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Endoglin is a class I, single-membrane spanning receptor with an apparent molecular weight of 95 kDa containing

a short cytoplasmic and a modular extracellular domain. This domain contains attachment sites for N- and O-

dependent glycosylation and ligand binding residues.

Endoglin  CD105  TGF-β-signaling

1. Structural and Functional Aspects of Endoglin

The homo-dimeric protein is stabilized by multiple intermolecular disulfide bridges . In case of Endoglin,

defective N-glycosylation interferes with membrane localization similar to the transforming growth factor-β type II

receptor (TβRII), as well as it impacts exosomal targeting of Endoglin . Direct binding of Endoglin to TGF-β is

assumed to only occur in complex with the signaling receptors TGF-β type I and type II . The Endoglin C-

terminus is a substrate for TGF-β-receptors, leading to serine/threonine phosphorylation, which regulates the

interaction of Endoglin with those receptors . In addition, the C-terminal domain is tyrosine phosphorylated by Src

kinase impacting Endoglin’s trafficking and endothelial responses  . In contrast to the signaling receptors,

Endoglin possesses only a short intracellular domain with no intrinsic kinase activity. Nevertheless, this domain

represents a hub for interaction with TGF-β/bone morphogenetic protein (BMP)-receptors, integrins and proteins

regulating migration and trafficking such as zyxin, zyxin-related protein (ZRP)-1, β-arrestin2, and the GAIP C-

terminus-interacting protein (GIPC) . The interaction with GIPC affects in addition to Smads (see

below) also PI3K/Akt and ERK1/2 activation (Figure 1) .
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Figure 1. Endoglin biology in endothelial cells. (central part) Endoglin (Eng) is a component of a receptor complex

in endothelial cells comprising the type I receptor dimers activin receptor-like kinase 5 (ALK5) or ALK1, and type II

receptor dimers binding ligands, e.g., transforming growth factor-β1 (TGF-β1) and bone morphogenetic protein 9

(BMP9), of the TGF-β-superfamily. Interaction with these receptors either activates Smad1/5/8 or Smad2/3

signaling (phosphorylation) to regulate corresponding target genes, e.g., inhibitor of differentiation 1 (Id1) and

plasminogen activator inhibitor-1 (PAI-1), and finally, cellular responses including proliferation and migration to

balance the activation and resolution phase of angiogenesis. Localization of Eng in caveolin-1 (cav-1) positive lipid

rafts mediates interaction of heat shock protein 90 (Hsp90) with endothelial NO-synthase (eNOS) regulating its

function. (upper part) Beside the long variant of Eng (L-Eng), a C-terminally truncated, shorter splice variant (S-

Eng) and a shedded form, mediated by matrix metalloproteinase (MMP)-14, comprising only the extracellular

domain (sEng) has been identified. All three variants of Eng are involved individually in cellular (senescence) and

pathological conditions (e.g., HHT-1, pre-eclampsia), respectively. The extracellular domain of Eng is N- and O-

glycosylated and human Eng contains an integrin binding motif (RGD) motif. The L-Eng C-terminal domain is a

substrate for TGF-β receptors leading to serine/threonine phosphorylation. Tyrosine phosphorylation is mediated

by Src. L-Eng interacts with its cytoplasmic domain with several intracellular proteins regulating receptor trafficking,

phosphorylation/activity of kinases, and focal adhesion amongst others. The functional difference of S-Eng
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compared to L-Eng most likely arises from the missing binding- and phosphorylation-sites in its C-terminus.

Abbreviations used are: GIPC, GAIP C-terminus-interacting protein; HHT-1, hereditary hemorrhagic telangiectasia

1; Smad, small mothers against decapentaplegic; pERK1/2, phosphorylated extracellular signal-regulated kinase

1/2; PI3K/Akt, phosphatidylinositol 3-kinase; TβRI/II, transforming growth factor-β1 type I or II receptor; ZRP-1,

zyxin-related protein-1.

Beside the “regular” Endoglin variant (L-Endoglin), a shorter splice variant of Endoglin (S-Endoglin) has been

identified . This splice variant has a shortened C-terminus, which is missing phosphorylation and protein

interaction sites, resulting in functional differences compared to L-Endoglin (see below). Upon ligand binding, TβRII

and TβRI activation results in endocytosis of the receptor complex followed by phosphorylation of substrate

proteins by TβRI. In general, there are two different ways of internalization involving clathrin-coated pits (ccp, early

endosomal antigen (EEA)-1 ) or alternatively caveolin-coated pits (lipid rafts, caveolin-1 ). It is assumed that

localization to ccp leads to Smad activation, whereas routing to lipid rafts leads to degradation of receptors or

activation of non-Smad signaling . In endothelial cells (EC), Endoglin is localized to the membrane of

caveolae, where it regulates the stability and interaction of eNOS and its allosteric regulator Hsp90 . In addition,

Endoglin was found in detergent-insoluble proteins (representing most likely lipid rafts) in placentas of pre-

eclamptic women . Activated Smads translocate to the nucleus in complex with the common Smad4, and in

concert with positive and negative transcription factors regulate a wide spectrum of target genes . In ECs,

Endoglin modulates diverse functions, including migration and proliferation, by differentially regulating Smad2/3

signaling versus Smad1/5/8 signaling, which involves the interaction of Endoglin with the structural protein GIPC

. Moreover, the phosphorylation of the C-terminal part of Endoglin generates docking sites for intracellular

interacting proteins, which also applies to subsets of T-cells (see below) . However, the intracellular signal

transfer modalities to regulate transcription or influence cellular functions by Endoglin (at least in EC) are not

restricted to Smad-dependent mechanisms .

Endoglin expression is upregulated in activated ECs and this is facilitated by different transcription factors,

including TGF-β1 regulated Smad3/Sp1/KLF6 and hypoxia regulated Hif1α . Due to the high expression of

Endoglin in activated ECs, the function and biology of Endoglin has been analyzed in detail in ECs and processes

based on angiogenesis including carcinogenesis . Especially, Endoglin has been exploited to target anti-cancer

drugs to the tumor vasculature to treat cancer . In contrast to EC, in tumor cells of different origins, in which

Endoglin acts as a tumor suppressor, its expression is epigenetically silenced/switched off .

The area of EC research was enforced by the finding that the human disease hereditary hemorrhagic

telangiectasia 1 (HHT-1) is based on genetic defects in the endoglin gene (Eng), leading to defect/non-functional or

mis-targeted proteins causing haploinsufficiency in Endoglin . Several Endoglin mutants have been

shown to get stuck in the endoplasmic reticulum due to folding/glycosylation defects . Those proteins are most

likely ubiquitinated, a fact substantiated by the interaction with the E3 ubiquitin ligase tripartite motif-containing

protein 21 (TRIM21) . Likewise, to the multiple and sometimes life-threatening complications in HHT-1 patients,

the loss of Endoglin causes embryonic lethality in homozygous Endoglin knockout mice, underpinning the

important function of Endoglin during development . More importantly, Endoglin knockout mouse models
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revealed that not only EC but also vessel-associated cells express Endoglin, and the communication of these cells

with EC is the basis for defective angiogenesis . In addition, the function of Endoglin is not limited to Endoglin

expressing cells, since this receptor itself can directly be a part of the paracrine communication by the proteolytical

release of the extracellular domain as soluble Endoglin (sEng) from the cell surface . sEng is increased in pre-

eclamptic woman and has been functionally linked to this disease . Moreover, sEng and the membrane bound

full-length Endoglin can be released by cells as a cargo of exosomes .

2. Endoglin in Pathological Conditions

As discussed, Endoglin is highly expressed in active/angiogenic ECs. Therefore, dysfunction of this receptor

affects several organ systems relying on angiogenesis.

2.1. The Female Reproductive System

In the mouse, endoglin mRNA and protein could be localized to blood vessels and capillaries (EC) as well as

interstitial fibroblasts in several tissues, . Endoglin is highly expressed in the ovary, uterus and the cDNA has

been cloned from a placenta library . During placental development, the establishment of the fetal-maternal

interaction is critical for successful pregnancy . Abnormalities of placenta formation due to shallow trophoblast

invasion have been linked to pre-eclampsia and fetal/intrauterine growth restriction (IUPR) . Pre-eclampsia is

characterized by the onset of hypertension and proteinuria in the third trimester of pregnancy and the severe forms

can lead to the HELLP (Haemolysis, Elevated Liver enzyme levels, Low Platelet count) syndrome and IUPR .

The disease is based on excess placental-derived soluble VEGF receptor (sVEGFR1, sFlt1) as well as an excess

of sEng released from endothelial membrane bound L-Endoglin, of which both, i.e., sFlt1 and sEng, are found

elevated in the serum of pre-eclamptic women . The liberation of sFlt1 and sEng prevents binding of their

cognate ligands to EC, thereby affecting vascular tone and tissue oxygenation. In line, IUPR is often caused by

hypoxia and is likely resulting from shallow trophoblast invasion in the decidua and myometrium and failure to

invade the spiral arteries, a key requirement to establish an efficient utero-placental circulation .

In addition to EC, during pregnancy, Endoglin is permanently highly expressed on syncytiotrophoblasts and is also

upregulated on extravillous trophoblasts differentiating along the invasive pathway . The analysis of human

villous explants revealed that artificial downregulation of Endoglin by an antibody or antisense oligonucleotides

stimulates outgrows, migration and a higher Fibronectin release . As mentioned above, IUPR is accompanied by

placental hypoxia and increased TGF-β3 expression. Low oxygenation induces Endoglin expression (full-length

and soluble form) mediated by TGF-β3 . Aside ECs and trophoblasts, the expression of Endoglin was

upregulated in decidua basalis of mid pregnancy in macrophages .

2.2. Vascular Homeostasis

The fact that HHT-1 is based on Endoglin mutations and HHT-2 is based on ALK1 mutations, both components of

the TGF-β-pathway, account for ~85% of clinically diagnosed HHT patients implies that TGF-β is a critical
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component in this disease . Comparative gene array analysis of human umbilical vein endothelial cells

(HUVECs) from HHT-1 patients and control newborns showed several differentially expressed genes, comprising

functions in extracellular matrix formation, angiogenesis, cellular adhesion and affecting genes involved in TGF-β

signaling (i.e., Smad1, Smad7, and TGF-β2) . Nevertheless, gene expression profiling of human nasal

telangiectasial tissue and non-telangiectasial tissue revealed that not only TGF-β-related candidates are

differentially expressed, but Wnt signaling also seems to be affected .

TGF-β 1 is a critical regulator in the endothelial system, but this applies also to hematopoiesis and mature

hematopoietic cells. Therefore, the expression of Endoglin in the corresponding cells is of fundamental interest .

A first functional link of Endoglin to the immune system, i.e., a role of Endoglin in macrophage biology, was realized

quite early. In particular, it has been noted that mononuclear cell infiltrates are observed around telangiectases

consisting of lymphocytes and monocytes/macrophages . However, immunophenotypic analysis of T-, B- and

NK-lymphocytes indicated that there were no quantitative or qualitative abnormalities in HHT patients. There was

no activation of T-cells and normal levels of IgGs, but the activity of components of the innate immune system was

affected . The phagocytotic activity and/or the oxidative burst of polymorphonuclear neutrophils (PMN) and/or

monocytes were shown to be reduced in HHT patients . In contrast, Guilhem and colleagues found no difference

in innate immunity, but lymphopenia of T-cells (CD4, CD8) and NK cells increased, and the level of IgG and IgA

was found elevated . In another study, the adaptive immune system showed no quantitative change in B- and T-

cells, but there was a deficit in T-cells expressing Th1-relevant cytokines (IFN-γ, IL2, TNF-α) and monocytes

positive for TNF-α rendering HHT patients more susceptible to infections .

It is known that TGF-β1 induces macrophage differentiation  . Moreover, neutrophil survival, chemotaxis and

activation (examined by oxidative burst and phagocytosis) are increased by TGF-β1 . Therefore, it is obvious

that immune cell dysfunction in the absence of Endoglin might be linked to TGF-β1, a fact substantiated by the

lower TGF-β1 plasma level found in heterozygous Endoglin deficient mice compared to wild-type mice . A more

indirect role of Endoglin in ECs with respect to inflammation is its involvement in cell-cell contacts governing vessel

architecture and the recruitment of immune cells (all lineages) from the circulation (extravasation) . In turn,

increased expression of Endoglin, which occurs for example in the autoimmune thyroiditis Graves’ disease and

psoriatic lesions, might lead to an enhanced inflammatory cell recruitment .

References

1. Lux, A.; Gallione, C.J.; Marchuk, D.A. Expression analysis of endoglin missense and truncation
mutations: Insights into protein structure and disease mechanisms. Hum. Mol. Genet. 2000, 9,
745–755. [Google Scholar] [CrossRef]

2. Guerrero-Esteo, M.; Sanchez-Elsner, T.; Letamendia, A.; Bernabeu, C. Extracellular and
cytoplasmic domains of endoglin interact with the transforming growth factor-β receptors I and II.
J. Biol Chem. 2002, 277, 29197–29209. [Google Scholar] [CrossRef]

[59][60][61][62]

[63]

[62]

[64]

[65][66]

[67]

[67]

[68]

[69]

[70]

[71]

[72]

[44][73][74]

[75][76]



Endoglin | Encyclopedia.pub

https://encyclopedia.pub/entry/3642 6/12

3. Kim, Y.W.; Park, J.; Lee, H.J.; Lee, S.Y.; Kim, S.J. TGF-β sensitivity is determined by N-linked
glycosylation of the type II TGF-β receptor. Biochem. J. 2012, 445, 403–411. [Google Scholar]
[CrossRef]

4. Meurer, S.; Wimmer, A.E.; Leur, E.V.; Weiskirchen, R. Endoglin trafficking/exosomal targeting in
liver cells depends on N-glycosylation. Cells 2019, 8, 997. [Google Scholar] [CrossRef] [PubMed]

5. Letamendía, A.; Lastres, P.; Almendro, N.; Raab, U.; Bühring, H.J.; Kumar, S.; Bernabéu, C.
Endoglin, a component of the TGF-β receptor system, is a differentiation marker of human
choriocarcinoma cells. Int. J. Cancer 1998, 76, 541–546. [Google Scholar] [CrossRef]

6. Pece-Barbara, N.; Cymerman, U.; Vera, S.; Marchuk, D.A.; Letarte, M. Expression analysis of four
endoglin missense mutations suggests that haploinsufficiency is the predominant mechanism for
hereditary hemorrhagic telangiectasia type 1. Hum. Mol. Genet. 1999, 8, 2171–2181. [Google
Scholar] [CrossRef] [PubMed]

7. Koleva, R.I.; Conley, B.A.; Romero, D.; Riley, K.S.; Marto, J.A.; Lux, A.; Vary, C.P. Endoglin
structure and function: Determinants of endoglin phosphorylation by transforming growth factor-
beta receptors. J. Biol. Chem. 2006, 281, 25110–25123. [Google Scholar] [CrossRef]

8. Pan, C.C.; Kumar, S.; Shah, N.; Hoyt, D.G.; Hawinkels, L.J.; Mythreye, K.; Lee, N.Y. Src-mediated
post-translational regulation of endoglin stability and function is critical for angiogenesis. J. Biol.
Chem. 2014, 289, 25486–25496. [Google Scholar] [CrossRef]

9. Kim, S.K.; Henen, M.A.; Hinck, A.P. Structural biology of betaglycan and endoglin, membrane-
bound co-receptors of the TGF-β family. Exp. Biol. Med. 2019, 244, 1547–1558. [Google Scholar]
[CrossRef]

10. Conley, B.A.; Koleva, R.; Smith, J.D.; Kacer, D.; Zhang, D.; Bernabéu, C.; Vary, C.P. Endoglin
controls cell migration and composition of focal adhesions: Function of the cytosolic domain. J.
Biol. Chem. 2004, 279, 27440–27449. [Google Scholar] [CrossRef]

11. Sanz-Rodriguez, F.; Guerrero-Esteo, M.; Botella, L.M.; Banville, D.; Vary, C.P.; Bernabéu, C.
Endoglin regulates cytoskeletal organization through binding to ZRP-1, a member of the Lim
family of proteins. J. Biol. Chem. 2004, 279, 32858–32868. [Google Scholar] [CrossRef] [PubMed]

12. Lee, N.Y.; Blobe, G.C.J. The interaction of endoglin with β-arrestin2 regulates transforming growth
factor-β-mediated ERK activation and migration in endothelial cells. Biol. Chem. 2007, 282,
21507–21517. [Google Scholar] [CrossRef] [PubMed]

13. Lee, N.Y.; Ray, B.; How, T.; Blobe, G.C. Endoglin promotes transforming growth factor beta-
mediated Smad 1/5/8 signaling and inhibits endothelial cell migration through its association with
GIPC. J. Biol. Chem. 2008, 283, 32527–32533. [Google Scholar] [CrossRef] [PubMed]

14. Lee, N.Y.; Golzio, C.; Gatza, C.E.; Sharma, A.; Katsanis, N.; Blobe, G.C. Endoglin regulates PI3-
kinase/Akt trafficking and signaling to alter endothelial capillary stability during angiogenesis. Mol.



Endoglin | Encyclopedia.pub

https://encyclopedia.pub/entry/3642 7/12

Biol. Cell. 2012, 23, 2412–2423.

15. Lastres, P.; Martín-Perez, J.; Langa, C.; Bernabéu, C. Phosphorylation of the human-
transforming-growth-factor-beta-binding protein endoglin. Biochem. J. 1994, 301 Pt 3, 765–768.
[Google Scholar] [CrossRef]

16. Pérez-Gómez, E.; Eleno, N.; López-Novoa, J.M.; Ramirez, J.R.; Velasco, B.; Letarte, M.;
Bernabéu, C.; Quintanilla, M. Characterization of murine S-endoglin isoform and its effects on
tumor development. Oncogene 2005, 24, 4450–4461. [Google Scholar] [CrossRef]

17. Meurer, S.K.; Tihaa, L.; Borkham-Kamphorst, E.; Weiskirchen, R. Expression and functional
analysis of endoglin in isolated liver cells and its involvement in fibrogenic Smad signalling. Cell
Signal. 2011, 23, 683–699. [Google Scholar] [CrossRef]

18. Di Guglielmo, G.M.; Le Roy, C.; Goodfellow, A.F.; Wrana, J.L. Distinct endocytic pathways
regulate TGF-beta receptor signalling and turnover. Nat. Cell Biol. 2003, 5, 410–421. [Google
Scholar] [CrossRef]

19. Budi, E.H.; Xu, J.; Derynck, R. Regulation of TGF-β Receptors. Methods Mol. Biol. 2016, 1344, 1–
33. [Google Scholar] [CrossRef]

20. Toporsian, M.; Gros, R.; Kabir, M.G.; Vera, S.; Govindaraju, K.; Eidelman, D.H.; Husain, M.;
Letarte, M. A role for endoglin in coupling eNOS activity and regulating vascular tone revealed in
hereditary hemorrhagic telangiectasia. Circ. Res. 2005, 96, 684–692. [Google Scholar] [CrossRef]

21. Zhang, W.; Chen, X.; Yan, Z.; Chen, Y.; Cui, Y.; Chen, B.; Huang, C.; Zhang, W.; Yin, X.; He, Q.Y.;
et al. Detergent-insoluble proteome analysis revealed aberrantly aggregated proteins in human
preeclampsia placentas. Proteome Res. 2017, 16, 4468–4480. [Google Scholar] [CrossRef]
[PubMed]

22. David, C.J.; Massagué, J. Contextual determinants of TGFβ action in development, immunity and
cancer. Nat. Rev. Mol. Cell Biol. 2018, 19, 419–435. [Google Scholar] [CrossRef] [PubMed]

23. Lebrin, F.; Deckers, M.; Bertolino, P.; Ten Dijke, P. TGF-β receptor function in the endothelium.
Cardiovasc. Res. 2005, 65, 599–608. [Google Scholar] [CrossRef]

24. Schmidt-Weber, C.B.; Letarte, M.; Kunzmann, S.; Rückert, B.; Bernabéu, C.; Blaser, K. TGF-
{beta} signaling of human T cells is modulated by the ancillary TGF-β receptor endoglin. Int.
Immunol. 2005, 17, 921–930. [Google Scholar] [CrossRef] [PubMed]

25. Bernabeu, C.; Conley, B.A.; Vary, C.P. Novel biochemical pathways of endoglin in vascular cell
physiology. J. Cell Biochem. 2007, 102, 1375–1388. [Google Scholar] [CrossRef] [PubMed]

26. Santibanez, J.F.; Pérez-Gómez, E.; Fernandez-L, A.; Garrido-Martin, E.M.; Carnero, A.;
Malumbres, M.; Vary, C.P.; Quintanilla, M.; Bernabéu, C. The TGF-beta co-receptor endoglin



Endoglin | Encyclopedia.pub

https://encyclopedia.pub/entry/3642 8/12

modulates the expression and transforming potential of H-Ras. Carcinogenesis 2010, 31, 2145–
2154. [Google Scholar] [CrossRef]

27. Park, S.; Dimaio, T.A.; Liu, W.; Wang, S.; Sorenson, C.M.; Sheibani, N. Endoglin regulates the
activation and quiescence of endothelium by participating in canonical and non-canonical TGF-β
signaling pathways. J. Cell Sci. 2013, 126 Pt 6, 1392–1405. [Google Scholar] [CrossRef]

28. Sánchez-Elsner, T.; Botella, L.M.; Velasco, B.; Langa, C.; Bernabéu, C. Endoglin expression is
regulated by transcriptional cooperation between the hypoxia and transforming growth factor-β
pathways. J. Biol. Chem. 2002, 277, 43799–43808. [Google Scholar] [CrossRef]

29. Botella, L.M.; Sanz-Rodriguez, F.; Komi, Y.; Fernandez-L, A.; Varela, E.; Garrido-Martin, E.M.;
Narla, G.; Friedman, S.L.; Kojima, S. TGF-β regulates the expression of transcription factor KLF6
and its splice variants and promotes co-operative transactivation of common target genes through
a Smad3-Sp1-KLF6 interaction. Biochem. J. 2009, 419, 485–495. [Google Scholar] [CrossRef]

30. Sugden, W.W.; Siekmann, A.F. Endothelial cell biology of Endoglin in hereditary hemorrhagic
telangiectasia. Curr. Opin. Hematol. 2018, 25, 237–244.

31. Seon, B.K.; Haba, A.; Matsuno, F.; Takahashi, N.; Tsujie, M.; She, X.; Harada, N.; Uneda, S.;
Tsujie, T.; Toi, H.; et al. Endoglin-targeted cancer therapy. Curr. Drug Deliv. 2011, 8, 135–143.
[Google Scholar] [CrossRef] [PubMed]

32. Ollauri-Ibáñez, C.; López-Novoa, J.M.; Pericacho, M. Endoglin-based biological therapy in the
treatment of angiogenesis-dependent pathologies. Expert Opin. Biol. Ther. 2017, 17, 1053–1063.
[Google Scholar] [CrossRef] [PubMed]

33. Mori, Y.; Cai, K.; Cheng, Y.; Wang, S.; Paun, B.; Hamilton, J.P.; Jin, Z.; Sato, F.; Berki, A.T.; Kan,
T.; et al. A genome-wide search identifies epigenetic silencing of somatostatin, tachykinin-1, and 5
other genes in colon cancer. Gastroenterology 2006, 131, 797–808. [Google Scholar] [CrossRef]

34. Wong, V.C.; Chan, P.L.; Bernabeu, C.; Law, S.; Wang, L.D.; Li, J.L.; Tsao, S.W.; Srivastava, G.;
Lung, M.L. Identification of an invasion and tumor-suppressing gene, Endoglin (ENG), silenced by
both epigenetic inactivation and allelic loss in esophageal squamous cell carcinoma. Int. J.
Cancer 2008, 123, 2816–2823. [Google Scholar] [CrossRef] [PubMed]

35. O’Leary, K.; Shia, A.; Cavicchioli, F.; Haley, V.; Comino, A.; Merlano, M.; Mauri, F.; Walter, K.;
Lackner, M.; Wischnewsky, M.B.; et al. Identification of Endoglin as an epigenetically regulated
tumour-suppressor gene in lung cancer. Br. J. Cancer 2015, 113, 970–978. [Google Scholar]
[CrossRef]

36. Rose, M.; Meurer, S.K.; Kloten, V.; Weiskirchen, R.; Denecke, B.; Antonopoulos, W.; Deckert, M.;
Knüchel, R.; Dahl, E. ITIH5 induces a shift in TGF-β superfamily signaling involving Endoglin and
reduces risk for breast cancer metastasis and tumor death. Mol. Carcinog. 2018, 57, 167–181.
[Google Scholar] [CrossRef] [PubMed]



Endoglin | Encyclopedia.pub

https://encyclopedia.pub/entry/3642 9/12

37. Paquet, M.E.; Pece-Barbara, N.; Vera, S.; Cymerman, U.; Karabegovic, A.; Shovlin, C.; Letarte,
M. Analysis of several endoglin mutants reveals no endogenous mature or secreted protein
capable of interfering with normal endoglin function. Hum. Mol. Genet. 2001, 10, 1347–1357.
[Google Scholar] [CrossRef]

38. Ali, B.R.; Ben-Rebeh, I.; John, A.; Akawi, N.A.; Milhem, R.M.; Al-Shehhi, N.A.; Al-Ameri, M.M.; Al-
Shamisi, S.A.; Al-Gazali, L. Endoplasmic reticulum quality control is involved in the mechanism of
endoglin-mediated hereditary haemorrhagic telangiectasia. PLoS ONE 2011, 6, e26206. [Google
Scholar] [CrossRef]

39. Förg, T.; Hafner, M.; Lux, A. Investigation of endoglin wild-type and missense mutant protein
heterodimerisation using fluorescence microscopy based IF, BiFC and FRET analyses. PLoS
ONE 2014, 9, e102998. [Google Scholar] [CrossRef]

40. Mallet, C.; Lamribet, K.; Giraud, S.; Dupuis-Girod, S.; Feige, J.J.; Bailly, S.; Tillet, E. Functional
analysis of endoglin mutations from hereditary hemorrhagic telangiectasia type 1 patients reveals
different mechanisms for endoglin loss of function. Hum. Mol. Genet. 2015, 24, 1142–1154.

41. Gariballa, N.; Ali, B.R. Endoplasmic reticulum associated protein degradation (ERAD) in the
pathology of diseases related to TGFβ signaling pathway: Future therapeutic perspectives. Front.
Mol. Biosci. 2020, 7, 575608. [Google Scholar] [CrossRef] [PubMed]

42. Gallardo-Vara, E.; Ruiz-Llorente, L.; Casado-Vela, J.; Ruiz-Rodríguez, M.J.; López-Andrés, N.;
Pattnaik, A.K.; Quintanilla, M.; Bernabeu, C. Endoglin protein interactome profiling identifies
TRIM21 and Galectin-3 as new binding partners. Cells 2019, 8, 1082. [Google Scholar]
[CrossRef] [PubMed]

43. Bourdeau, A.; Faughnan, M.E.; Letarte, M. Endoglin-deficient mice, a unique model to study
hereditary hemorrhagic telangiectasia. Trends Cardiovasc. Med. 2000, 10, 279–285. [Google
Scholar] [CrossRef]

44. Rossi, E.; Smadja, D.M.; Boscolo, E.; Langa, C.; Arevalo, M.A.; Pericacho, M.; Gamella-Pozuelo,
L.; Kauskot, A.; Botella, L.M.; Gaussem, P.; et al. Endoglin regulates mural cell adhesion in the
circulatory system. Cell Mol. Life Sci. 2016, 73, 1715–1739. [Google Scholar] [CrossRef]
[PubMed]

45. Hawinkels, L.J.; Kuiper, P.; Wiercinska, E.; Verspaget, H.W.; Liu, Z.; Pardali, E.; Sier, C.F.; ten
Dijke, P. Matrix metalloproteinase-14 (MT1-MMP)-mediated endoglin shedding inhibits tumor
angiogenesis. Cancer Res. 2010, 70, 4141–4150. [Google Scholar] [CrossRef] [PubMed]

46. Venkatesha, S.; Toporsian, M.; Lam, C.; Hanai, J.; Mammoto, T.; Kim, Y.M.; Bdolah, Y.; Lim, K.H.;
Yuan, H.T.; Libermann, T.A.; et al. Soluble endoglin contributes to the pathogenesis of
preeclampsia. Nat. Med. 2006, 12, 642–649.



Endoglin | Encyclopedia.pub

https://encyclopedia.pub/entry/3642 10/12

47. St-Jacques, S.; Cymerman, U.; Pece, N.; Letarte, M. Molecular characterization and in situ
localization of murine endoglin reveal that it is a transforming growth factor-beta binding protein of
endothelial and stromal cells. Endocrinology 1994, 134, 2645–2657. [Google Scholar] [CrossRef]

48. Cross, J.C.; Werb, Z.; Fisher, S.J. Implantation and the placenta: Key pieces of the development
puzzle. Science 1994, 266, 1508–1518. [Google Scholar] [CrossRef]

49. Zhou, Y.; Damsky, C.H.; Chiu, K.; Roberts, J.M.; Fisher, S.J. Preeclampsia is associated with
abnormal expression of adhesion molecules by invasive cytotrophoblasts. J. Clin. Invest. 1993,
91, 950–960. [Google Scholar] [CrossRef]

50. Sibai, B.; Dekker, G.; Kupferminc, M. Pre-eclampsia. Lancet 2005, 365, 785–799. [Google
Scholar] [CrossRef]

51. Weinstein, L. Syndrome of hemolysis, elevated liver enzymes, and low platelet count: A severe
consequence of hypertension in pregnancy. 1982. Am. J. Obstet. Gynecol. 2005, 193, P859.
[Google Scholar] [CrossRef] [PubMed]

52. Maynard, S.E.; Min, J.Y.; Merchan, J.; Lim, K.H.; Li, J.; Mondal, S.; Libermann, T.A.; Morgan, J.P.;
Sellke, F.W.; Stillman, I.E.; et al. Excess placental soluble fms-like tyrosine kinase 1 (sFlt1) may
contribute to endothelial dysfunction, hypertension, and proteinuria in preeclampsia. J. Clin.
Invest. 2003, 111, 649–658. [Google Scholar] [CrossRef] [PubMed]

53. Kingdom, J.; Huppertz, B.; Seaward, G.; Kaufmann, P. Development of the placental villous tree
and its consequences for fetal growth. Eur. J. Obstet. Gynecol. Reprod. Biol. 2000, 92, 35–43.

54. Gougos, A.; St Jacques, S.; Greaves, A.; O’Connell, P.J.; d’Apice, A.J.; Bühring, H.J.; Bernabeu,
C.; van Mourik, J.A.; Letarte, M. Identification of distinct epitopes of endoglin, an RGD-containing
glycoprotein of endothelial cells, leukemic cells, and syncytiotrophoblasts. Int. Immunol. 1992, 4,
83–92. [Google Scholar] [CrossRef] [PubMed]

55. Dağdeviren, A.; Müftüoğlu, S.F.; Cakar, A.N.; Ors, U. Endoglin (CD 105) expression in human
lymphoid organs and placenta. Ann. Anat. 1998, 180, 461–469. [Google Scholar] [CrossRef]

56. Caniggia, I.; Taylor, C.V.; Ritchie, J.W.; Lye, S.J.; Letarte, M. Endoglin regulates trophoblast
differentiation along the invasive pathway in human placental villous explants. Endocrinology
1997, 138, 4977–4988. [Google Scholar] [CrossRef]

57. Yinon, Y.; Nevo, O.; Xu, J.; Many, A.; Rolfo, A.; Todros, T.; Post, M.; Caniggia, I. Severe
intrauterine growth restriction pregnancies have increased placental endoglin levels: Hypoxic
regulation via transforming growth factor-beta 3. Am. J. Pathol. 2008, 172, 77–85. [Google
Scholar] [CrossRef]

58. Repnik, U.; Tilburgs, T.; Roelen, D.L.; van der Mast, B.J.; Kanhai, H.H.; Scherjon, S.; Claas, F.H.
Comparison of macrophage phenotype between decidua basalis and decidua parietalis by flow
cytometry. Placenta 2008, 29, 405–412.



Endoglin | Encyclopedia.pub

https://encyclopedia.pub/entry/3642 11/12

59. Brusgaard, K.; Kjeldsen, A.D.; Poulsen, L.; Moss, H.; Vase, P.; Rasmussen, K.; Kruse, T.A.;
Hørder, M. Mutations in endoglin and in activin receptor-like kinase 1 among Danish patients with
hereditary haemorrhagic telangiectasia. Clin. Genet. 2004, 66, 556–561. [Google Scholar]
[CrossRef]

60. Lesca, G.; Plauchu, H.; Coulet, F.; Lefebvre, S.; Plessis, G.; Odent, S.; Rivière, S.; Leheup, B.;
Goizet, C.; Carette, M.F.; et al. Molecular screening of ALK1/ACVRL1 and ENG genes in
hereditary hemorrhagic telangiectasia in France. French Rendu-Osler Network. Hum. Mutat.
2004, 23, 289–299. [Google Scholar] [CrossRef]

61. Schulte, C.; Geisthoff, U.; Lux, A.; Kupka, S.; Zenner, H.P.; Blin, N.; Pfister, M. High frequency of
ENG and ALK1/ACVRL1 mutations in German HHT patients. Hum. Mutat. 2005, 25, 595. [Google
Scholar] [CrossRef] [PubMed]

62. Tørring, P.M.; Larsen, M.J.; Kjeldsen, A.D.; Ousager, L.B.; Tan, Q.; Brusgaard, K. Global gene
expression profiling of telangiectasial tissue from patients with hereditary hemorrhagic
telangiectasia. Microvasc. Res. 2015, 99, 118–126. [Google Scholar] [CrossRef] [PubMed]

63. Thomas, B.; Eyries, M.; Montagne, K.; Martin, S.; Agrapart, M.; Simerman-François, R.; Letarte,
M.; Soubrier, F. Altered endothelial gene expression associated with hereditary haemorrhagic
telangiectasia. Eur. J. Clin. Invest. 2007, 37, 580–588.

64. Bataller, A.; Montalban-Bravo, G.; Soltysiak, K.A.; Garcia-Manero, G. The role of TGFβ in
hematopoiesis and myeloid disorders. Leukemia 2019, 33, 1076–1089. [Google Scholar]
[CrossRef]

65. Braverman, I.M.; Keh, A.; Jacobson, B.S. Ultrastructure and three-dimensional organization of the
telangiectases of hereditary hemorrhagic telangiectasia. J. Invest. Dermatol. 1990, 95, 422–427.
[Google Scholar] [CrossRef]

66. Jacobson, B.S. Hereditary hemorrhagic telangiectasia: A model for blood vessel growth and
enlargement. Am. J. Pathol. 2000, 156, 737–742. [Google Scholar] [CrossRef]

67. Cirulli, A.; Loria, M.P.; Dambra, P.; Di Serio, F.; Ventura, M.T.; Amati, L.; Jirillo, E.; Sabbà, C.
Patients with Hereditary Hemorrhagic Telangectasia (HHT) exhibit a deficit of polymorphonuclear
cell and monocyte oxidative burst and phagocytosis: A possible correlation with altered adaptive
immune responsiveness in HHT. Curr. Pharm. Des. 2006, 12, 1209–1215. [Google Scholar]
[CrossRef]

68. Guilhem, A.; Malcus, C.; Clarivet, B.; Plauchu, H.; Dupuis-Girod, S. Immunological abnormalities
associated with hereditary haemorrhagic telangiectasia. J. Intern. Med. 2013, 274, 351–362.
[Google Scholar] [CrossRef]

69. Amati, L.; Passeri, M.E.; Resta, F.; Triggiani, V.; Jirillo, E.; Sabbà, C. Ablation of T-helper 1 cell
derived cytokines and of monocyte-derived tumor necrosis factor-alpha in hereditary hemorrhagic



Endoglin | Encyclopedia.pub

https://encyclopedia.pub/entry/3642 12/12

telangiectasia: Immunological consequences and clinical considerations. Curr. Pharm. Des. 2006,
12, 1201–1208. [Google Scholar] [CrossRef]

70. Turley, J.M.; Falk, L.A.; Ruscetti, F.W.; Kasper, J.J.; Francomano, T.; Fu, T.; Bang, O.S.;
Birchenall-Roberts, M.C. Transforming growth factor beta 1 functions in monocytic differentiation
of hematopoietic cells through autocrine and paracrine mechanisms. Cell Growth Differ. 1996, 7,
1535–1544.

71. Lagraoui, M.; Gagnon, L. Enhancement of human neutrophil survival and activation by TGF-beta
1. Cell Mol. Biol. 1997, 43, 313–318. [Google Scholar] [PubMed]

72. Bourdeau, A.; Faughnan, M.E.; McDonald, M.L.; Paterson, A.D.; Wanless, I.R.; Letarte, M.
Potential role of modifier genes influencing transforming growth factor-beta1 levels in the
development of vascular defects in endoglin heterozygous mice with hereditary hemorrhagic
telangiectasia. Am. J. Pathol. 2001, 158, 2011–2020. [Google Scholar] [CrossRef]

73. Rossi, E.; Sanz-Rodriguez, F.; Eleno, N.; Düwell, A.; Blanco, F.J.; Langa, C.; Botella, L.M.;
Cabañas, C.; Lopez-Novoa, J.M.; Bernabeu, C. Endothelial endoglin is involved in inflammation:
Role in leukocyte adhesion and transmigration. Blood 2013, 121, 403–415. [Google Scholar]
[CrossRef]

74. Rossi, E.; Lopez-Novoa, J.M.; Bernabeu, C. Endoglin involvement in integrin-mediated cell
adhesion as a putative pathogenic mechanism in hereditary hemorrhagic telangiectasia type 1
(HHT1). Front. Genet. 2015, 5, 457. [Google Scholar] [CrossRef] [PubMed]

75. Marazuela, M.; Sánchez-Madrid, F.; Acevedo, A.; Larrañaga, E.; de Landázuri, M.O. Expression
of vascular adhesion molecules on human endothelia in autoimmune thyroid disorders. Clin. Exp.
Immunol. 1995, 102, 328–334. [Google Scholar] [CrossRef]

76. Van de Kerkhof, P.C.; Rulo, H.F.; van Pelt, J.P.; van Vlijmen-Willems, I.M.; De Jong, E.M.
Expression of endoglin in the transition between psoriatic uninvolved and involved skin. Acta
Derm. Venereol. 1998, 78, 19–21.

Retrieved from https://encyclopedia.pub/entry/history/show/13330


