity.
Expression Levels ofy'i/M-related and jun Target Genes Do Not

Reflect Growth Properties of jun Transgenic Tumor Cell Lines.
Differential expression of genes known to influence the oncogenicity
of jun in other systems might be expected to affect the relationship
between v-jun expression and the transformed phenotype in our cell
lines. AP-1 activity might be influenced by the altered expression of
endogenous genes such as junE, junD, c-jun, c-fos, and c-ets, the

protein products of which are capable of interacting in a positive or
negative manner with v-jun at the level of gene regulation (23-26).

Alternatively, oncogenicity in this system may relate to the altered
expression of endogenous AP-1 target gene such as stromelysin. We

measured the mRNA expression of these genes in the tumor cell lines
by hybridizing the same two Northern blots from Fig. 2 sequentially
with probes for each of the genes (in each case following removal of
the previous probe) (Fig. 5). As controls, these blots also carried

Fig. 3. Jun protein expression in sarcoma cell
lines. Western blot analysis of proteins extracted
from sarcoma cell lines, transgenic mouse embryo
fibroblasts (transMEF). murine embryo carcinoma
F9 cells (known to have a low endogenous jun
expression), murine NIH3T3 fibroblasts (used as a
negative control for v-jun expression), and chicken
embryo fibroblasts infected with viruses express
ing viral jun (CEFv-jun) or mouse c-jun (CEFmc-

jun). Proteins were separated by electrophoresis,
transferred, and probed with a polyclonal antise-

rum made against the carboxy terminus of Jun.
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TRANSOENIC CELL LINES

Fig. 4. AP-1 DNA binding activity in the sar
coma cell lines. Band-shift assay using a labeled
synthetic AP-1 oligonucleotide and cell extracts

from the sarcoma cell lines. Iransgenic mouse em
bryo fibroblasts (transMEF), murine embryonal
carcinoma F9 cells, murine NIH3T3 fibroblasts,
and chicken embryo fibroblasts infected with vi
ruses expressing viral jun (CEFv-jun). or mouse
c-jun (CEFmc-jun}. Gels were run for 6 to 7 h to
allow separation between the v-jun- and c-jun-con-

taining complexes. Parallel shorter runs were con
ducted to ensure that the probe was present in large
excess (results not shown). The specificity of the
complex was verified by showing that the addition
of an excess of nonlabeled AP-1 oligonucleotide or
polyclonal anti-Jun anti-serum in the reaction dis
rupted its formation.
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mRNA from NIH3T3 cells transformed by activated Ha-raj. Allowing
for differences in mRNA loading, there was an increase (3-5X) in
c-jun mRNA expression in 1-20.2 and 3-24.3 cell lines with low

transgene expression (IX) and very poor cloning efficiency. Endog
enous c-fos was undetectable in all analyzed cell lines. Endogenous

junB and junD were expressed at similar levels across all cell lines,
while stromelysin and eÃ®s-2mRNA expression did not correlate with
either the transformed phenotype or v-jun expression levels.

Overexpressed v-jun Transforms Transgenic Cell Lines. Our
analysis of the relationship between transgene expression and cloning
efficiency suggested that \-jun expression might enhance the trans

formed phenotype in these tumor cell lines. To confirm this impres
sion, we overexpressed v-jun in transgenic cell lines with low levels
of transgene expression (3-24.3 and 1-20.2). We transfected each cell
line with a \-jun expression vector, pRc/RSV \-jun, which contained

a neomycin (G418) resistance marker gene. Following transfection,
300 to 500 G418 resistant clones were pooled, and transcription from

the expression vector was confirmed by Northern analysis. Agar col
ony formation was enhanced by a factor of 100 to 1000 in all of the
transgenic tumor cell lines transfected with v-jun (also see accompa

nying paper) (19). NIH3T3 cells transfected with the same construct
had no increase in cloning efficiency, despite similar transcriptional
levels. This result suggests that the presence of the transgene is re
quired for the stimulation of growth by transfected v-jun.

DISCUSSION

Tumorigenesis in v-jun transgenic mice is initiated by wounding.

Transgene expression increases in wound tissue at some stage during
the progression from benign to malignant tumor histology (14). How
ever, tumor sections show a highly heterogeneous expression of the
v-jun transgene (15). We show that there is also a wide variability in
v-jun expression and growth properties among different transgenic

sarcoma cell lines in culture. Our cell lines, derived from different
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Fig. 5. Expression of ywn-related, Fos, ets-2, and stromelysin genes in
transgenic sarcoma cell lines. Northern blot analysis of poly(A)-selected
RNA extracted from transgenic sarcoma cell lines, transgenic mouse embryo
fibroblasts (iransMEF), and murine NIH3T3 fibroblasls transformed by an
activated human Ha-ras oncogene (NIH3T3). Probes specific for the indi
cated genes were used. Bands were observed at the expected indicated size.
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tumors as well as subclones from one sarcoma cell line, represent both
selected components of the wound-related tumor and biological char

acteristics acquired in culture. They show widely differing morphol
ogies, transgene expression levels, growth characteristics, and trans
formation level. This heterogeneity allowed an investigation of the
correlation between the level of v-jun transgene expression and
growth characteristics. We found a correlation between v-jun mRNA

expression and anchorage independence and tumorigenesis at one
extreme of each characteristic; sarcoma-derived cell lines expressing
high levels of transgene (F3-1-1) are anchorage independent and

tumorigenic in nude mice. However, cells expressing low or moderate
level of v-jun show a wide range of transformed properties; cells
expressing moderate levels of v-jun may clone in agar and be tum

origenic or they may fail to do so. Low expressors (IX) are very poor
cloners as a rule; we found only one clone (results not shown) that has
an undetectable level of v-jun but is very efficient in cloning in soft

agar and tumor formation.
Cloning efficiency and tumorigenicity of v-jun transgenic tumor

cell lines were enhanced by the overexpression of v-jun from a trans-

fected expression vector. High expression remains in some cells as an
imprint of the tumorigenic phenotype, but some other cells lose all or
part of transgene expression with or without losing the transformed
phenotype. Our observations confirm the previous observation that
v-jun is unable to confer a fully transformed phenotype on mammalian
cells that have not been subjected to wound-related tumor progression.
v-jun transgenic embryo fibroblasts were nontumorigenic. Immortal
ized mouse NIH3T3 fibroblasts transfected with a v-jun expression

vector remained anchorage dependent and nontumorigenic. This is
further supported by in vivo observations. Although the transgene was
overexpressed in adult thymus and testes, tumors did not arise in these
tissues (14).

Taken together our observations suggest that wounding provides a
unique context in which transgenic v-jun becomes an element in the

process of tumorigenesis; increased transgene expression is one of
several factors in malignant progression in vivo. Additional events,
probably of a genetic nature, are needed for full oncogenicity. Sub
sequent genetic changes may eventually make the transformed phe
notype of these cells jun independent.

We also report an enhanced expression of endogenous c-jun in
transgenic cells with low \-jun expression and very poor transformed

properties. Such an inverse correlation between transformed pheno
type and expression of endogenous c-jun has been observed in several
other systems (6, 22).A
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