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Abstract
Breast cancer is a leading cause of cancer death in women, worldwide. Fortunately, breast cancer is relatively chemosensitive, with recent advances leading to the development of effective therapeutic strategies, significantly increasing disease cure rate. However, disease recurrence and treatment of cases lacking therapeutic molecular targets, such as epidermal growth factor receptor 2 and hormone receptors, referred to as triple-negative breast cancers, still pose major hurdles in the treatment of breast cancer. Thus, novel therapeutic approaches to treat aggressive breast cancers are essential. Blood coagulation factor VII (fVII) is produced in the liver and secreted into the blood stream. Tissue factor (TF), the cellular receptor for fVII, is an integral membrane protein that plays key roles in the extrinsic coagulation cascade. TF is overexpressed in breast cancer tissues. The TF-fVII complex may be formed in the absence of injury, because fVII potentially exists in the tissue fluid within cancer tissues. The active form of this complex (TF-fVIIa) may stimulate the expression of numerous malignant phenotypes in breast cancer cells. Thus, the TF-fVII pathway is a potentially attractive target for breast cancer treatment. To date, a number of studies investigating the mechanisms by which TF-fVII signaling contributes to breast cancer progression, have been conducted. In this review, we summarize the mechanisms controlling TF and fVII synthesis and regulation in breast cancer cells. Our current understanding of the TF-fVII pathway as a mediator of breast cancer progression will be also described. Finally, we will discuss how this knowledge can be applied to the design of future therapeutic strategies.
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Core tip: Breast cancer is a worldwide problem. Difficulties with treating the disease and its recurrence persist due, in part, to a lack of therapeutic molecular targets. Blood coagulation factor VII (fVII) is generally produced in the liver. Tissue factor (TF), the cellular receptor for fVII, is an integral membrane protein that plays key roles in the extrinsic coagulation cascade. Formation of the TF-fVII complex causes contributes to the malignant phenotype of breast cancer cells. In this review, we summarize the breast cancer biology associated with the TF-fVII pathway. Further, we will discuss how these mechanisms can be targeted as therapeutics for this aggressive disease.
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INTRODUCTION
Breast cancer is a global health problem and remains a common cause of cancer death in women, worldwide[1]. Currently, breast cancer may be treated using multiple chemotherapeutic programs depending on the histologic and molecular classification, such as the presence of hormone (estrogen and progesterone) receptors and/or epidermal growth factor receptor 2 (referred to as ERBB2 or HER2). However, difficulties associated with treating recurrent disease and triple-negative breast cancers that lack expression of apparent therapeutic molecular targets, remain[2,3]. Therefore, a greater understanding of breast cancer biology is essential to translate these findings into novel, therapeutic strategies to combat aggressive breast cancers.

Coagulation factor VII (fVII) is a serine protease component of the extrinsic coagulation cascade, that is primarily synthesized and secreted by hepatocytes[4]. Tissue factor (TF) is a 47-kD cell surface glycoprotein and a cellular receptor of fVII. fVII from blood plasma, associated with TF, gives rise to the activated complex, TF-fVIIa. This triggers a downstream coagulation cascade, eventually resulting in fibrin deposition (Figure 1). Previous studies have identified a correlation between cancer and blood coagulation, known as Trousseau’s  syndrome[5]. It is likely that TF-fVII signaling is a major factor underlying this syndrome, although several other molecular mechanisms are possible[5]. Indeed, hypercoagulation is a complication commonly associated with cancer patients and potentially contributes to patient mortality[6]. Venous thromboembolism (VTE) is frequent in ovarian, pancreatic, and liver cancers[7], and breast cancer during chemotherapy[8].

Previous studies have revealed that plasma TF levels are elevated in cancer patients, including those with advanced breast cancer[9]. Furthermore, breast cancer cells can release cell membrane-derived particles (generally referred to as microvesicles) with TF under various pathological conditions, leading to the hypercoagulation[10]. A truncated form of TF, derived from alternative mRNA splicing, may be secreted into the blood stream[11]. Therefore, TF-fVIIa complex formation may represent a major cause of thromboembolic events. Numerous studies have also suggested that TF-fVIIa complex formation on the cell surface also contributes to the malignant phenotypes of cancer, including an increase in cell motility, invasiveness, cell survival, and angiogenesis[12,13]. Recently, there is growing experimental evidence to suggest that TF also contributes to tumor initiation[13]. Therefore, therapeutic strategies targeting TF may be advantageous to breast cancer, although the possible impairment of the physiological hemostatic process should be considered.

fVII is thought to penetrate hyperpermeabilized blood vessels around the tumor tissue[14]. fVII may also exist in the lymph[15]. This extravascular fVII may bind to TF, which is present on the surface of cancer cells. Notably, multiple breast cancer cells have been shown to ectopically synthesize fVII[16]. This fVII is functional[16], suggesting that aberrantly synthesized fVII may also contribute to the malignant phenotypes of breast cancer. In this review, we summarize the recent progress in breast cancer biology associated with aberrant coagulation mechanisms. In particular, we focus on the TF-fVII pathway, among the multiple coagulation mechanisms, because breast cancer phenotypes associated with platelets and fibrinolysis have been extensively reviewed[17]. We also describe the mechanisms underlying TF and fVII overexpression and how their functions may be regulated in breast cancer cells. Finally, we discuss potential therapeutic strategies for breast cancer based on our current knowledge of the molecular mechanisms of TF-fVII signaling.

General biology of TF in breast cancer cells

TF-fVIIa signaling regulates breast cancer phenotypes

TF exists as either full-length or truncated forms, depending on the cell type. Full-length tissue factor (referred to hereafter as TF) is a 47-kDa membrane bound protein, essential for initiation of the extrinsic coagulation cascade (Figure 1). TF is widely, but selectively expressed in normal human tissues[18] including normal breast tissue[19]. In contrast, TF expression is minimally expressed in the liver[18]. Thus, upon injury, the liver may use a coagulation pathway independent of TF-fVII formation[20]. The role of liver TF remains elusive, however, because a recent study revealed that TF expression in mouse hepatocytes significantly contributes to thrombosis during liver injury caused by drug toxicity and hepatocyte transplantation[21]. 

TF tends to be overexpressed in breast cancer tissues associated with malignant phenotypes[22]. TF was initially classified as a member of the cytokine/growth factor receptor family owing to its amino acid sequence similarity[23,24], suggesting that it may transmit intracellular signals. Indeed, TF-fVIIa is capable of transmitting intracellular signals via multiple pathways, predominantly those involving the activation of protease-activated receptors (PARs) (Figure 2). To date, a number of studies have made significant advances towards our understanding of how TF-fVIIa complex formation contributes to cancer progression[12,13,25]. Until now, many studies concerning the biology of TF-fVIIa-dependent signaling were performed using breast cancer cell lines, possibly owing to their functional dependency on TF signaling[26-29]. Among the breast cancer cell lines, MDA-MB-231 cells are well characterized for their high TF expression, and are frequently used as a TF-dependent breast cancer model. Indeed, previous studies have shown that in vitro and in vivo phenotypes such as motility, invasiveness, and growth of MDA-MB-231 cells are highly TF-dependent[26-30]. Moreover, in these cells, TF has been shown to act as an angiogenic switch, leading to breast tumor development in a spontaneous breast cancer model recapitulating the human disease[31,32].

Regulation of TF expression in breast cancer cells

In human cells, the Sp1 transcription factor is a major regulator of the F3 gene encoding TF, under normal conditions. Transcription may be affected by the presence of multiple single nucleotide polymorphisms (SNPs) within the F3 regulatory region and these SNPs have been previously associated with disease characteristics[33-36]. Immunohistochemical analyses demonstrate that TF is highly expressed in breast cancer tissues, in addition to ovarian and pancreatic cancer tissues[9,22]. Although the detailed mechanisms are not clear, transcriptional activation appears to be a major mechanism of TF overexpression.

The mechanisms regulating F3 gene expression are well characterized[37]. Constitutively high F3 gene expression is controlled by multiple transcription factors (Figure 3). It is likely that the aberrant activation of these factors causes higher TF levels in breast cancer cells, given that AP-1 and NFB are proinflammatory transcription factors which are frequently activated in breast cancer cells[38]. Indeed, previous studies have shown that these transcription factors strongly bind to the F3 gene promoter in MDA-MB-231 cells. However, the promoter is poorly occupied in TF low-expressing MCF-7 cells[39].

Breast cancer progression is dependent on sex steroid hormones. It was previously shown that TF expression increases in response to progesterone exposure[40], resulting in breast cancer phenotypes via a TF-dependent pathway[41]. Furthermore, a steady state level of TF mRNA in breast cancer cells may be determined by valance of its positive and negative regulatory mechanisms as it was found that PI3K/Akt and MAPK/ERK signaling pathways inversely regulate TF transcript levels in MDA-MB-231 cells[42].

Inducible gene expression may also account for high TF expression in cancer tissues, although such mechanisms may not necessarily apply to breast cancer cells. For example, F3 gene expression may be regulated by exposure to various environmental stimuli including cytokines[13], growth factors[13], and hypoxia[13], resulting in the activation of AP-1 and NFB. 

It is likely that the tumor microenvironment and the associated blood supply affect the expression level of TF. In addition to serum factors, F3 expression is also influenced by oncogenic events[43-45] (Figure 3). Recent studies have shown that these factors play an important role in the regulation of F3 expression in glioblastoma cells[44,45], and similar mechanisms may also exist in breast cancer cells.

The Egr-1 transcription factor also plays a major role in controlling TF expression[37]. As previously discussed, Sp1 largely controls the basal activation of F3 gene. However, Egr-1 expression may be induced in cancer cells upon various stimuli within the cellular microenvironment. Because Egr-1 and Sp1 share a common DNA binding motif, Egr-1 may subsequently displace Sp1’s occupancy of the F3 gene promoter, thereby enhancing gene expression. A similar mechanism of F3 activation may also apply under conditions of hypoxia (Figure 3). Hypoxia inducible factors (HIFs) are the major transcription factors responsible for adaptation to hypoxic environments within cancer tissues. Interestingly, however, it appears that Egr-1 rather than HIFs, is the major cause of F3 activation under hypoxia, at least in glioblastoma multiforme cells[45].

Recent studies also point to a role for microRNAs in the regulation of TF expression. In one study, miR-19 was shown to bind the 3’-UTR of the TF mRNA, repressing translation in breast cancer cells[46] (Figure 3). This study also demonstrated that miR-19 is highly expressed in a TF low-expressing breast cancer cell line, MCF-7. Thus, regulation by this microRNA can determine TF levels.

Detailed mechanisms of TF-fVIIa signaling

Mechanisms of TF-fVIIa signaling potentially giving rise to malignant phenotypes can be classified as follows. In all cases, however, the TF-fVIIa-PAR axis plays a major role in the regulation of these cancer phenotypes (Figure 2). The first mechanism involves TF-fVIIa binary complex formation. Various studies indicate that the TF-fVIIa complex activates PAR2. This active PAR2 participates in determining the breast cancer phenotype, via activation of the mitogen-activated protein kinase (MAPK) cascade (Figure 3)[27,28,30].

In the second mechanism, TF-fVIIa-dependent signaling may involve coagulation factor X (fX) for signal transmission (Figure 2). The TF-fVIIa complex can produce a TF-fVIIa-fXa complex[26,47,48]. This tertiary complex can cause breast cancer phenotypes via not only activating PAR2-dependent signals, but also by activating PAR1 to trigger thrombin signals[29]. In addition to MAPK, protein kinase B (PKB/Akt) is also involved in a signaling cascade mediated by the TF-fVIIa-fXa ternary complex[48] (Figure 3). This ternary complex may also phosphorylate mTOR to activate components downstream of this signaling cascade in breast cancer cells[29], thereby promoting cell migration. In addition, recent studies using non-breast cancer cells demonstrated that the endothelial protein C receptor (EPCR) supports this ternary complex to transmit signals[49] (Figure 3). 

The G protein-independent signaling pathway associated with PAR2 is one candidate mechanism for TF-fVIIa signaling in breast cancer cells[50]. Indeed, enhanced breast cancer cell motility involves the recruitment of a scaffold protein, -arrestin, to support cellular signaling[51,52] (Figure 3). Which TF-fVIIa signaling mechanism is eventually used by breast cancer cells likely depends on the environmental conditions within the tumor, which may induce the expression of the downstream effectors of angiogenesis[27,53]. Previous studies have shown that connective tissue growth factors such as Cyr61[54], CTGF[54] and the homeodomain DNA binding protein, CUX1[55], are up-regulated in response to TF-fVIIa stimuli, however these experiments were performed using non-breast cancer cell lines.

cDNA microarray analyses in MDA-MB-231 cells also identified various factors down-stream of the TF-fVIIa-PARs axis that may contribute to different breast cancer phenotypes. These studies identified novel target genes regulated by TF-fVIIa signaling, that result in a wound-healing type response, including the chemokine ligand (angiogenic), CXCL1[31,56], anti-apoptotic protein, Birc3[56] and a component of basement membrane, CSF[56].

modulators of TF function in breast cancer cells

Conformational changes modulating TF function

Functional modification is an additional post-transcriptional mechanism regulating TF activity. Multiple mechanisms can control the procoagulant activity of TF by a conformational change referred to as encryption/decryption[57] (Figure 3). Previous studies have shown that disulfide bond isomerization by protein disulfide isomerase (PDI), controls the function of TF as a mediator of coagulation or signaling, in endothelial and keratinocyte cell lines[58]. However, this model appears to be controversial, because recent studies using the same endothelial cell line and MDA-MB-231 cells, indicate that decryption of TF is mediated via its interaction with anionic phospholipids[59]. PDI has also been shown to activate the procoagulant activity of TF via its molecular chaperone activity[60]. In conclusion, it is likely that the procoagulant activity of TF is specific for the decrypted form, while encrypted TF still transmits signals.

Tissue factor pathway inhibitors: negative regulators of TF-fVIIa activity

Tissue factor pathway inhibitors (TFPIs) are known to directly inhibit the enzymatic activity of TF-fVIIa complex[61] (Figure 3).
Tissue factor pathway inhibitors (TFPI-1 and TFPI-2) are endogenous Kunitz-type inhibitors of TF-fVIIa-Xa complex formation, and thereby negatively regulate coagulation[61]. TFPI-1 may exist as two alternatively spliced isoforms, TFPI and TFPI[62]. TFPI is secreted or attached to the cell membrane via a glycosylphosphatidylinositol anchor, whereas TFPI may be expressed as a membrane-bound form[62]. Both forms are primarily synthesized in endothelial cells[63]. Various cell types including macrophages, monocytes, platelets, and fibroblasts also produce TFPI-1[64], thereby contributing to the physiological regulation of bleeding[65]. TFPI-2 is highly expressed in the placenta, but is also synthesized in various normal tissues, including the endothelial cells of various blood vessels[66].

Previous studies have shown that breast cancer tissues may also synthesize TFPI-1[67] and TFPI-2[66], and TFPI-1 expression levels were correlated with disease malignancy. In keeping with this observation, multiple breast cancer cell lines also express TFPI and TFPI[68]. Overexpression of both TFPI-1 isoforms induces apoptosis of breast cancer cells[69]. Downregulation of TFPI-1 increases cell motility and breast cancer cell invasiveness[70], suggesting that TFPI-1 acts as a suppressor of breast cancer phenotypes. In contrast, TFPI-1 may augment certain malignant phenotypes, such as adhesion of bladder cancer cells[71] and invasiveness of breast cancer cells[66], via interaction with the TF-fVIIa complex. Thus, the therapeutic value of TFPIs is unclear, even though these anti-coagulants are aberrantly expressed in breast cancer tissues. Further in vivo studies are therefore required to completely understand the role of TFPIs in breast cancer progression. 

Potential Functions of TF in breast cancer progression

Tumor cell-derived TF

To date, numerous studies have been performed aiming to uncover the role of TF-fVIIa signaling in the malignant phenotypes of breast cancer using multiple cell lines. These cell lines represent useful models, because a number of tumor-associated processes such as motility[28,29], invasiveness[28,29], and survival[48] are TF dependent. MDA-MB-231 is a good model cell line for TF-dependent breast cancer as this cell line synthesizes high levels of TF. Characteristics of this cell line, such as motility and invasiveness, are highly TF dependent in vitro[26-28]. Furthermore, the growth of xenograft tumors derived from MDA-MB-231 cells is dependent on TF activity and subsequent PAR2 activation in vivo[30]. This finding was supported by a PyMT mouse model characterized by spontaneous breast cancer development[31]. These findings are also consistent with earlier studies using colorectal cancer cells, which revealed that TF does not contribute to cell proliferation in vitro[43]. This suggests that host-tumor interactions are essential for the expression of a malignant phenotype in TF-driven breast cancer. 

Another potential contributor of TF-driven breast tumor progression is EPCR (Figure 3). As previously discussed, EPCR can regulate TF-fVIIa signaling, and the importance of EPCR in breast cancer progression was recently demonstrated using both human xenograft[72] and spontaneous murine breast tumor development[73,74] models. Accumulating evidence indicates that TF largely contributes to the metastatic potential of breast cancer cells, and a recent study demonstrated that PAR1 signaling in both tumor and host cells is essential for TF-dependent lung metastasis of breast cancer cells[74].

Breast cancer phenotypes regulated by TF-fVIIa complex formation are predominantly dependent on PAR2-dependent signals. However, PAR1 signaling may function to augment breast cancer cell invasiveness and tumorigenesis[29,75-77], irrespective of TF dependency. PAR1 is a receptor of thrombin highly synthesized in metastatic breast cancer cells. Indeed, treatment of breast cancer cells with thrombin increases their PAR1-dependent invasiveness. PAR1 may also act as a receptor for atrix metalloprotease-1, which is released from stromal cells within cancer tissues, and is capable of enhancing MDA-MB-231 cell invasiveness and tumorigenesis[77]. Thus, the function of PAR1 and PAR2 signaling associated with breast cancer progression may vary, according to the cellular microenvironment and relative expression levels. 

Exogenous TF

Expression of TF is not limited to tumor parenchyma cells, but is also expressed in the tumor stroma, where it promotes breast cancer metastasis[78]. It was shown that transforming growth factor  released from cancer cells, may stimulate stromal cells to secrete TF, leading to the promotion of breast cancer progression in a paracrine manner[78].

Exogenously synthesized TF in patients may affect a number of breast cancer cell characteristics. It was revealed that a paracrine effect of TF can influence the growth and metastasis of breast cancer cells[79]. Treatment of cells with recombinant TF, mimicking stromal-derived TF (Figure 3), enhances the invasive and proliferative properties of these cells. This occurs via activation of 1-integrins and/or PAR2-dependent signals, followed by inactivation of transcription of the estrogen receptor (ER) gene[79] (Figure 3). The involvement of integrins in TF-driven phenotype expressions of breast cancer cells is similar to the findings that association of TF integrated into plasma membrane of keratinocytes and breast cancer cells bind integrins and may support growth of breast tumor[30]. Furthermore, because ER positivity determines clinically distinct groups of breast cancer patients, ER gene regulation via TF signaling may affect the selection of therapeutic strategies used to treat breast cancer patients.

Previous studies reveal that TF expression within the stromal area of breast cancer tissues is due to production from immune cells[80]. TF levels were closely associated with extravascular fibrin deposition and VEGF expression levels, suggesting that stromal-derived TF contributes to the angiogenic phenotype of breast cancer.

Truncated forms of TF

In addition to full-length TF, alternatively spliced, truncated forms of TF (asTF) also exist in humans[81]. Recently, it was reported that asTF is highly expressed in breast cancer cells and contributes to the malignant phenotype[82]. Similar to TF, asTF binds to integrins and therefore exists on the cell surface (Figure 3). However, the asTF-integrin complex augments cell proliferation, migration and anchorage-independent cell growth in a PAR2-independent manner[82]. These results are in contrast to an earlier report that demonstrated that the growth of breast tumors derived from MDA-MB-231 cells is dependent on PAR2 signaling, downstream of membrane-integrated TF[30]. It is possible that the distinct binding characteristics of these two TF isoforms underlie such differences.

TF expression in breast cancer patients

TF as a serum component of breast cancer patients

In addition to asTF, breast cancer cells may also shed TF into the bloodstream as a component of microparticles (MPs), derived from plasma membrane in response to multiple stimuli[83,84] (Figure 3). Thus, it is likely that these TF-positive MPs contribute to plasma TF levels associated with clinical parameters[9]. Indeed, TF-positive MPs may be secreted from human breast tumors in a mouse xenograft model, resulting in a coagulation-prone status[10]. However, previous studies indicate that the risk of thrombosis during chemotherapy is independent of TF plasma levels in breast cancer patients, who display high levels of TF[8,85]. Therefore, to date, it is not clear how, and to what extent, plasma TF derived from breast cancer cells, contributes to breast cancer malignancy. Conversely, a recent study demonstrated that circulating tumor cells (CTCs) of breast cancer patients may be detected by labeling cell surface TF[86], suggesting that TF may be used as a diagnostic tool for breast cancer patients.

TF expression and its association with breast cancer patient clinical outcome 

Activation of platelets[8] and elevated plasma TF levels[10] may be determinants of the thrombotic events observed in cancer patients. Indeed, VTE post-chemotherapy is a major event in breast cancer patients, prompting an investigation into the relationship between hemostatic markers and thrombosis[8]. These studies revealed that plasma TF levels in patients were significantly elevated compared with those of non-cancerous individuals. However, TF levels did not increase during chemotherapy, indicating that chemotherapy-associated VTE does not correlate with TF, and more likely associated with neutrophil extracellular traps composed of cell free nucleic acids and neutrophils[87].

TF is highly synthesized in breast cancer tissues as revealed by the analysis of clinical samples. In addition, TF is synthesized in the vascular endothelial cells of invasive breast cancer tissues. Thus, TF may be a marker for angiogenic phenotypes in patients[22]. In addition to its expression in breast cancer tissues, TF levels are also increased in the plasma of breast cancer patients[9]. Plasma TF levels were not significantly different between normal and benign tumors. However, TF levels were significantly higher in primary and recurrent cancer patients[9]. Notably, this pattern of TF expression correlated with that observed in cancer tissues. The urine TF levels were also associated with poor prognosis of breast cancer[88]. Taken together, these results suggest that the analysis of plasma and urine TF levels may be used to stratify patients into personalized treatment regimes. 
Although the molecular mechanisms of the TF-driven breast cancer phenotypes may be explained by the various cellular events associated with the TF-fVIIa signaling cascade, recent studies indicate that post-translational modifications affecting TF expression also play an important role. Immunohistochemical analyses of breast cancer xenografts and clinical samples reveal that phosphorylation of TF (Figure 3) is correlated with the recurrence and aggressive phenotypes of breast cancer[89]. It was found that the phosphorylation of TF in association with PAR2 expression correlates with breast cancer recurrence[89]. In addition, in vivo studies using TF cytoplasmic domain-deleted mice revealed interplay between the TF cytoplasmic domain and PAR2 signaling, to promote breast cancer by modulating the host angiogenic response[32]. These studies provide a mechanism for the observed clinical association between TF phosphorylation and PAR2 signaling.

Ectopic expression of fVII in breast cancer cells

Constitutive expression

Similar to TF, the transcriptional regulation of human FVII has been extensively studied[90-92]. In contrast to TF, biosynthesis of fVII in the mammalian body is limited. The primary site of fVII production is liver. Previous studies demonstrate that the human FVII gene promoter is typically bound by HNF-4 and Sp1 transcription factors, and is therefore highly activated in liver cells. The efficiency of FVII gene expression may be affected by genetic alterations, including SNPs and decanucleotide insertion[93], as in the case of the F3 gene. However, unlike F3, it appears that binding sites for inflammatory transcription factors such as NFB and AP-1, do not exist within the FVII promoter region. Instead, the activity of FVII may be regulated in response to hormones such as estrogen[94] and insulin[95]. Plasma fVII levels are also known to associate with plasma lipid concentration[96,97]. In addition to the liver, fVII may also be synthesized in monocytes and macrophages[98,99], although the mechanisms of FVII regulation in these non-hepatocytic cells remains unknown.

fVII is primarily synthesized in the liver. However, various cancer cells may ectopically express fVII[16]. Notably, multiple breast cancer cell lines constitutively synthesize high levels of the fVII transcript[16]. Cancer cells with fVII expression exhibit pro-coagulant activity as TF-fVIIa complex is formed on the cell surface, suggesting that aberrantly synthesized fVII may be functionally active and contribute to breast cancer progression. Indeed, fVII expression is frequently observed in breast cancer specimens[100].

Given the high expression of fVII in breast cancer cells and tissues, the molecular mechanisms of FVII activation were subsequently investigated using breast cancer cells. Binding of HNF-4 to the FVII promoter was shown to be essential for eutopic transcriptional activation. However, HNF-4 is not expressed in breast cancer cells[100], suggesting that other factors are responsible for ectopic activation of FVII. Reporter gene assays revealed that reporter activity is fully activated by the authentic FVII promoter region in breast cancer cells[100]. As expected, the HNF-4 binding site is dispensable for ectopic FVII gene expression in breast cancer cells. Further reporter assays revealed that an Sp1 binding site within the FVII promoter region is crucial for ectopic FVII gene expression. This study further demonstrated that the transcriptional regulators, USF-1 and Egr-1, also regulate ectopic expression of FVII in breast cancer cells[100] (Figure 3).

Histone acetylation of gene promoters also plays a crucial role in the regulation of gene transcription, prompting analysis of such epigenetic modifications at the FVII gene promoter. These studies revealed that the histone acetyltransferases (HATs), p300 and CBP, predominantly occupy the FVII promoter region in breast cancer cells[100]. In contrast, PCAF and SRC-1 HATs were also involved in the regulation of hepatocytic FVII expression[100]. Thus, p300 and CBP may predominantly acetylate histones within the FVII promoter region, followed by accession of transcription factors responsible for transcriptional regulation in breast cancer cells. Conversely, various HATs may be responsible for eutopic FVII regulation.

Inducible expression under hypoxia

FVII transcription is inducible in ovarian cancer cells under hypoxic and hypoxia mimetic (CoCl2 treatment) conditions[16]. To date, the expression of fVII transcripts in response to hypoxia have been tested in several breast cancer cell lines[100,101]. These studies revealed that fVII transcript levels are not enhanced in response to hypoxic stimuli in breast cancer cell lines with high fVII expression[100]. Conversely, fVII mRNA levels were inducible in the breast cancer cell line, MDA-MB-468 under CoCl2 stimuli[101], suggesting a cell-type dependent induction of fVII.

The detailed mechanisms controlling FVII induction under hypoxic conditions were recently defined using ovarian cancer cell lines[102], although it is not clear to what extent these mechanisms are applicable to breast cancer cells. These studies revealed that physical interaction between Sp1 and hypoxia inducible factor-2 (HIF2) may contribute to FVII activation in ovarian cancer cells, although HIF1 also indirectly affects FVII expression (Figure 3). This indicates that the promoter region occupied by HIF2 is devoid of a hypoxia response element (HRE)[16,102], suggesting that HRE-independent mechanisms are responsible for FVII activation under hypoxic conditions. Indeed, chromatin immunoprecipitation analysis with MDA-MB-468 cells revealed that HIF2 predominantly associates with the FVII promoter region[101], as in the case of ovarian cancer cells[16]. Furthermore, this mechanism was synergistically induced following simultaneous exposure of ovarian cancer cells to hypoxic conditions and serum deprivation, via a HDAC4 (a class II histone deacetylase)-dependent pathway[102]. These results suggest that the TF-fVII pathway is controlled by a stress-responsive, transcriptional mechanism, mediated by an HIF2/Sp1/HDAC4 network.

Exogenously supplied fVII vs autonomously produced fVII: Are there any functional differences?

Cell surface-bound TF binds fVII, irrespective of its source (eutopic or ectopic synthesis), raising the question of whether the TF-fVIIa complex functions differently depending on the source of fVII. Previous studies have shown that the plasma concentration of fVII is quite low[4]. Therefore, we can envision that self-production of fVII may facilitate TF-fVII complex formation compared with exogenously expressed fVII. This may be particularly important in hypoxic cancer microenvironments, where the supply of fVII from the bloodstream is likely limited because of poor and aberrant vasculature. In addition, it was recently described that ectopically synthesized fVII can augment the growth of breast cancer cells[101]. This is an unexpected result as it had previously been observed that TF does not contribute to cell proliferation under in vitro cell culture conditions[43]. Indeed, this study demonstrated that proliferation of breast cancer cells with high TF expression was not enhanced by exogenous supply of fVII[101]. To date, however, the mechanisms regulating differential cell growth between cells exposed to exogenously supplied fVII and ectopically synthesized fVII remain unclear. Our knowledge concerning other functional differences in cancer cells associated with differential routes of fVII supply is currently poor; however, this represents an interesting field for future study.

TF-fVIIa signaling as A therapeutic target

Potential therapeutic strategies targeting TF-fVIIa signaling

To date, several attempts have been made to inhibit TF-fVIIa activity associated with breast cancer in vitro and in vivo. One simple method used to block TF-fVIIa activity involves treatment with anti-TF antibodies. The use of monoclonal antibodies has been successfully used in breast cancer therapy to target cell surface HER2, and therefore represents a promising strategy[103]. However, the major concern of this strategy is that blocking TF-fVIIa may also impair normal hemostasis, causing bleeding[30]. Previous studies have shown that growth and lung metastasis of orthotopically transplanted MDA-MB-231 cells is profoundly suppressed by successive administration of the humanized anti-TF antibody, CNTO859[104]. In this murine model, the CNTO859 antibody binds to human TF but not rodent TF, and therefore does not preclude normal hemostatic processes. However, the effect of this antibody in humans remains unclear. Similarly, a recent study demonstrated that the tick protein, Ixolaris, binds predominantly to the TF-fVIIa-fX ternary complex, thereby inhibiting downstream signaling involving PAR2 activation and suppressing tumor growth derived from MDA-MB-231mfp cells[105]. However, this protein is unable to suppress the growth of murine breast cancer tumors, because Ixoralis does not bind the murine TF-fVIIa complex[105].

One strategy to overcome the negative effects of TF-targeting antibodies on normal hemostasis is to use an antibody specifically inhibiting TF-fVIIa signaling. To date, we have identified a mouse monoclonal antibody, TF10H10, that fulfils this purpose[30]. Similar to the CNTO859 antibody, growth of xenograft tumors derived from MDA-MB-231 cells was shown to be effectively inhibited following treatment of cancer cells with a TF10H10 antibody prior to inoculation of mice[30].

Inhibition of TF at the transcriptional level represents another strategy to target TF-fVIIa activity. As previously discussed, TF levels are transcriptionally controlled by various transcription factors regulating constitutive and inducible expression. Overexpression and/or functional activation of transcription factors such as Egr-1, NFB, and AP-1 may be involved in this process. Previous studies have shown that curcumin, a major component of turmeric spice can inhibit binding of these transcription factors to gene promoter regions required for cell survival and invasion activities[106]. Indeed, several studies showed that expression of the F3 gene may be inhibited by this natural pigment in endothelial cells[107,108] and monocytes[109]. Thus, pharmaceutical inhibition by curcumin may suppress aberrant expression of TF in breast cancer cells.

Finally, there have been various attempts to combat breast cancer by targeting TF on the cell surface by increasing target selectivity. In these studies, fVII was conjugated with photosensitizers[110,111], and the effect of this fusion fVII on tumor growth was monitored following injection into mice. Strikingly, tumor volume derived from breast cancer cells was markedly decreased in response to irradiation, compared with negative controls using non-fused fVII. This is likely because of the accumulation of photosensitizing drugs in tumor tissues with high TF expression. A similar approach was tested using fVIIa conjugated to a synthetic curcumin analog instead of photosensitizers[112]. fVIIa successfully delivered curcumin to target breast tumor cells, thereby reducing toxicity and enhancing therapeutic efficacy.

Another interesting approach that may be harnessed to enhance tumor selectivity is the use of prodrugs that can be activated within the tumor microenvironment in a TF-dependent manner[113]. In this study, doxorubicin-based prodrugs conjugated with albumin were used to treat tumors in a murine breast cancer model. These prodrugs penetrated tumor tissues and were predominantly activated by TF-fVIIa activity, because TF is highly expressed on the surface of cancer cells, leading to efficient suppression of breast cancer. Taken together, these studies demonstrate that increasing tumor selectivity of pharmaceutical compounds by targeting TF represents a promising strategy for cancer therapy, although careful control of dosage is necessary to prevent side effects, such as bleeding.

Possible strategies to inhibit ectopic fVII expression

Ectopic expression of fVII contributes to several breast cancer phenotypes in vitro. Thus, in addition to targeting TF expression, inhibition of fVII expression may also represent a potentially valuable therapeutic strategy. Importantly, the success of this strategy would rely on the selective inhibition of ectopic fVII, without inhibiting function of ectopically produced fVII in the liver. Ectopic activation of the FVII promoter in breast cancer cells is associated with binding by p300 and CBP, while the FVII promoter in hepatocytes is occupied by various HATs, suggesting that targeting p300/CBP activities may selectively inhibit FVII expression in breast cancer cells[100]. Curcumin is also capable of blocking the HAT activity of p300/CBP compared with other HATs. Indeed, curcumin markedly reduced fVII transcript levels in breast cancer cells in a dose-dependent manner, while normal expression of FVII in hepatic cells was only weakly impaired[100]. Levels of constitutively expressed TF mRNA were not significantly diminished by curcumin treatment in these cells, consistent with the notion that curcumin specifically inhibits inducible TF expression. Furthermore, anacardic acid, another natural, small compound inhibitor of p300 and PCAF, did not selectively inhibit ectopic FVII expression, highlighting the specificity of curcumin for p300/CBP activity[100]. The effect of curcumin on FVII expression was subsequently confirmed at the protein level. In contrast, HAT activity associated with the FVII promoter in hepatocytes, including p300 and CBP, is heterogeneous. It should be noted however, that selective inhibition of ectopic fVII synthesis was demonstrated using a limited number of cell lines. Therefore hepatocytic fVII synthesis may be considerably impaired by curcumin if p300/CBP is a component of the transcriptional machinery regulating the FVII gene in hepatocytes.

Summary and perspectives

In this review, we describe various therapeutic strategies based on our current understanding of breast cancer biology associated with the TF-fVII pathway. The TF-fVIIa pathway in breast cancer cells may be regulated via multiple molecular mechanisms (summarized in Figure 3), enabling us to envisage a number of possible therapeutic strategies. Indeed, accumulating evidence suggests that TF is a promising target in breast cancer. Many breast cancer cell lines constitutively and perhaps inducibly express fVII. Given that TF-fVIIa signaling is a major mechanism underlying breast cancer-associated malignant phenotypes, strategies targeting ectopic fVII expression may also be considered in future therapeutic designs. How ectopic fVII expression affects breast cancer progression in vivo, however, remains an important question. Previous studies have shown that curcumin selectively inhibits ectopic fVII synthesis by removing p300/CBP from the FVII promoter region. Furthermore, animal studies have shown that curcumin can cure cardiovascular diseases[114,115] and cancer[116] by targeting p300 activity. Therefore, anti-p300 strategies using curcumin may be clinically applicable, without posing significant toxicity. Based on this, it may be of interest to investigate anti-p300/CBP strategies in fVII-expressing breast cancer models. It should be noted however, that anti-p300/CBP strategies may be compromised because HATs can also be targeted to the hepatocytic FVII promoter. The identification of novel molecular targets, specifically associated with ectopic fVII synthesis in breast cancer cells is therefore critical.

From a clinical point of view, the identification of relationships between fVII expression and various clinical parameters, such as chemoresistance, relapse, and overall survival, is essential to predict which patients may benefit from anti-TF-fVIIa treatment. Finally, many issues concerning the biology of ectopic fVII synthesis in breast cancer cells remain unresolved. Why do breast cancer cells tend to synthesize more fVII compared with other cancer cells? How does ectopically expressed fVII associate with TF to express the TF-fVIIa complex on the cell surface? It will be intriguing to investigate whether ectopically expressed fVII is equivalent to ectopically expressed fVII. A more detailed understanding of how ectopic fVII expression is regulated, and how it can contribute to breast cancer biology, is essential for translating our current knowledge to anti-breast cancer strategies.
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Figure 1  Extrinsic coagulation cascade initiated by the tissue factor-coagulation factor VII pathway. TF-fVIIa complex formation on the plasma membrane triggers an extrinsic coagulation cascade in response to injury. The TF-fVIIa complex located on the cell surface initiates the coagulation cascade by activating factor X via two different (coagulation factor IX-dependent or -independent) routes. This leads to fibrin deposition via the formation of thrombin. Blood coagulation completes by clot formation with other factors, such as platelets and red blood cells. FVII: Coagulation factor VII (fVII); TF: Tissue factor.
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Figure 2  Activation of protease-activated receptors is a major mechanism of tissue factor-coagulation factor VIIa signaling in breast cancer cells. The proteolytic activities of the TF-fVIIa binary complex [potentially (designated as dotted line) ternary complex with fXa] cleave the N-terminal end of PARs. PARs are then activated via intra-molecular binding between the newly created N-terminus and an extracellular loop region of the receptors. Activation of these G-protein-coupled receptors subsequently activates downstream signaling cascades. A number of studies have indicated that PAR2 is crucial for activation of a TF-fVII-driven signaling cascade in breast cancer cells. The role of TF-fVII on PAR1 signaling in breast cancer cells is less evident. FVII: Coagulation factor VII; TF: Tissue factor; PARs: Protease-activated receptors.
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Figure 3  Possible mechanisms of expression and functional regulation of tissue factor and coagulation factor VII in breast cancer cells. Schematic overview summarizing the multiple mechanisms of gene expression, functional tuning, and intracellular signaling in breast cancer cells, as described in this review. It has been suggested that breast cancer cell phenotypes associated with the TF-fVII pathway may be specifically controlled via multiple autocrine and/or paracrine mechanisms, depending on tumor microenvironmental conditions. EGFR: Epidermal growth factor receptor; EPCR: Endothelial protein C receptor; FVII: Coagulation factor VII; TF: Tissue factor. 

�











