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INTRODUCTION 
THE ABILITY to genetically engineer the mouse has allowed 
the development of an increasing number of murine models 
of carcinogenesis [l-4]. The power of these models lies in 

their consistency of tumorigenesis, wherein malignancy 
develops in a specific tissue(s), at a predictable age, and in 
some instances, from a particular type of premalignant 

lesion. Historically, two approaches have been used to gen- 
erate families of cancer prone mice that heritably recapitu- 
late oncogenes from normality to cancer: direct injection of 
pronuclei of one-cell embryos with DNA encoding domi- 
nant oncogenes (producing ‘transgenic mice’), or targeted 
disruption of tumour suppressor genes in embryonic stem 
cells which are subsequently injected into blastocysts 
(resulting in ‘gene knockout mice’). These technologies are 
being further refined, with the emergence of techniques for 
tissue specific gene knockouts and postnatal induction, or 
repression, of transgene expression. 

The reproducible induction of tumorigenesis in either 
transgenic or knockout mice has facilitated evaluation of 
the process of tumour development from normal cells in 
their natural tissue environment, revealing in many cases 
a multistep progression through discrete histological and 
temporal stages. Thus, in a number of cases, a series of 
premalignant stages has been identified, ranging from his- 
tological normality to hyperplasia, to varying degrees of 
dysplasia and carcinoma in S&L, which appear prior to the 
emergence of full blown cancers. These multistage models 
possess several features which have enhanced investigation 
of carcinogenesis, including: (i) the ability to biopsy pre- 
malignant lesions routinely, even very early ones, for bio- 
chemical, physiological and molecular genetic analyses, 
and for derivation of representative cultured cell lines; (ii) 
assessment of genetic complementation of carcinogenesis 
by generating double transgenic or composite transgenici 
knockout mice with altered expression of particular candi- 
date genes; (iii) identification of genetic loci controlling 
stage-specific transitions by generating polymorphic genetic 
hybrids and constructing genetic and physical chromo- 
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some maps; and (iv) assessment of the patterns and role 
of particular biological processes, such as altered differen- 
tiation or programmed cell death, at each stage of car- 
cinogenesis. 

Among the biological parameters that are proving accessi- 
ble for studying in transgenic or knockout murine models of 
cancer is the control of tumour angiogenesis and the assess- 
ment of its role in neoplastic progression and malignant 
conversion. This review summarises the early studies on 
tumour angiogenesis in selected transgenic murine models, 
and describes current studies which have set the stage for 
future research, both into mechanism and its application to 
therapeutics and prevention. 

THE ANGIOGENIC SWITCH OCCURS DURING 
PREMALIGNANT STAGES OF TUMORIGENESIS 
To date, vascularisation has been evaluated in three 

diverse murine models of tumorigenesis. These are: (1) pan- 
creatic islet p cell tumours induced by targeted expression 
of SIrJO Tug oncogene under control of the insulin gene 
regulatory region (in RIP-Tag transgenic mice) [5]; (2) der- 
ma1 fibrosarcomas elicited by the bovine papillomavirus gen- 
ome (in BPV1.69 transgenic mice) [6]; and (3) epidermal 
squamous cell carcinomas that arise from basal keratino- 
cytes expressing the human papillomavirus type 16 onco- 
genes controlled by the keratin 14 gene regulatory region 
(K14-HPV16 transgenic mice) [7, 81. In each case, a multi- 
stage pathway of tumour development is evident, histologi- 
cally and temporally. 

In the prototype model of islet cell carcinogenesis, the 
multifocal nature of the islets (400ipancreas) and the uni- 
versal tumour penetrance by 12-14 weeks has facilitated 
extensive anatomical, biochemical and molecular analyses 
[5, 9-121. The discrete stages of tumorigenesis in these 
RIP-Tag transgenic mice include an initial phase of onco- 
gene expression without apparent consequence, beginning 
at embryonic day 8.5 extending to approximately 3 weeks of 
age. Then, hyperplastic islets sporadically begin to emerge; 
and eventually, approximately 50% of the islets become 
hyperproliferative. These focal nodules, historically referred 
to as hyperplastic islets, have the characteristics of a carci- 
noma in situ, in terms of cellular morphology and mitotic 

2386 



The Angiogenic Switch During Tumorigenesis 

incidence. Unexpectedly, a subset (approximately 20%) of 
the hyperplastic islets subsequently become angiogenic, and, 
of these, approximately 10% progress to solid tumours [ 131. 
The induction of angiogenesis has been documented by his- 
topathology, and substantiated using an in vitro bioassay for 
angiogenesis involving co-culture with bovine capillary en- 
dothelial cells in collagen gels. Two important concepts 
emerged from this early characterisation of tumorigenesis in 

RIP-Tag transgenic mice: (i) discrete stages of premalignant 
progression were evident, a hyperplastic phase followed by a 
stochastic angiogenic stage, and (ii) neovascularisation 
developed well before the emergence of an invasive malig- 
nancy (Figure 1). These data suggested a hypothesis that 
the induction of neovascularisation during multistage car- 
cinogenesis is co-ordinated by a discrete event, an 
‘angiogenic switch’. 
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Figure 1. The angiogenic switch occurs prior to tumour formation in three transgenic mouse models of tumorigenesis. 
(a) Expression of the Tag oncogene in the pancreatic islets elicits four sequential stages in tumour development: ‘normal’, 
oncogene expressing islets; hyperplastic islets, populated by proliferating cells with the histological hallmarks of carcinoma in 
situ; angiogenic islets, wherein new blood vessel growth has been activated; and solid tumours, which are islet cell earci- 
nomas. (b) In transgenic mice carrying the BPV-1 oncogenes, the normal dermis is initially converted into a state of mild 
fibromatosis, revealed as focal accumulation of dermal fibroblasts. Angiogenesis is first evident in the next stage, aggressive 
fibromatosis, which is also marked by dense arrays of proliferating fibroblastic cells; both hyperproliferation and angiogenesis 
persist in the subsequent stage, protuberant fibrosarcoma. (c) Targeted expression of the HPV16 oncogenes to basal cells of 
the epidermis induces multistage development of squamous cell carcinoma, beginning as hyperplasia of keratinocytes, with a 
mild increase in vessel density, which progresses to dysplasia, marked by morphologically aberrant keratinocytes with a high 
proliferation index, and by abundant neovascularisation; finally two classes of squamous carcinoma arise, both show extensive 

angiogenesis. 
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In the second transgenic model of multistage tumorigen- 
esis, formation of dermal fibrosarcomas in BPV1.69 trans- 
genie mice occurred in three distinct stages: normal, mild 
fibromatosis and aggressive fibromatosis. These stages are 
histologically distinct [ 141, and characterised, for example, 
by differential expression of the c-jun and @n-B proto-onco- 
genes and their associated Al’1 transcription factor activities 
[15]. Characterisation of the density of the vasculature by 
immunostaining for von Willebrand’s (vWF) factor revealed 
a dramatic increase in capillaries in the aggressive fibroma- 
tosis stage [16], again emphasising the activation of an 
angiogenic switch in a premalignant stage prior to the emer- 
gence of the fibrosarcomas (Figure 1). Assays of cell lines 
cultured from each stage of the progression to fibrosarcoma 
provided further evidence for the existence of a discrete 
angiogenic switch: conditioned medium from cells derived 
from normal dermis and mild fibromatosis did not contain 
endothelial cell mitogenic activity, whereas those from the 
aggressive fibromatosis and fibrosarcomas did, consistent 
with the histological evidence for vascular quiescence or 
angiogenesis, respectively, in their cognate lesions [ 161. 

Evidence for activation of an angiogenic switch in prema- 
lignant lesions has also been obtained from a third model of 
multistage tumorigenesis, epidermal carcinogenesis in K14- 
HPV16 transgenic mice. Both well and moderately differen- 
tiated squamous cell carcinomas arise from pathways begin- 
ning as hyperplasia and progressing through varying degrees 
of dysplasia [7, 8, 17, 181. A perceptible increase in dermal 
capillary density is first apparent in the hyperplastic stage of 
one month old transgenic mice. There is a striking increase 
in both the number and distribution of dermal capillaries in 
the early and advanced dysplastic lesions; numerous vessels 
become closely apposed to the basement membrane separ- 
ating dysplastic keratinocytes from the underlying stroma 
(K. Smith-McCune, University of California, San 
Francisco, U.S.A.). The pattern is indicative of an angio- 
genie switch from vascular quiescence to an initial condition 
of modest neovascularisation seen in the early low grade 
lesions, followed by a second, striking upregulation of angio- 
genesis in high-grade neoplasias as well as in the invasive 
cancers (Figure 1). 

Thus, three distinctive transgenic mouse models of 
tumorigenesis indicate an angiogenic switch to new blood 
vessel growth beginning well before the emergence of solid 
tumours (the pathways are compared schematically in 
Figure 1). A similar pattern of activation of angiogenesis is 
evident in a subset of premalignant lesions associated with, 
and ascribed as stages in the genesis of, several human can- 
cers, including: dysplastic melanocytic lesions (naevi) 
thought to precede malignant melanoma (reviewed in [ 19]), 
mammary ductal carcinoma in situ seen in association with 
invasive breast carcinomas, and moderate to high-grade cer- 
vical dysplasias implicated as progenitors of uterine cervical 
carcinoma (reviewed in [20]). Collectively, the investi- 
gations of both murine models and human diseases suggest 
that premalignant activation of angiogenesis is a general par- 
ameter of tumour development and predicts early activation 
of an angiogenic switch in additional examples of multistage 
carcinogenesis in humans and other mouse models. As 
such, this hypothesis indicates that subsequent investi- 
gations should focus on both the mechanism of the switch, 
and on novel potential antineoplastic therapies and/or regi- 

mens of chemoprevention. The following sections address 
these issues from the perspective of prototype multistage 
transgenic mouse models activating an angiogenic switch 
during tumorigenesis. 

ANGIOGENESIS INDUCERS: CONTRASTING 
TUMOUR-SPECIFIC PATTERNS OF EXPRESSION 

Historically, the angiogenic switch, whereby the normally 
quiescent vasculature grows new capillaries, has been envi- 
sioned to be activated by the synthesis or release of angio- 
genie growth factors. This proposition was based on the 
capability of tumours and tumour cells to elicit the ingrowth 
of capillaries when placed into avascular rabbit cornea or 
the characteristically vascularised chick chorio-allantoic 
membrane. The discoveries that angiogenesis can be acti- 
vated by acidic and basic fibroblast growth factors (a/bFGF) 
and by vascular endothelial growthpermeability factor 
(VEGFNPF), strengthened the notion of paracrine induc- 
tion of angiogenesis by peptide growth factors. 
Subsequently, a/bFGF and VEGF have been found to be 
upregulated in a variety of malignancies and derivative 
malignant cell lines, presenting further circumstantial evi- 
dence for an important role of inducer molecules in the acti- 
vation of angiogenesis (discussed elsewhere in this Issue, 
and in recent reviews [20-251). 

Access to premalignant stages of tumorigenesis inherent 
in transgenic murine models has uncovered two distinctive 
patterns of expression of angiogenesis regulatory molecules: 
one is consistent with the model suggested by angiogenesis 
bioassays, that upregulation of inducer gene expression 
could serve to activate the switch; the second shows consti- 
tutive expression of angiogenesis inducer genes during both 
vascular quiescence and angiogenesis, implicating alternative 
mechanisms for activating the switch. 

The first pattern of upregulation of angiogenesis-inducer 
genes, is evident during epidermal squamous carcinogenesis 
in the K14-HPV16 transgenic mice (Figure 2) [26], (K. 
Smith-McCune, University of California, San Francisco, 
U.S.A.). In normal murine epidermis, and in ‘normal’ epi- 
dermis expressing the HPV16 oncogenes, neither aFGF nor 
VEGF are transcribed at detectable levels. Expression of 
each, as shown by RNA in situ hybridisation, is barely 
detectable in early stage hyperplastic transgenic epidermis. 
There is a notable increase in aFGF and VEGF mRNA 
levels in high-grade dysplastic premalignant precursor 
lesions. There is marked concordance of aFGF and VEGF 
upregulation with induction of angiogenesis revealed by 
histopathology and vWF immunostaining in dysplasias, 
suggesting that the increasing levels of these two inducer 
molecules activate the angiogenic switch to progressively 
higher intensity settings. bFGF shows the contrasting pat- 
tern: expression is detectable in normal epidermis, persisting 
at similar levels in hyperplasia, dysplasia and moderate- 
poorly differentiated cancers. Modest upregulation is seen 
in well-differentiated carcinomas. This constitutive ex- 
pression of the bFGF gene by keratinocytes may produce 
levels of inducer protein insufficient to activate the capillary 
endothelium to the angiogenic phenotype; subsequent 
increases in inducer levels afforded by VEGF and aFGF 
upregulation might then produce levels that ‘turn on’ the 
switch. Alternatively, additional factors, such as sequestra- 
tion of bFGF or counterbalancing angiogenesis inhibitors, 
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Figure 2. Expression of bFGF, aFGF and VEGF during epidermal squamous carcinogenesis in K14-HPV16 transgenic mice as 
determined by 35s mRNA in situ hybridisation (ISH). These angiogenesis inducers display two distinct patterns of expression 
during carcinogenesis. The left column shows brightfield sections from normal non-transgenic epidermis (a), hyperplasia (e), 
dysplasia (i), well-differentiated (m), and moderate-poorly (q) differentiated epidermal squamous cancers. The second col- 
umn shows that bFGF is constitutively expressed in both normal, non-transgenic epidermis (b), and in the premalignant 
hyperplastic (f) and dysplastic (j) stages. bFGF expression appears to increase somewhat in well differentiated epidermal can- 
cers (n), but remains at levels similar to dysplasia in the moderate-poorly differentiated malignancies (r). Both aFGF (third 
column) and VEGF (right column) are induced during carcinogenesis. Expression of both growth factors are undetectable in 
normal, non-transgenic epidermis (c, d). There is perceptible induction of aFGF and VEGF in hyperplastic epidermis (g, h); 
with a further increase in the dysplastic stages (k, j). Following malignant conversion, aFGF mRNA remains at a modest 
level, comparable to dysplasia (k) in both well (0) and moderate-poorly differentiated epidermal cancers (s), whereas there is 
a striking further increase in VEGF mRNA in well differentiated (p) and moderate-poorly differentiated (t) cancers. Bars: A- 

L=20w;M-T=SOjun 

may be involved in the non-angiogenic stages, as discussed 
in the sections below. 

The contrasting situation of constitutive expression of 
angiogenesis inducers has been revealed by the analysis of 
FGF and VEGF expression patterns during multistage 
tumorigenesis in the islet cell carcinoma model. Surprisingly, 
we observed that both VEGF [27] and aFGF (G. Christofori, 
Research Institute of Molecular Pathology, Vienna, Austria) 
are expressed at high levels in normal pancreatic islets of con- 
trol non-transgenic mice, at the RNA (not shown) and pro- 
tein levels (Figure 3). The VEGF receptor genes fEt and fEk 
are also constitutively expressed in normal islet endothelium 
of control mice [27] (for technical reasons we have not been 

able to assess expression of the FGF receptors in the islet en- 
dothelium). Remarkably, the expression of these four genes 
encoding aFGF, VEGF and the VEGF receptors persists at 
similar levels in all stages of islet tumorigenesis in the RIP- 
Tag transgenic mice (Figure 3, see also [27]). Thus, there is 
no apparent modulation of gene expression for these two 
potent angiogenesis inducers that could explain the angio- 
genie switch in this model. 

We suggest that these two models are revealing alternative 
facets of the angiogenic switch. The squamous cell model 
involves transformation of an epithelial cell type that is 
reasonably far removed from the capillary bed, which lies 
deep in the dermis, separated from the epidermis by a base- 
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Figure 3. Both VEGF and aFGF are constitutively expressed in normal pancreatic islets and throughout islet cell carcinogen- 
esis. Immunostaining of tissue sections from control and RIP-Tag2 transgenic mice was used to assess expression of VEGF (a) 
and aFGF (b) in the normal, pre-angiogenic and angiogenic stages of islet carcinogenesis. Representative islets at the various 
stages are shown, with the left column presenting control sections, and the others RIPl-Tag2 sections. The VEGF immunos- 
taining utilised a polyclonal anti-human VEGF antiserum from Oncogene Sciences, Cambridge, Massachusetts while the 
aFGF analysis utilised affinity-purified rabbit anti-human FGF-1 antibodies provided by Dr Ralf Pettersson, Karolinska 
Institute, Stockholm, Sweden. In both cases, the primary antibody reaction was visualised with a secondary antibody conju- 
gated with horseradish peroxidase (HRP) which was subsequently reacted with diaminobenzidine and nickel. The VEGF 
panels were photographed under Nomarski optics, whereas the aFGF panels used bright field illumination. Magnification: 50x. 

ment membrane. Here, it would appear that VEGF and the 
FGFs (and perhaps other chemo-attractants) are upregu- 
lated so as to activate and recruit the distant vasculature, 
similar to classical bioassays in avascular tissues such as the 
cornea. In contrast, the pancreatic islets are extensively vas- 
cularised, to facilitate their functions of monitoring serum 
glucose levels and in consequence secreting insulin and 
other hormones to effect endocrine regulation of carbo- 
hydrate metabolism. In this case, aFGF, VEGF itself, as 
well as the newly recognised [28-311 VEGF-B and VEGF- 
C family members are all expressed in normal islet p cells 
[27] (G. Christofori, Research Institute of Molecular 
Pathology, Vienna, Austria), withour activation of angiogen- 
esis. We presume that the VEGFs in particular must serve a 
purpose distinct from angiogenesis for the quiescent islet 
vasculature; one likely function for the paracrine VEGFi 
VEGF-receptor circuit is in maintaining the endothelial 
fenestrae that characterise endocrine tissues [32]. Moreover, 
the islets may not be exceptional. The three non-allelic 
VEGF genes are collectively expressed at significant levels 
in many other endocrine and non-endocrine organs of the 
body [28-311, providing further support for the proposition 
that VEGF signaling serves other important roles for the 
homeostasis of normal tissue endothelium. Regarding the 
role of the VEGFs in activation of tumour angiogenesis, it 
should be noted that, in most of these tissues, the relative 
expression of the three VEGFs and their receptors in cog- 
nate tumours has not been rigorously compared; thus the 
demonstrable upregulation of VEGF, seen in hypoxic con- 
ditions [33-351 and in response fo activated oncogenes, 

such as H-RAS [36], remains a potential component of the 
angiogenic switch. Nevertheless, the realisation that potent 
‘angiogenesis inducers’ such as VEGF are constitutively 
expressed and may serve physiological functions for the en- 
dothelium in normal tissues suggests that changes in activa- 
tor gene expression per se may not in all cases explain how 
vascular quiescence is maintained, and conversely, how 
angiogenesis is induced during tumorigenesis. The balance 
hypothesis for the angiogenic switch [20, 231 states that the 
endothelial cells integrate the effective levels of angiogenesis 
inducers and angiogenesis inhibitors in their micro-environ- 
ment to govern their alternative cell differentiation states of 
quiescence or angiogenesis. Changes in the balance could, 
in principle, be affected by increasing activator gene ex- 
pression, by altering the bioavailability or activity of the 
inducer proteins, for example, via processes such as post- 
translational modification or sequestration, or by reducing 
the effective concentrations of endogenous angiogenesis in- 
hibitors, again via changes in gene expression or processing/ 
bioavailability. The following two sections describe exper- 
iments which suggest that modification and bioavailability 
of angiogenesis activators, and the loss of angiogenesis sup- 
pressors, may each be general components of the angiogenic 
switch mechanism, in addition to regulation of activator 
gene expression. 

MODIFICATION AND EXPORT OF a/bFGF: A NEW 

MODE OF REGULATION? 

Both aFGF and bFGF are unusual growth factors in that 
they lack traditional signal sequences for secretion, implicat- 
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ing a novel mechanism of release from cells if they are to 
serve paracrine functions. Several studies have substantiated 
the notion that FGFs can be ‘exported’ out of cells by 
mechanisms that do not involve necrotic cell death and cell 
lysis. One experimental approach, by Maciag and col- 
leagues, has demonstrated that 3T3 fibroblasts stably trans- 
fected with a aFGF expression vector release aFGF upon 
heat shock as a functionally inactive homodimer [22]. 
Similarly, we have shown that endogenous aFGF is released 
from the islet cell carcinomas discussed above. Again, the 
export pathway does not seem to involve either the tra- 
ditional secretory pathway or cell lysis (G. Christofori, 
Research Institute of Molecular Pathology, Vienna, 
Austria). Interestingly, biochemical analysis has revealed 
novel characteristics: exported aFGF has reduced heparin 
affinity, and is released in high molecular weight forms of 
approximately 40 kDa (G. Christofori, Research Institute of 
Molecular Pathology, Vienna, Austria). In contrast, the 16 
kDa monomer that binds heparin with high affinity remains 
cell associated. Another intriguing characteristic was the 
sequestration in the conditioned medium of the high mol- 
ecular weight (HMW) aFGF forms, released both from the 
transfected 3T3 fibroblasts and from the b tumour cells; if 
conditioned medium was assayed using mitogenic activity 
assays or heparin affinity chromatography, no aFGF was 
detected. However, if the medium was first treated with 
high salt concentrations (1 M NaCl or ammonium sulphate 
precipitation), aFGF was recovered as HMW forms, as 
shown by mitogenic activity, heparin affinity (albeit reduced 
relative to recombinant aFGF), and antibody reactivity [22] 
(G. Christofori, Research Institute of Molecular Pathology, 
Vienna, Austria). The data suggest that the exported HMW 
forms of aFGF can be sequestered following export from 
the cell. Perhaps this sequestration reflects a capability of 
regulating this angiogenic inducer by storage, to be released 
locally as the tissue micro-environment dictates. The mol- 
ecular basis of this sequestration, its possible manifestation 
as a new form of regulation, and the structure of the HMW 
forms of a FGF represent important topics for future study 
as does the additional question about whether the aFGF 
export capability is activated as part of the angiogenic switch 
in the islet cell tumorigenesis pathway. This issue is cur- 
rently unresolved due to our inability to culture normal and 
pre-angiogenic pancreatic islet p cells in sufficient quantity 
for biochemical analysis. However, evidence for regulated 
export of the related angiogenesis factor bFGF has come 
from analysis of the BPV1.69 transgenic murine model of 
dermal fibrosarcoma. 

In the multistage pathway to fibrosarcoma, the angiogenic 
switch occurs at the aggressive fibromatosis stage (Figure 1). 
When conditioned medium from cell lines derived from 
each stage of the pathway was tested for mitogenic activity 
on cultured capillary endothelial cells, only the lines derived 
from angiogenic lesions (aggressive fibromatosis and fibro- 
sarcoma) showed mitogenic activity [ 161. A survey revealed 
bFGF gene expression at similar levels in all cell lines, irre- 
spective of the presence or absence of mitogenic activity in 
conditioned medium. Thus, changes in bFGF gene ex- 
pression did not appear to provide an explanation for the 
observed angiogenic switch. In addition, VEGF is also 
expressed at similar levels throughout the pathway (G. 
Bergers, University of California, San Francisco, U.S.A.). 

However, striking differences were observed in the localis- 
ation of bFGF protein. In the pre-angiogenic normal and 
mild fibromatosis cell lines, bFGF remained cell associated, 
whereas immunoreactive bFGF was detected in medium 
conditioned by cell lines from angiogenic aggressive fibro- 
matosis and fibrosarcoma. This observation led to the hy- 
pothesis that the angiogenic switch in this pathway involves 
the selective release of bFGF by cells in the angiogenic 
stages, but not by normal and pre-angiogenic stage cells. 

The discovery of novel HMW forms of aFGF in the islet 
cell model led to an evaluation of the characteristics of the 
bFGF being released by the fibrosarcoma cells. Much like 
aFGF, the bFGF in the conditioned medium was found to 
be in HMW forms with reduced heparin affinity. Variable 
sequestration of bFGF in salt-sensitive complexes was also 
observed (G. Christofori, Research Institute of Molecular 
Pathology, Vienna, Austria). Therefore, in the two trans- 
genie mouse models analysed, novel forms of an FGF lack- 
ing a traditional signal sequence for secretion are being 
exported by the tumour cells, consistent with their partici- 
pation in the control of angiogenesis. Moreover, we have 
detected export of similar HMW forms of bFGF from sev- 
eral human breast cancer cell lines (G. Christofori, 
Research Institute of Molecular Pathology, Vienna, 
Austria). To summarise, we have detected three novel attri- 
butes of a/bFGF that appear pertinent to tumour angiogen- 
esis: (i) the selective export out of transformed cells that 
were populating angiogenic lesions; (ii) sequestration of 
mitogenic activity once exported; and (iii) modifications 
that effect higher molecular weight forms with reduced 
heparin affinity. The common pattern of novel forms of 
exported a/bFGF shown by three distinct tumour cell types 
(mouse p islet, mouse fibroblast and human mammary epi- 
thelial) suggest that post-translational modification and 
selective export of a/bFGF may prove a common feature of 
the tumour phenotype. The export of a/bFGF by cancer 
cells may in part explain the markedly elevated levels of 
FGF frequently detected in the serum and urine from 
patients with a variety of malignancies (reviewed in [37, 
381. 

ANGIOGENESIS INHIBITORS AND 
SUPPRESSORS: EARLY CLUES IN TRANSGENIC 

MICE 
It is becoming increasingly evident that endogenous endo- 

thelial inhibitors are a critical component for the regulation 
of angiogenesis, most likely equally important to the activa- 
tors. As discussed above, the evidence increasingly supports 
a model by which endothelial activity is controlled by a 
changing balance of activators and inhibitors (reviewed in 
[20, 231). Moreover, Bouck and colleagues have demon- 
strated that loss of tumour suppressor gene function can 
result in downmodulation of angiogenesis inhibitors and ac- 
tivation of the switch (reviewed in [23]), an example being 
the control of the inhibitor thrombospondin (TSP-1) by the 
wild-type ~53 tumour suppressor protein [39]. Currently, 
angiogenesis inhibitors have not been directly implicated in 
the angiogenic switch during tumorigenesis in transgenic 
mouse models. However, the constitutive expression of 
angiogenesis activators in the islet cell model suggests coun- 
ter-regulation of endothelial activity by inhibitors. While it 
is formally possible that sequestration of aFGF by normal 
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islet p cells might render the secreted VEGF insufficient to 
induce angiogenesis, it seems more likely that potent inhibi- 
tors must also be made by normal islets, to maintain vascu- 
lar quiescence. As such, activation of the endothelium in 
angiogenic islets is predicted to be controlled by downregu- 
lation of inhibitor(s). A candidate for this putative angio- 
genie inhibitor is a genetic locus located on chromosome 
16, (called L&2) that is characteristically lost, beginning at 
the angiogenic islet stage, concomitant with the angiogenic 
switch [40]. A hypothesis would be that this suppressor 
gene, located on chromosome 16, controls expression of an 
angiogenesis inhibitor (much as ~53 controls TSP-I), such 
that deletion of Lo/z2 reduces expression and hence the local 
concentration of the angiogenesis inhibitor, shifting the bal- 
ance to favour the constitutively expressed inducers, contri- 
buting to activation of the angiogenic switch. While merely 
a clue at this point, it seems likely that negative regulators 
of angiogenesis will prove to be involved in tumorigenesis, 
and accessible to investigation in transgenic models. 

TRANSGENIC MODELS AS PLATFORMS FOR 
PRECLINICAL TESTING 

Traditionally, the efficacy of antineoplastic therapies have 
been tested by administering test compounds to mice bear- 
ing subcutaneous tumours produced by inoculating syn- 
geneic or immunodeficient mice with cultured tumour cell 
lines or primary tumour fragments. While informative, these 
bioassays are limited by the fact that the target is a tumour 
growing in an ectopic (unnatural) site, often following long- 
term cell culture. The advent of dozens of transgenic mouse 
models of tumorigenesis presents the opportunity to assess 
efficacy of anticancer compounds on a primary or metastatic 
tumour developing de nozm in its natural tissue environment. 
Specifically, transgenic models present themselves as ideal 
platforms for preclinical testing of anti-angiogenesis drugs. 
In a recent prototypic example, RIP-Tag transgenic mice 
were treated with three angiogenesis inhibitors, AGM1470 
(TNP470), alpha interferon, and minocycline [41]. Therapy 
began at 6 weeks of age at the onset of activation of the 
angiogenic switch. The regimen retarded angiogenesis, 
increased tumour cell apoptosis, and significantly reduced 
end-stage tumour volume to 10% of that of control mice (a 
‘T/C’ of 0.1). This study suggests a number of experimental 
options to be explored in the future using the RIP-Tag 
mouse model, among which are: assessing additional angio- 
genesis inhibitors and alternative delivery modalities, includ- 
ing viral gene therapy approaches, and testing novel 
combinatorial effects of angiogenesis inhibitors, both with 
each other and with agents targeting other facets of the 
malignant phenotype, such as cell cycle control, telomerase 
or apoptosis. 

Looking beyond our prototype model, an important focus 
of future investigation will be testing anti-angiogenesis in- 
hibitors in transgenic models recapitulating human epithelial 
carcinogenesis. One example is the squamous cell carcino- 
genesis in the K14-HPV16 transgenic mice discussed above. 
In this model (Figure l), invasive cancer of the epidermis 
arises in a pathway that resembles human squamous cancer. 
The time to malignant conversion is long, 9-12 months, 
and the incidence of cancers is low, 20% of affected mice 
[8]. In contrast, intense angiogenesis is characteristic of the 
dysplasias present in 100% of transgenic mice by 2-3 

months of age. Thus, for models such as this, activation of 
angiogenesis can serve as a surrogate end-point biomarker 
[42] as well as a therapeutic target. Efficacious compounds 
could then be tested on established epidermal cancers and 
their metastases [18], either singly or in combinations. 
Recently, we have developed a derivative model of oestro- 
gen-induced cervical carcinoma in these transgenic mice 
[43]. The cervical carcinomas develop through a multistage 
pathway in 80% of transgenic females after 6 months of oes- 
trogen treatment, and thus could also be useful as a thera- 
peutic platform. Similar logic may apply to other transgenic 
models of epithelial cancer, notably breast carcinoma devel- 
opment in transgenic mice with oncogenes regulated by the 
MMTV promoter [4]. While more lengthy and costly than 
traditional tumour transplant models, transgenic models 
may reveal more subtle but critical effects apparent only in 
a tumour developing in its natural tissue micro-environ- 
ment. Indeed, the heterogeneity of the endothelium in 
different anatomical locations [44] suggests that there may 
be differential responses to therapeutic regimens in distinct 
locations. 

CONCLUSION 
This review has presented case studies of transgenic 

mouse technology and its application to questions and 
opportunities in tumour angiogenesis. Three diverse trans- 
genie mouse models show a similar pattern of an angiogenic 
switch to persistent neovascularisation during tumour devel- 
opment, prior to the emergence of end-stage tumours. 
Histological evidence from three human cancers, of mam- 
mary epithelium, cervical epithelium, and cutaneous mela- 
nocyte, reveal angiogenic lesions that are arguably 
progenitors to invasive cancers. Thus, in terms of cancer 
biology, these transgenic models have revealed what may 
well prove to be a general parameter of multistage tumori- 
genesis, that of an angiogenic switch as a distinct, poten- 
tially rate-limiting step in the pathway to cancer. Following 
on from these observations, there are clear experimental 
avenues to investigate the mechanisms of the angiogenic 
switch, and to develop further transgenic models as plat- 
forms for preclinical testing of compounds that interfere 
with angiogenesis. Again, the prototype that exemplified 
these possibilities has been the RIP-Tag model of islet cell 
carcinoma, in which there is a discrete switch to the angio- 
genie phenotype among focal nodules at a reproducible age 
in mice that progress from normality to islet cell carcinoma 
in 12 weeks. 

In the broader perspective, there are already more than 
50 transgenic and gene knockout mouse models of cancer, 
with more on the horizon. Moreover, it can be envisaged 
that these technologies will be used in the future to develop 
increasingly accurate models for many of the major human 
cancers. In turn, there is clear reason to assess the angio- 
genie switch in these models; it seems likely that additional 
aspects of the switch mechanism will be revealed by such in- 
vestigations. Since the balance of angiogenesis inhibitors 
and activators in different tissues and their tumours may 
well differ, so too may the mechanism of the switch. Thus, 
the biology may present distinct inroads into the design of 
specific interventions that block angiogenesis selectively and 
completely in a particular carcinogenesis pathway, raising 



The Angiogenic Switch During Tumorigenesis 2393 

the prospects for clinical ‘cures’ in which angiogenesis in- 
hibitors play a key role in the successful strategy. 
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