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Abstract

The focus of this review will be on the regulation of the multigenic invasion programme by activator protein-1 (AP-1). Investi-
gation of AP-I-regulated gene expression in transformed cells can be used to identify the genes in the multigenic invasion pro-
gramme and to validate them as targets for diagnosis or therapy. © 2000 Elsevier Science Ltd. All rights reserved.

Keywords: AP-1; Invasion; v-fos

1. Introduction

Tumour cell invasion of surrounding tissue makes the
pathological distinction between benign and malignant
tumours, and contributes to their metastatic potential
[1]. Thus, therapies designed to inhibit the conversion of
a benign to a malignant tumour might be useful strate-
gies for the treatment of cancer. The difficulty pre-
viously has been the identification of targets specific for
the invasive phenotype with the important exception of
extracellular proteases and their inhibitors, which serve
as prototypes for the validation of invasion targets [2,3].
The application of expression genetics [4] to the analysis
of cancer has made the identification of the differences
in gene expression responsible for invasion, and perhaps
metastasis, a realistic possibility. Indeed, there are cur-
rently many studies underway using a variety of tech-
nologies designed to determine gene expression profiles
that will define the cancer cell or transformed pheno-
type. Cancer gene expression profiles consist of both
upregulated and downregulated genes. The upregulated
genes encode proteins that are potential enhancers of
the transformed phenotype, while the downregulated
genes encode proteins that are potential suppressors of
the transformed phenotype [4]. Among the differen-
tially expressed genes will be those responsible for the

* Corresponding author. Tel.: +44-141-942-0855; fax: +44-141-
330-6426.
E-mail address: b.ozanne@beatson.gla.ac.uk (B.W. Ozanne).

processes of invasion and metastasis. The challenge will
be to identify those genes that confer invasiveness and
metastatic potential upon the tumour from the myriad
of differentially expressed genes.

2. Invasion is a regulated process

Invasion is a complex multistage process [1]. In some
cases invasion may result from a co-ordinated interac-
tion between the tumour, stroma and infiltrating
inflammatory cells [2,3]. The contribution of the non-
tumour cells to invasion may be through the paracrine
production of cytokines, growth factors and extra-
cellular proteases which enhance tumour cell invasion.
The non-tumour cells may also produce suppressors of
invasion, such as inhibitors of extracellular proteases,
which the tumour cells must overcome. For invasion to
occur the net effect of the multicellular interaction must
favour invasion. The invasive cell must alter its cell to
cell and cell to extracellular matrix (ECM) adhesions,
suppress anoikis, control degradation of the ECM to
facilitate movement through it, and reorganise its
cytoskeleton to support cell motility [1].

Invasion is a process used by many types of normal
cells, when it is necessary for them to migrate through
tissue boundaries. For normal cells, invasion, like pro-
liferation, is a tightly regulated process that ceases when
the stimulus is withdrawn [1]. This implies that there is a
regulated programme for invasion, similar to that for
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the cell cycle that can be activated by extracellular sig-
nals. It is well established that growth factors, among
other signals, can activate the invasion programme in
some cell types, as well as stimulating progression
through the cell cycle [5-10]. The complexity of the
invasion process and its tight control in normal cells
suggests that it is a transcriptionally-regulated multi-
genic programme [5,7,11].

The growth factor-ras-raf-mek-erk signal transduc-
tion pathway is frequently activated by mutations in its
component proteins in many types of cancers [12]. This
results in its sustained stimulation, which leads to the
changes in transcription factor activity [13—15] that are
required for activation of the invasion programme.
Among the transcription factors which function down-
stream of the growth factor ras signal transduction
pathway are activator protein (AP)-1 [3,5,16], Ets [17-
19] and Nuclear factor kappa B (NFkB) [20,21]. Each of
these has been implicated in the regulation of genes
involved in invasion.

3. AP-1 and invasion

AP-1 is a complex of transcription factors comprising
heterodimers of Fos- and Jun-family proteins that bind
to a consensus DNA sequence usually in the promoter
region of genes [22] (Fig. 1). The prototypes of each
family were first identified as the cellular homologues,
c-fos and c-jun, of retroviral oncogenes, v-fos [23] and
v-jun [24], highlighting the importance of AP-1 in
transformation. Transformation by oncogenes that
function in the growth factor signal transduction path-
way, such as ras [13], raf [15] and mek [14], results in a
dramatic increase in AP-1 component protein expres-
sion and is dependent upon the resultant increase in AP-
1 activity [6,25-31]. AP-1 activity is also required for
squamous cell carcinoma formation in transgenic mouse
model systems [25,27] and the growth of human and
mouse tumour-derived cell lines in animals [32].

The concept that AP-1-regulated genes play a role in
the invasive process is based on several observations.
Firstly, inducible matrix metalloproteinases (MMP)
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share a consensus AP-1 binding site at position-66 to-72
in their promoters, which is responsible for basal
expression and responsiveness to external stimuli such
as growth factors [3]. Many invasive tumours express
high levels of MMPs and inhibition of MMP activity
results in reduced invasion. Not only do MMPs play an
important role in the degradation of ECM, they also
have a role in cell motility, another important aspect of
invasion [33]. MMPs are also associated with metastasis
as they are essential components in the process of
angiogenesis [34] and tumour cell intravasation [35].
There is in vivo evidence that AP-1 regulates the
expression of MMPs. The induced overexpression of
c-Fos in mice where the c-Fos transgene is under the
control of interferon results in an increase in MMP13 in
specific tissues [36]. In c-fos nullizygous mice, in which
the progression from papilloma to carcinoma is inhib-
ited, induction of MM P3 and MM P13 gene expression
by peptide growth factors is also inhibited [27]. The
regulation of MMP expression by AP-1 in tumours
indicates that AP-1 might play a direct role in tumour
cell invasion.

Secondly, altering the expression of AP-1 component
proteins also affects cellular invasion. Increased expres-
sion of AP-1 component proteins and AP-1 activity
enhances invasion [5,37,38]. Cells transformed by
oncogenic forms of Fos or Jun proteins are invasive
[5,7]. Normal rat fibroblasts (208F cells) are non-inva-
sive, but can be induced to invade by exposure to
growth factors such as epidermal growth factor (EGF)
or platelet-derived growth factor (PDGF) [5]. This
results in an increase in AP-1 component protein
expression with a dramatic increase in Fra-1, c-jun and
junD expression (Fig. 2).

Inhibition of the expression of AP-1 component pro-
teins and AP-1 activity reduces the invasiveness of cells.
Inhibition of AP-1 activity by the expression of the
dominant negative mutant of c-jun, TAM67, reduces
the invasiveness of a variety of cell types including
murine and human squamous cell carcinomas [6,16,32]
and rat fibroblasts [7]. The invasiveness of fos-trans-
formed and growth factor-stimulated rat fibroblasts is
also inhibited by antisense oligonucleotides to AP-1
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Fig. 1. The AP-1 transcription factor.
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component genes [7]. The expression of TAM67 as a
transgene in the mouse skin inhibits tumour formation
[25].

Transformation by v-fos activates the multigenic
invasion programme without stimulating cell cycle pro-
gression [5]. This separates the proliferative component
of transformation from morphological transformation,
which is associated with invasion [5,39]. Mutational
analysis of the fos oncoproteins demonstrates that their
transforming activity is dependent upon their ability to
form complexes with jun family proteins, and to trans-
activate gene expression [22]. This indicates that fos
oncoproteins transform cells through changes in gene
expression [5,7,11,40]. In this regard, analysis of chan-
ges in gene expression upon fos transformation of cells
should identify genes, which comprise the multigenic
invasion programme (data not shown, [5]). One of the
earliest changes in gene expression upon fos-transfor-
mation is the increase in expression of fral, a fos family
member which has transforming activity [39,41-43].
This suggested that v-fos may alter the expression of the
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Fig. 2. Western blots for AP-1 component proteins in nuclear extracts
from 208F cells, 208F cells plus EGF, and 208F cells transformed by
FBR v-fos or v-ras. The blot was probed with antibodies to pro-
liferating cell nuclear antigen (PCNA) to demonstrate equal loading of
the nuclear extracts. .

other AP-1 component proteins, such that they reflect
the changes in AP-1 component protein expression
induced by transformation with ras [13], raf [15] or mek
[14] that are important for transformation. We have
observed a similar increase in the expression of AP-1
component protein expression in fos-transformed cells
(Fig. 2). This is important point as it indicates that the
AP-1-directed changes in gene expression in fos-trans-
formed cells reflect those changes seen in cells trans-
formed by oncogenes that function in the growth factor
signal transduction pathway.

4. Identification of differentially expressed genes

The technology for identification of differentially
expressed genes has been revolutionised over the past 10
years. There are basically four techniques; construction
of subtracted cDNA libraries [44], differential display
[45], reverse transcriptase representational difference
analysis [46], serial analysis of gene expression and dif-
ferential screening of DNA microarrays [47]. With the
exception of the DNA microarray method, the identity
of each differentially expressed gene must be determined
by nucleic acid sequence analysis and database com-
parisons. If the differentially expressed gene represents a
known function its contribution to the transformed
phenotype may become apparent. The validation of the
differentially expressed genes, as potential targets for
diagnosis and/or treatment, depends upon the demon-
stration that its differential expression can be detected in
actual tumours and that its altered expression affects the
tumorigenic process in a functional assay. Both of these
conditions have been met for AP-1-regulated MMPs [3].

We have used a polymerase chain reaction (PCR)-
based protocol [44] to create subtracted cDNAs specific
for genes differentially expressed (up- or downregulated)
in fos-transformed fibroblasts, as a means of identifying
the genes that make up the multigenic invasion pro-
gramme. We have identified over 200 genes in each
library. Northern analysis of randomly selected clones
indicated that 84% of the upregulated cDNAs are also
upregulated by ras transformation and 57% are
upregulated in normal fibroblasts treated with EGF to
become invasive. This suggests that the targets of AP-1
in fos-transformed cells are also targets in cells trans-
formed by sustained activation of the growth factor
signal transduction pathway. Eighty-six per cent of the
genes in the upregulated library are downregulated to
some degree by expression of the dominant negative
mutant of c-jun, TAM67. This indicates that most of the
upregulated genes are, either directly or indirectly,
under the control of AP-1. For the downregulated
genes, 69% and 56%, respectively, are also down-
regulated in ras-transformed and growth-factor-treated
cells. However, only 30% of the cDNAs show any
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increase in expression due to TAMG67. The expression
data suggest that most of the cDNAs in each library are
differentially expressed as a consequence of transforma-
tion. The strong differential expression of most of these

Table 1

Upregulated genes

Gene product Function
MMP10 Protease
Urokinase Protease
MMP9 Protease
MMP2 Protease
Cathepsin L Protease
Cathepsin B Protease
Cathepsin D Protease

Plasminogen activator Protease inhibitor

inhibitor (PAI)-1

Mts1/9Ka S-100Ca + binding protein
pl1 Calpactin S-100Ca + binding protein
Oncomodulin S-100Ca + binding protein
p67 LBP Laminin binding protein

p35 Mac-2/gelectin-3 Laminin binding protein

CD44 Hyaluronan receptor

Transforming growth factor Cell adhesion
(TGF)B-induced protein

genes at the RNA level suggests that they may be rea-
sonable diagnostic targets. Further validation of their
differential expression in tumours and their relationship
to prognostic factors must be established.

Sequence analysis and database searches of randomly
selected clones reveals the identity of approximately
70% of the cDNAs in each library, while 28% are
detected as expressed sequence tags (ESTs), but to
which no function can as yet be assigned. The functions
of the identifiable genes supports the contention that
AP-1 in the context of transformed cells regulates a
multigenic invasion programme. Over half of the
upregulated genes encode proteins which are associated
with invasion, such as extracellular proteases, cell-to-cell
adhesion molecules, cellular receptors for ECM com-
ponents, cytoskeletal regulatory proteins, motility
factors, apoptosis inhibitors, angiogenesis and tran-
scription regulators (Table 1). The downregulated genes

Table 2
Downregulated genes

Gene product Function

Ezrin Actin/membrane binding protein
Vimentin Adhesion/cytoskeleton

Arf-1 Actin cytoskeleton regulator
Scar2 WASP family ARP2/3 regulation

Lysyl oxidase

Collagen cross-linking

Arp2/3 pl6 subunit Actin cytoskeleton regulator
Rho kinase o Rho-dependent kinase
GAK Cyclin G-associated kinase
Krp 1 Kelch-related protein
Cyclooxygenase (Cox)-2 Cyclooxygenase-2
Tyrosine phosphatase Protein tyrosine phosphatase
Protein phosphatase PP2A regulation

(PP)2A B subunit
N-acetyl transferase (NAT)1
Histone deacetylase (HDA)C4
Metastases-associated (MTA)I

Translation repressor
Histone deacetylase
Histone deacetylase subunit

RbAp46 Histone deacetylase subunit
SAP18 Histone deacetylase subunit
DNA methyltransferase (Dnmt)l ~ DNA methyltransferase
Tip30 Transcription factor
Fral Transcription factor
Fra2 Transcription factor
c-jun Transcription factor
JjunD Transcription factor
Vascular endothelial Angiogenesis

growth factor (VEGF)
Angiogenin Angiogenesis
Clusterin Apoptosis
NAPOR Apoptosis

Mts, metastasis related protein; LBP, laminin binding protein;
Arf, ADP-ribosylation factor; WASP, Wiscott-Aldrich syndrome
protein; Arp, actin-related protein; GAK, cyclin G-associated kinase;
Krp, kelch related protein; NAT, novel translational repressor;
RbAp46, Rb-associated protein; SAPI8, mSin3-associated polypep-
tides; Dnmt, DNA S5-methylcytosine transferase; Fra, fos related
antigen; NAPOR, neuroblastoma apoptosis-related RNA binding
protein.

Fibronectin Extracellular matrix

Collagen type 1 Extracellular matrix

Tenascin-X Adhesion/cell migration
MGC-24 Adhesion

TSC-1 Adhesion/tumour suppressor
Fibrillin-1 Extracellular matrix

B-Actin Cytoskeleton

Tubulin beta-5 Microtubules

TSC-36/FRP Follistatin-related protein (FRP)

PKC-£ binding protein
TGF-p binding protein
Protocadherin 43

Frizzled related protein

PKC regulation
TGF-p regulation
Cell—cell interaction
Whnt signal antagonist

Sprouty Fibroblast growth factor (FGF)
antagonist

FISP-12 ECM signalling

Fez Protein kinase C (PKC)-{ regulation

PP2A B subunit
Necdin
Caspase 11

Protein phosphatase (PP)2A targeting
Growth suppressor
Interleukin-converting enzyme
(ICE) complexes
Gas-5 RNA processing
RNA cleavage factor RNA processing
Transcription factor S-11 RNA elongation
IRF-1 Transcription factor
Cellular retinol-binding Transcription factor
protein (CRBP)1
STAT6 Transcription factor
c-fos Transcription factor

MGC, mucin-like glycoprotein; TSC-1, tuberosclerosis complex;
TSC-36/FRP, TGF-betal-stimulated clone/follistatin related protein;
TGF, transforming growth factor; ECM, extracellular matrix; ICE,
interleukin converting enzyme; GAS, growth arrest specific; IRF,
interferon regulatory transcription factor; STAT, signal transducer
and activator of transcription.
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include tumour suppressors, protease inhibitors, ECM
component proteins, cell-to-cell and cell-to-ECM adhe-
sion proteins, negative regulators of ras, wnt and trans-
forming growth factor (TGF)P signalling pathways and
transcription factors (Table 2).

5. Functional analysis of differentially expressed genes
5.1. Upregulated gene expression is required for invasion

For a differentially expressed gene to be considered a
component of the invasion programme, its differential
expression must impact upon the process of invasion.
For upregulated genes the expression or function of the
protein must be inhibited, and that inhibition must
serve to reduce invasion or some aspect of the invasion
process [7,11,40]. This has been accomplished for sev-
eral of the MMPs [2,3]. Inhibition of expression or
pharmacological inhibition of protease activity prevents
invasion in in vitro invasion assays and tumour assays.
The expression of specific inhibitors, tissue inhibitors of
MMPs (TIMP)s, of MMPs by the tumour cells also
inhibits invasion and tumour formation.

Although AP-1 regulates the expression of proteases
that are important for invasion, other upregulated genes
identified clearly demonstrate that they function as part
of a co-ordinated invasion programme, which is multi-
genic. Cell determinant CD44 is a type-1 cell surface
receptor for hyaluronan that has been implicated in
tumour cell invasion and metastasis [48] and which
contains a consensus AP-1 binding site in its promoter
[49]. CD44 expression is upregulated in v-fos oncopro-
tein-transformed cells and in rat fibroblasts stimulated
by EGF [7]. In both cases, inhibition of AP-1 activity
reduces the expression of CD44. An 80% reduction of
CD44 expression by antisense oligonucleotides sig-
nificantly inhibits invasion by fos-transformed or
growth factor-stimulated fibroblasts. The demonstra-
tion that a reduction in the expression of CD44 inhibits
invasion indicates that the invasion programme must be
finely balanced and regulated for efficient invasion.
Expression of CD44 cDNA in normal cells does not
render the cells invasive [7]. This also suggests that the
complete programme must be expressed for the cells to
become invasive. This is an important concept in the
design of anti-invasion therapeutics. On one hand, it
suggests that inhibition of AP-1 activity may be an
effective anti-invasion therapy and on the other hand,
that targeting the components of the invasion pro-
gramme may provide many potential targets, making
the selection of resistant cells less likely.

The concept that invasion results as a consequence of
activation of a multigenic functionally co-ordinated
programme is suggested by the identification of upregu-
lated genes which functionally, if not physically, inter-

act. One of the genes identified as being upregulated in
fos-transformed cells is ezrin [50,7]. Ezrin is a member
of the ERM family of proteins, which regulate interac-
tions between membrane proteins and the actin cyto-
skeleton [51-53]. Ezrin in normal cells exists primarily as
a cytoplasmic protein with latent actin binding poten-
tial. Growth factor stimulation leads to the phosphor-
ylation of ezrin that unmasks its actin-binding activity,
and results in its translocation to sites of membrane
ruffling where it interacts with the intracellular domain
of CD44. CD44 and ezrin co-localise in the extending
pseudopod of fos-transformed cells [7,40]. Specific
ablation of ezrin in the extending pseudopod of fos-
transformed cells results in pseudopod retraction and
inhibits cell motility, which is required for invasion [40].
As with CD44, expression of ezrin in normal cells does
not render them invasive. Thus, this also demonstrates
that decreased function of a single component of the
invasion programme is sufficient to inhibit an important
aspect of invasion, but the expression of a single com-
ponent is insufficient to render the cells invasive.

Another component of the invasion programme
MMP9 has been shown to interact with the extracellular
domain of CD44 [54,55]. This interaction concentrates
MMP9 at the sites of cell extension where it controls
cells migration and/or degradation of the cellFECM
interactions necessary for cell motility through the
ECM. This study demonstrated, at the functional level
at least, one of the roles of CD44 in the invasion process
and further supports the concept of invasion resulting
from a co-ordinated programme.

The concept of a multigenic invasion programme is
further strengthened by functional analysis of a novel
gene. Sequence analysis indicated that one of the upregu-
lated genes in fos-transformed cells is a new member of
the kelch family of proteins, kelch-related protein 1
(Krpl) [11]. Kelch family proteins are defined by the
presence of a series of repeats of 50 amino acids punc-
tuated by di-glycine residues [56]. Krpl is a member of
the subfamily of kelch proteins that have a POZ protein
interaction domain adjacent to the amino-terminus, and
interact with actin, or components of actin-containing
structures. Analysis of Krpl revealed that it co-localises
with actin at the tips of extending pseudopodia in close
proximity to ezrin and CD44-containing membrane
ruffles, although most of Krpl in transformed cells
remains in the cytoplasm. Increased expression of Krpl
in v-fos, or v-ras-transformed cells results in dramati-
cally elongated pseudopodia. Expression of either kelch
or the POZ domain alone results in pseudopod trunca-
tion and an inhibition of cell motility, similar to that
observed upon ablation of ezrin. Krpl expressed in
normal fibroblasts remains cytoplasmic with no obvious
association with actin or membranes. Its intracellular
localisation, as well as its expression, appears to be
transformation-specific. Treatment of normal cells
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expressing exogenous Krpl with sufficient EGF to
induce morphological transformation and invasion
results in its translocation to actin-containing mem-
brane structures after 4 h and eventually to the tips of
extending pseudopodia [11]. The delay in its transloca-
tion from the cytoplasm suggests that it needs other
components of the invasion programme, which regulate
its localisation and thus control its activation. The role
that Krpl plays in pseudopod elongation and motility
suggests that it is functioning in concert with ezrin,
CD44 and MMP9.

It is obvious from the list of upregulated genes that
not all have a function that would directly affect
pseudopod elongation and cell motility. Three of the
genes are components of histone deacetylase complexes,
Sapl8, RbAp46, MTAIl [57], and one is DNA
5'-methyltransferase, dnmtl [39]. DNA methylation and
histone deacetylation are associated with a suppression
of gene expression [58—60], and may help to explain the
large number of genes found to be downregulated in
transformed fibroblasts and tumours. Indeed, inhibition
of dnmtl expression, or treatment of cells with an inhi-
bitor of histone deacetylase activity, trichostatin A
(TSA), inhibits morphological transformation by fos
oncoproteins [61]. Recently, it has been demonstrated
that dnmtl can form complexes with histone deacety-
lases [62] suggesting that they may function co-ordi-

Normal state
AP-1
down-regulated genes
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nately in the regulation of gene expression necessary for
morphological transformation and invasion. We have
implicated histone deacetylase as a component of the
invasion programme as we have shown that TSA is a
potent inhibitor of invasion in fos-transformed and
growth factor-stimulated fibroblasts (data not shown).

6. Downregulated gene re-expression inhibits invasion

Just as mutations can inactivate tumour suppressor
genes which regulate the cell cycle such as Rb and p53
[12], mutations also inactivate tumour suppressors
which function to suppress invasion such as PTEN
(phosphatase and tensin homologue) [63], E-cadherin
[64], and SMAD/DPC4 [65]. As pointed out by Sager [4]
there are many more genes downregulated at the level of
gene expression in tumours than are mutationally inac-
tivated. It has been suggested that tumour suppressor
gene expression may be repressed by methylation and
histone deacetylation. This would fit with the increased
expression of dnmtl and HDAC (hystone deacetylase)
component proteins in fos-transformed cells and the
inhibition of invasion by TSA.

Analysis of the downregulated genes identifies some
candidate genes such as protease inhibitors, and ECM
components which may function as suppressors of

Transformed state
AP-1
up-regulated genes

Transition state
AP-1
gene expression

Transformation
ras pathway

Transformation
v-fos

Fig. 3. Model of how AP-1 regulates a multigenic invasion programme.
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invasion. To confirm that a downregulated gene repre-
sents a bone fide invasion suppressor, it is necessary to
express the gene in a transformed cell and determine if
its expression reduces the invasiveness of the cells. This
is the case for known protease inhibitors such as TIMPs
[2,3] and the serine protease inhibitor, maspin [66].

Re-expression of other genes identified through their
downregulation in tumour cells have also been demon-
strated. Drg-1 was isolated due to its downregulation in
colon cancers [67]. Treatment of colon cancer-derived
cell lines with TSA increases Drg-1 expression suggest-
ing that it is downregulated as a consequence of methyl-
ation and deacetylation. Overexpression of Drg-1 in a
metastatic colon cancer cell reduced both in vitro inva-
sion and metastatic potential.

Another gene identified through its downregulation in
prostate cancer, KAIl [68] upon increased expression
in invasive tumour-derived cells, suppresses invasion
through inhibiting cell adhesion and motility [69,70].

Of the genes known to be downregulated in fos-
transformed cells lysyl oxidase [71,72] and IRF-1 [73,74]
are known suppressors of ras transformation . We have
demonstrated that increased expression of a target gene
of TGF-f signalling, TSC-36 (Mashimo, 1997 #81; Shi-
banuma, 1993 #80; or follistatin-related protein (FRP)
Zwijsen, 1994 #82) in fos-transformed cells inhibits their
in vitro invasion without affecting growth character-
istics. A related molecule, SPARC, shown to be down-
regulated in v-jun-transformed cells, inhibits tumour
formation in animals without affecting the growth
characteristics in tissue culture [75-78].

These examples indicate that genes downregulated in
fos-transformed cells may be part of the multigenic
invasion programme and that their downregulation is
necessary for invasion. The inhibition of invasion by the
re-expression of single genes also supports the concept
of a multigenic invasion programme.

We propose the following model to explain the AP-1-
regulated multigenic invasion programme. In the model
cells exist in three states: the normal state; the transition
state; and the invasive (transformed) state (Fig. 3).

The normal state is characterised by signalling net-
works which carry out the normal function of the cells
and prevent it from becoming invasive. This state would
be maintained at least in part by the expression of genes
which are downregulated in the invasive state. The
transition state is initiated by strong and sustained acti-
vation of the growth factor signal transduction pathway
that stimulates the changes in the expression of AP-1
component proteins which increase AP-1 activity and
alter the selection of target genes to those expressed in
the invasion programme. This can also be initiated
directly by induction of v-fos. Over time (days) there are
changes in gene expression which shift the signalling
networks to the invasive state. The changes in gene
expression although initiated and maintained by altera-

tions in AP-1 activity do not have to be direct AP-1
target genes in all cases (Fig. 3).

7. Conclusion

Invasion is a complex process, which is regulated, at
least in part, by increased activity of the family of tran-
scription factors known as AP-1. Sustained activation
of the growth factor ras signal transduction pathway
results in the increased activity and change in AP-1
composition necessary to target the genes which com-
prise the multigenic invasion programme. The investi-
gation of fos-transformed fibroblasts has allowed us to
identify the genes which constitute the invasion pro-
gramme by identifying the genes that are differentially
expressed. The invasion programme consists of both
upregulated and downregulated genes. Functional ana-
lysis of these genes using assays which measure either
complete invasion or the individual processes which
contribute to the invasion process support the concept
that the differentially expressed genes function in a co-
ordinated manor to enhance invasion. An important
point from the functional analyses is that inhibition of a
single upregulated gene, or re-expression of a single
downregulated gene is sufficient to render the invasion
programme ineffective. This emphasises the need to
identify as many differentially expressed genes as possi-
ble in cancer, as they constitute a large potential pool of
targets for the development of cancer diagnostics or
therapeutics.

References

1. Woodhouse EC, Chuaqui RF, Liotta LA. General mechanisms
of metastasis. Cancer 1997, 80, 1529-1537.

2. Dano K, Romer J, Nielsen BS, et al. Cancer invasion and tissue
remodeling — cooperation of protease systems and cell types.
Apmis 1999, 107, 120-127.

3. Westermarck J, Kahari VM. Regulation of matrix metallopro-
teinase expression in tumor invasion. FASEB J 1999, 13, 781-792.

4. Sager R. Expression genetics in cancer: shifting the focus from
DNA to RNA. Proc Natl Acad Sci USA 1997, 94, 952-955.

S. Hennigan RF, Hawker KL, Ozanne BW. Fos-transformation
activates genes associated with invasion. Oncogene 1994, 9, 3591—
3600.

6. Malliri A, Symons M, Hennigan RF, et al. The transcription
factor AP-1 is required for EGF-induced activation of rho-like
GTPases, cytoskeletal rearrangements, motility, and in vitro
invasion of A431 cells. J Cell Biol 1998, 143, 1087-1099.

7. Lamb RF, Hennigan RF, Turnbull K, et al. AP-1-mediated
invasion requires increased expression of the hyaluronan receptor
CD44. Mol Cell Biol 1997, 17, 963-976.

8. Bardelli A, Longati P, Albero D, et al. HGF receptor associates
with the anti-apoptotic protein BAG-1 and prevents cell death.
EMBO J 1996, 15, 6205-6212.

9. Vande Woude GF, Jeffers M, Cortner J, Alvord G, Tsarfaty I,
Resau J. Met-HGF/SF: tumorigenesis, invasion and metastasis.
Ciba Found Symp 1997, 212, 119-130.



10.
11.

13.

14.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

B.W. Ozanne et al. | European Journal of Cancer 36 (2000) 1640—1648

Wells A. EGF receptor. Int J Biochem Cell Biol 1999, 31, 637-643.
Spence HJ, Johnston I, Ewart K, Buchanan SJ, Fitzgerald U,
Ozanne BW. Krpl, a novel kelch related protein that is involved
in pseudopod elongation in transformed cells. Oncogene 2000, 19,
1266-1276.

. Weinberg RA. The molecular basis of oncogenes and tumor

suppressor genes. Ann NY Acad Sci 1995, 758, 331-338.

Mechta F, Lallemand D, Pfarr CM, Yaniv M. Transformation
by ras modifies AP1 composition and activity. Oncogene 1997, 14,
837-847.

Treinies I, Paterson HF, Hooper S, Wilson R. Marshall & CJ.
Activated MEK stimulates expression of AP-1 components
independently of phosphatidylinositol 3-kinase (PI3-kinase) but
requires a PI3-kinase signal to stimulate DNA synthesis. Mol Cell
Biol 1999, 19, 321-329.

. Cook SJ, Aziz N, McMahon M. The repertoire of fos and jun

proteins expressed during the G1 phase of the cell cycle is
determined by the duration of mitogen-activated protein kinase
activation. Mol Cell Biol 1999, 19, 330-341.

. Dong Z, Crawford HC, Lavrovsky V, et al. A dominant negative

mutant of jun blocking 12-O-tetradecanoylphorbol-13-acetate-
induced invasion in mouse keratinocytes. Mol Carcinogen 1997,
19, 204-212.

. Kaya M, Yoshida K, Higashino F, Mitaka T, Ishii S, Fujinaga K.

A single ets-related transcription factor, E1AF, confers invasive
phenotype on human cancer cells. Oncogene 1996, 12, 221-227.
Hida K, Shindoh M, Yoshida K, et al. Expression of EIAF, an
ets-family transcription factor, is correlated with the invasive
phenotype of oral squamous cell carcinoma. Oral Oncol 1997, 33,
426-430.

Fafeur V, Tulasne D, Queva C, et al. The ETSI transcription
factor is expressed during epithelial-mesenchymal transitions in
the chick embryo and is activated in scatter factor-stimulated
MDCK epithelial cells. Cell Growth Different 1997, 8, 655-665.
Himelstein BP, Lee EJ, Sato H, Seiki M, Muschel RJ. Tran-
scriptional activation of the matrix metalloproteinase-9 gene in
an H-ras and v-myc transformed rat embryo cell line. Oncogene
1997, 14, 1995-1998.

Farina AR, Tacconelli A, Vacca A, Maroder M, Gulino A,
Mackay AR. Transcriptional up-regulation of matrix metallopro-
teinase-9 expression during spontaneous epithelial to neuroblast
phenotype conversion by SK- N-SH neuroblastoma cells, involved
in enhanced invasivity, depends upon GT-box and nuclear factor
kappaB elements. Cell Growth Different 1999, 10, 353-367.
Karin M, Liu Z, Zandi E. AP-1 function and regulation. Curr
Opin Cell Biol 1997, 9, 240-246.

Curran T, Peters G, Van Beveren C, Teich NM, Verma IM. FBJ.
murine osteosarcoma virus: identification and molecular cloning
of biologically active proviral DNA. J Virol 1982, 44, 674-682.
Bohmann D, Bos TJ, Admon A, Nishimura T, Vogt PK, Tjian R.
Human proto-oncogene c-jun encodes a DNA binding protein
with structural and functional properties of transcription factor
AP-1. Science 1987, 238, 1386-1392.

Young MR, Li JJ, Rincon M, et al. Transgenic mice demonstrate
AP-1 (activator protein-1) transactivation is required for tumor
promotion. Proc Natl Acad Sci USA 1999, 96, 9827-9832.

Watts RG, Huang C, Young MR, et al. Expression of dominant
negative Erk2 inhibits AP-1 transactivation and neoplastic trans-
formation. Oncogene 1998, 17, 3493-3498.

Saez E, Rutberg SE, Mueller E, et al. c-fos Is required for malig-
nant progression of skin tumors. Cell 1995, 82, 721-732.
Johnson R, Spiegelman B, Hanahan D, Wisdom R. Cellular
transformation and malignancy induced by ras require c-jun. Mol
Cell Biol 1996, 16, 4504-4511.

Brown PH, Alani R, Preis LH, Szabo E, Birrer MJ. Suppression
of oncogene-induced transformation by a deletion mutant of
c-jun. Oncogene 1993, 8, 877-886.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

1647

Alani R, Brown P, Binetruy B, et al. The transactivating domain
of the c-Jun proto-oncoprotein is required for co-transformation
of rat embryo cells. Mol Cell Biol 1991, 11, 6286-6295.

Suzuki T, Murakami M, Onai N, et al. Analysis of AP-1 function
in cellular transformation pathways. J Virol 1994, 68, 3527-3535.
Yuspa SH. The pathogenesis of squamous cell cancer: lessons
learned from studies of skin carcinogenesis. J Dermatol Sci 1998,
17, 1-7.

Pilcher BK, Dumin JA, Sudbeck BD, Krane SM, Welgus HG,
Parks WC. The activity of collagenase-1 is required for keratino-
cyte migration on a type I collagen matrix. J Cell Biol 1997, 137,
1445-1457.

McCawley LJ, Matrisian LM. Matrix metalloproteinases: multi-
functional contributors to tumor progression (In Process Cita-
tion). Mol Med Today 2000, 6, 149—156.

Kim J, Yu W, Kovalski K, Ossowski L. Requirement for specific
proteases in cancer cell intravasation as revealed by a novel
semiquantitative PCR-based assay. Cell 1998, 94, 353-362.

Gack S, Vallon R, Schaper J, Ruther U, Angel P. Phenotypic
alterations in fos-transgenic mice correlate with changes in Fos/
Jun-dependent collagenase type I expression Regulation of mouse
metalloproteinases by carcinogens, tumor promoters, cCAMP, and
Fos oncoprotein. J Biol Chem 1994, 269, 10363-10369.
Marconcini L, Marchio S, Morbidelli L, et al. c-fos-induced
growth factor/vascular endothelial growth factor D induces
angiogenesis in vivo and in vitro. Proc Natl Acad Sci USA 1999,
96, 9671-9676.

Kustikova O, Kramerov D, Grigorian M, et al. Fra-1 induces
morphological transformation and increases in vitro invasiveness
and motility of epithelioid adenocarcinoma cells. Mol Cell Biol
1998, 18, 7095-7105.

Miao GG, Curran T. Cell transformation by c-fos requires an
extended period of expression and is independent of the cell cycle.
Mol Cell Biol 1994, 14, 4295-4310.

Lamb RF, Ozanne BW, Roy C, et al. Essential functions of ezrin
in maintenance of cell shape and lamellipodial extension in nor-
mal and transformed fibroblasts. Curr Biol 1997, 7, 682—688.
Braselmann S, Bergers G, Wrighton C, Graninger P, Superti-
Furga G, Busslinger M. Identification of Fos target genes by the
use of selective induction systems. J Cell Sci Suppl 1992, 16, 97—
109.

Braselmann S, Graninger P, Busslinger M. A selective transcrip-
tional induction system for mammalian cells based on Gal4-
estrogen receptor fusion proteins. Proc Natl Acad Sci USA 1993,
90, 1657-1661.

Bergers G, Graninger P, Braselmann S, Wrighton C, Busslinger
M. Transcriptional activation of the fra-1 gene by AP-1 is medi-
ated by regulatory sequences in the first intron. Mol Cell Biol
1995, 15, 3748-3758.

Diatchenko L, Lau YF, Campbell AP, et al. Suppression sub-
tractive hybridization: a method for generating differentially
regulated or tissue-specific cDNA probes and libraries. Proc Natl
Acad Sci USA 1996, 93, 6025-6030.

Liang P, Pardee AB. Differential display. A general protocol.
Methods Mol Biol 1997, 85, 3-11.

Hubank M, Schatz DG. Identifying differences in mRNA
expression by representational difference analysis of cDNA. Nucl
Acids Res 1994, 22, 5640-5648.

Velculescu VE, Zhang L, Vogelstein B, Kinzler KW. Serial analysis
of gene expression. Science 1995, 270, 484-487.

Ponta H, Wainwright D, Herrlich P. The CD44 protein family.
Int J Biochem Cell Biol 1998, 30, 299-305.

Hofmann M, Rudy W, Gunthert U, et al. A link between ras and
metastatic behavior of tumor cells: ras induces CD44 promoter
activity and leads to low-level expression of metastasis-specific
variants of CD44 in CREF cells. Cancer Res 1993, 53, 1516-
1521.



1648

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

B.W. Ozanne et al. | European Journal of Cancer 36 (2000) 1640—1648

Jooss KU, Muller R. Deregulation of genes encoding microfila-
ment-associated proteins during Fos-induced morphological
transformation. Oncogene 1995, 10, 603—608.

Mangeat P, Roy C, Martin M. ERM proteins in cell adhesion
and membrane dynamics. Trends Cell Biol 1999, 9, 187-192.
Bretscher A, Reczek D, Berryman M. Ezrin: a protein requiring
conformational activation to link microfilaments to the plasma
membrane in the assembly of cell surface structures. J Cell Sci
1997, 110, 3011-3018.

Chishti AH, Kim AC, Marfatia SM, et al. The FERM domain: a
unique module involved in the linkage of cytoplasmic proteins to
the membrane. Trends Biochem Sci 1998, 23, 281-282.

Yu Q, Stamenkovic I. Cell surface-localized matrix metallopro-
teinase-9 proteolytically activates TGF-beta and promotes tumor
invasion and angiogenesis. Genes Dev 2000, 14, 163-176.

Yu Q, Stamenkovic I. Localization of matrix metalloproteinase 9
to the cell surface provides a mechanism for CD44-mediated
tumor invasion. Genes Dev 1999, 13, 35-48.

Adams J, Kelso R, Cooley L. The kelch repeat superfamily of pro-
teins: propellers of cell function. Trends Cell Biol 2000, 10, 17-24.
Toh Y, Pencil SD, Nicolson GL. A novel candidate metastasis-
associated gene, mtal, differentially expressed in highly metastatic
mammary adenocarcinoma cell lines cDNA cloning, expression,
and protein analyses. J Biol Chem 1994, 269, 22958-22963.

Gray SG, Eriksson T, Ekstrom TJ. Methylation, gene expression
and the chromatin connection in cancer (published erratum
appears in Int J Mol Med 2000, 5, 557). Int J Mol Med 1999, 4,
333-350.

Davie JR, Samuel SK, Spencer VA, et al. Organization of chro-
matin in cancer cells: role of signalling pathways. Biochem Cell
Biol 1999, 77, 265-275.

Bird AP, Wolffe AP. Methylation-induced repression — belts,
braces, and chromatin. Cell 1999, 99, 451-454.

Bakin AV, Curran T. Role of DNA 5-methylcytosine transferase
in cell transformation by fos. Science 1999, 283, 387-390.

Fuks F, Burgers WA, Brehm A, Hughes-Davies L, Kouzarides T.
DNA methyltransferase Dnmtl associates with histone deacetyl-
ase activity. Nat Genet 2000, 24, 88-91.

Tamura M, Gu J, Takino T, Yamada KM. Tumor suppressor
PTEN inhibition of cell invasion, migration, and growth: differ-
ential involvement of focal adhesion kinase and p130Cas. Cancer
Res 1999, 59, 442-449.

Berx G, Becker KF, Hofler H, van Roy F. Mutations of the
human E-cadherin (CDH1) gene. Hum Mutat 1998, 12, 226-237.
Duff EK, Clarke AR. Smad4 (DPC4) — a potent tumour sup-
pressor? Br J Cancer 1998, 78, 1615-1619.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Sager R, Sheng S, Anisowicz A, et al. RNA genetics of breast
cancer: maspin as paradigm. Cold Spring Harb Symp Quant Biol
1994, 59, 537-546.

Guan RJ, Ford HL, Fu Y, Li Y, Shaw LM, Pardee AB. Drg-1 as
a differentiation-related, putative metastatic suppressor gene in
human colon cancer. Cancer Res 2000, 60, 749-755.

Dong JT, Lamb PW, Rinker-Schaeffer CW, Vukanovic J, Ichi-
kawa T, Isaacs JT, Barrett JC. KAIl, a metastasis suppressor
gene for prostate cancer on human chromosome 11p11.2. Science
1995, 268, 884-886.

White A, Lamb PW, Barrett JC. Frequent downregulation of the
KAII(CD82) metastasis suppressor protein in human cancer cell
lines. Oncogene 1998, 16, 3143-3149.

Takaoka A, Hinoda Y, Satoh S, Adachi Y, Itoh F, Adachi M,
Imai K. Suppression of invasive properties of colon cancer cells
by a metastasis suppressor KAIl gene. Oncogene 1998, 16, 1443—
1453.

Hajnal A, Klemenz R, Schafer R. Up-regulation of lysyl oxidase
in spontaneous revertants of H-ras-transformed rat fibroblasts.
Cancer Res 1993, 53, 4670-4675.

Contente S, Kenyon K, Sriraman P, Subramanyan S, Friedman
RM. Epigenetic inhibition of lysyl oxidase transcription after
transformation by ras oncogene. Mol Cell Biochem 1999, 194, 79—
91.

Nozawa H, Oda E, Nakao K, ef al. Loss of transcription factor
IRF-1 affects tumor susceptibility in mice carrying the Ha-ras
transgene or nullizygosity for p53. Genes Dev 1999, 13, 1240-
1245.

Tanaka N, Ishihara M, Kitagawa M, et al. Cellular commitment
to oncogene-induced transformation or apoptosis is dependent
on the transcription factor IRF-1. Cell 1994, 77, 829-839.

Vial E, Castellazzi M. Down-regulation of the extracellular
matrix protein SPARC in vSrc- and vJun-transformed chick
embryo fibroblasts contributes to tumor formation in vivo.
Oncogene 2000, 19, 1772-1782.

Mashimo J, Maniwa R, Sugino H, Nose K. Decrease in the
expression of a novel TGF betal-inducible and ras-recision gene,
TSC-36, in human cancer cells. Cancer Lett 1997, 113, 213-219.
Shibanuma M, Mashimo J, Mita A, Kuroki T, Nose K. Cloning
from a mouse osteoblastic cell line of a set of transforming-growth-
factor-betal-regulated genes, one of which seems to encode a
follistatin-related polypeptide. Eur J Biochem 1993, 217, 13-19.
Zwijsen A, Blockx H, Van Arnhem W, et al. Characterization of
a rat C6 glioma-secreted follistatin-related protein (FRP). Clon-
ing and sequence of the human-homologue. Eur J Biochem 1994,
225, 937-946.



