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Abstract 
Endothelins are a family of small, structurally-related, vasoactive peptides that have a 
great number of physiological roles in many tissues. The 'endothelin axis' consists of 
three 21 amino acid peptides (ET-1, ET-2 and ET-3), two G-protein-coupled receptors 
(ET-RA and ET-RB), and two activating peptidases or endothelin-converting enzymes 
(ECE-1 and ECE-2). There is increased expression of the endothelin axis in invasive 
breast cancer compared to the normal breast or non-invasive neoplastic tissue. Endothelin 
expression is associated with invading regions of tumours in patient biopsies and is more 
common in tumours with high histological grade and lymphovascular invasion, and there 
is increased systemic endothelin in patients with lymph node metastases compared to 
those without lymph node involvement.  Stimulation of breast tumour cell lines with 
endothelins leads to an invasive phenotype in vitro. Over-expression of the endothelins 
and their receptors is insufficient to induce an invasive phenotype in benign cells, yet 
expression by tumour cells leads to markedly increased invasive ability indicating that 
endothelins act in concert with other factors - both autocrine and paracrine - including 
cytokines, matrix metalloproteinases and the activation of tumour-associated 
macrophages. The association between endothelins, poor prognosis and invasion may 
mean that the endothelin axis is a valid therapeutic target for the treatment of invasive 
breast cancer.  
This review summarises our current knowledge of endothelins in breast cancer invasion 
and discusses the potential further directions of such research as well as the possibility of 
anti-endothelin-based therapy of breast cancer. 
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1. Introduction 
There is a growing interest in the role of the ‘endothelin axis’ in cancer [1], and the role 
of  endothelins in breast cancer is now under the spotlight. There is increased endothelin 
expression in breast tumours compared to non-neoplastic tissue [2, 3], and we recently 
showed that endothelin expression by breast tumour cells and the tumour-associated 
macrophages (TAMs) leads to complex interactions such that the tumour cells become 
more invasive [2, 4, 5]. Endothelin expression is associated with invading regions of 
tumours in patient biopsies [5], and is more common in tumours with high histological 
grade and lymphovascular invasion [6].  
The mechanism by which endothelins induce an invasive phenotype is complex and not 
fully understood at present, but involves stimulation of both the tumour cells and TAMs, 
and modulation of matrix metalloproteinases (MMPs) and cytokines. This review 
summarises our knowledge of the association between endothelins and invasion in breast 
tumours, and the possible future directions of such research. 
 
2. The endothelin axis. 
Endothelins are a family of small, structurally-related, vasoactive peptides that have a 
great number of physiological roles, notably in development and vascular homeostasis 
[7]. The endothelin axis consists of three 21 amino acid peptides (ET-1, ET-2 and ET-3), 
two G-protein-coupled receptors (ET-RA and ET-RB), and two endothelin-converting 
enzymes (ECE-1 and ECE-2) [7].  
The three endothelin peptide isoforms - which are highly conserved in human, rat and 
mouse [8] - derive from three separately regulated genes yet have a similar structure [9]: 
21 amino acids with a hydrophobic C-terminus and two cysteine bridges at the N-
terminus (figure 1a). The peptide sequence of ET-2 and ET-3 differ from ET-1 by two 
and six residues respectively [8, 10, 11].  
Human ET-1 derives from a 212 amino acid precursor, preproendothelin-1 (figure 1b), 
which is intracellularly cleaved by the membrane-bound metalloproteinases ECE-1 and -
2 [12]. Further enzymes, yet to be identified, are also thought to be involved. Removal of 
the signal sequence generates the 195 amino acid proendothelin-1, which is further 
processed to release the intermediate 38 amino acid 'Big ET-1'. Endothelin-converting 
enzymes hydrolyse Big ET-1 to yield the active 21 amino acid ET-1. 
The gene for each endothelin has a distinct pattern of tissue expression: ET-1 is expressed 
primarily by endothelial cells, ET-2 in epithelial cells of the kidney and intestine, and ET-
3 is found in the brain [7]. It is of note, however, that endothelins and their receptors are 
also expressed by 'mobile' inflammatory cells such as monocytes and macrophages [4, 
13]. There is a relatively low basal level of synthesis of endothelins but these genes are 
readily inducible by inflammatory stimuli such as exposure to cytokines or hypoxia [2, 
13]. 
Endothelins bind to two similar receptors, ET-RA and ET-RB [14], with varying affinity: 
ET-RA binds ET-1 ≥ ET-2 > ET-3 but ET-RB shows no selective affinity for any 
endothelin subtype. ET-RA is expressed by, amongst others, smooth muscle cells, 
osteoblasts and adipocytes; ET-RB is expressed by all these cells and also by endothelial 
cells [7]. Binding of the ligands to these G protein-coupled receptors may modulate 
several overlapping signalling pathways resulting in the activation of phospholipase C 
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and MAPK pathways, an increase in intracellular calcium and the induction of immediate 
early genes [1, 15].  
 

 
 

Figure 1. Processing and structure of endothelin-1. A) ET-1 is a 21 amino acid peptide with a hydrophobic 
C-terminus and two disulphide bonds at the N-terminus. ET-2 and ET-3 are structurally similar to ET-1, 
differing by two and six amino acids respectively. The amino acids which differ in the ET-2 sequence are 
indicated by '*' B) The 212 amino acid (a.a.) human preproendothelin-1 is processed by proteases to form 
'big-ET' intermediates, which are further cleaved to yield the mature endothelin.  
 
 
3. Endothelins in cancer. 
Numerous tumours, including carcinomas of the lung [16], prostate [17] and ovary [18] 
produce one or more of the endothelins and their receptors [1]. Endothelins play an 
autocrine and paracrine role in regulating growth of several tumour types including 
ovarian cancer cell lines and tumours [18]; the mitogenic effect of ET-1 in ovarian 
carcinoma cells is mediated via ET-RA. Endothelins and may also inhibit apoptosis [2] 
and promote angiogenesis [19]. Further, endothelins may be associated with progression 
and invasion.  
However, the actions of endothelins in cancer are from clear and appear to be tumour-
specific [20]. In several types of tumour, expression of the endothelin axis - particularly 
the receptors - is decreased in neoplastic tissue. In prostate cancer, ET-RB is decreased or 
absent [21] and there is often methylation of the ET-RB gene [22], while in lung cancer, 
ET-RA is down-regulated [23]. 
 
4. The endothelin axis in breast cancer. 
There is increased expression of several members of the endothelin axis in breast cancer. 
In the normal breast, ET-1 and ET-RA mRNA expression can be detected; however, in 
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invasive ductal carcinoma (IDC) of the breast there is increased expression of ET-1, ET-
2, ET-RA and ET-RB [2, 3].  IDCs also have a higher degree of endothelin expression 
than either benign fibroadenoma or ductal carcinoma in situ (DCIS). Elevated expression 
of ET-1 is more common in IDCs with larger size, high histological grade and the 
presence of lymphovascular invasion [24], and there is increased endothelin in the serum 
of breast cancer patients with lymph node metastases compared to those with no lymph 
node involvement (Hagemann et al. - submitted).  
Cells expressing endothelins and their receptors in IDC include the tumour cells [2], the 
CD68+ macrophage infiltrate [4], and the endothelial cells [19]. In biopsies of invasive 
breast cancer, the expression of ET-1, ET-RA and ET-RB is associated with increased 
vascular endothelial growth factor (VEGF) expression and vascularity [25]. 
In keeping with the polyfunctional nature of endothelins, there are numerous potential 
consequences of endothelin expression in breast tumours that may lead to a more 
aggressive tumour cell phenotype (table 1). 
 
Table 1. Potential roles of endothelins in breast tumours, and breast tumour cell invasion. 
 

Role Cell type Endothelin 
and receptor 

Notes Reference 

Activation of 
TAMs 

Macrophage ET-1, ET-2 
ET-RB 

Foamy activated macrophages 
colocalise with endothelins in vivo. 

[4] 

Recruitment 
of TAMs 

Macrophage ET-1, ET-2 
ET-RB 

PBMC-derived macrophages 
chemotax towards ET-1 and ET-2 
via ET-RB 

[4] 

Survival Breast tumour ET-2 
ET-RB 

ET-2 prevents hypoxia-associated 
apoptosis  

[2] 

Induction of 
cytokines 

Macrophage 
Breast tumour 

ET-1, ET-2 
ET-RA 

Endothelins induce TGF-β, TNF-α 
and IL-8. 

Hagemann 
et al. - 
submitted. 

Chemotaxis Macrophages 
Breast tumour 

ET-1, ET-2 
ET-RA, ET-

RB 

Endothelins induce chemotaxis 
towards chemokines and tumour 
cells chemotax towards endothelins. 

[2] 

Induction of 
MMP activity 

Macrophage 
Breast tumour 

ET-1, ET-2 
ET-RA, ET-

RB 

Numerous MMPs induced by 
endothelins and TIMP activity 
reduced. 

[2] 
Hagemann 
et al. - 
submitted. 

Induction of 
VEGF 

Breast tumour 
Endothelial 

ET-RA Endothelin expression is associated 
with VEGF expression and 
microvessel density. 

[25] 

Induction of 
invasion 

Macrophage 
Breast tumour 

ET-1, ET-2 
ET-RA, ET-

RB 

Invasion induced, via both receptors, 
in a multi-factorial pathway. 

[5] 

Intravasation, 
extravasation 

Macrophages 
Breast tumour 

Endothelial 
VSMC 

ET-1, ET-2 
ET-RA, ET-

RB 

High levels of endothelins in the 
vasculature may induce invasion 
through the vascular wall. 
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5. Endothelins and the immune infiltrate. 
High levels of macrophage infiltrate in breast tumours correlate with a poor prognosis 
[26]. TAMs are able to promote tumour growth directly by secreting breast tumour 
mitogens, such as epidermal growth factor, and indirectly by stimulating tumour 
angiogenesis and metastasis [27]. Macrophages produce endothelins [13] and the TAMs 
contribute to the endothelins in the breast tumour microenvironment [4]. In contrast, no 
immunoreactive endothelin can be detected in cell extracts from human neutrophils and 
lymphocytes [13]. Co-culture of tumour cells with macrophages leads to increased 
endothelin production (Hagemann et al. - submitted),    
Macrophages express both endothelin receptors and chemotax towards endothelins via 
ET-RB and a pertussis-toxin sensitive MAPK-mediated signalling pathway [4]. Exposure 
of macrophages to endothelins in vitro leads to increased cell surface CD68 and HLA-
ABC indicating an 'activated' phenotype, whilst in patient biopsies 'foamy' activated 
macrophages co-localise with regions containing tumour cells that express endothelins [2, 
4].  
 
6. Endothelin expression and the breast tumour microenvironment. 
The expression of endothelins is increased in unstimulated tumour cells compared to 
benign cells (Hagemann et al. - submitted); which aspect of transformation leads to 
increased endothelin expression is as yet unknown. However, the levels of endothelin 
synthesis by tumour cells may be stimulated by numerous factors that are present within 
the breast tumour microenvironment. Solid tumours do not consist of a homogeneous 
structure or environment: one region of tumour, compared to another, may differ in the 
levels of hypoxia, cytokine concentration, immune infiltrate, vascularisation, necrosis etc. 
[28-30]. The breast tumour microenvironment, particularly hypoxia, modulates 
expression of numerous 'pro-tumour' genes [31], including those of the endothelins and 
their receptors [2]. 
In vitro, hypoxia increases expression of ET-2 and both receptors by breast tumour cells 
leading to autocrine protection from hypoxia-associated apoptosis [2]. In vivo, endothelin 
expression co-localises with areas of hypoxia in a murine model of breast cancer, and the 
ET-RB antagonist BQ788 [32] increases the development of necrosis [2]. Induction of 
endothelin expression by hypoxia is via the transcription factor hypoxia inducible factor 
(HIF) 1α [33]. Conversely, endothelins stabilise the HIF1α transcriptional complex 
leading to expression of angiogenic molecules such as VEGF [34]; accumulation of the 
HIF1α subunit is associated with breast cancer progression [35]. 
As well as hypoxia, soluble factors such as cytokines modulate the expression of the 
endothelin axis in breast tumours. Of particular importance is the finding that endothelins 
themselves stimulate endothelin receptor production by breast tumour cells [5].  
Within the vasculature, ET-RA is upregulated in smooth muscle cells by insulin and 
nitric oxide, while in endothelial cells ET-RB is upregulated by TNF-α and bFGF. In the 
PC3 human prostate cancer cell line, ET-1 is up-regulated by IL-1β, TNF-α, and TGF-β 
[36]. Macrophage-derived cytokines and chemokines, including CCL2, CCL3 and CCL5, 
induce endothelial cells to produce endothelins [37, 38] which may further modulate the 
local endothelin concentrations in the tumour microenvironment. 
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7. Endothelins and breast tumour cell invasion. 
Invasive capacity is modulated by endothelins in ovarian carcinoma cells [39], Ewing’s 
sarcoma and neuroblastoma cells [40] and the case for endothelins having a role in breast 
cancer invasions is compelling:  
i) There is increased expression of endothelins in IDC compared to normal or benign 
breast tissue, or to DCIS [2, 3].  
ii) Endothelins are increased in the serum of breast cancer patients with lymph node 
metastases compared to those with no lymph node involvement (Hagemann et al. - 
submitted). 
iii) ET-RA expression by tumours is associated with the incidence of distant metastases 
and local recurrence [24].  
iv) The expression of endothelins and the receptors (particularly ET-RB) by tumour cells 
is highest in invading regions of the tumour and in corresponding lymph node metastases 
[5]. 
v) Exposure of tumour cells to endothelins leads to an invasive breast tumour cell 
phenotype in vitro [5]. 
Invasion of breast tumour cells is thought to be promoted by endothelins via several 
different (autocrine and paracrine) mechanisms including the modulation of MMP 
activity, induction of pro-invasive cytokines and inhibition of anti-invasive cytokines. 
 
In vitro, the invasive capacity of breast tumour cell lines correlates with the level of 
expression of the endothelin axis (particularly ET-1), and over-expressing endothelins 
and/or endothelin receptors leads to increased invasion of the MCF-7 breast tumour cell 
line (Hagemann et al. - submitted).  
MCF-7 cells transfected with ET-expressing vectors increase endothelin production 
several hundred-fold and the basal levels of invasion increase approximately five-fold for 
ET-1 and ET-2 over-expressing cells and three-fold for ET-3 over-expressing cells 
(Hagemann et al. - submitted). 
Transfection of the endothelin receptors alone into tumour cells does not give rise to 
increased basal invasion of unstimulated cells, but tumour cells are able to respond to 
diminished levels of endothelins (either added exogenously or produced in 
macrophage/tumour cell co-culture) and increase invasion compared to mock-
transfectants (1-10 ng/ml ET compared to 100 ng/ml ET) (Hagemann et al. - submitted). 
However, the greatest level of invasion is induced by transfecting cells with endothelins 
as well as the receptors. When tumour cells are co-transfected with vectors expressing 
either receptor as well as ET-1 or ET-2, basal levels of invasion are markedly increased 
compared to mock-transfectants (Hagemann et al. - submitted). It is interesting to note 
that while endothelin-mediated invasion of breast tumour cells involves both receptors, 
transfection of either one of the receptors leads to markedly increased invasion. This 
indicates that tumour cells expressing endothelins and one or more of the receptors will 
have the highest invasive capacity; in vivo, we noted that all tumour cells that stained 
positively for the endothelin peptides also stained positively for the endothelin receptors, 
particularly ET-RB [5]. Further, there is autocrine stimulation of tumour cells such that 
upon exposure to endothelins they increase endothelin receptor production. This positive-
feedback loop is likely to drive endothelin-mediated invasion once endothelin expression 
has been induced by transformation or the tumour microenvironment. 
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However, expression of the endothelins and their receptors by a benign mammary 
epithelial cell line, hTERT-HME1, is not sufficient to elicit an invasive phenotype 
(Hagemann et al. - submitted) and it is likely that the endothelins are acting in concert 
with other factors yet to be elucidated to induce invasion in tumour cells [41]. 
 
In vitro, stimulation with endothelins induces an invasive phenotype in breast tumour 
cells and increases invasion through an artificial basement membrane, particularly when 
co-cultured in the presence of macrophages [5]. The signalling pathways involved in 
endothelin-mediated induction of invasion of breast tumour cells are yet to be fully 
described. However, the induction of invasion involves both receptors as both the ET-RA 
antagonist BQ123 [42] and the ET-RB antagonist BQ788 [32] receptor entirely abolish 
endothelin-mediated invasion [5]. In single-culture of MCF-7 cells, JNK inhibitors 
abolish endothelin-mediated invasion yet in co-culture of tumour cells with macrophages, 
JNK inhibition has only a partial effect (Hagemann et al. - submitted). Other inhibitors 
such as PD98059 (MAPKK inhibitor) and pertussis toxin (G-protein inhibitor) only 
partially inhibit endothelin-mediated invasion. This indicates that multiple overlapping 
pathways are activated and that factors in co-culture cooperate with endothelin 
stimulation to induce invasion. 
 
The increase in invasion stimulated by endothelins is due, at least in part, to increased 
activity of MMPs: endothelins induce MMP-1, -2, -9 and -14 activity in macrophage 
culture and MMP-14 activity in MCF-7 culture. TIMP-1 release by macrophages and 
MCF-7 cells is also reduced by endothelins. Induction of MMP activity is modulated via 
both receptors and can be inhibited by either BQ123 [42] or BQ788 [32]. The non-
selective MMP inhibitor FN439 also blocks endothelin-mediated invasion [5]. 
In ovarian carcinoma cells, ET-1 binding to ET-RA increases the expression and 
activation of MMPs whilst decreasing the secretion of tissue inhibitor of matrix 
metalloproteinases (TIMPs) [39]; unlike breast tumour cells, ET-RB does not appear to 
be involved in MMP induction in ovarian cancer cells. 
However, endothelins induce MCF-7 cell invasion with no increase in MMP-1, -2, or -9 
activity by the tumour cells; only MMP-14 activity is increased in MCF-7 cell culture 
(Hagemann et al. - submitted). There is little evidence that MMP-14 activity correlates 
with the invasion of breast cancer cells although a recent publication found that the 
inhibition of MMP-14 expression may be associated with nm23-mediated inhibition of 
metastasis in breast carcinoma cells [43]. Therefore, we must conclude that further 
factors, distinct from the MMPs so far described, are involved in endothelin-mediated 
breast tumour cell invasion. These findings collectively indicate that endothelins induce 
invasion via several distinct pathways, including but not limited to the inductions of 
MMPS, via both receptors and several overlapping signalling pathways. 
 
As well as regulating MMP activity, endothelins modulate the expression and release of 
cytokines by several tumour cell lines and by macrophages; the data regarding cytokine 
induction by endothelins and invasion of tumour cells is as yet inconclusive but suggests 
that endothelins may further modulate the tumour microenvironment and augment 
invasion of breast tumour cells. Endothelins modulate production of several cytokines by 
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breast tumour cells and macrophages (Hagemann et al. - submitted); ET-1 and ET-2 
induce expression of the pro-invasive cytokine TGF-β by tumour cells via ET-RA whilst 
inhibiting expression of the anti-metastatic cytokine IL-10 by macrophages. The 
induction/repression of cytokines by endothelins is both rapid (3-6 hours) and sustained 
(>96 hours) in both breast tumour cells and macrophages. In ovarian carcinoma and 
smooth muscle cells, endothelins induces VEGF production [34, 44] and endothelin 
expression correlates with VEGF expression in IDC [25]. VEGF promotes breast cancer 
invasion in an autocrine manner by regulating chemokine receptor expression [45] and 
this may therefore be another mechanism by which endothelins promote invasion and 
metastasis. 
In the seminal paper by Muller et al [46], it was shown that chemokine expression by the 
organs together with chemokine receptor expression by the tumour cells may lead to the 
organ-specificity of breast cancer metastases. As well as inducing invasion, ET-1 and ET-
2 are also chemotactic for breast tumour cells and this is modulated via both endothelin 
receptors and a MAPK-mediated pathway [5].  
In it's role as a chemoattractant for breast tumour cells, it is possible that endothelins may 
also have a role in breast cancer metastases organ-specificity; however, the physiological 
concentration of endothelins is below the pharmacological threshold [7] and it seems 
unlikely that endothelins could direct circulating metastatic tumour cells to specific 
organs. It is worth noting, however, that several key sites of breast cancer metastases 
including the brain, bone and lungs all express endothelins and that cells expressing high 
levels of endothelin receptors respond to low levels (<1 ng/ml) of endothelins.  
Further, not only does ET-2 induce chemotaxis of tumour cells towards itself, it also 
increases chemotaxis towards the chemokines CXCL12 and CCL21 which are involved 
in breast cancer metastasis [46]. It is possible therefore that the organ-specificity of 
metastasis of endothelin-stimulated cells is not via the endothelins themselves but by, for 
instance, CXCL12 released by the proximal lymph nodes.  
A further potential implication of the chemotactic nature of endothelins is that they may 
play a role in lymphovascular intra/extravasation. Endothelial cells produce endothelins 
(and endothelin expression may be induced by intratumoural hypoxia), which may aid 
tumour cells to intravasate. The local concentration of endothelins in the vascular wall 
may be ≥100 fold that of the plasma level, stemming in part from the fact that 80% of 
ET-1 is secreted on the basal side of endothelial cells [7]. Tumour cells may be attracted 
to the vascular wall (either from within the tumour, or circulating tumour cells already 
within the vasculature) by the high levels of endothelins. Stimulation of tumour cells (and 
other associated cells such as macrophages) may lead to increased direction-independent 
invasion as seen in vitro [5] and subsequent escape from the tumour into the vascular 
system (intravasation) or escape into peripheral tissues such as the lymph node 
(extravasation). 
 
8. Therapeutic opportunities. 
The role of endothelins in vasoconstriction has led to the development of small molecule 
antagonists of the endothelin receptors, which are currently under investigation for the 
treatment of hypertension, heart failure and renal disease [47]. These antagonists can be 
administered orally, are well tolerated and have few toxic side-effects. 
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Atrasentan, a highly selective ET-RA antagonist, has been given to cancer patients in 
phase II trials for prostate cancer and delayed time to clinical and PSA progression [48]. 
Phase III trials for hormone-refractory prostate cancer are underway. 
In a small scale in vivo setting, we treated a murine model of breast carcinoma, HTH-K, 
with the commercially available modified peptide antagonists of the endothelin receptors, 
BQ123 [42] and  BQ788 [32]. In this study, both antagonists showed a modest survival 
benefit by two apparently different mechanisms: both caused a delay in growth of the 
tumour yet BQ123 (ET-RA antagonist)-treated tumours did not show the increased 
necrosis associated with treatment with BQ788 (ET-RB antagonist) [2]. However, this 
small study did not examine the effects on invasion or metastases. In vitro results suggest 
that treatment of invasive breast cancer with one or both endothelin receptor antagonists 
may be of some clinical benefit [5], and pre-clinical trials of such antagonists are 
presently underway in mouse and rat models of invasive breast cancer.  
Endothelin receptor antagonists also hold the attractive possibility that they will 'hit' 
several different cell types and mechanisms of disease progression: the antagonists may 
potentially inhibit angiogenesis by inhibiting endothelial cell mitogenesis while 
simultaneously preventing macrophages from producing MMPs, and countering the anti-
apoptotic effect of endothelins on the tumour cells themselves. 
However, a caveat should be noted: in the HTH-K model, the ET-RB antagonist BQ788 
led to increased necrosis [2] which is associated with increased invasion and metastasis 
in patients. It is also of note that the ET-RA antagonist led to 'leaky' vessels that may 
facilitate metastasis (our unpublished data). 
Further, the expression of endothelin receptors by tumours is not associated with 
progression/invasion in all cancers and thus modifying the endothelin axis may show 
unpredictable results at secondary sites. For instance, breast tumour cells often 
metastasise to the lungs; primary tumours in the lung may have decreased ET-RA and 
hence it is difficult to predict the outcome of treatment with endothelin receptor 
antagonists on a breast cancer metastasis within the microenvironment of the lung. It is 
also true that the mechanistic details of endothelin-mediated invasion are yet to be 
elucidated and so the exact consequences of endothelin receptor inhibition cannot be 
predicted at this time. Only further research into the endothelin axis in breast cancer and 
pre-clinical trials of the receptor antagonists will provide an answer as to whether the 
endothelin receptors are a suitable therapeutic target for breast cancer. 
 
9. Conclusions. 
Expression of the endothelins and their receptors is associated with high grade, 
aggressive breast tumours as well as invasion and metastasis. The mechanism(s) by 
which endothelins induce an invasive phenotype are as yet incompletely described but 
potentially includes the interaction between the tumour cells, the infiltrating macrophage 
and the breast tumour microenvironment. This complex interaction leads to modulation 
of MMP activity, cytokine expression, immune infiltrate activation, apoptosis and 
expression of the endothelins themselves. All these factors may cumulatively facilitate 
breast tumour cell invasion. However, inhibition of either one of the endothelin receptors 
- for which small molecule inhibitors already exist - inhibits in vitro invasion and the 
endothelin axis may be a suitable therapeutic target for the treatment of invasive breast 
cancer that can quickly be exploited. 
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Figure 2. Putative roles of endothelins in breast tumour cell invasion. Tumour infiltrating macrophages 
express inflammatory cytokines that may induce endothelin expression by both tumour cells and 
macrophages, which release ET-1 and ET-2, and express both receptors. Microenvironmental factors, 
including hypoxia and the endothelins themselves, further stimulate the endothelin axis. Stimulation of 
tumour cells and macrophages with ET-1 or ET-2 leads to chemotaxis of these cells, induction of MMP 
activity and cytokine expression, and invasion of the tumour cells. ET-2 also protects tumour cells from 
apoptosis and activates macrophages. Endothelial cells and vascular smooth muscle cells (VSMC) express 
ET-RB and ET-RA respectively. Stimulation of endothelial cells and VSMC with endothelins may 
stimulate angiogenesis. 
 
 
Acknowledgements 
M. Grimshaw was supported by an EU grant (QLK3-CT-2002-1980). 
 
References 
 
[1]  J. Nelson, A. Bagnato, B. Battistini, P. Nisen, The endothelin axis: emerging role 
 in cancer, Nat. Rev. Cancer 3 (2003) 110-116. 
 
[2]  M.J. Grimshaw, S. Naylor, F.R. Balkwill, Endothelin-2 is a hypoxia-induced 

autocrine survival factor for breast tumor cells, Mol. Can. Ther. (2002) 1273-81.  
 
[3]  K. Alanen, D.X. Deng, S. Chakrabarti, Augmented expression of endothelin-1, 

endothelin-3 and the endothelin-B receptor in breast carcinoma, Histopathology 
36 (2000) 161-167. 

 

 10



[4]  M.J. Grimshaw, J.L. Wilson, F.R. Balkwill, Endothelin-2 is a macrophage 
chemoattractant: implications for macrophage distribution in tumors, Eur. J. 
Immunol. 32 (2002) 2393-2400. 

 
[5]  M.J. Grimshaw, T. Hagemann, A. Ayhan, C.E. Gillett, C. Binder, F.R. Balkwill, 

A Role for Endothelin-2 and Its Receptors in Breast Tumor Cell Invasion, Cancer 
Res. 64 (2004) 2461-2468. 

 
[6]  P. Wulfing, R. Diallo, C. Kersting, C. Wulfing, C. Poremba, R.R. Greb, W. 

Bocker, L. Kiesel, Endothelin-1, Endothelin-A- and Endothelin-B-receptor 
expression in preinvasive and invasive breast disease, Oncol. Rep. 11 (2004) 791-
796. 

 
[7]  R.M. Kedzierski, M. Yanagisawa, Endothelin system: the double-edged sword in 

health and disease, Annu. Rev Pharmacol. Toxicol. 41 (2001) 851-876. 
 
[8]  K. Saida, N. Kometani, H. Masuda, S. Oka, T. Uchide, Structure of mouse 

preproendothelin-3 and phylogenetic analysis of the endothelins, J. Cardiovasc. 
Pharmacol. 36 (2000) S1-4. 

 
[9]  A. Inoue, M. Yanagisawa, S. Kimura, Y. Kasuya, T. Miyauchi, K. Goto, T. 

Masaki, The human endothelin family: three structurally and pharmacologically 
distinct isopeptides predicted by three separate genes, Proc Natl. Acad. Sci. U S A 
86 (1989) 2863-2867. 

 
[10]  K. Saida, M. Hashimoto, Y. Mitsui, N. Ishida, T. Uchide, The prepro vasoactive 

intestinal contractor (VIC)/endothelin-2 gene (EDN2): structure, evolution, 
production, and embryonic expression, Genomics 64 (2000) 51-61. 

 
[11]  Y. Itoh, M. Yanagisawa, S. Ohkubo, C. Kimura, T. Kosaka, A. Inoue, N. Ishida, 

Y. Mitsui, H. Onda, M. Fujino, Et Al., Cloning and sequence analysis of cDNA 
encoding the precursor of a human endothelium-derived vasoconstrictor peptide, 
endothelin: identity of human and porcine endothelin, FEBS Lett. 231 (1988) 
440-444. 

 
[12]  T.J. Opgenorth, J.R. Wu-Wong, K. Shiosaki, Endothelin-converting enzymes, 

Faseb J. 6 (1992) 2653-2659. 
 
[13]  H. Ehrenreich, R.W. Anderson, C.H. Fox, P. Rieckmann, G.S. Hoffman, W.D. 

Travis, J.E. Coligan, J.H. Kehrl, A.S. Fauci, Endothelins, peptides with potent 
vasoactive properties, are produced by human macrophages, J. Exp. Med. 172 
(1990) 1741-1748. 

 
[14]  B. Haendler, U. Hechler, W.D. Schleuning, Molecular cloning of human 

endothelin (ET) receptors ETA and ETB, J. Cardiovasc. Pharmacol. 20 (1992) 
S1-4. 

 11



 
[15]  T. Masaki, S. Miwa, T. Sawamura, H. Ninomiya, Y. Okamoto, Subcellular 

mechanisms of endothelin action in vascular system, Eur. J. Pharmacol. 375 
(1999) 133-138. 

 
[16]  S.I. Ahmed, J. Thompson, J.M. Coulson, P.J. Woll, Studies on the expression of 

endothelin, its receptor subtypes, and converting enzymes in lung cancer and in 
human bronchial epithelium, Am J. Respir. Cell. Mol. Biol. 22 (2000) 422-431. 

 
[17]  J.B. Nelson, M.A. Carducci, The role of endothelin-1 and endothelin receptor 

antagonists in prostate cancer, BJU Int. 85 Suppl. 2 (2000) 45-48. 
 
[18]  A. Bagnato, D. Salani, V. Di Castro, J.R. Wu-Wong, R. Tecce, M.R. Nicotra, A. 

Venuti, P.G. Natali, Expression of endothelin 1 and endothelin A receptor in 
ovarian carcinoma: evidence for an autocrine role in tumor growth, Cancer Res. 
59 (1999) 720-727. 

 
[19]  A. Bagnato, F. Spinella, Emerging role of endothelin-1 in tumor angiogenesis, 

Trends Endocrinol. Metab. 14 (2002) 44-50. 
 
[20]  K.M. Bell, D.J. Chaplin, The effect of oxygen and carbon dioxide on tumor cell 

endothelin-1 production, J. Cardiovasc. Pharmacol. 31 Suppl. 1 (1998) S537-540. 
 
[21]  E.S. Kopetz, J.B. Nelson, M.A. Carducci, Endothelin-1 as a target for therapeutic 

intervention in prostate cancer, Invest. New Drugs 20 (2002) 173-182. 
 
[22]  J.B. Nelson, W.H. Lee, S.H. Nguyen, D.F. Jarrard, J.D. Brooks, S.R. Magnuson, 

T.J. Opgenorth, W.G. Nelson, G.S. Bova, Methylation of the 5' CpG island of the 
endothelin B receptor gene is common in human prostate cancer, Cancer Res. 57 
(1997) 35-37. 

 
[23]  S.I. Ahmed, J. Thompson, J.M. Coulson, P.J. Woll, Studies on the expression of 

endothelin, its receptor subtypes, and converting enzymes in lung cancer and in 
human bronchial epithelium, Am. J. Respir. Cell. Mol. Biol. 22 (2000) 422-431. 

 
[24]  P. Wulfing, R. Diallo, C. Kersting, C. Wulfing, C. Poremba, A. Rody, R.R. Greb, 

W. Bocker, L. Kiesel, Expression of endothelin-1, endothelin-A, and endothelin-
B receptor in human breast cancer and correlation with long-term follow-up, Clin. 
Cancer Res. 9 (2003) 4125-4131. 

 
[25]  P. Wulfing, C. Kersting, J. Tio, R.J. Fischer, C. Wulfing, C. Poremba, R. Diallo, 

W. Bocker, L. Kiesel, Endothelin-1-, endothelin-A-, and endothelin-B-receptor 
expression is correlated with vascular endothelial growth factor expression and 
angiogenesis in breast cancer, Clin. Cancer Res. 10 (2004) 2393-2400. 

 

 12



[26]  T. Ueno, M. Toi, H. Saji, M. Muta, H. Bando, K. Kuroi, M. Koike, H. Inadera, K. 
Matsushima, Significance of macrophage chemoattractant protein-1 in 
macrophage recruitment, angiogenesis, and survival in human breast cancer, Clin. 
Cancer Res. 6 (2000) 3282-3289. 

 
[27]  R.D. Leek, A.L. Harris, Tumor-associated macrophages in breast cancer, J. 

Mammary Gland Biol. Neoplasia 7 (2002) 177-189. 
 
[28]  S. Runkel, A. Wischnik, J. Teubner, E. Kaven, J. Gaa, F. Melchert, Oxygenation 

of mammary tumors as evaluated by ultrasound-guided computerized-pO2-
histography, Adv. Exp. Med. Biol. 345 (1994) 451-458. 

 
[29]  N. Boudreau, C. Myers, Breast cancer-induced angiogenesis: multiple 

mechanisms and the role of the microenvironment, Breast Cancer Res. 5 (2003) 
140-146. 

 
[30]  J.L. Yu, J.W. Rak, Host microenvironment in breast cancer development: 

inflammatory and immune cells in tumour angiogenesis and arteriogenesis, Breast 
Cancer Res. 5 (2003) 83-88. 

 
[31]  T.I. Goonewardene, H.M. Sowter, A.L. Harris, Hypoxia-induced pathways in 

breast cancer, Microsc. Res. Tech. 59 (2002) 41-48. 
 
[32]  K. Ishikawa, M. Ihara, K. Noguchi, T. Mase, N. Mino, T. Saeki, T. Fukuroda, T. 

Fukami, S. Ozaki, T. Nagase, Et Al., Biochemical and pharmacological profile of 
a potent and selective endothelin B-receptor antagonist, BQ-788, Proc. Natl. 
Acad. Sci. U S A 91 (1994) 4892-4896. 

 
[33]  A. Minchenko, J. Caro, Regulation of endothelin-1 gene expression in human 

microvascular endothelial cells by hypoxia and cobalt: role of hypoxia responsive 
element, Mol. Cell. Biochem. 208 (2000) 53-62. 

 
[34]  F. Spinella, L. Rosano, V. Di Castro, P.G. Natali, A. Bagnato, Endothelin-1 

induces vascular endothelial growth factor by increasing hypoxia-inducible 
factor-1alpha in ovarian carcinoma cells, J. Biol. Chem. 277 (2002) 27850-27855. 

 
[35]  R. Bos, H. Zhong, C.F. Hanrahan, E.C. Mommers, G.L. Semenza, H.M. Pinedo, 

M.D. Abeloff, J.W. Simons, P.J. Van Diest, E. Van Der Wall, Levels of hypoxia-
inducible factor-1 alpha during breast carcinogenesis, J. Natl. Cancer Inst. 93 
(2001) 309-314. 

 
[36]  G. Le Brun, P. Aubin, H. Soliman, F. Ropiquet, J.M. Villette, P. Berthon, C. 

Creminon, O. Cussenot, J. Fiet, Upregulation of endothelin 1 and its precursor by 
IL-1beta, TNF-alpha, and TGF-beta in the PC3 human prostate cancer cell line, 
Cytokine 11 (1999) 157-162. 

 

 13



[37]  S. Molet, K. Furukawa, A. Maghazechi, Q. Hamid, A. Giaid, Chemokine- and 
cytokine-induced expression of endothelin 1 and endothelin-converting enzyme 1 
in endothelial cells, J. Allergy Clin. Immunol. 105 (2000) 333-338. 

 
[38]  M.S. Simonson, W.H. Herman, T.C. Knauss, J.A. Schulak, D.E. Hricik, 

Macrophages--but not T-cell--derived cytokines stimulate endothelin-1 secretion 
by endothelial cells, Transplant Proc. 31 (1999) 806-807. 

 
[39]  L. Rosano, M. Varmi, D. Salani, V. Di Castro, F. Spinella, P.G. Natali, A. 

Bagnato, Endothelin-1 induces tumor proteinase activation and invasiveness of 
ovarian carcinoma cells, Cancer Res. 61 (2001) 8340-8346. 

 
[40]  P. Berry, S. Burchill, Endothelins may modulate invasion and proliferation of 

Ewing's sarcoma and neuroblastoma, Clin. Sci. (Lond) 103 Suppl. 1 (2002) 322S-
326S. 

 
[41]  B. Battistini, P. Chailler, P. D'orleans-Juste, N. Briere, P. Sirois, Growth 

regulatory properties of endothelins, Peptides 14 (1993) 385-399. 
 
[42]  M. Ihara, K. Ishikawa, T. Fukuroda, T. Saeki, K. Funabashi, T. Fukami, H. Suda, 

M. Yano, In vitro biological profile of a highly potent novel endothelin (ET) 
antagonist BQ-123 selective for the ETA receptor, J. Cardiovasc. Pharmacol. 20 
(1992) S11-14. 

 
[43]  H. Zhao, M. Jhanwar-Uniyal, P.K. Datta, S. Yemul, L. Ho, G. Khitrov, I. 

Kupershmidt, G.M. Pasinetti, T. Ray, R.S. Athwal, M.P. Achary, Expression 
profile of genes associated with antimetastatic gene: nm23-mediated metastasis 
inhibition in breast carcinoma cells, Int. J. Cancer 109 (2004) 65-70. 

 
[44]  Y. Okuda, K. Tsurumaru, S. Suzuki, T. Miyauchi, M. Asano, Y. Hong, H. Sone, 

R. Fujita, M. Mizutani, Y. Kawakami, T. Nakajima, M. Soma, K. Matsuo, H. 
Suzuki, K. Yamashita, Hypoxia and endothelin-1 induce VEGF production in 
human vascular smooth muscle cells, Life Sci. 63 (1998) 477-484. 

 
[45]  R.E. Bachelder, M.A. Wendt, A.M. Mercurio, Vascular endothelial growth factor 

promotes breast carcinoma invasion in an autocrine manner by regulating the 
chemokine receptor CXCR4, Cancer Res. 62 (2002) 7203-7206. 

 
[46]  A. Muller, B. Homey, H. Soto, N. Ge, D. Catron, M.E. Buchanan, T. 

Mcclanahan, E. Murphy, W. Yuan, S.N. Wagner, J.L. Barrera, A. Mohar, E. 
Verastegui, A. Zlotnik, Involvement of chemokine receptors in breast cancer 
metastasis, Nature 410 (2001) 50-56. 

 
[47]  J.L. Wessale, A.L. Adler, E.I. Novosad, S.V. Calzadilla, B.D. Dayton, K.C. 

Marsh, M. Winn, H.S. Jae, T.W. Von Geldern, T.J. Opgenorth, J.R. Wu-Wong, 
Pharmacology of endothelin receptor antagonists ABT-627, ABT-546, A-182086 

 14



 15

and A-192621: ex vivo and in vivo studies, Clin. Sci. (Lond) 103 Suppl. 48 
(2002) 112S-117S. 

 
[48]  P. Norman, Atrasentan Abbott, Curr. Opin. Investig. Drugs 3 (2002) 1240-1248. 
 


