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Abstract
Endoglin, also known as cluster of differentiation CD105, was originally identified 25 years ago as a novel marker of endothelial cells. Later it was shown that Endoglin is also expressed in pro-fibrogenic cells including mesangial cells, cardiac and scleroderma fibroblasts, and hepatic stellate cells. It is an integral membrane-bound disulfide-linked 180-kD homodimeric receptor that acts as a transforming growth factor-β (TGF-β) auxiliary co-receptor. In humans, several hundreds of mutations of the endoglin gene are known that give rise to an autosomal dominant bleeding disorder that is characterized by localized angiodysplasia and arteriovenous malformation (AVM). This disease is termed hereditary hemorrhagic telangiectasia type I and induces various vascular lesions mainly on the face, lips, hands, and gastrointestinal mucosa. Two alternative variants of Endoglin (i.e., S- and L-endoglin) are formed by alternative splicing that distinguishes from each other in the length of their cytoplasmic tails. Moreover, a soluble form of Endoglin, i.e., sol-Eng, is shedded by the matrix metalloprotease-14 that cleaves within the extracellular juxtamembrane region. Endoglin interacts with the TGF-β signaling receptors and influences Smad-dependent and -independent effects. Recent work has demonstrated that endoglin is a crucial mediator during liver fibrogenesis that critically controls the activity of the different Smad branches. In the present review, we summarize the present knowledge of endoglin expression and function, its involvement in fibrogenic Smad signaling, current models to investigate endoglin function, and the diagnostic value of endoglin in liver disease.
© 2014 Baishideng Publishing Group Co., Limited. All rights reserved.
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Core tip: Endoglin is an accessory receptor for transforming growth factor-β impacting various aspects of its signaling and biological functions. Endoglin mutations are inherited as autosomal dominant disorders and may cause severe defects in different organs including brain, lung, and liver. In the present review we will highlight the pathogenesis of several of these disorders and give an overview about the important role of endoglin dysfunction in the pathology of liver fibrosis.
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INTRODUCTION
Endoglin (OMIM 131195) was originally identified 25 years ago by immunofluorescence staining of vascular endothelium with a monoclonal antibody (mAb 44G4) that was produced against a human pre-B leukaemia cell line[1]. It is composed as a homodimer of two subunits with an apparent molecular weight of 95,000 Da that are linked by disulfide bonds[1]. Two years later, cDNA clones were isolated from an endothelial cell λgt11 expression library using a rabbit antibody prepared against Endoglin purified from placenta[2]. Subsequent screening with an endoglin-specific cDNA probe resulted in the isolation of a different splice variant in which the encoded cytoplasmic tail contains only 14 amino acids (aa) as opposed to the stretch of 47 residues that was published previously[3]. The ENG gene was mapped to the long arm of human chromosome 9 (9q34(qter) by Southern blot analysis of DNA isolated from human-hamster somatic cell hybrids and by fluorescent in situ hybridization coupled with DAPI banding on human chromosomes[4]. The detailed chromosomal assignment was subsequently predicted from the fact the mouse homolog is located on chromosome 2 directly in the close proximity of the adenylate kinase-1 gene that is syntenic to human chromosome subband 9q34.1[5,6].
Mutations within endoglin were first brought into context of hereditary hemorrhagic telangiectasia type I (HHT-1) in three affected individuals in whom nucleotide substitutions or deletions gave rise to premature termination codons[7]. Since that, several hundred independent mutations or variations have been identified in the ENG gene that most often show regional distribution[8-12]. The different mutations show different phenotype-genotype correlation with the severity of HHT-1[13]. Moreover, it has been shown that soluble Endoglin (sol-Eng) is an anti-angiogenesis factor that contributes to the pathogenesis of pre-eclampsia that is associated with hypertension, proteinuria, premature labor, hemolysis, liver abnormalities, thrombocytopenia, seizures and death[14,15]. Increased levels of sol-Eng in vascular surgical specimens were also brought into context with the pathogenesis of arteriovenous malformations (AVM) of the brain and aberrant cerebral vascular remodelling[16]. Other reports propose sol-Eng as a marker in diabetic patients[17], for estimating progression or treatment efficacy of the atherosclerotic process[18,19], systemic lupus erythematosus[20], non-small cell lung cancer patients[21], hypertension[22], disturbed angiogenesis in systemic sclerosis[23], Alzheimer disease[24], breast cancer[25], premalignant lesions of the colon mucosa[26], outcome of biliary atresia[27] and cystic fibrosis associated liver disease[28], unexplained fetal death[29], malaria pathogenesis[30], prostate cancer[31] and many other diseases. In addition, endoglin expression was found to be related to tumour size, aggressiveness and metastatic potential in patients with gastroenteropancreatic neuroendocrine tumors[32].

A similar phenotype, i.e., HHT type 2, is observed when the Activin-like kinase (ALK)-1 receptor is functionally altered[33]. Likewise, mutations in the gene encoding Smad4 (MADH4) can cause a syndrome called Juvenile Polyposis/Hereditary Hemorrhagic Telangiectasia Syndrome (JPHT) consisting of both juvenile polyposis and hereditary hemorrhagic telangiectasia phenotypes[34]. Also the mutations of other yet unidentified genes on the long arm of chromosome 5[35] and on the short arm of chromosome 7[36] were linked to the formation of other HHT types.

Endoglin expression and dysregulation has been shown in a number of cell types including mesangial cells, cardiac and scleroderma fibroblasts, and hepatic stellate cells (HSC) suggesting some important function in cell and organ homeostasis and disease formation[37-40]. In particular, many independent findings demonstrate that endoglin is a critical factor that orchestrates transforming growth factor-β (TGF-β) signaling in wound healing in the pathogenesis of fibrosis. In regard to hepatic fibrogenesis, it was shown that endoglin is expressed in HSC[41] representing the most pro-fibrogenic cell type within the liver. Interestingly, endoglin expression is up-regulated during liver damage and transiently induced in HSC by TGF-β1[40]. In this hepatic subpopulation, Endoglin binds to the TGF-β type II receptor (TβRII), becomes phosphorylated by the activity of the TβRII, and shows highest expression during maximal cell activation with a transdifferentiation-dependent cellular localisation and ligand affinity[40]. Interestingly, transient overexpression of Endoglin results in a stronger activation of the Smad1/Smad5 signaling cascade and a prominent increase of α-smooth muscle actin expression thereby promoting cellular activation and transdifferentiation[40], while contrarily the activity of the TGF-β1/Smad3 pathway is inhibited[42]. All these findings demonstrate that endoglin is one of the central switches controlling fibrotic and anti-fibrotic activities by producing different variant forms, adjusting ligand affinity, amending expression levels, and interacting with a versatile receptor network thereby modulating the specific outcome of TGF-β-dependent and -independent pathways.
In the present review we will summarize the actual knowledge of endoglin function and discuss the impact of this receptor on disease formation, hepatic fibrogenesis and its diagnostic value in initiation, progression and prognosis of various liver diseases.
MOLECULAR AND BIOCHEMICAL CHARACTERISTICS OF ENDOGLIN
The human endoglin gene contains 15 exons numbered 1 to 14, where exon 9 is split in 9a and 9b (Figure 1)[7]. Beside the full length Endoglin (FL-Eng) there has been identified a splice variant, i.e. short-Endoglin (S-Eng), that is characterized by the retention of intron 14 in the mature mRNA[3,43,40]. The expression of S-Eng is increased in senescent endothelial cells and alternative splicing is most likely performed by the alternative splicing factor or splicing factor-2 (ASF/SF2)[44,45]. However, the orthologous S-Eng mRNAs of men and mice give rise to different proteins (Figure 1) with either shortened and in part alternate C-termini[2,43] or a full length endoglin with a peptide insertion in rat[40]. Although the C-terminal domain of FL-Eng does not possess catalytic activity, it is substrate for different kinases and comprises several protein-protein interaction domains (Figure 1)[46]. Therefore, structural alterations imposed by differential splicing of the mRNA that encodes the intracellular domain results in functional consequences for Eng in signaling (see below). In addition to splicing, Northern blot analysis of mouse and rat transcripts revealed two mRNA species differing in molecular weight more than the size of the retained intron 14 of S-Eng. Analysis of the corresponding cDNA with 3'-RACE and inspection of the rat genomic DNA sequence confirmed a variation in the non-coding region of the mRNA and a the presence of a second polyadenylation signal in the genomic DNA[40]. If this differential polyadenylation modulates mRNA stability or other features of the mRNA is currently not known. Since it has been realized that endoglin mutations are causative for HHT-1[7], there has been identified a wealth of different mutations in the endoglin gene which lead to altered expression or formation of aberrant protein products (see below). Nevertheless, mutations are not spread randomly in the genomic sequence. A bias for mutations is found in the orphan domain and the N-terminal Zona Pellucida (ZP-N) subdomain in which three highly conserved cysteines (Cys363, Cys382, and Cys412) are exceptionally prone to mutations[47].

Biochemical characteristics

Endoglin, a type I transmembrane glycoprotein, is expressed as a disulfide-bound dimer at the cell surface[48]. Endoglin belongs structurally to the Zona Pellucida (ZP) family of sperm receptors sharing a ZP domain of ~260 aa in their extracellular part[49,50]. This domain is localized between Lys362-Asp561 (Figure 1) and contains eight highly conserved cysteine residues[47]. Common characteristics of ZP domain proteins are that they are (1) shedded to generate a soluble form; (2) membrane proteins with a hydrophobic region at their C-termini; and (3) strongly glycosylated, and finally iv) highly expressed in the corresponding tissues in which they occur[50].

Among TGF-β-family receptors, Endoglin and Betaglycan constitute the TGF-β type III receptor family. Both receptors share a high degree of similarity especially in their intracellular domain (Figure 2) that is also the most conserved region between Endoglin from different species (Figure 3), implying that this region has an important function, although lacking enzymatic activity[40].

In line, the signaling specificity of Endoglin compared to Betaglycan is at least for some specific functions determined by the extracellular domain (ECD)[51]. Since both of these receptors possess no enzymatic activity in their short C-terminal domain and are not obligatory for general signaling they have been assigned an accessory/modulating function in signaling[52]. The primary sequence of FL-Eng comprises 658 aa in human[2, 3], 650 aa in rat[41], and 653 aa in mouse (Figure 3)[53]. The ECD of human Eng harbours a RGD peptide representing a potent binding site for integrins which is not present in the rat and mouse homologues[2,53,41]. Along with the FL-Eng there has been identified a splice variant designated S-Eng. The longer mRNA is due to the retained intron 14 (see above) and codes for a protein with a shortened C-terminus of 14 aa in human and 35 aa in mouse, because of an in frame stop codon present in the intron which is not found in rat resulting in a protein that contains a 49 aa insertion[3,53,41]. As outlined below the shortening of the C-terminal domain of the splice variant in human and mouse have structural and functional consequences because specific modules are missing. The mentioned insertion in rat FL-Eng only causes minor effects which may be due to sterical alterations in the C-terminal domain[40]. In addition to these splice variants, there occur two transcripts in mouse and rat which differ in the 3'-non-coding part and which arise from differential polyadenylation[40]. With respect to post-translational modifications, the primary Eng sequence contains several potential N- and O-dependent glycosylation sites. Initial enzymatic de-glycosylation studies confirmed the usage of both N- and O-dependent glycosylation consensus motives[48]. In a more detailed study, single N-dependent glycosylation sites (Asn88, Asn102, Asn121, Asn134, and Asn307) have been identified by mutational analysis[54]. Although the corresponding N-glycosylation sites seem to influence the stability of the corresponding domain, e.g., Asn102 and Asn307[54], the removal of carbohydrates by Peptide-N-Glycosidase F (PNGase F) was shown to be exiguous for function of the ECD[55].

In general, FL-Eng has a tripartide structure comprising a short intracellular region (47 aa), a single transmembranal portion (25 aa), a large ECD (561 aa), and a predicted signal peptide (25 aa)[3]. Preceding the ZP domain there is an orphan domain (Glu26-Ile359), sharing no similarity to other protein families/domains[47]. The ZP domain (Gln360-Gly586) is further subdivided in a ZP-N (Gln360-Ser457) and ZP-C (Pro458-Gly586) subdomain (Figure 1). Deletion and substitution studies revealed that at least Cys582 in human FL-Eng in the ECD is involved in intermolecular disulfide binding[56]. Additional work revealed that the six cysteines between Cys330 and Cys412 are necessary to mediate receptor dimerization[57] allowing the receptor to be expressed as a dimer at the cell surface, or in case of the soluble form as a secreted dimer[58]. A high resolution structure established for the ECD of Endoglin revealed information about the sterical arrangement of the 3-dimensional protein fold[47]. These studies confirmed the three-modular-structure (orphan domain, ZP-N and ZP-C domain) and further raised the hypothesis of the occurrence of a putative cleavage site for a sheddase with specificity for the linker region between the folded domains of ZP-N and ZP-C at position Arg437-Lys438-Lys439 (RKK)[47]. However, the biochemical elucidation showed that the cleavage site is located closer to the membrane at position Gly586-Leu587. The executing enzyme was shown to be matrix metalloprotease-14 (MMP-14 or MT1-MMP)[59,60] promoting a shedding process that is similar to that described for Betaglycan before[61]. On a functional level, Endoglin is able to interact with the TGF-β signaling receptors (cf. Figure 1, Figure 4)[62] as well as other regulatory proteins[63-67]. These interactions are mediated by the different subdomains (or combinations). In general FL-Eng is able to interact with ALK5 and TβRII independent of ligand and the activation state of the signaling receptors[56]. In more detail it was shown that TβRII interacts with the region 437-558 (mainly ZP-C domain) of the Endoglin ECD. In contrast to TβRII, ALK5 contacts two regions, spanning aa 26-437 and aa 437-558 (orphan and ZP-C domains)[56]. Similarly, the second type I receptor ALK1 was shown to interact with the region Glu26-Gly586 of the ECD of endoglin[68].

Since the soluble variant of Endoglin comprises all these ECD, it should be in principal also capable to mediate the same receptor interactions. Nevertheless, the binding of the soluble ECD to membrane bound Endoglin could not be shown[57].

Whereas the binding to the ECD of FL-Endoglin is independent of the signaling receptor activity, interaction of TβRII, ALK5 and ALK1 with the intracellular domain of Endoglin is regulated by the activation state of the signaling receptors since binding of the constitutive active ALK5/ALK1 could not be detected, while the binding of kinase dead and wild type ALK5/ALK1 could be demonstrated[56, 68]. In line, the association of Endoglin with the inactive form (kinase dead) of TβRII was reported to be stronger when compared to wild type TβRII[56].

It is known that FL-Eng is phosphorylated at serine and threonine residues[69,70] and both ALK5 and TβRII use the C-terminus of Endoglin as a substrate[56,70,71]. In turn, FL-Eng inhibits autophosphorylation of TβRII but enhances phosphorylation of ALK5 by TβRII leading to a stronger Smad2 transcriptional activity (see below)[56]. Aside ALK5, ALK1 is also able to phosphorylate the FL-Eng C-terminus, but in contrast to ALK5, primarily on threonine residues[70]. Threonine phosphorylation by ALK1 (Thr654) necessitates serine phosphorylation by TβRII which is enforced by removal of the C-terminal PDZ domain[70]. Moreover, ALK1 phosphorylation and binding of Endoglin was observed only in the presence of TGF-β1 and this phosphorylation leads to loss of FL-Eng from focal adhesions (see below)[70]. This modulates proliferative and adhesive properties of endothelial cells. In more detail it was shown that the exponentiation activity of Endoglin on ALK1 signaling and Smad1 activity is located between residues 26-558 within the ECD of Endoglin[68]. Another interaction with the ECD of Endoglin is mediated by integrin α5β1, which contacts not only the RGD-peptide but several parts of the ECD of Endoglin. Clustering of α5β1/Endoglin/ALK1 leads to an enhancement of TGF-β1-mediated Smad1/Smad5 activation and signaling[72]. Recently leucine-rich α2-glycoprotein 1 (Lrg1) has been further shown to interact with the ECD of Endoglin. This protein is a regulator of endothelial functions during angiogenesis. In addition to Endoglin it interacts with ALK5 and TβRII directly and facilitates recruitment of ALK1 into the receptor complex thereby promoting Smad1/Smad5-signaling[73].

In contrast to the signaling type I and type II receptors, the type III receptors Betaglycan and Endoglin do not possess a kinase activity in their short intracellular domains[3,53,41]. Nevertheless, respective domains have important functional implications for the interaction with the signaling receptors as described above. But although the C-termini of Betaglycan and Endoglin are very homologous to each other (Figure 2), several residues used as substrates by the signaling receptors are unique to Endoglin[70].

Phosphorylation by a respective receptor serves as a switch to regulate the interaction with a certain receptor. Beside receptor interactions, other regulatory proteins have been identified, which specifically bind to the C-terminal domain of FL-Eng. Using the two hybrid method Zyxin and Zyxin-related protein-1 (ZRP-1) were found to specifically and exclusively, with respect to type III receptors, interact with FL-Eng[63,64]. Association with FL-Eng redirects these proteins from focal adhesions to actin stress fibers and leads to Endoglin dependent inhibition of cell migration[63,64]. Another protein identified in the yeast system is the dynein light chain member Tctex2β. In addition to FL-Eng, Tctex2β also interacts with TβRII and Betaglycan and it inhibits TGF-β signaling[65].

However, it has to be mentioned here that all these interaction screens have been solely performed using protein baits of the Endoglin intracellular domain which have not been posttranslationally modified, e.g., phosphorylated. The interaction of at least Zyxin with Endoglin is stronger with the so called -ΔSMA deletion mutant that lacks the 3'-carboxyl-terminal protein part harbouring the PDZ-domain[64]. In line, removal of this domain causes an increase in Endoglin phosphorylation[70] implying that this modification (phosphorylation) most likely modulates/regulates protein-protein interaction with the carboxyterminal domain (CD) of Endoglin. Therefore, it is most likely that the group of proteins able to interact with Endoglin is currently somewhat underestimated.

Based upon the high homology of the CD of Endoglin and Betaglycan, it is not surprising that both β-arrestin2 and GIPC were found to associate with both proteins[74,75,66,67]. The interaction of β-arrestin2 and Endoglin is lost in the absence of threonine 650 and increases when co-expressed with TβRII and ALK1[66]. If the latter receptor regulates this interaction via phosphorylation is unclear, since Thr650 is not a prominent ALK1 substrate[70]. On a functional level, β-arrestin2 causes endocytosis of the receptor complex including Endoglin, TβRII and ALK1 and impacts MAPK-signaling in an Endoglin-dependent manner[66]. In contrast to β-arrestin-2, the C terminus of the G alpha interacting protein (GAIP)-interacting protein (GIPC) binds to the C terminus of Endoglin in a manner that is restricted to the Endoglin class I PDZ-motif. This leads to a stabilization of Endoglin at the plasma membrane and changes in Smad1/Smad5 activation and endothelial cell migration (see below)[67]. Moreover, GIPC mediates the interaction of Endoglin and Phosphatidylinositol 3-kinase in a TGF-β1 dependent manner to regulate endothelial cell sprouting and capillary tube stability[76].

ENDOGLIN FUNCTION AND IMPACT ON TGF-β SIGNAL TRANSDUCTION
Endoglin is an accessory receptor for TGF-β impacting various aspects of its signaling and biological functions. Special features for the full length, soluble, and short forms of Endoglin have been reported. In the following we provide a brief overview about TGF-β signaling and the impact of the different Endoglin protein variants. Functional aspects of FL-Endoglin are summarized in Figure 5.
Brief overview of TGF-β signaling
Signaling by ligands of the TGF-β superfamily is initiated by binding of the ligand to a heterooligomeric membrane receptor complex. Binding of TGF-β1 is mediated by a homodimer of the TGF-β type II receptor which in turn recruits and phosphorylates a type I receptor (ALK5 or ALK1) homodimer into the complex. After ligand binding, the receptor complexes are internalized in general via two different pathways. Endocytosis mediated by clathrin-coated vesicles, enriched for Smad anchor for receptor activation (SARA), leads to active signaling. Depending on the type I receptor involved, the signal is propagated to two different Smad protein subfamilies, with the specificities of ALK5 phosphorylating Smad2/Smad3 or ALK1 in triggering phosphorylation of Smad1/Smad5. Phosphorylated Smads bind to the common Smad4, translocate into the nucleus and regulate transcription of target genes. Of these the I-Smads, i.e. Smad6 and Smad7, are important regulators since they are direct target genes and shut off the signaling cascade at diverse points in a negative feedback loop. If internalization occurs via the lipid-rafts-caveolae-1, the receptors are bound to I-Smad/Smurf complexes targeting the receptor for ubiquitination and degradation[77].
Since this simple "core" of TGF-β signaling is involved in the regulation of a wide array of different target genes and control of diverse cellular responses, cells are endowed with a plethora of switches to adjust this cascade for their needs. Such cell type specific regulators for example are the type III receptors, i.e. Betaglycan and Endoglin, which are engaged in TGF-β receptor-complex formation and modulation of downstream signaling.
In the liver and especially in HSC it has been assumed that the key operating TGF-β1 pathway is the ALK5/Smad3 branche that regulates proliferation, activation and profibrogenic responses of these cells. However, it has been anticipated that other signaling modalities like the ALK1/ALK5/Smad1/Smad5/Id1 axis is also engaged by TGF-β1 in regulating HSC physiology under normal and pathological conditions[78,40,79].
Impact of full length Endoglin on TGF-β1-signaling

Analysis regarding the role of endoglin in signaling was primary based on TGF-β-signaling and Smad-activation in monocytes and myoblasts[51,80]. Since it is known that endoglin is the candidate gene affected in HHT-1, detailed experimental work has been done using different endothelial cells[7,81]. So far the functional data regarding the involvement of endoglin in HSC are rather sparse. Endoglin is expressed in quiescent HSC and transdifferentiated myofibroblasts (MFB) and is transiently upregulated during cellular activation[40,41]. Upregulation of endoglin during activation/differentiation of cells is also seen in endothelial cells and monocytes[82,83]. Similar to different other cell types, endoglin is not only affecting TGF-β1-signaling but is itself regulated by this ligand on the transcriptional level most likely involving the Sp1 transcription factor[40,84-86]. As a mutual prerequisite, Endoglin is membrane localized and interacts with and is phosphorylated by TβRII in HSC[41,40]. Overexpression of endoglin causes an increased phosphorylation of Smad1/Smad5 in HSC of rat and mouse origin[40,79]. In line with the HSC data, it was previously found that endoglin enhances ALK1/Smad1/5 signaling in endothelial cells and other cell types[87], leading to increased proliferation and migration (characteristics of the activation phase of angiogenesis), responses which are negatively affected upon endoglin reduction[72,88,89]. However, other laboratories claimed that endoglin causes reduced activation of ALK1/Smad1/5 as well as reduced migration and proliferation[90] or having even no impact on Smad-signaling at all[66]. These differences might be explained in part by the experimental set up (method used to modulate the endoglin expression, i.e. siRNA vs. knockout, concentration of the ligand, time scale of stimulation, cell type analyzed) and by the expression level of the two corresponding type I receptors, i.e. ALK1 and ALK5, both of which are expressed in HSC[78]. On the other hand, ALK5/Smad3 signaling that inhibits proliferation and migration (characteristics of the resolution phase of angiogenesis) is blocked by endoglin[67,88,91]. Interestingly, in contrast to ALK5/Smad3 which is downregulated, the signaling via ALK5/Smad2 leading to increased eNOS expression/activity is promoted in endothelial cells[56,92]. This effect is in part due to a stabilization of the Smad2 protein[92].
Although collagen type I expression is reduced, the overexpression of endoglin has no significant impact on ALK5/Smad3/Smad2 activation in mouse and rat HSC cell lines[40,79]. An inhibitory role of endoglin in collagen type I expression has been well documented in diverse kinds of cells, including mesangial cells, fibroblast of different origins and myoblasts[87,93-95] and was attributed to a reduced Smad3 activation[87,94]. A contribution of MAPK in the endoglin dependent modulation of collagen expression and Smad3 phosphorylation was postulated for JNK1 and ERK1/2[94,96].

In HSC, endoglin causes an increase in TGF-β1 dependent ERK1/2 activation[79]. A positive effect of endoglin on ERK1/2 activation was also observed in human T cells upon crosslinking of Endoglin[97]. In line with an enhancement of ERK1/2 phosphorylation, TGF-β1 mediated expression of the connective tissue growth factor (CTGF) is promoted by endoglin in HSC[79]. There are several other reports showing an ERK1/2 dependent expression of CTGF, once more underscoring these results[98,99]. Nevertheless, the activation of ERK1/2 and increased expression of CTGF by endoglin is most likely cell type specific. In endothelial cells and epidermal cells it was shown that endoglin, in association with β-arrestin2 leads to suppression of ERK1/2 activation and a change in the cellular distribution[66,100]. On the contrary, in myoblasts in which TGF-β1 and endoglin have only a minor effect on ERK1/2 activation, CTGF is reduced in the presence of endoglin[87,95]. A negative impact of endoglin on CTGF expression was also found in scleroderma fibroblasts by some groups[39,101]. However, in a subset of scleroderma fibroblasts it was shown that the TGF-β1/ALK1/Smad1 pathway mediates fibrogenic responses, e.g., collagen I and CTGF expression, and that endoglin promotes this ALK1 pathway[102,103]. Finally, it was shown that ERK1/2 and Smad1 activation are functionally linked[102]. If endoglin-dependent up-regulation of ERK1/2 phosphorylation in HSC is directly linked to Smad1 activation and CTGF expression and further if ALK1 is involved in these responses is currently under investigation. Moreover, if the co-expressed Betaglycan is involved in the up-regulation of CTGF is actually only speculative[101]. In addition, the basis of the forced expression of α-smooth muscle actin (α-SMA) in Endoglin overexpressing cells needs to be analyzed[40,79]. One comprehensible option is a direct promoting effect on TGF-β1 signaling mediating α-SMA expression, which was shown to rely not exclusively on Smad3[104] or alternatively endoglin may cause a general shift in the transdifferentiation process leading finally to up-regulation of (-SMA.

Role of short (S-) Endoglin on TGF-β1-signaling

Similar to FL-Eng, the S-Eng splice variant - although missing a large part of the C-terminal tail - binds to TGF-β1[3] and interacts with the signaling type II receptor[40] and both type I receptors (ALK5 and ALK1)[44]. FL-Eng was shown to be phosphorylated at serine residues by TβRII receptor[70] that fortuitously can be detected by a phospho-specific NF-κB antibody[105]. TβRII-mediated phosphorylation of both isoforms of rat endoglin could be detected in HSC using this antibody[40], just implying a functional association of Endoglin and the TGF-β-signaling receptors in HSC. Both splice variants are co-expressed in endothelial cells and HSC and can form heteromeric L-/S-Endoglin dimers[40,43]. Nevertheless, S-Eng is unable to substitute for FL-Eng since animals that carry an S-Eng transgene on a Eng null background are not viable implying that S-Eng alone is inappropriate to rescue the lethal phenotype[43]. Using the afore mentioned S-Eng overexpressing animals in a model for tumor angiogenesis and metastatic infiltration by injecting Lewis lung carcinoma (3LL) cells, it was found that tumor growth is retarded when compared to control mice[43]. Even more, in a model of chemically induced skin tumors, overexpression of S-Eng in the vascular endothelium reduces benign tumor formation[43]. Nevertheless, functional data obtained in the rat system for the specific S-Eng variant yielded similar results when compared to FL-Eng[40]. If these results can be transferred to the mouse or human system is questionable due to the completely different C-termini.

Soluble Endoglin: More than just a disease marker

As described above, Endoglin can be shedded by MT1-MMP (MMP-14) from the cell surface to generate a soluble extracellular domain (sol-Eng) which reduces spontaneous and VEGF-induced endothelial sprouting[59]. In addition, the occurrence of sol-Eng has been observed in the serum/plasma of patients suffering from diverse tumors[106]. In pre-eclamptic women, the elevation sol-Eng is preceding the onset of the disease, correlates with the severity of the disease and therefore its detection is of prognostic value[107]. Increased serum levels of sol-Eng have been found in cystic fibrosis associated liver disease (CFLD) patients, with the highest levels in patients suffering from HCV coupled with cirrhosis[28]. Significantly elevated sol-Eng levels are also observed in patients with hepatocellular carcinoma (HCC) combined with cirrhosis[108]. However, the role of sol-Eng in TGF-β1 signaling is presently discussed controversially. Initially it was shown that the soluble domain is able to reduce TGF-β1-mediated reporter-gene activity and eNOS activation in endothelial cells[14]. In line with a ligand sequestering function, complexes of sol-Eng and TGF-β1 have been detected in serum of breast cancer patients using ELISA and co-immunoprecipitation[58]. Nevertheless, although part of the TGF-β1 ligand binding complex, a direct binding of TGF-β1 to endoglin is questionable[109,110]. If the signaling receptor type I and type II are present/co-expressed, endoglin can be precipitated together with labelled ligand. If endoglin on the other hand is overexpressed in cells lacking type I and type II receptor, there is no binding of TGF-β1 to Endoglin[110]. The increase of the sol-Eng concentration in pre-eclamptic women and a few studies with a focus on sol-Eng function, using overexpression systems and luciferase assays, suggest that sol-Eng indeed has a functional role in TGF-β1 signaling[14,59]. In addition, we could show by co-immunoprecipitation that heterologous expressed sol-Eng is able to bind to TGF-β1 directly (SKM unpublished data). But experimental data suggest that it is unlikely for soluble endoglin to simply interfere with TGF-β1 signaling by competing with membrane bound type II receptor for TGF-β1. Using a BIACore facility, the measured dissociation constants are 5 pM for TβRII/TGF-β1[111] and in the micromolar range for sol-Eng/TGF-β1[112] underscoring the higher affinity of TβRII for TGF-β1 compared to the soluble endoglin counterpart. On the other hand, Van Le and colleagues found that CHO-overexpressed and purified soluble endoglin increased TGF-β1 mediated p3TP-lux activity in U937 monocytic cells[55] in which L-endoglin was shown to antagonize several TGF-β1-responses[80]. Nevertheless, direct ligand binding and functional mechanisms used by sol-Eng to affect cellular responses have to be analysed in more detail in the future. Especially in the liver there are currently no data focussing on functional aspects of sol-Eng.

ENDOGLIN IN DISEASE
As outlined above, mutations that affect human endoglin function are inherited as autosomal dominant disorders and may cause AVM in different organs including brain, lung, and liver (Figure 6). In the following paragraphs we will highlight the pathogenesis of several of these disorders and associated diseases and give an overview about the important role of endoglin dysfunction in the pathology of liver fibrosis.
Hereditary hemorrhagic telangiectasia

Hereditary hemorrhagic telangiectasia (HHT, Osler-Weber-Rendu syndrome) is an autosomal dominant inherited vascular disorder with a variety of clinical manifestations. Common symptoms of this disease occur due to the forming of AVM in small and large blood vessels. This leads to epistaxis, gastrointestinal bleeding and microcytic anaemia due to iron deficiency, along with characteristic mucocutaneous telangiectasia[113]. AVM are found in pulmonary, hepatic, and cerebral vascular tissue (Figure 6). The diagnosis of HHT is based on these clinical features, which are summarized in consensus criteria known as the “Curaçao criteria”[114]. Rupture of AVM contributes to significant morbidity.

Mutations in at least five genes result in manifestation of hereditary hemorrhagic telangiectasia. However about 85% of the cases develop due to mutations of the ENG gene (coding for Endoglin) and ACVRL1 (activin A receptor type II-like 1 kinase 1, ALK1)
 ADDIN EN.CITE 

[115]
. This disease is usually autosomal dominantly inherited, varying in penetrance and expression. Juvenile Polyposis/Hereditary Hemorrhagic Telangiectasia (JPHT) is a rare juvenile form of HHT which is associated with polyposis and occurs due to mutations in the MADH4 gene coding for Smad4[116]. In gene linkage analyses two other loci have been shown to be in a disequilibrium with HHT symptoms; one on chromosome 5, defining HHT-3[35], the other on chromosome 7
 ADDIN EN.CITE 

[13]
, defining HHT-4. However specific genes on these chromosomes involved in disease formation remain to be identified. Mice deficient for Endoglin or ALK1 expression show clinical features of HHT[117]. Eng knockout (null) mice are embryonically lethal dying at day 10.5 p.c. due to impaired extraembryonic vascular development and several cardiac defects (see below). Heterozygous animals show clinical symptoms of HHT-1 with variable penetrance. Human patients with HHT-1 exhibit less Endoglin expression in peripheral blood monocytes and newborn umbilical vein endothelial cells
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[118]
.

To prevent fatal clinical events like stroke, high-output heart failure, pulmonary hypertension, and haemorrhage the embolization of visceral AVM is a valuable course of treatment. Furthermore symptomatically treatment approaches with antiangiogenic or antihormonal agents have been investigated. In some patients the use of antiangiogenic therapies known from cancer therapy such as Thalidomide[119], Lenalidomide[120], and Bevacizumab
 ADDIN EN.CITE 

[121]
 reduces the incidence of nasal and gastrointestinal bleeding. The β-receptor blocker Propanolol, usually used for prophylaxis of oesophageal variceal bleeding in patients with liver cirrhosis or the treatment in infantile haemangiomas was able to decrease cellular migration and tube formation, concomitantly with reduced RNA and protein levels of ENG and ALK1 in cell culture
 ADDIN EN.CITE 

[122]
. Other studies showed that Tamoxifen, an estrogen receptor antagonist, and the selective estrogen receptor modulator, raloxifene, can reduce episodes of epistaxis and transfusion requirements in patients suffering from nasal vascular malformations
 ADDIN EN.CITE 

[123,124]
. However, limited controlled studies, severe side effects of those drugs and the need for life long treatment limits the applicability for most patients.

Pre-eclampsia

Pre-eclampsia is a disease of high incidence (about 3%) in pregnant women with an onset after 20 weeks of gestation. It complicates pregnancy and can lead to death of mother and baby. The disease is characterized by new-onset hypertension (140 mmHg or diastolic blood pressure 90 mmHg) and proteinuria (excess of protein in the urine of at least 0.3 g of protein/day)125[]
. Eclampsia is characterized by additionally occurring grand mal seizures126[]
. Typical complications for the pregnant woman are the involvement of the central nervous system, acute renal or liver failure and changes in hematological parameters. Women with pre-eclampsia are prone to higher lifetime cardiovascular morbidity, including hypertension and ischemic heart disease. Effects on the fetus can be severe and include prematurity, fetal growth restriction, oligohydramnios and placental abruption. A family history of pre-eclamsia, advanced maternal age, obesity or pregestational diabetes increases the mothers risk to develop this condition127[]
.

The pathophysiology of pre-eclampsia is still poorly understood. Prior to the development of clinical symptoms cells migrating to the placenta lack the expression of endothelial surface adhesion markers. This leads to incomplete invasion of maternal arteries by the developing trophoblast resulting in placental ischemia and the release of antiangiogenic factors, including sol-Eng and soluble fms-like tyrosine kinase (sFlt1)
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[128]
. Vascular endothelial growth factor (VEGF) and placental growth factor are antagonized by soluble fms-like tyrosine kinase-1 (sFlt1 or sVEGFR-1), sol-Eng antagonizes TGF-β1 and TGF-β3 activity
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[129]
. These effects on vascular homeostasis promote changes in placental circulation. Numerous studies show the effect of VEGF and TGF-β signaling pathways on circulation and angiogenesis. These pathways influence directly the development of pre-eclampsia. By regulating endothelial cell proliferation, migration, vascular permeability and secretion VEGF-A is an important ligand for angiogenesis. It binds to two tyrosine kinase receptors, VEGFR-1 (Flt-1) and VEGFR-2 (KDR/Flk-1). The soluble receptor VEGFR-1 (sFlt1) acts as an endogenous VEGF inhibitor. In patients with pre-eclampsia sFlt1 is overexpressed in the maternal circulation
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[130]
, which corresponds to a decrease of VEGF and placental growth factor expression in the placenta of pre-eclampsia patients
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[131]
. This leads to the development of major symptoms of the disease due to abnormal trapping of VEGFs. The role of sFlt1 is underlined by studies in which pregnant rats were treated with exogenous sFlt1, inducing severe pre-eclampsia. Immunoprecipitation of sFlt1 in cells derived from placental villous explants normalized their angiogenic responses
 ADDIN EN.CITE 

[129]
.

In addition to the VEGF-signaling changes in the TGF-β signal transduction pathway promotes the development of pre-eclampsia. Placentas of pre-eclamptic women show increased levels of membrane-bound Eng and sol-Eng
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[14]
. Hypoxia and oxidative stress seem to be important triggers for the release of sol-Eng, as shown in a study where oxysterol activation promoted MMP-14-mediated cleavage of sol-Eng in cells of trophoblast origin
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[132]
. sol-Eng antagonizes TGF-β1 induced vasodilatation, leading to vascular hypertension
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[133-135]
. The increase of systemic sol-Eng in pregnant women is a factor that prequels the onset of pre-eclampsia 
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[106,136,137]
. Modulating the TGF-β pathway Endoglin can, alone or together with sFlt1, induce pre-eclamsia symptoms in pregnant rats
 ADDIN EN.CITE 

[14]
.
The pathogenesis of pre-eclampsia is defined by the imbalance of the anti-angiogenic factors, sFlt1 and sol-Eng, and the proangiogenic factors, placental growth factor, TGF-β, and VEGF
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[138]
. Current treatment concepts therefore include the use of antibodies and small molecules to sequester or limit synthesis of anti-angiogenic molecules. Improvement in blood pressure and renal function could be achieved after administration of exogenous VEGF in a preclinical model of pre-eclampsia, modulating the balance of angio- and anti-angiogenic factors
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[139]
. Recently a study using a dextran sulfate column to remove sFlt1 from the maternal circulation by extracorporeal apheresis showed a potential therapeutic approach for the treatment of pre-eclampsia
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[140]
. Other studies using induction of hemoxygenase-1 with cobalt protoporphyrin in pre-eclamptic rats
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[141]
 and prevention of the release of sol-Eng by direct inhibition of MMP-14 showed promising results
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[142]
. As mentioned before any therapeutic approach must be safe for mother and fetus and should be evaluated by controlled studies. Currently these problems still limit any effective therapy.

HELLP Syndrome

The HELLP syndrome is a complex of maternal symptoms in pregnancy including hemolysis, elevated liver enzymes, and low platelet count. HELLP syndrome occurs in 0.2%-0.8% of pregnancies and is a serious thread for mother and child. 70%-80% of women expressing HELLP symptoms also suffer from pre-eclampsia[143]. As in pre-eclampsia a previous HELLP pregnancy increases the risk of HELLP as well as pre-eclampsia in subsequent pregnancies, suggesting related pathogenetics. Anti-angiogenic factors play an important role in both symptom complexes. In comparison to pre-eclampsia maternal blood levels of anti-angiogenic sFlt1 are similar, but HELLP shows higher sol-Eng levels
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[144]
. The pathogenesis of symptoms defining HELLP is driven by those angiopathogenic mechanisms. Activated vascular endothelium leads to an inflammatory response including coagulation and complement activation, increased white blood count, elevated levels of inflammatory cytokines such as TNF-α and von Willebrand factor leading to clinical symptoms of disseminated coagulation in microvessels
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[144,145]
. Activation of these inflammatory signaling cascades leads to (H)emolysis in response to microangiopathy, reduced liver blood flow with (E)levated (L)iver enzymes and (L)ow (P)latelet counts due to consumption of platelets by microvessel thrombosis (= HELLP).

Cystic Fibrosis associated liver disease (CFLD)

Cystic fibrosis (CF, mucoviscidosis), is an autosomal recessive genetic disorder affecting lungs, pancreas, liver and intestine. A mutation in the gene for the protein cystic fibrosis transmembrane conductance regulator (CFTR) causes an abnormal transport of chloride and sodium across an epithelium resulting in viscous secretions[146]. Most severe symptoms affect the lungs often causing lung transplantation or death in those patients. Gastrointestinal symptoms due to thick mucus are common
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[147]
 and cystic fibrosis associated liver disease (CFLD) is often (30%) diagnosed, accounting for 2.5% of overall mortality, representing the third most common cause of death in these patients[148].

Rath et al. showed in a recent study that patients suffering of CFLD show elevated serum levels of TIMP-4 and Endoglin. Expression levels correlate with hepatic staging, therefore allowing, together with transient elastography, to increase the sensitivity for the non-invasive diagnosis of CFLD in patients suffering from CF. High Endoglin levels showed a significant association with the severity of liver injury, suggesting an active role for Endoglin in the pathology of liver fibrosis[
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28]
.

Endoglin in liver fibrosis and HCC

Liver fibrosis and cirrhosis is the outcome of most types of chronic liver injury. The excessive accumulation of extracellular matrix (ECM) proteins promotes hepatic scarring and eventually leads to organ failure[149]. In the pathogenesis of liver fibrosis, TGF-β is the most potent fibrogenic cytokine. It induces fibrosis through multiple mechanisms, including direct activation of HSC, stimulation of ECM production as well as prompting the synthesis of tissue inhibitors of matrixmetalloproteases (TIMPs) and thereby inhibiting ECM degradation[150]. Knock-out mice with deletions in components of the TGF-β signaling cascade (TGF-β1, SMAD3, and MMP13) develop less severe fibrosis
 ADDIN EN.CITE 

[151
]. TGF-β ligands and receptors form a complex signaling network, which can be modulated by Endoglin and Betaglycan (TGF-β type III receptor). By inhibiting ALK5-Smad2/3 and promoting ALK1-Smad1/5 signaling Endoglin can shift TGF-β downstream signals to pro-fibrogenic effects40[]
. Presently, there is not much knowledge how the expression of the different Endoglin isoforms and sol-Eng is regulated in diverse liver cell subpopulations but it was reported that the concentration of sol-Eng increases duing hepatic fibrogenesis (see below). In previous studies we could show that endoglin expression is increased in activated HSC in vitro and in murine models of liver injury (carbon tetrachloride application and bile duct ligation) in vivo
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[41]
. HSC are the major source for ECM production in liver fibrosis, Endoglin overexpression leads to enhanced TGF-β-driven Smad1/5 phosphorylation and α-smooth muscle actin expression without affecting Smad2/3 signaling in these cells. By shifting TGF-β signaling from ALK5-Smad2/3 to ALK1-Smad1/5 pathway Endoglin exceeds a central role in TGF-β signal modulation and the development of liver fibrosis.

Hepatocellular carcinoma (HCC) develops most often (80%) in cirrhotic livers. Angiogenesis and irregular capillary distribution are a key feature for malignant lesions[152]. Blood vessels are needed to supply nutrients and oxygen to the growing tumors. Most malignant tumors as well as HCCs have developed efficient strategies to promote fast vessel growth. Angiogenesis is a highly regulated, complex process modulated by many intersecting pathways, including vascular endothelial growth factor (VEGF), TGF-β and Endoglin
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[26]
, angiopoietins[153], Notch[154], and integrins[155]. Usually, pro-angiogenic and anti-angiogenic factors are tightly balanced. In contrast to physiologic angiogenesis (i.e., in wound healing), tumor angiogenesis is not controlled by normal physiologic inhibition, resulting in an imbalance of pro-angiogenic and anti-angiogenic factors. By modulating TGF-β signaling Endoglin plays a crucial role in angiogenesis and tumor growth and could be linked to HCC
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[108]
 as well as oesophageal cancer
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[156]
, breast carcinoma[157], colorectal cancer
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[158]
 and tumor angiogenesis[44].
EXPRESSION OF ENDOGLIN IN ISOLATED LIVER CELLS AND LIVER TISSUE
Endoglin expression has been studied in many different tissues and diseases. It is highly expressed on proliferating vascular endothelial cells[159,160], however, Meurer et al. showed that Endoglin is expressed on HSC and activated MFB as well[40,41]. By molecular cloning of endoglin cDNA, surface labeling, immunoprecipitation and immunocytochemistry experiments it could be shown that Endoglin plays a significant role in liver injury and fibrosis development[40,41]. Endoglin expression is differentially regulated at the plasma membrane of HSCs and in activated myofibroblasts (MFB)[40,41]. Endoglin expression is increased in transdifferentiating HSC and in two models of liver fibrosis but not in hepatocytes. Furthermore, Endoglin is expressed in cultured portal fibroblasts representing another important fibrogenic cell type in biliary types of liver disease. Transient overexpression of Endoglin leads to significantly increased TGF-β1-driven Smad1/5 phosphorylation and α-smooth muscle actin expression while Smad2 phosphorylation is not changed
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[40]
. These results are in line with a study by Lebrin et al. which showed Endoglin promoting TGF-β1/ALK1-Smad1/5 signaling in endothelial cells
 ADDIN EN.CITE 

[86]
.

To further investigate the influence of Endoglin on TGF-β signal transduction, we have recently established and characterize a new mouse HSC line expressing collagen 1(I) promoter/enhancer driven green fluorescent protein (GFP). These cells, originating from quiescent HSC show an activated MFB phenotype in culture and express low endogenous Endoglin concentrations. By selective overexpression of Endoglin in these cells, stimulation with TGF-β and PDGF and specific inhibition of Endoglin/ALK signaling with antagonists, the differential effect of Endoglin on downstream Smad-signaling could be shown
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[77]
.

Because of the complexity of Endoglin and TGF-β signaling pathways it is important to investigate the modulation of TGF-β signal transduction in cells of different origin. Exemplify, Velasco et al. showed the differential effects of Endoglin isoforms in L6E9 myoblasts[85]. Because these cells have no endogenous Endoglin expression, this cell line is an ideal tool to selectively express specific isoforms of Endoglin and show a different and sometimes opposing effect of L- and S-Eng isoforms on downstream regulation of TGF-β-induced responses. While Endoglin expression is well investigated in vascular endothelial cells, HHT and tumor angiogenesis the role of Endoglin in liver disease is poorly understood. Liver cell lines overexpressing Endoglin or single members of the TGF-β pathway as well as cells with low endogenous Endoglin expression and specifically induced Endoglin expression are needed to further dissect the functional roles of Endoglin in liver injury and fibrosis.

ANIMAL MODELS IN UNDERSTANDING ENDOGLIN FUNCTION
Endoglin deficiency in humans has a strong phenotype and is responsible for many diseases such as HHT, pre-eclampsia liver fibrosis and cancer. To study its impact on pathogenesis of those diseases murine endoglin knockout models were needed. Because a complete homozygous endoglin knockout is embryonically lethal, several alternative strategies were established. Endoglin plays an important role in angiogenesis; a complete endoglin deficiency has fatal consequences in the development of heart and major vessels. To study the role of endoglin in vivo and its impact on HHT-1, Arthur and coworkers established a mouse carrying a targeted nonsense mutation (deletion of exons 9-11) in the endoglin gene[161]. These mice already showed that Endoglin expression is critical for early vascular development. Embryos with two mutated endoglin genes die at day 10 - 10.5 post coitum (dpc) due to cardiac malformations and a failure to form mature blood vessels in the yolk sac. Homozygous endoglin knockout embryos generated by a deletion of 609 bp including exon 1 show a similar phenotype as mice lacking TGF-β1 and the TGF-β receptor II, suggesting that Endoglin plays a crucial role in TGF-β signaling in early vascular development


[162,163] ADDIN EN.CITE . Li and co-workers reported that mice lacking functional active Endoglin by replacing the first two exons die from defective vascular development but do not show defective vasculogenesis, which is observed in mice lacking TGF-β1[163]. Loss of Endoglin caused poor vascular smooth muscle cell (vSMC) development and arrested endothelial remodelling. Therefore, Endoglin is required for the differential growth and sprouting of endothelial tubes and recruitment and differentiation of mesenchymal cells into vSMC and pericytes[164]. Both studies show slight differences in vascular embryonic development, Eng deficient mice generated by Li et al. die at day 11.5 dpc[163]. While Arthur et al. used embryonic stem cells of 129/Ola origin Li et al. generated endoglin knockout mice by targeting embryonic stem cells from 129/SVJ background. Those different approaches already suggest a strong impact of genetic background on murine models of Eng deficiency.
To overcome the problems of embryonic lethality and to study the effect of endoglin in disease several groups have used alternative approaches to generate endoglin deficient mice. Allinson and colleagues for example generated a mouse in which the endoglin gene is flanked by loxP sites at exons 5 and 6[164]. These mice show a normal phenotype comparable to wild type littermates. Using the Cre-loxP genetic recombination system and an appropriate Cre expressing mouse line, specific endoglin knockout mice can be created. To generate a null allele of the endoglin gene, the floxed construct was designed to allow a conditional deletion of exons 5 and 6, which would also lead to frameshift mutation in exon 7 before reaching a stop codon resulting in a functional inactive endoglin[164].

Using this approach, two mouse models were generated expressing Cre in smooth muscle (SM22αcre) and endothelial cells (Tie2cre) to evaluate the role of Endoglin in vascular smooth muscle and endothelial cells during angiogenesis


[165] ADDIN EN.CITE . In this study endoglin null embryos show ectopic arterial expression of the venous specific marker COUPTFII (chicken ovalbumin upstream promoter transcription factor II). Normal expression of COUPTFII was restored after Endoglin re-expression in endothelial cells. COUPTFII plays an important role in vascular development, including heart, blood vessels and smooth muscle cell differentiation. Endoglin induces changes in COUPTFII expression patterns and therefore can influence vSMC recruitment and differentiation in angiogenesis.
Other groups used heterozygous endoglin knockout mice to investigate the function of endoglin and avoid embryonic lethality. Bourdeau et al. developed a mouse model with a single copy of the endoglin gene and another mouse line with a homozygous deletion of the endoglin gene[166]. As already observed by Arthur and colleagues, mice lacking any functional Endoglin die at day 10.0-10.5 dpc, due to defects in vessel and heart development. Embryos show a normal angiogenesis and vessel formation until hemorrhage occurs in the yolk sac around 9.0-10.5 dpc. Heart development stopped at day 9.0 and the atrioventricular canal endocardium did not undergo mesenchymal transformation and cushion-tissue formation. Similar to the study published by Arthur et al., Bourdeau and colleagues used 129/Ola origin on C57BL/6 background. The heterozygous mouse displays a multiorgan vascular phenotype similar to the human HHT, which is often caused by endoglin haploinsufficiency. To evaluate the impact of the genetic background on endoglin deficiency different Eng/null mouse strains were generated. The 129/Ola strain developed HHT symptoms at an earlier age and with greater severity than C57BL/6 mice. The F2 strain intercrosses between both strains showed an intermediate phenotype. As in humans Eng deficiency shows variable penetrance. Of 171 mice observed in this study over a 12 mo period, 50 developed clinical signs of HHT. Disease prevalence was high in the 129/Ola strain (72%), intermediate in the intercrosses (36%), and low in C57BL/6 backcrosses (7%)


[166] ADDIN EN.CITE .

Using the heterozygous Eng null mouse generated by Bordeau et al., another study showed that Endoglin is required for paracrine TGF-β signaling between endothelial cells and adjacent smooth muscle cells to promote smooth muscle cell differentiation


[167] ADDIN EN.CITE .

In primary cultures of endothelial cells generated from mice carrying only one functional Eng allele, a significantly reduced migration and proliferation along with increased collagen production, vascular endothelial growth factor (VEGF) secretion and decreased NO synthase expression was observed


[168] ADDIN EN.CITE . This again highlights the important role of Endoglin in vascular pathology.
As outlined above, Endoglin modulates both the ALK1 and ALK5 pathways. Park et al. generated an ALK1 conditional knockout mouse line[169]. The specific deletion of ALK1 in vascular endothelial cells by an endothelial specific Cre was lethal through massive hemorrhage in the lungs. ALK1 deficient mice showed heavy pulmonary vascular malformations mimicking all pathological features of HHT-2, such as dilation of vessel lumen, thinning of vascular walls, loss of capillaries, development of excessive tortuous vessels, and AVM[169].

Dolinsec and colleagues used another approach to investigate Endoglin deficiency in murine models without affecting embryonical vascular development


[170] ADDIN EN.CITE . By applying siRNA against endoglin to human and murine endothelial cells (HMEC-1, 2H11) in vitro and in TS/A mammary adenocarcinoma growing in BALB/c mice they evaluated the therapeutic potential of siRNA in cancer treatment. In vitro, the transfection resulted in reduced levels of endoglin mRNA and protein, leading to a 60% decrease of endothelial cell proliferation. In vivo silencing of Endoglin expression showed lower endoglin mRNA levels and a decreased number of tumor blood vessels resulting in significantly reduced TS/A tumor growth. The study demonstrated that siRNA molecules against endoglin have a good anti-angiogenic therapeutic potential


[171] ADDIN EN.CITE .
The endoglin gene gives rise to two different isoforms resulting from differential splicing, i.e. S- and L-Eng (for details see above). Pérez-Gómez et al. investigated the role of S-Eng in vivo using a mouse with ICAM-2 driven overexpression of human S-Eng on the vascular endothelium. Interestingly, breeding these mice to endoglin deficient mice did not rescue the embryogenic lethal phenotype. Furthermore, this study investigates the impact of S-Eng on carcinogenesis. Therefore, Lewis lung carcinoma cells were transplanted into mice expressing S-Eng. Carcinoma cells in these mice showed reduced tumor growth and less neovascularization. Additionally benign papilloma formation was reduced significantly in respective S-Eng positive mice. These results show that S-Eng has anti-angiogenic properties in cancer development, showing new potential approaches for tumor therapy


[43] ADDIN EN.CITE .

DIAGNOSTIC VALUE OF ENDOGLIN IN LIVER-ASSOCIATED DISEASES
Genetic testing

HHT is phenotypically heterogeneous both between affected families and amongst members of the same family in regard to penetrance and age of disease onset. There are hundreds of different mutations in the human ENG gene known that affect proper gene function. Although HHT is most common in Caucasians, disease causing mutations with ethnic-related differences also occur in Asians, Africans, and Middle Eastern[171]. The overall incidence of HHT in North America is more frequent than initially estimated and ranges between 1:5000 and 1:10000[172], while the frequency in Europe varies between 1:2500 to 1:40000[173-175]. In a cohort of the northern part of Japan, the prevalence of HHT in the population was estimated to be 1:8000[176], demonstrating that HHT is more common among Asians than often assumed.
HHT is a dominantly inherited autosomal disorder and genetic testing of individuals with a known family history is generally performed for disease confirmation (Figure 7). In addition, pre-symptomatic screening of relatives of patients with a positive molecular diagnosis and in patients with suggestive (but not confirmatory) clinical features of HHT is well established[177].
At the molecular level, there is a large spectrum of different gene mutations that influence the expression, integrity, stability of the Endoglin protein. Missense (nonsynonymous) mutations introducing different aa, nonsense mutations introducing premature stop codons, splice-site mutations that affect consensus splice donor sites and provoke exon skipping, frame shift and inframe deletions resulting in proteins with markedly different sizes, and several intronic mutations are rather common and showing an ethnic and regional distribution[7-10,178-180]. However, the penetrance of the different mutations and gene variations are rather different and subtle genotype-phenotype correlations in HHT-1 have been reported revealing that truncating mutations in ENG are associated with more affected organs and more severely haemorrhage than ENG missense mutations[13]. Pulse-chase experimentation and overexpression studies have further shown that several endoglin gene mutations form proteins that are only barely detectable, do not form heterodimers with normal endoglin, and are further unable to interfere with Endoglin trafficking to the cell surface and remain intracellular as a precursor form[12,181]. On the contrary, an other study that investigated six different missense and two truncation mutations have shown that not all mutants are unable to dimerize with normal Endoglin suggesting that haploinsufficiency and dominant-negative protein interactions both can cause HHT-1[12,182]. No homozygote that carry two abnormal copies of the ENG gene have been reported so far suggesting that this constellation is not compatible with life[183]. Likewise, mice lacking both copies of the ENG gene die at gestational day 10.0-10.5 due to defects in vessel and heart development[161].

However, there are four other genetic types of HHT identified that are not associated with alterations in the ENG gene, it is essential to know that there are likely to be differences in the normal requirements for the individual disease-causing genes in different vascular beds and cell types that when affected by mutation result in somewhat diverse clinical features and symptoms[183]. The onset of epistaxis for example was found to have an earlier onset in patients with HHT-1 than those with HHT-2 and AVM of the brain and lungs were more common in respective patients, while hepatic and spinal AVM were noticed at a lower frequency in patients with HHT-2[13,178,184,185]. Based on all these findings, several guidelines were proposed in which the ENG gene should be first targeted for mutational screening when large visceral AVM in the lungs in patients younger than 45 years occur[185]. However, based on the fact that all 15 exons and their non-coding introns can be easily sequenced, it is self-evident that these molecular diagnostic tests have refined and supplemented the criteria that were first proposed for clinical diagnosis of HHT[114].
Serum measurements

Based on the finding that the serum or plasma concentration of sol-Eng is increased dramatically in several disease conditions, its predictive value for the outcome of various diseases is presently intensively discussed and a large variety of commercially available ELISA test systems that allow reliable and accurate detection of Endoglin in biological fluids have been established by many companies. It was shown that serum sol-Eng that plays a major role as an anti-angiogenic factor increases two- and three-fold in preterm and term pregnancy compared to non-pregnant controls and further dramatically increases two to three months before the onset of pre-eclampsia and in patients with HELLP syndrome suggesting that sol-Eng alone or in combination with other variables is usable as a biomarker with a high predictive value in pregnancy complications[14,106,186,187]. Other studies demonstrated that plasma sol-Eng levels are significant higher in patients with diabetes than in healthy control subjects and that the duration of diabetes is an independent predictor of plasma sol-Eng increase[17]. The measurement of sol-Eng has also predictive value for the progression of the atherosclerotic process and correlates well with the expression of eNOS in endothelium, repair of the vessel wall, plaque neoangiogenesis, production of collagen and stabilization of atherosclerotic lesions[19]. As an indicator of endothelial dysfunction, the measurement of sol-Eng was proposed to monitor the therapy efficacy during extracorporeal LDL-cholesterol elimination therapy for familial hypercholesterolemia[18]. Since Endoglin expression was shown to be extremely relevant for cancer formation[159], it is not surprising that sol-Eng is a potential angiogenic marker to indicate and predict diseases associated with metastases[32,188-190]. Patients suffering from Alzheimer's disease were also found to have elevated levels of sol-Eng combined with decreased levels of TGF-β possibly indicating impairment of cerebral circulation that is associated with this neurodegenerative process[24]. Of course, the wide expression pattern of endoglin that encompasses endothelial cells, subsets of bone marrow cells, activated macrophages, fibroblasts, chondrocytes, smooth muscle cells and pro-fibrogenic cells (e.g., HSC) as well as its linkage with the TGF-β signaling pathways has further offered several new avenues in which sol-Eng measurements might be beneficial. In regard to liver, it is well established that intrahepatic and circulating levels of Endoglin are elevated in patients suffering from chronic hepatitis C infection, liver cirrhosis and carcinoma. In addition, there is a correlation of histological and serum markers of hepatic fibrosis and Endoglin is abundantly expressed in hepatic sinosoidal endothelium of non-tumor tissues with cirrhosis[108,191,192]. Increased endoglin expression was recently also documented by proteomic profiling in patients suffering from cystic fibrosis associated liver disease[28]. Likewise, high circulating Endoglin concentrations are correlated with a poor outcome for biliary atresia that represents a chronic progressive disorder of the extrahepatic and intrahepatic biliary system[27]. Therefore, there is no doubt that these measurements enrich the panel of available diagnostic options to identify proliferative disorders including organ diseases that are associated with fibrogenesis.
CONCLUSION AND SUMMARY REMARKS
Endoglin is found on many cell surfaces and plays a crucial role in TGF-β signaling. It forms homodimers and consists of a large extracellular domain, a hydrophobic transmembrane domain and a short cytoplasmic tail. This receptor binds to a large variety of extra- and intracellular binding partners and modulates numerous cellular properties including morphology, migration, endocytic vesicular transport, microtubular structures, and functionality of focal adhesion proteins. Several hundred independent ENG gene mutations result in HHT that is associated with various vascular lesions mainly on the face, lips, hands, and gastrointestinal mucosa. Recent work has demonstrated that endoglin expression is also altered during ongoing hepatic fibrogenesis. The unravelling of the underlying pathways that are associated with alterations in endoglin expression will be of fundamental interest not only for establishment of potential new therapeutic options for HHT treatment but might further allow to re-establish the activities of Smad2/3 and Smad1/5/8 that are both part of TGF-β homeostasis and pathological altered in ongoing and established organ fibrosis.
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Figure 1 Schematic representation of the structural and functional modules of human endoglin. A: Left, first panel, Exon structure: Structure of the endoglin gene and assignment of respective protein modules. Left, second panel, cleavage sites: Predicted consensus proteolytical cleavage sites deduced from the primary sequence and experimentally confirmed MMP-14 cleavage site between aa positions 586 and 587[59]. Middle panel, primary sequence positions: aa boundaries of the structural domains of human endoglin and location of the RGD sequence that is only present in human endoglin. Right, first panel, dimerization: The cysteine residues of the extracellular domain of endoglin are depicted including the 8 highly conserved residues within the ZP-domain[47]. Cysteines that are involved in dimerization are shown in bolt. Cysteine 582 that is involved in human endoglin dimerization is not present in the mouse and rat homologues[56]. Right, second panel, glycosylation: This figure part displays verified N-linked glycosylation sites within human endoglin. There is experimentally evidence for O-linked glycosylation, but respective sites are not shown[1]. Right, third panel, binding partners: Depicted are interaction partners of endoglin being either receptor proteins (upper) or cytosolic non receptors proteins (lower). Coloured arrows indicate interacting domains of endoglin with its binding partners. Zyxin and ZRP-1 bind to endoglin via their LIM-domains; B: Displayed is an aa alignment of Betaglycan (left) and Endoglin (right) of human, mouse, and rat. Receptor kinase substrates (serine and threonines) are shown in red. Threonine 650 is essential for binding to β-arrestin2[66]. The C-termini of Betaglycan and Endoglin that are highly conserved are indicated in light blue. The PDZ-I domain which binds to GIPC is depicted in dark blue[67]. The alternative C-termini which results from differential splicing are shown in green.
Figure 2 Sequence alignment of rat Endoglin and Betaglycan. The protein sequences of rat Endoglin and Betaglycan were aligned using the ClustalW2 algorithm. Respective sequences of rat Endoglin (AAS67893) and Betalycan (AAA42236.1) were taken from the GenBank. Please note the high degree of similarity of both proteins at their C-termini.

Figure 3 Sequence alignment of Endoglin from different species. The protein sequences of rat, mouse, human, and chicken Endoglin were aligned using the ClustalW2 tool (http://www.expasy.org/genomics/sequence_alignment). Sequences of mouse (NP_031958), rat (AAS67893), human (NP_001108225), and chicken (AAT84715) were taken from the GenBank (http://www.ncbi.nlm.nih.gov/). The RGD sequence in human Endoglin (aa 399-aa 401) is underlined. Fully conserved aa in Endoglin are marked by and asterisk (*), positions that carry aa with strongly similar properties by a colon (:), and positions with weakly similar properties by a period (.), respectively. Please note that the highest degree of homology is found at the C-terminal regions that encompass the cytosolic part of endoglin.
Figure 4 Binding partners of Endoglin. Endoglin physically interacts via its extracellular domain with TGF-β1, TGF-β3 and BMP-9[110]. The short cytoplasmic domain has affinity for ZRP-1[63], Zyxin[64], GIPC[67], β-arrestin-2[66], and Tctex2β[65]. In conjunction with TβRI and TβRII, the binding spectrum is extended to BMP-2, BMP-7 and ActA[111]. After proteolytic cleavage (shedding) by MMP-14 (also known as membrane-type matrix metalloproteinase MT1-MMP), the soluble form of endoglin (sol-Eng) is released[59]. This form has capacity to bind BMP-9 and BMP-10[113].

Figure 5 Association of endoglin with different signaling cascades. The concentrical circles display the hierarchy of signaling. Signaling starts at the membrane with receptors and adaptors (inner two circles). The next circle represents activated intermediates and adaptors. Thereafter, target genes are indicated. These are involved in shaping a cellular response which is part of a complex process (last circle). Partially open radial lines indicate that the corresponding molecules interact or interaction of molecules is mediated by the protein displayed on the radial line (LRP-1). The green font indicates items addressed in liver cells which are modulated by endoglin.
Figure 6 Endoglin and disease. The human Endoglin gene (ENG) is located on the long arm of human chromosome 9. Mutations are inherited in an autosomal dominant manner and affect several organs. In liver, abnormal connection formed between blood vessels, arteriovenous malformations (AVM), malfunction of the cholangiocyte transport system gives rise to liver damage indicated by portal hypertension, persistent abnormalities of liver enzymes, hepatomegaly and/or splenomegaly, fibrosis, cirrhosis or even hepatocellular carcinoma (HCC). Intrahepatic connection between arteries and veins results in a large amount of blood bypasses for which the heart compensates by increasing the cardiac output resulting on long term in heart insufficiency. Similar arteriovenous (pulmonary AVM, cerebral AMV) are found in lung and brain. In the digestive tract bleedings occur and telangiectasias of blood vessels are found on the skin of the hands, face and mouth. During pregnancy, the placenta and the maternal endothelium produce higher levels of cell-surface endoglin that is shedded and leads to higher systemic concentration of soluble endoglin (sol-Eng) that leads to an imbalance of the antiangiogenic factors resulting in life-threatening obstetric complication (e.g., pre-eclampsia, HELLP syndrome).

Figure 7 Endoglin in diagnostics. Several distinct mutations in the endoglin gene (ENG) give rise to hereditary hemorrhagic telangiectasia (HHT) that is mainly characterized by epistaxes (nosebleed), various visceral lesions, and telangiectasia (spider veins), and arteriovenous malformations. Patients often show an appropriate family history. The clinical diagnosis “HHT” is made if three of the four classical signs (i.e., epistaxes, visceral lesions, telangiectasia, and family history) occur. Elevated levels of soluble Endoglin have been reported in patients suffering from hemolysis, elevated liver enzymes and low platelets syndrome (HELLP), Pre-eclampsia, type 2 diabetes, atherosclerosis, tumorgenesis in several organs, and fibrogenesis.
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