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Abstract Since the work of Judah Folkman in the 1970sedium affects fundamental cell functions such as cell
demonstrating the importance of vascularization on tdhesion, proliferation and differentiation.

mour growth the many roles played by tumour stroma The idea that tumour stroma may have an impact on
have been demonstrated. Vascular endothelial growtie biological behaviour of neoplasms is as old as the
factor/vascular permeability factor appears to be ftfiest histological observations of tumours [36]. However,
main in vivo inducer of both stromal blood vessels afor a long time only the neoplastic cells were the focus
other components of the tumour stroma. Its action dfinterest in cancer research and the stroma was rather
probably mediated through its strong and long-lasting ebnsidered a reactive component without major signifi-
fect on microvascular permeability leading to fibrin exzance. Based on the work of Judah Folkman in the 1970s
travasation and organisation (“tumours are wounds thdiich showed the importance of vascularization in tu-
do not heal”). During tumour invasion, stromal fibromour growth, this view has been abandonned. The tu-
blasts participate in the degradation of the extracellutabur stroma is now considered to be an integral part of a
matrix (ECM) by secreting matrix degrading proteasesoplasm with a major role in several steps in the meta-
as well as their downstream-activators. Stroma derivadtic cascade. This review shows some of the interac-
factors such as scatter factor/hepatocyte growth factotiass which exist between tumour cells and their stromal
well as interactions between neoplastic cells and tmécroenvironment and how they affect the behaviour of
ECM can play a role in both tumour cell migration anteoplasms.

proliferation. The ECM may also act as a reservoir for

growth factors. A novel transcription factor encoded hy
the cetsl proto-oncogene is likely to be involved in th&he crucial role of tumour stroma
transcriptional regulation of both tumour vascularizatidn tumour vascularization

and invasion. This contribution summarizes recent devel-

opments in the tumour stroma field. The induction of the outgrowth of new blood vessels
from existing ones, assuring tumour nutrition, was the
Key words Tumour stroma - Rol:s first established role for tumour stroma. In the 1970s Ju-

dah Folkman showed that tumour spheroids in the cul-
ture dish cannot grow beyond a size of a few millimetres
Introduction because they lack vascular support [49]. Hence most tu-
mours in vivo must induce their own vascular supply in
The extracellular matrix (ECM) appears during evolutiasrder to grow beyond this size. Stromal blood vessels not
with the onset of multicellular life. Studies in lower anienly ensure tumour nutrition and waste removal but are
mals such as sponges, sea urchins and cnidarians, b#s@ points of entry for metastatically-competent tumour
shown the remarkable conservation of collagen, proteells [116]. Tumour vascularization is nevertheless not a
glycans and adhesion molecules such as fibronectin, tetnict prerequisite for growth as demonstrated by the
ascin or laminin (for review see [55]). This intercellulgsropagation of tumour cells on serous membranes or the
ventricular ependyma, without significant induction of
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stromal outgrowth of capillaries during angiogenesis
N. Wernert ; ;
Institute of Pathology, University of Bonn, passes through several sequential steps. These comprise
PO-Box 2120, D-53011 Bonn, Germany a degradation of pre-existing vessel basement mem-
Tel.: (49) 228-287 5371, Fax: (49) 228-287 5230 branes, proliferation and directed migration of endotheli-




434

al cells towards an angiogenic stimulus with the final dif- For other angiogenic factors, such as the fibroblast
ferentiation of mature capillary loops establishing growth factors (a and bFGF), angiogenin or platelet-de-
functional circulation [49]. A number of angiogenic facrved growth factor (PDGF) which stimulate the migra-
tors are known which can affect one or more of thesen or proliferation of endothelial cells in vitro but can
processes in cultured endothelial cells or elicit the falso affect other cell types in vivo, a role for tumour vas-
mation of complete blood vessels in in vivo models suchlarization is less well established. In a transgenic
as the rabbit cornea or the chicken chorioallantoic memeuse model of a fibrosarcoma it has been shown that
brane. They are considered to be secreted by tumth& secretion of bFGF by the tumour cells correlates with
cells or macrophages attracted to the tumour site, ortie degree of angiogenesis [81]. The secretion mecha-
be released from the ECM after degradation during tuism for a and bFGF is not yet known as both lack a sig-
mour invasion. nal peptide. However, when A 31 fibroblasts are transfec-
A number of findings point to vascular entotheligdked with a bFGF-gene fused to a signal sequence and in-
growth factor vascular permeability factor (VEGF/VPHgcted into nude mice bFGF is secreted and highly vascu-
as a major inducer of tumour vascularization. VEGF hiasized tumours develop [70]. A comprehensive analysis
initially been demonstrated in culture medium conddf the distribution of a and bFGF and their receptors in
tioned by tumour cells and in tumour ascites fluid amdmmon human tumours has not been carried out. FGF-
been shown to increase microvascular permeabiligceptor 1, one of the high affinity receptors for a and
strongly [131]. It is a disulphide-linked dimeric glycobFGF [106] has nevertheless been demonstrated within
protein with molecular weights between 34 and 46 klae microvasculature of malignant melanomas [79].
[27, 28, 98, 130]. Four different polypeptides, 121-206 Angiogenin is another potent stimulator of angiogene-
amino acids long, can be generated through alternasi® in the rabbit cornea and has first been isolated from
splicing of the VEGF/VPF primary transcript [71, 144}he conditioned medium of a human adenocarcinoma cell
Two different endothelial receptors, VEGF receptoriihe [46]. It is a single chain polypeptide with a molecular
(FIt-1) and 2 (KDR/FIk-1) are known, both of which areveight of 14.4 kDa and has 35% sequence homology
tyrosine kinases with a similar domain structure [33, 9Bith a family of pancreatic ribonucleases (for review see
96, 141]. Signal transduction by VEGF/VPF within erf51]). In endothelial cells angiogenin activates phospholi-
dothelial cells involves an increase in the intracellulpase C with a transient increase in the intracellular levels
calcium ion concentration and the formation of inositoff 1,2-diacylglycerol and IP3 [10]. Its in vivo role during
triphosphate (IP3) probably through an activation @imour vascularization is not well established.
phospholipase C [15]. VEGF/VPF stimulates both the Both the PDFG-B chain which is mitogenic for endo-
proliferation and the migration of endothelial cells in vithelial cells in vitro [7] and its receptor have been dem-
ro and induces a strong angiogenic response in the chinktrated within stromal capillaries of human glioblasto-
chlorioallantoic membrane [44, 91]. It is actively secretnas [69].
ed by a variety of human tumour cell lines [132]. In vivo, Transforming growth factds (TGF3) and tumour ne-
tumour cells of human breast and gastrointestinal camiesis factoir (TNFa) represent indirect angiogenic fac-
nomas as well as of glioblastomas have been showrtais which inhibit endothelial cell proliferation in vitro
upregulate VEGF/VPF mRNA while both of its recep-
tors are expressed by adjacent microvascular endothelial
cells [17, 18, 108, 109]. Experimental findings furthétg. 1a, b Transcripts of ets1 within the stromal capillaries of &

support a role of VEGF/VPF for tumour vascularizatioﬁe”al clear cell carcinoma as demonstrated by in situ hybridiza-
. tion. Darkfield illumination and epifluorescence view of the nuclei

The vascularization and growth of glioblastomas iNdgined with Hoechst 33258)( H&E-stained neighbouring sec-

planted into nude mice can be inhibited by antibodigsn (b). Bar=100 pn:

against VEGF or by introducing a dominant negatiﬁ)
I

. . ig. 2 Northern blot analysis of ets 1 mRNAs in cultured aortic

[83, 95]. thelial cells. RNA has been extracted 4 days (1a and 1b) and 2
Hypoxia is considered to be the main inducer @#ys (2a and 2b) before cell confluence and 4 days after conflu-

VEGF-production and secretion during tumour growﬁ,pce (3a and 3b). There is a marked downregulation of étglc-
- ; . . r?nscrlpts (6.8 kb) after cell confluer:ce
as inferred from the particularily strong expression o

VEGF transcripts by neoplastic cells directly adjacent - 33 b Expression of @ts1 mRNA within stromal fibroblasts
hyp0XIC necroses [18, 41, 135] irectly adjacent to the invasive formations of a poorly differenti-

L . . . ated human colon carcinoma. Darkfiel &nd brightfield illumi-
The strong and persisting histamine-like effect @htion p) of a May-Griinwald-Giemsa-stained secti@ar=100
VEGF/VPF on microvascular permeability is thought tom

play a role n both the induction of new blood Vesqu_f .4 Northern blot analysis of ets1, collagenase 1, stomelysin
and the recruitment of other components of the tumaufrokinase-type plasminogen activator and plasminogen activator
stroma. It causes an extravasation of plasma proteinsirihibitor 1 transcripts after induction by PMA and different cyto-
cluding fibrinogen which, after cross-linkage to fibri <nes in cultured human foreskin fibroblasts. Note the induction of

; : cetsl and that of proteases mRNAs by PMA, fibroblast
attracts endothelial and other stromal cells in a seque %%th paprial el i bt mendil factx)r(CycontroI,TGFﬁ

similar to the continuous formation of granulation tissygnsforming growth factoB, PDGF platelet-derived growth fac-
[16-19, 40-42]. tor, GAPDH glyceraldehyde-3-phosphate-dehydroger ase)
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Fig. 5a, b Topographical co-expression oketsl (a)

and of collagenase bY mRNAs within the fibroblastic
stroma of a pulmonary squamous cell carcinoma (neigh-
bouring sections). Note the low signal for the transcrip-
tion factor compared to that of its potential target gene.
Darkfield illumination and epifluorescence view after
nuclear staining with Hoechst 33298ar=100 pr:
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Fig. 6 The possible mode

of induction of the Ets 1 tran-
scription factor within tumour tumor cell
stroma and its putative in vivo
target genes. Neoplastic cells
secrete peptide signaling mole-
cules which induce Ets 1 within
neighbouring stromal endo-
thelial cells and fibroblasts.

Ets 1 proteins bind to specific

sequences in the promoter peptide
regions of genes encoding ma- signaling
trix-degrading proteases and molecules

activate their transcription.

éfgrﬁgttg;g)mdmg sites within <+— (matrix degradation> —»
target genes

uPA

collagenase 1
stromelysin 1

endothelial cell stromal fibroblast

[52, 139] but which are angiogenic in vivo [156]. They Several inhibitors of angiogenesis are known which

are thought to recruit cell types such as macrophagedlitninish the proliferation of endothelial cells in vitro

release angiogenic peptides. and inhibit the vascularization of experimental tumours
Stimulation of endothelial cells by angiogenic factomich as Lewis lung carcinoma in vivo [102] (for review

is followed by signal transduction and changes in gesee [50]). They include the platelet-derived factor 4, the

transcription. The Ets 1 transcription factor has evolvégmagillin-derivative AGM 1470 and angiostatin. All

as a candidate factor involved in this regulation. It is etirese factors are characterized by low toxicity and can be

coded by the etsl protooncogene, the founder of gurative in tumour-bearing animals when combined with

new gene family of transcriptional regulators. They atiytotoxic drugs. Initial clinical trials with angiogenesis

contain a new DNA-binding domain, the so-calltd inhibitors are now underway in cancer therapy (for re-

domain and comprise Ets 1, Ets 2, Erg, Elk 1, EIf 1, Sgew see [50]).

1/PU 1, PEA3 and others [90] (for review see [88, 92]).

In vivo, we found cetsl actively transcribed in endo-

thelial cells during new blood vessel formation und@umour stroma plays a major role in invasion

both physiological and pathological conditions such as

vessel formation in the embryo [35, 61, 145, 151], # second well established role of the tumour stroma is

granulation tissue [151] and during the vascularizatiéia role in invasion. This has been demonstrated experi-

of benign and malignant tumours [150, 151] (Fig. 1nentally by the enhancement of invasive properties of

When vessel formation terminates the expression ofcarcinoma cells after transplantation into granulation tis-

etsl is turned off. This transitory transcription can bgue [37, 53]. During invasion stroma is involved in both

simulated in vitro where endothelial cells exprestst matrix degradation and tumour cell migration along dif-

mRNA in a preconfluent stage and down-regulate it coi@rent components of the ECM.

siderably after confluence (Fig. 2). The in vivo target

genes regulated by the Ets 1 proteins during new blaod

vessel formation are not yet known. Potential candidafébroblasts of the tumour stroma help

comprise the genes encoding different matrix degraditegdegrade the extracellular matrix

proteases [63, 67, 99, 118, 123, 149] as well as the gene

of thea5 integrin chain [12]. The5B1 integrin is the fi- Whereas normal fibroblasts at different anatomical sites

bronectin receptor [73] and binding of endothelial celleave been shown to exhibit a considerable phenotypic

to fibronectin causes them to grow and to spread [12&nd functional diversity [60, 122, 126] fibroblastic cells

Another transcription factor, SCL or TAL-1, a membesf the tumour stroma are less well characterized. One

of the basic helix-loop-helix family of transcriptionatonsistent feature of these cells is a myofibroblastic phe-

regulators has recently been demonstrated within endotype which is based on the synthesisae$mooth-

thelial cells during new blood vessel formation in mouseuscle actin [60, 122]. Functionally these cells are also

embryos [80]. capable of producing enzymes involved in the degrada-
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tion of ECM-components which is one of the prerequs also involved in this process. The activation is carried
sites for invasion. Whereas it has been known for a lomgt by the uPA/plasmin system of serine proteases [125].
time that these enzymes can be secreted by neopldt@uPA has been shown to be produced by stromal fi-
cells (for review see [100]), it has become clear only moblasts [113, 150] and its receptor, a membrane-bound
recent years that a major fraction is also produced diycosylphophatidylinositol-anchored cell surface recep-
stromal myofibroblasts. Transcripts of the interstitial dor at which pro-uPA itself is proteolytically activated is
type 1 collagenase, the twil (72000 and 92000) type 4expressed on tumour cells or stromal macrophages [9,
collagenases, stromelysin 1 and 3 as well as of the selfihd]. Activation of pro-uPA is followed by the proteolyt-
protease urokinase-type plasminogen activator (uPA) ilm-downstream-activation of plasminogen to plasmin and
plicated in the downstream-activation of these metallof the different metalloproteinases which finally degrade
proteinases have all been demonstrated within strortted ECM [93, 125].
myofibroblasts of different human tumours such as skin, Finally stroma cell elements are involved in the regu-
lung, breast, colon and ovarian cancers [3, 5, 13, 58, B8ion of matrix degradation by different inhibitors of
101, 112, 114, 115, 150] (for review see [153—155]). Therine proteases (plasminogen-activator inhibitors 1 and
activity of theses stromal proteases during tumour in&-PAI 1 and 2) and of metalloproteinases (tissue type in-
sion is tightly controlled. At the transcriptional levehibitors of metalloproteinases, TIMP 1 and 2). Such in-
cytokines, such as epidermal growth factor (EGF), bF@#bitors can be produced by stromal cells and stored in
and TNFx which can be secreted by tumour cells or strthe ECM [26, 87, 112, 117]. T@Fstimulates the syn-
mal cells [6, 140] have been shown to stimulate the trahesis of both PAI 1 and TIMP 1 but inhibits that of col-
scription of several metalloproteinase genes [56, 1dgenase 1 within cultured fibroblasts and vascular
150]. The Ets-1 transcription factor has again besmooth muscle cells [97, 103, 117] (see also Fig. 4).
implicated in this regulation. Our own data show that c-
etsl is expressed by stromal fibroblasts of different inva-
sive human carcinomas (of the lung, breast, colon s8tioma and tumour cell migration
others) in contrast to non-invasive lesions [13, 150].
Moreover, cetsl transcripts are frequently found in fi-Active migration of neoplastic cells is a second prerequi-
broblasts directly adjacent to invasive tumour formatiosge for tumour invasion. It involves both an active loco-
(Fig. 3) and we have found that the conditioned mediumotion of neoplastic cells and changes in the cells adher-
of different human tumour cell lines induced the traence systems with components of the ECM which is the
scription of cetsl within cultured human fibroblastssubstrate along which tumour cells move.
[57, 150]. Co-transfection experiments and mutational As a fibroblast-derived mediator of epithelial motility
analyses of promoter sequences have shown that the &tsg- growth, scatter factor/hepatocyte growth factor
1 proteins can transactivate the rat stromelysin 1 g€B8&/HGF) has received particular attention [138, 159]
promoter [149] and that Ets-binding sites within the pr¢for review see [148]). It is a heterodimeric glycoprotein
motors of the genes encoding uPA [99, 118] and collagemposed of a 60 kDa and a 30 kD# chain linked by
nase 1 [63] are necessary for the transcriptional actigadisulfide bond. Both chains are translated from a single
tion of these genes. Also both genes encoding the MiRNA. The active form is generated by a cleavage of
kDa as well as the 92 kDa collagenases contain witlimis precursor chain. After binding to its cell surface re-
their transcriptional regulatory domains binding sites foeptor, a tyrosine kinase encoded by thaetprotoon-
the Ets-1 proteins [67, 123]. In cultured human fibr@ogene, SF can induce the dissociation of tumour cells
blasts we found a correlation between the transcriptimo motile cells [94] (for reviews see [11, 142, 148]).
of c-ets1 and its potential target genes encoding collag&hen NBT-II bladder carcinoma cells are transfected
nase 1, stromelysin 1 and uPA after stimulation by bFG¥#th an expression vector for SF/HGF they exhibit an in-
TNFa or phorbol 12-myristate 13-acetate (PMA) [1503rease of invasive properties both in vitro into 3-dimen-
(Fig. 4). In vivo we demonstrated a topographical co-lsional collagen gels and upon injection into nude mice
calization of transcripts of ets1 and of these protease$8]. In vivo both SF/HGF and its receptor have been
within the fibroblastic stroma of human lung and coloslemonstrated immunohistochemically within the stroma
cancers [13, 150] (Fig. 5). The transcriptional regulatiaf different human tumours such as lung, liver and pan-
of matrix degrading proteases during tumour invasieneatic carcinomas [38, 159]. In recent years a SF-like
may also involve other members of teesgene family factor (SFL [8]) and a scattering agent produced by
and probably further transcription factors such as ARionocytes [76] have also been identified.
which has also been shown to transactivate different pro-During tumour cell migration, changes occur in the
tease genes in vitro [2, 99]. The possible in vivo roles adherence systems of cells with the ECM. These cell-
the Ets 1 proteins for matrix degradation during angioratrix interactions are largely mediated through the
genesis and tumour invasion are schematically sumrzage family of transmembrane integrin receptors (for re-
rized in Fig. 6. views see [20, 30, 72, 73]). Currently 14 types of inte-
Once synthesized, matrix-degrading proteases are@@ o and 9 types o chains are known both of which
creted as inactive pro-enzymes which must be locally ate involved in the recognition of different matrix com-
tivated. Recent evidence suggests that the tumour strggoaents and about 20 integrin heterodimers are defined.




438

The diversity is further increased by splice variants of igin to tumour cells via tha9p1 integrin or several sub-
tegrin mRNAs. Many human tumours such as lungpes of the alpha V integrin [111, 158] has been found
breast, gastric, colon, pancreas, renal and prostate caccitrigger a transmembrane signal which inhibits cell
nomas have been shown to express different integrin fsgireading [68].
erodimers [4, 14, 21, 39, 64, 65, 82, 84, 85, 105, 107,CD 44 represents yet another cell-matrix receptor
160, 161]. Upon fixation of an integrin to its extracelluwith a potential role in tumour cell migration (for review
lar ligand the ensuing signalling cascade can affect ek [54]). It is a ubiquitous surface molecule and a num-
migration [24, 30, 31, 73, 78, 104, 128]. Fixation is fober of isoforms exist which are generated by alternative
lowed by the binding of the cytoplasmic domain of theplicing of ten “variant” exons and additional modifica-
integrin B-chain to a complex of cytoskeletal proteins itions by glycosylation. CD 44 is expressed on a variety
focal adhesions (including-actinin, vinculin, talin, pa- of cell types and involved in physiological cell migration
xillin and tensin) which are linked to actin filaments. And lymphocyte activation [134]. It belongs to the family
central role is then played by the recruitment and the a¢-hyaladherins which show an affinity to hyaluronic ac-
tivation of a novel tyrosine kinase, focal adhesion kinagk Variants of CD 44 have been found to confer meta-
(FAK) which is autophospharylated at tyrosine 397. Thésatic properties to a nonmetastatic rat pancreas carcino-
phosphotyrosine peptide motif binds to the Sei2-fo- ma cell line [62] which can be prevented by a monoclo-
mology) domain of pp 6% which in turn phosphorylatesnal antibody to the metastasis-specific domain of CD
FAK on tyrosine 925. The SH2 and SH3 domains of se44v [129]. In transfection experiments the CD 44H vari-
eral proteins binding to phosphotyrosine motifs (SH2nt has been shown to promote migration of melanoma
and short proline-rich sequences (SH3) then allow tbells by interacting through its extracellular domain with
formation of supramolecular complexes of signallingyaluronic acid [143]. A number of human carcinomas
proteins which include other tyrosine kinases (like Sexpress the CD 44v variant comprising the exon v6. The
and Csk), the adaptor proteins (exclusively composedespression of this variant has been found to be correlated
SH2 and SH3 domains) Grb2 and Crk and the guanimigh poor prognosis in human colorectal and breast can-
nucleotide exchange factors mSOS and C3G. The latters [66, 110, 136, 152].
convert inactive ras-GDP to active ras-GTP and this acti-The transitory adhesions of moving tumour cells to
vates the ras-mitogen-activated protein kinase pathvemymponents of the ECM are thought to be liberated by
of downstream signalling which can finally induce celbcally limited proteolysis mediated through systems of
migration [24, 104]. An antiserum reacting with severatembrane bound proteases on tumour cells such as uPA
av integrins has been shown to inhibit adhesion afiged to its membrane bound receptor uPAR [113] or the
spreading of a human colon carcinoma cell line (HT28cently discovered membrane-type matrix metallopro-
on fibronectin and vitronectin [89] and an anti-human fieinase [124, 146].
bronectin receptor abBl integrin) antibody prevents
Ehrlich ascites tumour cells from adhering to fibronec-
tin-coated plates [137]. Integrin-mediated cell adhesiThe role of stroma in tumour cell proliferation
and tyrosine phosphorylation are also involved in
SF/HGF-induced cell migration. Squamous cell carcindumour stroma has finally been shown to take part in the
ma cells stimulated by SF/HGF first form integrin-medregulation of neoplastic cell proliferation. Again several
ated focal adhesions with the ECM. FAK is then tyrosimeechanisms appear to be involved:
phosphorylated together with the c-Met receptor. A grad-
ual loss of tyrosine phosphorylation finally goes along
with the disruption of focal adhesions and the beginni@gll-matrix interactions can transduce signals
of cell migration on various extracellular matrices [94]. which modify tumour cell proliferation

Interactions between tumour cell integrins and the
ECM can be modified by growth factors and cytokineShe cell signalling cascade following fixation of tumour
Interleukin 1 increasefl-integrin expression in humancell integrins to their extracellular ligands can not only
osteosarcoma cells [34] and nerve growth factor inducfect cell migration but also cell proliferation. It has
the expression of a laminin binding integrin on the PC b2en shown in a human colon carcinoma cell line that
phaeochromocytoma cell line [119]. the expression of thev 36 integrin, an epithelial cell fi-

An extracellular integrin ligand which has beebronectin receptor enhances the proliferative capacity of
shown to play a role in cell attachment or detachmehese cells both in vitro and in vivo in a nude mouse
during tumor cell migration is tenascin (or cytotactimodel [1]. However, growth arrest has been reported in
[22, 43, 100a], for review see [74]). It is composed of sikansfection experiments of a rectal carcinoma cell line
disulphide-linked polypeptides of 190-250 kDa whicbxpressing thei6 34 integrin, a laminin receptor [25].
radiate from a centre and which contain both adhesivelntegrins can also be involved in growth factor in-
and counteradhesive domains [75, 142]. The high modiiced tumour cell proliferation. For an embryonic carci-
cular weight splice variant of tenascin has been showmtsma cell line, a relationship was demonstrated between
downregulate focal adhesions and to facilitate cell migreasF-stimulated cell division and attatchment to laminin
tion (for review see [74]). However, the binding of tenasr fibronectin [127]. Analogously, the responsiveness of
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many other cell types to growth factors depends upartal dialogue with their surroundings. Further work
their attachment to components of the extracellular naeng this avenue will better charaterise many other roles

trix via integrins [24].

of tumour stroma and may also help to develop new

strategies for cancer treatment.

Tumour cell proliferation can be modified
by stromal cells and stromal cell derived factors

Cells of the urogenital mesenchyme exert a growth in-
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