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Abstract:



Although the developments in cellular and molecular biology over the last few decades have significantly advanced our understanding of the processes and players that regulate invasive disease, many areas of uncertainty remain. This review will discuss the contribution of dysregulated cell–cell and cell–matrix adhesion to the invasion in both benign and malignant contexts. Using the endometrium as an illustrative tissue that undergoes clinically significant invasion in both contexts, the adhesion considerations in the cells (“seed”) and their microenvironment (“soil”) will be discussed. We hope to orientate this discussion towards translational relevance for the diagnosis and treatment of endometrial conditions, which are currently associated with significant morbidity and mortality.
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1. Introduction


Over the last century, as medical science has extended human life expectancy and reduced the burden of infectious diseases, research has turned its attention to the burden of non-infectious conditions, including cancer. Our understanding of the pathophysiology of malignant diseases has accelerated significantly in recent times. However, as populations age and our knowledge about disease manifestations, natural histories and their intricacies expands, it is increasingly clear that there is much yet to be elucidated. The contribution of adhesion biology to malignant disease represents a field of broad interest, with considerable progress made in recent years. However, there are many nuances still to be explored, especially in the context of the cellular microenvironment.



The disease microenvironment frequently drives anatomically-specific expertise in oncology, with breast cancer managed as a different disease entity compared to gastric cancer, despite the likelihood of some pathophysiological overlap. Such overlap is perhaps best viewed through the lens of the progress made to date in understanding the molecular mechanisms and genetics of cancer. However, in applying biological reductionism to the level of cells, molecules and genes, it is important to remember the need to rebuild the complexity of a tumour and its microenvironment in order to contextualise understanding. Accordingly, there has recently been a renewal of popular interest surrounding the interaction between a disease and its site, which is also known as the “seed and soil” hypothesis [1]. This review will discuss the specific molecules involved in physiological adhesion, benign proliferative conditions and malignant invasive disease in the context of microenvironment interactions and the seed and soil hypothesis. In physiological terms, the functioning of adhesion molecules is of paramount importance throughout the body. Their roles include the maintenance of cell architecture [2,3] and the regulation of diverse homeostatic processes, such as haemostasis, angiogenesis, migration and barrier function [4,5]. This review will instead focus on the pathophysiological framework within which adhesion molecules participate, concentrating on the endometrium as a model. The microenvironment or “soil” in which these molecules function is of paramount importance in this analysis. In particular, the role of adhesion molecules in the invasive/migratory contexts (benign and malignant) and their interaction with the immune/inflammatory milieu will be addressed. The specific adhesion molecules that will be focused upon are members of the integrins and immunoglobulin superfamilies in light of their fundamental contributions to both cell–matrix and cell–cell adhesion.




2. Seed and Soil Hypothesis and the Role of Adhesion Molecules


The seed and soil hypothesis proposes the idea that a match between the disease and its microenvironment is the most important determinant of disease “success”. The microenvironment of any tumour involves a complex interplay between the influence of multiple cell types, both immune and non-immune, in addition to soluble factors, including hormonal influences. This is not a new idea as Paget first raised the concept in the context of breast cancer over a hundred years ago [6]. Both the early radical surgeries [7] and the focus on genetics in the twenty first century [8] represented huge advances in cancer management, but neglected the aforementioned crucial interplay. This interplay was also overlooked in the original concept of how metastases arose, which simply stated that cancer cells entered a one-way traffic flow to anatomically downstream organs (for example in axillary nodal spread of breast cancer). The anatomic model neglected to recognize that metastases typically show a clear preference for certain organs (classically lung, liver, bone and brain), while other nearby organs (such as spleen, kidneys and gut) are frequently spared [9]. Notably, this preference cannot be explained solely by anatomical proximity or vascular supply. Preferential metastasis to certain organs has been demonstrated in an animal model of melanoma [10], whereby the neoplastic lesions grew in pulmonary grafts but not renal grafts. Accordingly, both research and therapeutics must consider the homeostatic environment and its regulation of angiogenesis, tumour growth and survival and cellular invasion [11]. The specific roles of the intracellular and soluble cellular adhesion molecules, integrins and their interaction with the immune system in the context of both tumorigenic and non-tumorigenic invasion of endometrial tissue will be the main focus of this discussion.



As mentioned above, malignant disease is of continuous interest in research and adhesion biology is of particular relevance when one considers its potential contributions to the dysregulation of proliferation and cellular invasion. However, outside of the malignancy–metastasis paradigm, some other pathologies also show a propensity for cellular invasion outside of the “normal” milieu, with endometriosis being one such condition. Endometriosis can be defined as the presence of endometrium-like tissue in the sites outside the uterine cavity, such as the pelvic peritoneum and ovaries [12]. The original hypothesis of “retrograde menstruation” (a reflux of endometrium into the peritoneal cavity during menstruation, where it implants on bowel, bladder, ovaries etc. [13]) has long been accepted as at least one facet of a possible pathogenesis. However, in recent years, it is increasingly recognized that many women undergo retrograde menstruation without ever developing endometriosis [14]. Just as the malignant tumours do not simply spread to the closest possible organ, it has also become apparent that there are many other factors besides the intuitive anatomical spread of the ectopic tissue. The role of inflammation and potential immune system dysregulation is also clinically evident, with associations between endometriosis and, for example, inflammatory bowel disease noted in large-scale studies [15]. Ectopic endometrium has obvious adverse clinical effects, including pain, dyspareunia, and subfertility [14], while the treatment of endometriosis is still suboptimal [16]. With the above-mentioned considerations, it is clear that although endometriosis may not carry the same dramatic consequences as metastatic cancer in terms of mortality, morbidity is still appreciable and as such, this disease deserves thorough scientific consideration. The role of cell adhesion molecules in endometriosis has long been recognised and together with their involvement in malignancy, they will be reviewed below.




3. Integrins- Role in Endometriotic Lesions and Subfertility in Endometriosis Patients


Integrins are transmembrane heterodimers composed of α and β subunits [17], which have crucial functions in normal physiology as the main adhesion receptors for the extracellular matrix (ECM). However, they can also participate in cell–cell adhesion [18]. Integrin adhesion receptors play a critical role in “inside-out signalling”, with receptor activation initiated by intracellular signals [19] although signalling can be bidirectional [20,21]. Accordingly, the integrins are adept at undergoing conformational changes to increase affinity for a ligand, clustering to increase avidity or both [20].



Integrins respond to the dynamic factors within the ECM in the modulation of normal physiological proliferation, growth and differentiation [22]. Endometrial integrins play a key part in normal pregnancy as a binding site for the trophoblast attachment glycoproteins [23]. Integrins also have a recognised role in the endometrial changes during a normal menstrual cycle, with dynamic spatial and temporal changes throughout the cycle. In terms of spatial distribution, the integrin subunits, such as α2 and α3, that promote cell–cell adhesion are described to have a pericellular distribution (as opposed to expression on the basement membrane), in accordance with their known role in binding the ECM components collagen and laminin. From a temporal point of view, the expression of the α1 integrin subunit on the glandular epithelium is observed during the secretory phase of the menstrual cycle [24], where in concert with α4, αV and β3 subunits, it is hypothesized to signal the implantation window [25] by which the uterine lining becomes receptive to a blastocyst [26].



Many factors, including pro-inflammatory and pro-fibrotic cytokines, may alter the expression of endometrial integrins in endometriotic disease [27]. TGF-β1 has been shown to increase the adhesion of endometrial stromal cells in vitro in parallel with increased expression of α5, αV, β3 and β5 integrins in ectopic endometrium in endometriosis patients compared to entopic endometrium. This is consistent with other work suggesting increased integrin expression via the TGFβ-1/Smad2 signalling pathway [28]. Increased entopic endometrial mRNA levels of αV integrin and αVβ3 integrins have also been shown in women with endometriosis as compared to healthy controls, which occurs in conjunction with increased peritoneal IL-1β mRNA levels [29]. As the αVβ3 integrin is known to bind to fibronectin [30], it has been proposed that increased levels of this adhesion molecule in endometriotic lesions may facilitate the binding of endometrium to the peritoneum [31]. Comparably, the adhesion molecules have recently been implicated in post-inflammatory tubal ectopic endometrium tissue after chlamydial infection [32]. The increased expression of integrin molecules in the context of inflammation may be one mechanism by which the refluxed endometrial cells implant on the peritoneum and persist in women with endometriosis. In vitro studies have shown that treatment with cytokines increases the integrin-mediated adhesion of endometriotic cells (with TNF-α increasing adhesion to collagen and IL-1 increasing adhesion to laminin and fibronectin) [33]. Such dysregulation of the endometrial integrin expression could potentially contribute to both loss and gain of function. For example, the hypothesis that dysregulated integrin expression reduces fertility has been proposed for a long time, which likely occurs through a combination of mechanisms leading to decreased receptivity of the endometrial lining to a blastocyst [26]. Sex steroids have been shown to increase β3 integrin expression via the homeobox gene HOXA10 [34]. Accordingly, the alterations in sex steroid levels or their metabolism [35], with subsequent effects on integrin expression, may form one mechanism by which the endometriosis patients display subfertility. More recently, it has been shown that αVβ3 integrin expression was significantly lower in the endometrium of women with mild endometriosis [36] and also in those with unexplained infertility [37]. This reinforces the hypothesis that deficiencies in integrin expression may reduce uterine receptivity. To further illustrate this point, the removal of an inflamed Fallopian tube has been shown to increase αVβ3 integrin expression in luminal endometrial epithelium [38] and to improve outcomes for in vitro fertilisation patients [39].



Other authors have compared the integrin expression in ectopic versus entopic endometrium in the patients with confirmed endometriosis [40], with the interesting finding that α3 integrin was absent in the entopic endometrium of all (n = 30) patients with endometriosis, but expressed in the corresponding ectopic endometriotic lesions in 15 cases. The dysregulated expression of integrins by endometriotic tissues was hypothesized to explain the refractory nature of the disease as it was envisioned that the continued integrin expression would allow re-establishment of cell–cell and cell–matrix interactions within the peritoneum. One possible contributor to this process of abnormal endometrial cell adherence to the peritoneum is the pro-inflammatory chemokine macrophage migration inhibition factor (MIF) [41]. Specifically, MIF has been shown to upregulate VEGF and αVβ3 integrins in a human endometrial cell line [42]. Clinically, the persistent expression of integrins could partially account for the high recurrence rate seen in endometriosis [43].



Interestingly, although the current treatment options for endometriosis focus on hormonal aetiologies, the aberrant expression of integrins [40] has been shown to occur independent of ovarian steroid levels [44]. Thus, alternative pathways and mechanisms of disease may be of considerable importance in the development of next-generation treatments. It is tempting to speculate that the adhesion molecules may provide attractive therapeutic targets in this regard, given the undesirable menopausal side effects of current standard treatments, such as gonadotropin releasing hormone (GnRH) agonists.



Although endometriosis is a “benign” proliferative disease, the parallel changes in the expression profile of various integrins have also been a recent focus of research attention in malignant disease, specifically with regards to tumour growth, neovascularization and metastatic dissemination [45] (Figure 1). For example, α1 and α2 integrins have been shown to promote invasive behaviour in mouse mammary carcinoma cells via the increased transcription of the matrix metalloproteinase stromelysin 1, while α6 integrins have been linked with increased cell motility [46]. This may have implications for therapeutics in cancers, such as glioblastoma, which are traditionally difficult to treat with conventional means [47].


Figure 1. Integrin expression in benign and malignant contexts.
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Although there are many varied ligands for the integrin adhesion receptors, this discussion will next focus on the specific members of the immunoglobulin superfamily (IgSF) of proteins in the context of their function as integrin ligands.




4. ICAM-1, sICAM-1 and VCAM-1 in the Immune Context


Integrins can bind to several counter-receptors on many cell types, including members of the IgSF of proteins. Normal endometrial cells express many such members, including the intercellular adhesion molecule-1 (ICAM-1/CD54) and vascular cell adhesion molecule-1 (VCAM-1/CD106). ICAM-1 is a 90-kDa glycoprotein, which consists of five extracellular domains, a single-pass transmembrane domain and a cytoplasmic C terminus [48,49]. ICAM-1 has been recognised to bind to leukocyte-specific integrins [50], while VCAM-1 binds to α4β1, αVβ3 and α4β7 integrins expressed on multiple cell types [51,52,53].



ICAM-1 itself is expressed on multiple immune, epithelial and endothelial cells and binds integrins in a normal physiological state. ICAM-1 acts as a key ligand for leukocyte function antigen-1 (LFA-1), which is an immune system integrin with αLβ2 subunits [54] that promotes leukocyte recruitment in diverse pathological states. The extensive distribution of ICAM-1 in the endometrium and its upregulation during both menstruation [55] and embryo implantation [56] suggests important physiological roles for the molecule in the endometrial setting. Interestingly, preimplantation embryos have been shown to produce the pro-inflammatory cytokine IFN-γ [57], which itself is a stimulator of ICAM-1 expression in the endometrium [58] and elsewhere. Thus, it is plausible that ICAM-1 plays a role in successful endometrial implantation.



The interaction between the adhesion molecules and leukocytes has long been recognised. For example, the neutrophil–endothelium adhesion is mediated by the interaction of β2 integrins with ICAM-1 [59]. Indeed, the role of the ICAM-1–LFA axis in inflammation is of great interest in therapeutics and blocking this interaction has been used as an approach to reduce the activation of T-cells in inflammatory autoimmune diseases and transplant rejection [60]. Increased neutrophil levels and concentrations of human neutrophilic peptides have been noted in the peritoneal fluid of endometriosis patients [61], with a concomitant increase in IL-8 and T-cells. Being consistent with the aforementioned importance of the disease microenvironment, it has been proposed that the cellular interactions with the chronically inflamed endometriotic peritoneal fluid may explain some of the differences between the entopic endometrium and ectopic endometriotic lesions [62]. Diverse factors, including TGF-β, TNF-α, IL-1β and IL-6 that have been shown to upregulate ICAM-1 expression in other contexts, are known to increase endometrial cell adhesion to the peritoneum in an in vitro model of endometriosis [63]. In conjunction with its known role in immune interactions, ICAM-1 has also been posited as a therapeutic target in malignancy and thus, could potentially represent a marker of disease progression and treatment response. ICAM-1 expression on fibroblasts has long been known to be correlated with their exposure to inflammatory mediators, thus increasing intercellular adhesion [50]. In malignant diseases, the production of IL-6 by cancer-associated fibroblasts contributes to tumour–stroma interactions that are involved in many processes, including angiogenesis [64]. Similarly, TNF-α-stimulated upregulation of ICAM-1 in peritoneal mesothelial cells has been described in an animal tumour mode. In this model, treatment with heparin reduced ICAM-1 expression and tumour invasion/adhesion both in vitro and in vivo [65]. Similarly, other authors [66] have shown that ICAM-1 expression in mesothelial cells was increased by pre-incubation with TNF-α or IL-6, with a concurrent increase in tumour adhesion, which was then partially attenuated by the use of a monoclonal antibody against ICAM-1.



Different forms of ICAM-1 have been recognised, with its extracellular domains known to be shed from the cell surface and circulate as soluble ICAM-1 (sICAM-1). Just as endometrial cells constitutively express ICAM-1, sICAM-1 is produced in the normal physiological setting of the endometrium [67]. However, higher levels of sICAM-1 have been noted in patients with a wide range of diseases, including malignancy, autoimmune disease, transplant rejection, asthma and atherosclerosis [48,68,69,70]. Circulating sICAM-1 is easily measured in the blood in vivo and potentially offers a greater level of disease specificity than the inflammatory cytokines that induce its expression. Accordingly, there has been considerable interest in the utility of sICAM-1 as a disease biomarker [71]. However, in the endometrial context, sICAM-1 alone is unlikely to be sufficiently specific for use as a biomarker of endometriosis. However, it may show promise as part of a biomarker panel in conjunction with other markers, including CA-125 [72] and/or soluble VCAM-1 [73].



There is some evidence of hormonal regulation of the shedding of sICAM-1 in the endometrial context, with higher concentrations of sICAM-1 noted in the follicular phase under the influence of estradiol [67,74]. Clinically, it has been reported that the endometrial release of sICAM-1 correlates with the number and score of endometriotic implants [75]. The same group has also suggested that sICAM-1 shedding may directly interfere with the attachment of natural killer or cytotoxic T-cells to endometrial tissue by acting as a decoy site for the binding of LFA-1. This lends further weight to the importance of dysregulated immune-based adhesion events in the pathophysiology of invasion. Others have also noted significantly elevated serum levels of sICAM-1 in endometriosis patients, particularly those with advanced disease [76].



However, the published association between sICAM and endometriosis has not been universally consistent, raising the likelihood that its presence is influenced by the location and stage of disease [77] or by other clinical confounders [78]. Some in vivo studies have noted that the levels of sICAM-1 only trend towards a significant increase in women with endometriosis, since the likelihood of other peritoneal sources of sICAM-1 (e.g., the ovaries) complicates the picture [79]. Similarly, there also exists a separate pathway in which IL-1α upregulates the release of sICAM from tumour-associated endothelial cells even in tumours expressing low levels of membrane-bound ICAM-1 [80]. Taken together, these observations suggest a feedback loop in which the cytokine release increases sICAM-1 shedding, which subsequently decreases natural killer (NK) activity via ICAM-1/LFA axis inhibition. This ultimately allows endometriotic lesions to “escape” immunosurveillance. However, this comes with the caveat that multiple sources of sICAM-1 may cloud the clinical picture and complicate its clinical diagnostic utility.



Like ICAM-1, vascular cell adhesion molecule-1 (VCAM-1) is a transmembrane glycoprotein with a key role in endothelial responses to inflammation [81]. Integrin α4β1 (also known as VLA-4) acts as a ligand in VCAM-1-immune cell adhesion [82]. The endothelial expression of VCAM-1 has been shown to be crucial in leukocyte adhesion [83], migration [84] and the triggering of an inflammatory cascade [85]. In the endometrium, VCAM-1 expression can be induced by TNF-α, IL-1α and IFN-γ [86], with resultant increases in leukocyte–endothelial binding. The expression of VCAM-1 on peritoneal mesothelial cells was also found to be associated with endometriosis [87], which creates the “soil” for an endometriotic seed.



Similar to ICAM-1, VCAM-1 can also be shed from the cell membrane into a circulating form (sVCAM-1). Women with severe (grade 3 and 4) endometriosis have been shown to have higher blood levels of sVCAM-1 compared to control patients [88], while other authors have measured increased peritoneal VCAM-1 mRNA in endometriosis patients [29]. Just as VCAM-1 is instrumental in facilitating leukocyte adhesion to the endothelium under inflammatory conditions, it has been shown to play a pivotal role in the adhesion and invasion of tumour cells [89]. The upregulation of VCAM-1 expression on endothelial cells could facilitate the increased adhesion of tumour cells, while its decreased expression in angiogenic vessels might allow tumour cells to escape immunosurveillance via reduced leukocyte infiltration [90]. Clinically, VCAM-1 has been recognised to participate in site-specific metastasis via the spread of breast cancer to the lung [91]. This illustrates the importance of the adhesion molecule–tumour microenvironment in the “seed and soil” hypothesis. For a comprehensive review of the molecular mechanisms of VCAM-1 involvement in malignant invasion and metastasis, interested readers are directed to an excellent review on the topic [92].



Although the evidence suggests a key role for adhesion molecules in endometriosis, it must be balanced against the likelihood of multiple, overlapping pathways functioning in parallel. A key player driving numerous physiological, tumorigenic and immunological processes is the Nuclear Factor Kappa B (NF-κB) family of transcription factors. This pathway has been shown to be activated by numerous physiological mediators and stressors, including inflammatory cytokines, ischaemia, environmental hazards and cigarette smoke [93]. NF-κB is one of the principal regulators of constitutive ICAM-1 and VCAM-1 expression [94]. Therefore, NF-κB unsurprisingly displays considerable influence in the regulation of cellular adhesion molecules in the pathophysiology of endometriosis. For example, when the endometrial samples from normal controls, including normally-located entopic endometrium from endometriosis patients and ectopic (outside of the normal location) endometrium, were analysed for expression of ICAM-1 and NF-κB, the ectopic endometriotic tissue had significantly higher levels of both molecules than entopic endometrium [95]. Higher levels of both NF-κB and ICAM-1 have also been reported in red endometriotic (active inflammatory [96]) lesions as compared to black (inactive) lesions [97]. Furthermore, the inhibition of NF-κB in an animal model of endometriosis reduced ICAM-1 expression and cell proliferation, with endometriotic lesions concurrently undergoing increased apoptosis [98]. In some studies, the changes in ICAM-1 mRNA and sICAM-1 levels were observed even before visible disease, suggesting that ICAM-1 may be involved in the very early pathogenesis of endometriosis as well as its later propagation and deleterious downstream effects [99].



As mentioned previously, endometriosis is known to be a chronic inflammatory state, with immune system dysregulation being a key element of disease persistence. NK cells provide a mechanism for the increased expression of ICAM-1 and VCAM-1 by acting as a source of pro-inflammatory cytokines, such as TNFα and IFN-γ, which signal (at least in part) through the NF-κB pathway. These subsequently increase the cytolytic activity of NK cells via NF-κB-mediated upregulation of ICAM-1 [100,101], demonstrating that ICAM-1 has a key role in the sensitization of cells to lysis by NK cells.



Conversely, there is significant evidence that supports the hypothesis that NK cell activity is reduced by increased levels of sICAM-1 [102]. Several authors have proposed that insufficient cytotoxic activity against autologous endometrial cells could allow these cells to evade immune surveillance, with resultant clinical dysfunction [103]. Women with endometriosis are indeed noted to have altered peripheral and peritoneal NK cell populations with reduced cytotoxicity. Some authors [76] have proposed an immunologic feedback loop, whereby the increased serum sICAM-1 levels decreased IFN-γ levels in the peritoneal fluid. Furthermore, in this study, there was a significant correlation between the endometrial stromal shedding of soluble ICAM-1 (sICAM-1) and the suppression of NK cell-mediated cytotoxicity, which is consistent with previous work in melanoma [104]. Again, a suggested mechanism is via the inhibition of the ICAM-1/leukocyte function antigen-1 (LFA-1) axis [105], although the possibility of sICAM-1 blocking immune cells from recognising their target is also plausible [106] (Figure 2).


Figure 2. Adhesion molecules in the immune system context.
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However, this area is controversial in light of evidence that an increased inflammatory cytokine environment (IL-6, TGF-β) suppresses NK cytotoxic activity [107], allowing endometriotic lesions to escape peritoneal surveillance and chronic inflammation to continue. This serves to illustrate the complex interplay between the immune system and the microenvironment, with the possibility that the same molecular pathways could be activated or suppressed depending upon specific spatial and temporal contexts.



Furthermore, this pathway may be bidirectional as women with endometriosis have been shown to have a greater proportion of immature NK cells and the surgical resection of endometriotic lesions increases the proportion of mature NK cells [108]. Interestingly, the correlations have been observed between the endometrial supernatant concentration of sICAM-1 and the percentage of NK-mediated lysis inhibited in these samples [67]. In the same population, it was observed that the sICAM-1 formation was significantly higher in patients with advanced disease, lending further weight to the hypothesis that the evasion of immunosurveillance in endometriosis is partially mediated through a sICAM-1 pathway. Indeed, the investigations in patients with advanced gastric cancer (as compared to healthy controls) have shown increased metastatic behaviour and reduced NK functioning in parallel with increased sICAM-1 levels [109]. Similarly, the serum sICAM-1 levels have been related to both tumour stage and loss of cellular cytotoxicity in colorectal cancer [106], which has been proposed as an unfavourable prognostic marker in melanoma [110]. Although it is not currently known whether sICAM-1 influences NK cell function, one report has suggested sICAM-1 as a growth factor for NK cells [111]. Future investigations may shed further light on whether this is diagnostically or clinically important.




5. Malignancy


Some crossover is to be expected between ectopic endometrial implantation/invasion pathways and the pathways of invasion in malignant disease. After all, endometriosis involves the spread of tissue from its origin and implantation at a distant site with invasion of local structures. Indeed, there is evidence of a greater magnitude of effect in endometriosis, which is a “benign” disease, than that in malignant melanoma in terms of both sICAM-1 release and cell cytotoxicity suppression [112]. As mentioned, there is an uncommon but well established increased risk of gynaecological malignancy in the patients with endometriosis, which involve mostly ovarian endometrioid adeno- and clear cell carcinomas [113]. It should be noted that these data are epidemiological rather than directly causal [114], although there are several putative mechanisms relevant to this discussion. Trauma and resultant inflammation has been shown to induce endometriosis in hysterotomy scars in animals [115] and women [116], with rare cases of the transformation of scar endometriosis progressing to frank malignancy [117]. Although it is likely that multiple parallel and convergent molecular signalling pathways are involved, one player that has received attention is the tumour suppressor gene phosphatase and tensin homolog (PTEN). Mutations in PTEN, which normally encodes a phosphatase that acts as a negative regulator of the pro-tumorigenic phosphoinositide (PI) 3-kinase signalling pathway, have been implicated in the progression from endometrial cysts to endometrioid ovarian carcinoma. Specifically, certain PTEN mutations have been described in the early events in the development of abnormal endometrial hyperplasia [118] in addition to being well described in endometrioid endometrial cancer [119]. This pathway is of note given the role of PTEN in suppressing cell adhesion and migration [120]. By dephosphorylating the tyrosine kinase focal adhesion kinase (FAK) among other potential targets, PTEN has the potential to reduce FAK-mediated downstream integrin signalling pathways [121]. Since FAK dysregulation has been implicated in many cancers [122], this serves to underline the complexity of integrin activation signalling within tumour subtypes and their individual microenvironments.



In terms of adhesion–immune interactions, the role of a reactive tumour stroma, comprised of a heterogenous cellular milieu actively promoting angiogenesis, inflammation, immune evasion and growth, has been well described [123]. This interaction in a hormonal tissue microenvironment is best recognised in breast cancer, but it is reasonable to speculate that this also could have considerable implications for the endometrial setting. In particular, the role of tumour-associated macrophages (TAMs) has been noted to have a crucial role in metastatic tumour behaviour in breast cancer, with the innate properties of the immune system essentially being subverted to serve the purposes of an invasive mass [124]. The functional interactions between macrophages and inflammatory cytokines are of major clinical importance in breast cancer, whereby the increased adipocyte apoptosis and release of free fatty acids has been observed to activate the NF-κB pathway. In turn, this activates macrophages, which subsequently secrete pro-inflammatory factors, including TNF-α, IL-1β, IL-6 and PgE2. The increased production of the inflammatory factors stimulates the transcription of aromatase, which is the rate-limiting step in oestrogen production [125] (see Figure 2). Similarly, high circulating oestrogen levels arising from the peripheral conversion of androgens in overweight women increases the risk of endometrial cancer, with a direct relationship between BMI and increasing risk [126]. The rate of endometrial cancer has increased in line with the increased prevalence of obesity [127] and although unopposed oestrogen stimulation of the endometrium is the main risk factor for endometrial cancer, obesity has been demonstrated to be an oestrogen-independent risk factor [128].



In breast cancer, the expression of hormone receptors on tumours plays an integral role in determining both tumour character and accordingly patient prognosis, with tumours responding to anti-hormonal agents having a significantly more favourable outlook than those that are hormone receptor negative [129,130]. Oestrogen has been proposed to inhibit both inducible and constitutive activation of NF-κB, with an implication that breast cancers lacking a functional oestrogen receptor (ER) have higher NF-κB activity and thus, overexpress key genes that might promote tumorigenesis [131]. As discussed, NF-κB regulates the expression of several adhesion molecules, including ICAM-1 and VCAM-1, illustrating one potential pathway whereby the adhesion molecules may be influenced by the hormonal milieu. Likewise, the adhesion and proteolytic mediators are influenced by the hormonal environment and in fact, this bidirectional relationship has been a focus of study for many years. For example, increased MMP-2 activation has been noted in established hormone receptor-negative cell lines, while the MMP expression has been shown to be elevated in general as breast cancer cells progress to an oestrogen-resistant phenotype in vitro [132].



Indeed, the cooperation between adhesive and proteolytic processes is intuitively of great importance in invasive cellular behaviour, especially in light of the demonstrated involvement of sICAM-1 and sVCAM-1 in the pathophysiology of endometriosis. Integrins, such as αVβ3, have been shown to co-localise with matrix metalloproteinases at the invasive front of tumour cells to facilitate angiogenesis in cultured melanoma cells in vivo [133]. It has been proposed that the spatial co-localisation of NF-kB with the transcription factor activating protein 1 (AP-1) increases MMP expression in HeLa and mammary carcinoma cell lines [134]. Matrix metalloprotease (MMP)-mediated cleavage of ICAM-1 has also been proposed as an actor in the NF-kB pathway. Specifically, under the influence of cytokines, such as TNF, NF-kB is released from its inhibitory cytoplasmic protein IκB and translocates to the nucleus to facilitate the activation of matrix metalloproteases [135]. Indeed, ICAM-1 is a target for drug nanocarriers, with the inhibition of MMPs having a secondary, somewhat unintended, benefit of reducing sICAM-1 release [136]. In a similar fashion, the activation of endothelial NADPH by VCAM-1 releases reactive oxygen species. These reactive oxygen species are crucial in VCAM-1 mediated lymphocyte migration, but also in activation of matrix metalloproteinases 2 and 9 [137]. In a similar manner, the soluble form of VCAM is shed via the activity of ADAM enzymes [138].



The role of NF-kB mediation of cellular adhesion processes is also of interest in the context of cancer immunotherapy [139], although the mechanism by which pathological NF-kB activation occurs in malignant disease remains a subject of ongoing debate. The role of decoy receptor 3 (DcR3) has been proposed as a potential mechanism to promote cell adhesion in the development of endometriosis [140]. DcR3 has long been recognised as a method by which cancer cells may evade NK and cytotoxic T-cells via the inhibition of FasL-induced apoptosis [141]. Tsai et al. [140] noted an increased activation of the Akt-NF-kB signalling pathway in ectopic endometrium, with consequent upregulation of DcR3. In this xenograft study, DcR3 expression levels correlated both with ICAM-1 levels and with those of homing cell adhesion molecule (HCAM). A knockdown of DcR3 was found to reduce cell adhesion and migration. It should be further noted that DcR3 is regulated by oestrogen and indeed, DcR3 knockdown have been shown to reduce invasive phenotypes in the breast cancer cell line MCF-7 [142]. It is evident that the various adhesion molecules have multi-fold complex actions in the malignant setting and in “benign” diseases. The greater understanding of these processes holds considerable potential in the development of biomarkers and therapeutics.




6. Clinical Applications


Although huge strides have undoubtedly been made in cancer treatments, there are still many areas in which the clinicians are fundamentally at a loss to explain why one patient may respond well to a therapy and another does not, even though they may share identical tumour molecular signatures. Some examples of this are that not all HER2-positive breast cancer patients respond well to anti-HER2 therapies; or in the case of “benign” proliferative conditions, patients with similar diagnoses often exhibit variable responses to hormonal treatments. A deeper understanding of the molecular mechanisms of dysregulated adhesion has suggested some promising therapeutic targets that may not be intuitively obvious, such as the use of an anti-cholesterol drug, simvastatin, to reduce ICAM-1, VCAM-1 and integrin α4β1 expression on the tumour cells invading the peritoneum [143]. Similarly, the inhibition of the NF-κB pathway in the tumour microenvironment has shown some promise [139] although this may prove best in conjunction with the existing therapies. Although soluble adhesion molecules have been shown to be elevated in diverse malignancies, such as breast, lung, gastrointestinal, ovarian and some haematological cancers [144,145,146,147], considerable work remains to be done before the biomarkers or drugs based on these molecules can be applied in standard oncological care.



Similarly, although the pathways outlined in this review offer at least a partial mechanistic explanation for the invasive pathophysiology of endometriosis, there are multiple confounders, such as prior medical treatment, surgical resection, individual patient factors etc. The search to find a suitable endometriosis biomarker in peripheral blood is urgent, as invasive laparoscopy, an expensive procedure that is not without risk or complications, continues to be the gold standard [148]. Furthermore, the current practice is such that the time to diagnosis is measured in years rather than months [149]. However, a recent Cochrane review of proposed biomarkers of endometriosis, including adhesion molecules, noted that the evidence was not yet strong enough to recommend any particular marker, with studies being generally small and sometimes conflicting. For example, in the case of sICAM-1, the inconsistent results comparing endometriosis patients with controls may be due to a variety of factors, including previous treatments and the timing of menstrual cycles [150]. Given the complexities of the adhesive microenvironment, it is unsurprising that robust directly linear correlations are difficult to make [77]. However, it is hoped that the continued investigation into the interaction of adhesion molecules with their microenvironment will yield novel and exploitable insights into the disease processes and treatment in the future.
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