S International Journal of
Molecular Sciences

Review

The Role of Endoglin in Hepatocellular Carcinoma

Kuo-Shyang Jeng !, I-Shyan Sheen 2, Shu-Sheng Lin !, Chuen-Miin Leu ® and Chiung-Fang Chang !*

check for

updates
Citation: Jeng, K.-S.; Sheen, I-S.; Lin,
S.-S.; Leu, C.-M.; Chang, C.-E. The
Role of Endoglin in Hepatocellular
Carcinoma. Int. J. Mol. Sci. 2021, 22,
3208. https://doi.org/10.3390/
ijms22063208

Academic Editors: Lukas
J.A.C. Hawinkels,
Marie-José Goumans and J.B.
Bernd Helms

Received: 11 January 2021
Accepted: 19 March 2021
Published: 22 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Division of General Surgery, Far Eastern Memorial Hospital, New Taipei 22060, Taiwan;

kevin ksjeng@gmail.com (K.-S.].); ffcc840922@gmail.com (S.-S.L.)

Department of Hepatogastroenterology, Chang-Gung Memorial Hospital, Linkou Medical Center,
Chang-Gung University, Taoyuan City 33305, Taiwan; happy95kevin@gmail.com

Institute of Microbiology and Immunology, National Yang-Ming Chiao-Tung University,

Taipei City 11221, Taiwan; cmleu@ym.edu.tw

*  Correspondence: cfchang.gina@gmail.com; Tel.: +886-2-7728-4564

Abstract: Endoglin (CD105) is a type-1 integral transmembrane glycoprotein and coreceptor for
transforming growth factor-p (TGF-) ligands. The endoglin/TGF-§ signaling pathway regulates
hemostasis, cell proliferation/migration, extracellular matrix (ECM) synthesis and angiogenesis.
Angiogenesis contributes to early progression, invasion, postoperative recurrence, and metastasis
in hepatocellular carcinoma (HCC), one of the most widespread malignancies globally. Endoglin is
overexpressed in newly formed HCC microvessels. It increases microvessel density in cirrhotic and
regenerative HCC nodules. In addition, circulating endoglin is present in HCC patients, suggesting
potential for use as a diagnostic or prognostic factor. HCC angiogenesis is dynamic and endoglin
expression varies by stage. TRC105 (carotuximab) is an antibody against endoglin, and three of its
clinical trials were related to liver diseases. A partial response was achieved when combining TRC105
with sorafenib. Although antiangiogenic therapy still carries some risks, combination therapy with
endoglin inhibitors or other targeted therapies holds promise.
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1. Introduction

Hepatocellular carcinoma (HCC) is a leading cause of global cancer mortality [1],
and HCC is biochemically characterized by neo-angiogenesis, which is affected by pro-
angiogenesis factors secretion by the tumor and adjacent cells [2]. Angiogenesis is the
formation of new blood vessels from preexisting endothelial cells, and it is required for
cancers to obtain nutrients and oxygen, and to remove waste [3,4]. Moreover, angiogenesis
is a key process in tumor growth, progression, invasion, and metastasis [5].

Tumor angiogenesis is a dynamic process characterized by an imbalance of specific
promoters and inhibitors. The migration, proliferation, and differentiation of endothelial
cells result in neovascular sprouting [6,7], which leads to HCC tumors becoming hyper-
vascularized [8]. Moreover, tumor angiogenesis contributes to early progression, invasion,
postoperative recurrence, and metastasis of HCC [9]. Angiogenesis inhibition is therefore a
potentially effective strategy in the treatment of HCC.

Endoglin (also known as CD105) was first identified by immunofluorescence staining
of vascular endothelium [10]. The endoglin (ENG) gene is located at human chromosome 9,
and the endoglin protein is a homodimer of two subunits linked with disulfide bonds, large
extracellular domains, and serine/threonine-rich cytoplasmic regions [11,12]. Endoglin
(CD105) is a type-1 integral transmembrane glycoprotein and coreceptor for transform-
ing growth factor-f (TGF-f3) ligands essential for fibrogenesis and angiogenesis [12-16].
CD105 could activate activin receptor-like kinase 1 (ALK1)/SMAD family member 1/5
(SMAD1/5) or ALK4/SMAD?2/3 signaling for cell proliferation and migration, extracellu-
lar matrix (ECM) synthesis, and angiogenesis [17]. Recognized as an angiogenesis marker
in endothelial cells (ECs), endoglin is also abundant in angiogenic HCC ECs. As such, this
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review examines recent studies on the onco-pathological role of endoglin and anti-endoglin
antibodies in HCC.

2. Structure, Function, and Signaling Pathway of Endoglin

Endoglin, a 180 kDa homodimer, consists of a hydrophobic transmembrane domain
and large extracellular domain (561 aa) containing a serine/threonine-rich cytoplasmic
short tail [12,18]. There are two endoglin isoforms: long (L) and short (S). These iso-
forms differ in cytoplasmic domain length, cellular localization, and level of phospho-
rylation [18-20]. Short isoform endoglin (S-ENG) is induced in the senescent ECs [21].
Long isoform endoglin (L-ENG) is abundant in human liver [22], and rodent studies have
shown that S-ENG acts as an anti-angiogenic agent counter to L-ENG [23]. A novel form of
L-endoglin could facilitate liver fibrosis in rats [24]. Human cell line studies have shown
that L-ENG activates the ALK1/SMAD1/5 signaling pathway, while S-ENG activates the
ALK5/SMAD?2/3 signaling pathway. It is suggested that L-ENG aggregates type I collagen
and connective tissue growth factor (CTGF) in myoblasts, while S-ENG upregulates ECM
synthesis via the TGF-f3/ ALKS5 signaling pathway [25].

Transforming growth factor-3 (TGF-$3), a pleiotropic cytokine, is involved in cell
proliferation, adhesion, cytoskeletal organization, apoptosis, and reorganization of the
extracellular matrix. Given this central role in several key cellular processes, TGF-f3 is also
recognized as playing an essential role in carcinogenesis [18,26-29]. The TGF-§3 superfamily
consists of TGF-f serine/threonine kinase receptors (TGF-3 RI and TGF-f RII), TGF-£1,
TGF-p3, and some cytoplasmic proteins [18]. Endoglin interacts with the TGF-{ family
by binding to TGF-f3 RI and RII at the cytoplasmic and extracellular domains [26,30,31],
as well as serving as an auxiliary receptor to form TGF-f3, 3-glycan, the type IIIl TGF-f3
receptor (TGF-f RIII) [26,28]. In such a quaternary configuration, the receptor complex is
able to modulate TGF-, SMAD1/5/8, and SMAD2/3 signaling [32]. TGF-$3 and hypoxia
upregulate endoglin expression, while endoglin (and (3-glycan) adjusts both the inhibition
and enhancement of TGF-[3-related responses in certain cell types [18,33,34].

Biochemical and genetic EC studies have shown that endoglin is essential in the
TGF-3/ALK1 signaling pathway [26]. Endoglin indirectly blocks TGE-f3 /ALKS5 signal-
ing via the enhancement of TGF-f3/ALK1 signal transduction [26,35]. After endoglin
participation in the TGF- RI complex, the signals could be transmitted from the cellu-
lar membrane to the nucleus through phosphorylation. After translocation to the nu-
cleus, endoglin could modulate the transcription activity of the target genes. ALK1 ac-
tivation is crucial in SMAD1/5 phosphorylation to enhance the proliferation and the
migration of ECs. ALKS5 activates and phosphorylates SMAD2/3, and inhibits certain
processes [26,28,31,35]. Without endoglin, in a quiescent nonproliferative endothelium, the
TGF-f/ALK5/SMAD2/3 signaling pathway could become active, whereas, in proliferating
ECs, TGF-3/ALK1/SMAD1/5/8 becomes dominant [26,35,36] (Figure 1).

In the presence of TGF-RI and RII receptors, endoglin modulates binding among
TGF-$1, TGE-33 isoforms, 3-arrestin2, bone morphogenic proteins (BMPs) -2, -7, -9, and
-10, activin-A, and «5f31 integrin [18,26,27,37-41]. Endoglin-mediated fibronectin/ 541
integrin crosstalks with the TGF-f3 pathway to facilitate capillary stabilization and increase
angiogenesis [41]. Rossi et al. found that the extracellular domain of endoglin enhances
specific allbf33 integrin-mediated adhesion between the platelets and the endothelium,
leading to vessel hemostasis and thrombotic inflammation [42]. In a mouse model, endoglin
has been shown to affect nonresponsive T cells via interaction with histocompatibility
complex barriers [43]. Endoglin affects EC activity independent of the TGF-3 pathway by
modulating cytoskeleton reorganization, inhibiting apoptosis, enhancing c-Jun N-terminal
kinase 1 (JNK1) phosphorylation, and manipulating endothelial nitric oxide synthase
expression [26,36]. Moreover, endoglin phosphorylation affects subcellular localization.
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Figure 1. Endoglin and transforming growth factor- (TGF-f) signaling in hepatocellular carcinoma (HCC). Endoglin binds
to TGF-B1 by linking with TGF-f type Il receptor activin receptor-like kinase 1 (ALK1). This leads to downstream SMAD
family member 1/5 (SMAD1/5) phosphorylation with SMAD4, increasing EC proliferation, migration, and angiogenesis.
This process results in HCC progression, invasion, and metastasis. In addition, endoglin-mediated fibronectin/«531
integrin demonstrates crosstalk with the TGF-3 pathway to facilitate capillary stabilization and increase angiogenesis.
Conversely, endoglin binds to TGF-$1/3 by associating with TGF-f3 type II receptor (ALK5). This behavior activates
SMAD?2/3 phosphorylation with SMAD to promote extracellular matrix (ECM) synthesis.

3. Angiogenesis of HCC and Its Relation to Endoglin

Normal liver parenchyma is perfused with both arterial and venous blood [16,44—46].
The liver sinusoids also have a dual blood supply fed by the portal vein (70%) and hep-
atic artery (30%) [47]. In HCC, the hepatic artery becomes the primary blood supply.
The vascularization strategies of HCC include co-option, angiogenesis, vasculogenesis,
and intussusceptive angiogenesis [44]. Sprouting angiogenesis is characterized as the
arterialization of the tumor blood supply with capillarized sinusoids [48-50].
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Arterialization (arteriogenesis) involves the development of collateral arteries overlaid
with smooth muscle on pre-existing arteries [44,48]. Sinusoidal capillarization results in
a distortion of the lumen and loss of endothelial cell fenestration along with increased
basement membrane synthesis. These alterations cause fenestrated liver sinusoids to
transform into continuous capillaries. As a consequence of this process, normal sinusoidal
endothelial markers decrease [47-49]. The development of new vessels from tumor cells is
referred to as vasculogenic mimicry (VM) [51]. Hypoxia-inducible factor 1-alpha (HIF-1
alpha) enhances VM formation in HCC via the upregulation of lysyl oxidase-like 2 (LOXL2)
in a hypoxic microenvironment [52].

Endoglin (CD105) is overexpressed in newly formed HCC microvessels [53], allowing
tumor angiogenesis to be quantified by observing the microvascular density (MVD) [4].
Immunohistochemistry (IHC) assays of CD34 and CD31 (pan-endothelial antibodies) have
been used to evaluate areas of high vascularization, showing that CD105 overexpression
correlates with neovascularization. CD34 and CD105 expression is seen in both HCC
tissue and precancerous foci, while endoglin expression also increases microvessel density
in cirrhotic nodules and regenerative nodules. Furthermore, microvessel density and
CD34/CD105 expression differ between benign and malignant lesions [53].

Endothelial progenitor cells mobilize from surrounding vessels [54,55], and angiogenesis
varies between dysplastic nodules, regenerative nodules, and mature HCC [4,49,53,56,57].
Normal liver tissue, regenerative nodules, and degenerative nodules are all fed by the portal
vein, whereas HCC is mainly fed by the hepatic arteries [48]. Progression of vascularization
therefore mediates cancer progression and may be regarded as a prognostic indicator [49].
Hematogenous hemostasis is primarily associated with HCC, characterized by an overgrowth
of arteries and sinusoidal capillarization [8]. Liver sinusoidal ECs experience decreased
hepatic sinusoidal fenestration, with capillaries becoming continuous. Collagen and laminin
deposition are upregulated in endothelial cells and hepatocytes [58].

Endoglin participates in the neovascularization process of HCC [44,50,55,59], and
is a cell proliferation marker for both vascular ECs and tumor vasculature [27,34,60,61].
Following the progression of HCC, liver sinusoid endothelial cells downregulate CD105
and CD34, resulting in a higher characteristic change of capillary endothelial cells [47,62].
As an endothelial marker, CD105 is superior to CD34 [63,64]. Some cells derived from
HCC produce endoglin in vivo, resulting in the activation of endothelial cells, these cells
are referred to as tumor endothelial cells [62-65].

Tumor endothelial cells have been shown to express endoglin and other angiogenesis-
related genes that enhance tube formation and cellular migration [66]. With respect to HCC
stage, the degree of endoglin expression is known to vary among endothelial cells [63,67,68].
Early HCC angiogenesis is characterized by hypoxia and an acidic tumor microenvironment
that leads to endothelial sprouting. Later, elevated expression of HIF-1x and endoglin
promoters is observed [18,33,69-71].

In well-differentiated HCC, endoglin expression was found to be the highest. Con-
versely, endoglin showed downregulation in poorly differentiated HCC [66]. Endoglin
mainly exists in the microvessels of the tumor periphery, whereas TGF-{31 is present only
within tumor hepatocytes [65]. Benetti et al. found that HCC-derived TGE-{31 functions as
a chemoattractant for endothelial cells expressing endoglin and as a tumor angiogenesis
promoter. It is reasonable to hypothesize that selective targeting of TGF-1/endoglin
(CD105) signaling could inhibit angiogenesis and the subsequent progression of HCC.

Microvessel density (the CD105-labeled endothelial cells) and G-protein coupled
receptor 4 (GPR4) expression are significantly increased in HCC tissue compared to normal
liver [8]. Colocalized expression of GPR4 and endoglin (CD105) therefore represents the
presence of neovascularizing ECs. Together, these findings suggest that GPR4 and CD105
are useful HCC tumor markers and potential therapeutic targets.

Higher endoglin expression is seen in the endothelial cells of blood vessels within and
peripheral to HCC [27,61]. With other solid tumor cancers such as prostate, lung (nonsmall
cell), rectal, and squamous cell (oral) cancers, the endoglin-labeled microvessel density
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correlates with tumor progression [63,72-75]. CD105 was found with neovascularization
primarily among the ECs of immature tumor vasculature, and it displayed influence over
tumor angiogenesis. Thus, CD105 is a promising target for cancer therapy [27,72,76].

Compared to that of CD31 or CD34, CD105 expression in microvessels appears to be
more clinically significant. There is a strong association between GPR4 expression and
MVD, and sites of high GPR4 expression correspond with CD105 expression hotspots
among hepatic sinusoids and endothelial cells surrounding tumor tissue (within a 2 cm
margin). High expression of GPR4 is seen both within liver tumor tissue and at the tumor
margins. Moreover, Yagmur et al. suggested that endoglin is a potential complementary
biomarker in HCC risk assessment among those with liver cirrhosis [77].

4. Circulating Endoglin in HCC Patients

After proteolytic cleavage by matrix metalloproteinase 14 (MMP14), the endoglin
extracellular domain takes on a soluble form (sol-ENG) (Figure 2) [78,79]. The soluble
form of endoglin can then enter the bloodstream. Both endothelial cells and cancer cells
release soluble endoglin [18,78]. The soluble form of endoglin can be detected in the
serum of HCC patients [29,77,80-83]. Circulating serum endoglin (CD105) is also present
in the cirrhotic livers of patients at risk of HCC [77]. In addition, an Egyptians study on
patients with cirrhosis of the liver found that elevated endoglin and TGF-3 mRNA promote
hepatocarcinogenesis and increase the risk of HCC [83]. Thus, endoglin is regarded as a
potential novel tumor biomarker for patients with a high risk of developing HCC.

Sol-endoglin NT ECD [ 7 | cr

S-endoglin N sl o161 0 Nl 7V lmmm |5 H TR EYPRPPQ cr
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Figure 2. A schematic of endoglin structure. The soluble endoglin (sol-endoglin), short isoform endoglin (S-endoglin) and

long isoform endoglin (L-endoglin). Relevant domains such as the extracellular domain (ECD), transmembrane domain
(TM), cellular domain (CD) and phosphorylation sites by TGF-BII and ALK1 are indicated.

Li et al. confirmed in both HCC tissue and the human hepatoma SMMC-7721 cell line
that endoglin enhances the invasion and metastasis of HCC cells via increased expression
of vascular endothelial growth factor (VEGF) [84]. The researchers also found that endoglin
expression significantly correlated with tumor, node, and metastasis (TNM) staging, differ-
entiation, portal vein invasion, and lymph node metastasis [84]. High endoglin expression
in nontumor tissues suggests that such a microenvironment favors the progression of HCC.
Therefore, determining tissue expression and serum concentrations of endoglin is useful
for both diagnosis and prognosis.

5. Hepatitis C Virus Core Protein Modulates the Endoglin Signaling Pathway and the
Role of Endoglin in Cancer Stem Cells, Hepatic Stellate Cells and Cancer Associated
Fibroblasts

Cancer stem-like cells isolated from Hepatitis C (HCV)-infected primary hepatocytes
and transformed human hepatocytes were compared, showing endoglin upregulation of
up to 250-fold in sphere-forming cells (cancer stem cells) [85]. Endoglin, combined with
activated phospho-SMAD1/5 and DNA binding protein 1 (ID1) was activated by the HCV
core-expressing surface proteins of human hepatocytes [15]. Using an in vitro migration
assay, Mardomi et al. [86] found that the combination of C-X-C Motif Chemokine 4 (CXCR4)
and endoglin inhibitors mitigated the migration of bone marrow mesenchymal stem cells
toward HepG2 cells.

Kwon et al. [15] suggested that significant upregulation of endoglin (CD105) mRNA
is present in HCV-associated cancer stem cells, citing an increase in endoglin expres-
sion on the cell surface of HCV core-expressing HepG2 hepatocellular carcinoma cells.
Moreover, endoglin is also present on human HCV core-expressing hepatocytes, and
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activates phospho- SMAD1/5 and ID1 downstream signaling molecules. Upregulation
of endoglin/ID1 mRNA expression was found in liver biopsy samples. Endoglin also
increased cellular proliferation and migration. In HCC patients, CD105 was not only
present in tumor tissues, but also abundant in hepatic sinus endothelium in nontumor
tissues with cirrhosis [87]. The expression of CD105 is correlated with the expression
of HIF-1oc and VEGE. Recently, a novel variant with a low-frequency missense variant
(Thr5Met) in the ENG gene, encoding endoglin, was associated with liver fibrosis devel-
opment in HCV patients [88]. Thus, endoglin may contribute to liver fibrosis in chronic
HCV-infected patients.

Endoglin expression was found to be increased in transdifferentiating hepatic stellate
cells (HSCs) in a liver fibrosis model [24]. In addition, human HSC LX2 cells and hepatoma
cell line HepG2 could express the full length of endoglin and direct endoglin to exosomes,
requiring N-glycosylation [89]. Upon liver injury, quiescent HSCs could activate myofibrob-
lasts. Although endoglin promotes myofibroblast differentiation in diabetic nephropathy;,
the role of endoglin in myofibroblasts in the liver still requires further investigation [90]. In
addition, cancer associated fibroblasts (CAFs) facilitate angiogenesis in HCC [91]. Placental
growth factor (PIGF) and CD90 enriched-CAFs were positively correlated with tumor
angiogenesis markers (CD31, CD34, and CD105) [92]. Therefore, endoglin is a key protein
in tumor growth and survival, cancer cell metastasis, and liver fibrosis.

6. Endoglin in Tumor-Derived Endothelial Cells and HCC

Xiong et al. [68] suggested that, compared with endothelial cells from adjacent normal
tissue, tumor-derived endothelial cells are resistant to drug treatment. Compared with
endoglin positive normal endothelial cells and human umbilical vein endothelial cells
(HUVECsS), tumor endothelial cells (TECs) expressing endoglin had a higher resistance
to apoptosis, higher cell motility, and stronger proangiogenic traits. In addition, TECs
expressing CD105 showed superior adherence to tumor cells and better survival in the
tumor environment. Compared with endoglin-positive normal endothelial cells and human
umbilical vein endothelial cells (HUVECs), TECs expressing endoglin showed greater
resistance to adriamycin, 5-fluorouracil, and sorafenib treatments [68]. As such, endoglin-
ALK1-SMAD1/5 axis antagonism may be an effective therapy target against liver cancer
stem cells in patients with liver cirrhosis.

Endoglin CD105 microvascular density (CD105-MVD) plays a significant and inde-
pendent prognostic role in those with recurrent and metastatic HCC [9]. Across the stages
of carcinogenesis, endoglin was found to be overexpressed in proliferating endothelial
cells of both blood and lymphatic vessels in HCC tissues. Yao et al. [63] found CD105 to
be a crucial contributor to the development of HCC angiogenesis. A study by Yang et al.
of HCC tissue also showed that, compared to anti-CD34, anti-CD105 (anti-endoglin) was
more effective in quantifying new microvessels.

A positive correlation between endoglin mRNA concentration and TNM clinical stage
has been emphasized in the literature [9,63,83,84]. According to observations by Yang
et al., there is a negative correlation between the expression of serum endoglin mRNA
and the HCC clinical stage following sunitinib treatment. In patients with lower endoglin
expression in serum and tissue, overall survival and progression-free survival were both
significantly improved over those for cases with higher expression of endoglin.

For HCC recurrence following liver transplantation, a higher expression of endoglin-
MVD (CD105-MVD) was associated with portal vein tumor thrombus. The expression of
endoglin with a diffusion pattern in the microvessels of adjacent nontumor tissue could
predict early recurrence [64]. In advanced HCC cases, sunitinib treatment led to lower
endoglin expression and better response to sunitinib therapy [93]. Endoglin expression in
tumors and the serum endoglin (CD105) concentration may be regarded as independent
predictive factors of overall and progression-free survival. A comparative study of CD105
expression found decreased expression of CD105 in tumor ECs and higher expression in
nontumor ECs. Moreover, these results were prognostically significant [4,66,87,94].
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Wang et al. reported higher CD105 expression in adjacent nontumor sites containing
new vessels. Moreover, endoglin expression in nontumor tissue positively correlated with
TNM stage, serum alpha-fetoprotein (AFP), and portal vein tumor thrombosis in HCC pa-
tients [67]. Yao et al. also found that those with HCC had a higher MVD-endoglin (CD105)
score and poorer prognosis (overall and disease-free survival) than did those with a lower
MVD-CD105 score [63]. Yang et al. suggested that endoglin (CD105) may therefore be used
as an independent prognostic marker of survival, recurrence, and metastasis. Finally, HCC
patients with lower CD105-microvessel density (CD105-MVD) had a significantly better
two-year survival rate than did those with a higher CD105-MVD (47.1% vs. 13.5%) [9].

7. Endoglin Detection and the Inhibition of Endoglin in HCC Therapy

Zhong et al. [95] developed magnetic endoglin aptamer (mEND) imaging nanoprobes
using mEND-modified magnetic carboxymethyl chitosan (CMCS) nanoparticles (mEND-
Fe;04,@CMCS). The mEND-Fe30,@CMCS nanoprobe employed a mEND to recognize
the target molecule and Fe3O4@CMCS as the carrier to enable MRI-based HCC detection.
These new MRI probes detecting endoglin-positive cells represent a novel technique for
early HCC diagnosis.

TRC105 (carotuximab) is a chimeric immunoglobulinl (IgG1) anti-endoglin (anti-
CD105) monoclonal antibody used to inhibit angiogenesis and tumor progression by
blocking endothelial cell growth. Dutty et al. combined TRC105 with sorafenib in the treat-
ment of HCC (Table 1), finding that the two drugs could be tolerated in combination [96]. A
partial response rate of 25% was achieved, suggesting that combination TRC105/sorafenib
treatment is a promising strategy against HCC.

Nanoparticles with anti-endoglin (anti-CD105) antibodies represent a new diagnostic
strategy which is now often applied to HCC. Anti-CD105 antibody-gold nanoparticle
targeted treatment was first reported in mice [97], and later used to study proliferation
inhibition and apoptotic enhancement in hepatoma cell lines MHCC-H and HepG2. CD105-
labelled docetaxel-loaded lipid microbubbles (CD105-DLLM) were shown to be effective in
hepatoma cell lines following ultrasonic microbubble destruction. Western blot analysis
revealed downregulated expression of proliferating cell nuclear antigen and apoptosis
protein Caspase-3, as well as elevated expression of Extracellular Signal-Regulated Kinase
1/2 (ERK1/2) and p38 protein in HCC cell lines. These results suggest the activation of
the mitogen-activated protein kinase (MAPK) signal transduction pathway. TRC105 was
used in combination therapy with sorafenib in clinical trials [96]. ENG-target 131I anti-
ENG mADb (131-1 A8) pharmacokinetics are biphasic, including both a rapid distribution
and gradual elimination. Treatment with 131- I anti-ENG mAb (A8) with noninvasive
fluorescence imaging could serve to visualize tumors and treatment efficacy [98].

Table 1. Clinical trials of carotuximab (TRC105) use against liver diseases.

D Trfal . Condition or Disease FDA Approval Status NCT#
escription
Sorafenib and Hepatoma Phase 1/2 NCTO01306058

TRC105 in Liver neoplasms
hepatocellular Adenoma, liver

cancer hepatocellular carcinoma
Liver neoplasms,
experimental

TRC105 for Hepatocellular carcinoma Phase 2 NCT01375569

liver cancer Hepatocellular cancer

that has not

responded to sorafenib

Carcinoma, hepatocellular

Trial of TRC105 and sorafenib in patients with HCC Hepatocellular carcinoma Phase 1/2 NCT02560779

Treatment with NCT01306058
Condition or disease: the disea

and NCT02560779 include sorafenib and TRC105. Treatment of NCT01375569 only includes TRC105.
se, disorder, syndrome, illness, or injury that is being studied. On ClinicalTrials.gov, conditions may also

include other health-related issues, such as life span, quality of life and health risks (data from clinicaltrials.gov and TRC105 were searched
using Ingenuity Pathway Analysis). NCT#: National Clinical Trial number.
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8. Endoglin as a Biomarker and Controversial Issues in Endoglin-Targeted Therapy

Circulating serum endoglin (CD105) could be presented in the cirrhotic livers of pa-
tients [77]. The endoglin-MVD was significantly associated with recurrent and metastatic
HCC [9]. Therefore, endoglin could be a prognostic marker of angiogenesis, survival, re-
currence and metastasis in HCC patients [16]. While the majority of authors favor endoglin
as a target for HCC therapy, some note potential challenges. Changes in endoglin (CD105)-
positive ECs occur within and around HCC, and endoglin expression can be cell-type-
and HCC- stage-specific. Yang et al. emphasized that CD105 is only present in vascular
HCC ECs, and is absent in normal vascular ECs [9]. Conversely, immunohistochemistry
(IHC) studies by Minhajat et al. found detectability in healthy portal vessel expression
(100% of patients) comparable to that of CD105 expression in cancerous sinusoidal ECs
(80% of patients). Ho et al. found that large (over 5 cm) and aggressive tumors have
lower MVD-CD105 scores, and typically include venous infiltration, show the presence of
microsatellite nodules, and are of advanced TNM tumor stage [63,64]. Lower expression
of endoglin was found in all HCC samples. There was a significantly higher expression
level of endoglin (CD105) in well-differentiated HCC tissue compared with poorly and
moderately differentiated HCC tissue. Conversely, some authors found an inverse corre-
lation between MVD-CD105 and VEGEF scores [94]. Qian et al. found that in patients, a
negative CD105 expression level in tumor tissue indicated lower overall survival. A low
CD105 level in HCC vessels may indicate severe disease, poor differentiation, or HCC
progression [66]. Endoglin was present in both the neo-vessels in tumor tissues and the
hepatic sinus endothelium in the nontumor tissue in those with cirrhosis. Therefore, it is
suggested that endoglin is not a suitable target for anti-angiogenesis treatment in those
with liver cirrhosis [87]. HCC itself is a particularly heterogenous tumor given its dual
blood supply and multifactorial etiology. Moreover, anti-angiogenesis therapy also carries
the risk of impacting angiogenesis elsewhere in the liver [16]. Antiangiogenic therapy
therefore requires further investigation. There have been only three clinical trials in liver
diseases/hepatocellular carcinoma showing partial responses. TRC105 could be tested
in the right setting or in earlier stages of HCC to improve its efficacy, and the regulation
of immune cell infiltration should be considered [99]. Recently, a study suggested that
endoglin has an immunomodulatory role in colorectal cancer [100]. However, this remains
unclear in HCC and further investigation will be required to solve this problem.

9. Conclusions

Endoglin plays a key role in HCC angiogenesis, cell migration, and ECM synthesis
through ALK/SMAD signaling. Tumor endothelial cells express endoglin, and endoglin is
upregulated in HCC stem cells. While further study remains to be done, endoglin may prove
to be a useful prognostic factor for HCC. Angiogenesis is a dynamic process, and variable
endoglin expression with HCC stage makes its investigation complex. Endoglin is a key
protein in liver fibrosis, HCC cell growth, survival, and cancer cell metastasis. In clinical trials,
TRC105 (anti-endoglin antibody) with sorafenib showed partial responses. Combination
therapy with TRC105 is a promising strategy that warrants further consideration.

Author Contributions: K.-S.J., I-S.S., S.-S.L., C.-M.L., and C.-E.C. searched for related literature and
drafted the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Far Eastern Memorial Hospital, grant numbers FEMH-
2021-C-002, FEMH-109-2314-B-418-007, and FEMH-109-2314-B-418-014 and the Ministry of Science of
Technology, Taiwan, grant number MOST 109-2314-B-418-007 and MOST 109-2314-B-418-014.

Data Availability Statement: Not applicable.

Acknowledgments: We appreciate the support from the Core laboratory of Far Eastern Memorial
Hospital.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2021, 22, 3208 9of 12

References

1.  Sayiner, M.; Golabi, P; Younossi, Z.M. Disease Burden of Hepatocellular Carcinoma: A Global Perspective. Dig. Dis. Sci. 2019, 64,
910-917. [CrossRef]

2. Mossenta, M.; Busato, D.; Baboci, L.; Di Cintio, F.; Toffoli, G.; Bo, M.D. New Insight into Therapies Targeting Angiogenesis in
Hepatocellular Carcinoma. Cancers 2019, 11, 1086. [CrossRef]

3.  Jamshidi-Parsian, A ; Griffin, R].; Kore, R.A.; Todorova, V.K.; Makhoul, I. Tumor-Endothelial Cell Interaction in an Experimental
Model of Human Hepatocellular Carcinoma. Exp. Cell Res. 2018, 372, 16-24. [CrossRef] [PubMed]

4. Paschoal, J.P; Bernardo, V.; Canedo, N.H.S.; Ribeiro, O.D.; Caroli-Bottino, A.; Pannain, V.L. Microvascular Density of Regenerative
Nodule to Small Hepatocellular Carcinoma by Automated Analysis Using CD105 and CD34 Immunoexpression. BMC Cancer
2014, 14, 72. [CrossRef] [PubMed]

5. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646—674. [CrossRef]

6. Bergers, G.; Benjamin, L.E. Tumorigenesis and the Angiogenic Switch. Nat. Rev. Cancer 2003, 3, 401-410. [CrossRef]

7. Kerbel, R.S. Tumor Angiogenesis. N. Engl. ]. Med. 2008, 358, 2039-2049. [CrossRef] [PubMed]

8. Xue, C,; Shao, S,; Yan, Y; Yang, S.; Bai, S.; Wu, Y.; Zhang, J.; Liu, R.; Ma, H.; Chai, L.; et al. Association between G-Protein Coupled
Receptor 4 Expression and Microvessel Density, Clinicopathological Characteristics and Survival in Hepatocellular Carcinoma.
Oncol. Lett. 2020, 19, 2609-2620. [CrossRef]

9. Yang, L.-Y,; Lu, W.-Q.; Huang, G.-W.; Wang, W. Correlation between CD105 Expression and Postoperative Recurrence and
Metastasis of Hepatocellular Carcinoma. BMC Cancer 2006, 6, 110. [CrossRef] [PubMed]

10. Gougos, A.; Letarte, M. Identification of a Human Endothelial Cell Antigen with Monoclonal Antibody 44G4 Produced against a
Pre-B Leukemic Cell Line. J. [mmunol. 1988, 141, 1925-1933.

11. Ferndndez-Ruiz, E.; St-Jacques, S.; Bellén, T.; Letarte, M.; Bernabéu, C. Assignment of the Human Endoglin Gene (END) to
9q34—qter. Cytogenet. Genome Res. 1993, 64, 204-207. [CrossRef] [PubMed]

12.  Gougos, A.; Letarte, M. Primary Structure of Endoglin, an RGD-Containing Glycoprotein of Human Endothelial Cells. J. Biol.
Chem. 1990, 265, 8361-8364. [CrossRef]

13. Lopez-Novoa, ].M.; Bernabeu, C. The Physiological Role of Endoglin in the Cardiovascular System. Am. |. Physiol. Circ. Physiol.
2010, 299, H959-H974. [CrossRef]

14. Maring, J.A.; Trojanowska, M.; Dijke, P.T. Role of Endoglin in Fibrosis and Scleroderma. Int. Rev. Cell Mol. Biol. 2012, 297, 295-308.
[CrossRef]

15. Kwon, Y.-C,; Sasaki, R.; Meyer, K.; Ray, R. Hepatitis C Virus Core Protein Modulates Endoglin (CD105) Signaling Pathway for
Liver Pathogenesis. J. Virol. 2017, 91, e01235-17. [CrossRef] [PubMed]

16. Kasprzak, A.; Adamek, A. Role of Endoglin (CD105) in the Progression of Hepatocellular Carcinoma and Anti-Angiogenic
Therapy. Int. . Mol. Sci. 2018, 19, 3887. [CrossRef]

17.  Ray, B.N.; Lee, N.Y.; How, T.; Blobe, G.C. ALK5 Phosphorylation of the Endoglin Cytoplasmic Domain Regulates Smad1/5/8
Signaling and Endothelial Cell Migration. Carcinogenesis 2009, 31, 435-441. [CrossRef]

18. Bernabeu, C.; Lopez-Novoa, ].M.; Quintanilla, M. The Emerging Role of TGF-f3 Superfamily Coreceptors in Cancer. Biochim.
Biophys. Acta (BBA) Mol. Basis Dis. 2009, 1792, 954-973. [CrossRef] [PubMed]

19. Finnson, K.W.; Philip, A. Endoglin in Liver Fibrosis. . Cell Commun. Signal. 2011, 6, 1-4. [CrossRef] [PubMed]

20. Bellon, T; Corbi, A.; Lastres, P.; Calés, C.; Cebridn, M.; Vera, S.; Cheifetz, S.; Massagué, J.; Letarte, M.; Bernabeu, C. Identification
and Expression of Two Forms of the Human Transforming Growth Factor-f3-Binding Protein Endoglin with Distinct Cytoplasmic
Regions. Eur. ]. Immunol. 1993, 23, 2340-2345. [CrossRef]

21. Blanco, EJ.; Bernabeu, C. Alternative Splicing Factor or Splicing Factor-2 Plays a Key Role in Intron Retention of the Endoglin
Gene during Endothelial Senescence. Aging Cell 2011, 10, 896-907. [CrossRef] [PubMed]

22. Alsamman, M.; Sterzer, V.; Meurer, S.K.; Sahin, H.; Schaeper, U.; Kuscuoglu, D.; Strnad, P.; Weiskirchen, R.; Trautwein, C.;
Scholten, D. Endoglin in Human Liver Disease and Murine Models of Liver Fibrosis—A Protective Factor against Liver Fibrosis.
Liver Int. 2017, 38, 858-867. [CrossRef]

23. Pérez-Gomez, E.; Eleno, N.; Lépez-Novoa, ].M.; Ramirez, ].R.; Velasco, B.; Letarte, M.; Bernabeu, C.; Quintanilla, M. Char-
acterization of Murine S-endoglin Isoform and Its Effects on Tumor Development. Oncogene 2005, 24, 4450-4461. [CrossRef]
[PubMed]

24. 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. [CrossRef]

25.  Velasco, S.; Pericacho, M.; Alvarez-Mufioz, P.; Rodriguez-Barbero, A.; Dijke, P.T.; Bernabeu, C.; Lopez-Novoa, ]. M. L-and
S-endoglin Differentially Modulate TGF 1 Signaling Mediated by ALK1 and ALK5 in L6E9 Myoblasts. J. Cell Sci. 2008, 121,
913-919. [CrossRef]

26. Lebrin, E; Deckers, M.; Bertolino, P; Dijke, P.T. TGF-f3 Receptor Function in the Endothelium. Cardiovasc. Res. 2005, 65, 599-608.
[CrossRef] [PubMed]

27. Dallas, N.A,; Samuel, S.; Xia, L.; Fan, E; Gray, M.].; Lim, S.J.; Ellis, L.M. Endoglin (CD105): A Marker of Tumor Vasculature and
Potential Target for Therapy. Clin. Cancer Res. 2008, 14, 1931-1937. [CrossRef]

28. Cheifetz, S.; Bellon, T.; Cales, C.; Vera, S.; Bernabeu, C.; Massague, J.; Letarte, M. Endoglin Is a Component of the Trans-Forming

Growth Factor-Beta Receptor System in Human Endothelial Cells. J. Biol. Chem. 1992, 267, 19027-19030. [CrossRef]


http://doi.org/10.1007/s10620-019-05537-2
http://doi.org/10.3390/cancers11081086
http://doi.org/10.1016/j.yexcr.2018.09.001
http://www.ncbi.nlm.nih.gov/pubmed/30205087
http://doi.org/10.1186/1471-2407-14-72
http://www.ncbi.nlm.nih.gov/pubmed/24507660
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1038/nrc1093
http://doi.org/10.1056/NEJMra0706596
http://www.ncbi.nlm.nih.gov/pubmed/18463380
http://doi.org/10.3892/ol.2020.11366
http://doi.org/10.1186/1471-2407-6-110
http://www.ncbi.nlm.nih.gov/pubmed/16650286
http://doi.org/10.1159/000133576
http://www.ncbi.nlm.nih.gov/pubmed/8404038
http://doi.org/10.1016/S0021-9258(19)38892-1
http://doi.org/10.1152/ajpheart.01251.2009
http://doi.org/10.1016/b978-0-12-394308-8.00008-x
http://doi.org/10.1128/JVI.01235-17
http://www.ncbi.nlm.nih.gov/pubmed/28794048
http://doi.org/10.3390/ijms19123887
http://doi.org/10.1093/carcin/bgp327
http://doi.org/10.1016/j.bbadis.2009.07.003
http://www.ncbi.nlm.nih.gov/pubmed/19607914
http://doi.org/10.1007/s12079-011-0154-y
http://www.ncbi.nlm.nih.gov/pubmed/22131199
http://doi.org/10.1002/eji.1830230943
http://doi.org/10.1111/j.1474-9726.2011.00727.x
http://www.ncbi.nlm.nih.gov/pubmed/21668763
http://doi.org/10.1111/liv.13595
http://doi.org/10.1038/sj.onc.1208644
http://www.ncbi.nlm.nih.gov/pubmed/15806144
http://doi.org/10.1016/j.cellsig.2010.12.002
http://doi.org/10.1242/jcs.023283
http://doi.org/10.1016/j.cardiores.2004.10.036
http://www.ncbi.nlm.nih.gov/pubmed/15664386
http://doi.org/10.1158/1078-0432.CCR-07-4478
http://doi.org/10.1016/S0021-9258(18)41732-2

Int. J. Mol. Sci. 2021, 22, 3208 10 of 12

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Fonsatti, E.; Del Vecchio, L.; Altomonte, M.; Sigalotti, L.; Nicotra, M.R.; Coral, S.; Natali, P.G.; Maio, M. Endoglin: An Accessory
Component of the TGF-p-Binding Receptor-Complex with Diagnostic, Prognostic, and Bioimmunotherapeutic Potential in
Human Malignancies. J. Cell. Physiol. 2001, 188, 1-7. [CrossRef]

Guerrero-Esteo, M.; Sanchez-Elsner, T.; Letamendia, A.; Bernabéu, C. Extracellular and Cytoplasmic Domains of Endoglin Interact
with the Transforming Growth Factor-3 Receptors I and II. J. Biol. Chem. 2002, 277, 29197-29209. [CrossRef]

Blanco, FJ.; Santibanez, J.F.; Guerrero-Esteo, M.; Langa, C.; Vary, C.P.H.; Bernabeu, C. Interaction and Functional Interplay
between Endoglin and ALK-1, Two Components of the Endothelial Transforming Growth Factor-§ Receptor Complex. J. Cell.
Physiol. 2005, 204, 574-584. [CrossRef]

Pomeraniec, L.; Hector-Greene, M.; Ehrlich, M.; Blobe, G.C.; Henis, Y.I. Regulation of TGF-f3 Receptor Hetero-Oligomerization
and Signaling by Endoglin. Mol. Biol. Cell 2015, 26, 3117-3127. [CrossRef] [PubMed]

Rius, C.; Smith, ].D.; Almendro, N.; Langa, C.; Botella, L.M.; Marchuk, D.A.; Vary, C.P; Bernabeu, C. Cloning of the Promoter
Region of Human Endoglin, the Target Gene for Hereditary Hemorrhagic Telangiectasia Type 1. Blood 1998, 92, 4677-4690.
[CrossRef]

Nassiri, F; Cusimano, M.D.; Scheithauer, B.W.; Rotondo, F; Fazio, A.; Yousef, G.M.; Syro, L.V.; Kovacs, K.; Lloyd, R.V. Endoglin
(CD105): A Review of Its Role in Angiogenesis and Tumor Diagnosis, Progression and Therapy. Anticancer. Res. 2011, 31,
2283-2290.

Lebrin, F; Goumans, M.-].; Jonker, L.; Carvalho, R.L.C.; Valdimarsdottir, G.; Thorikay, M.; Mummery, C.; Arthur, H.M.; Dijke,
P.T. Endoglin Promotes Endothelial Cell Proliferation and TGF-f3/ALK1 Signal Transduction. EMBO J. 2004, 23, 4018-4028.
[CrossRef] [PubMed]

Kapur, N.K.; Morine, K.J.; Letarte, M. Endoglin: A Critical Mediator of Cardiovascular Health. Vasc. Health Risk Manag. 2013, 9,
195-206. [CrossRef]

Rossi, E.; Sanz-Rodriguez, F.; Eleno, N.; Diiwell, A.; Blanco, E]J.; Langa, C.; Botella, L.M.; Cabanas, C.; Lopez-Novoa, ].M.;
Bernabeu, C. Endothelial Endoglin Is Involved in Inflammation: Role in Leukocyte Adhesion and Transmigration. Blood 2013,
121, 403-415. [CrossRef] [PubMed]

Rodriguez-Barbero, A.; Obreo, J.; Alvarez-Mufioz, P; Pandiella, A.; Bernabéu, C.; Lépez-Novoa, ].M. Endoglin Modulation
of TGF-f81-Induced Collagen Synthesis is Dependent on ERK1/2 MAPK Activation. Cell. Physiol. Biochem. 2006, 18, 135-142.
[CrossRef]

Lee, N.Y.; Blobe, G.C. The Interaction of Endoglin with 3-Arrestin2 Regulates Transforming Growth Factor-f3-mediated ERK
Activation and Migration in Endothelial Cells. . Biol. Chem. 2007, 282, 21507-21517. [CrossRef]

Scherner, O.; Meurer, S.K.; Tihaa, L.; Gressner, A.M.; Weiskirchen, R. Endoglin Differentially Modulates Antagonistic Transforming
Growth Factor-1 and BMP-7 Signaling®*. J. Biol. Chem. 2007, 282, 13934-13943. [CrossRef]

Tian, H.; Mythreye, K.; Golzio, C.; Katsanis, N.; Blobe, G.C. Endoglin Mediates Fibronectin/«531 Integrin and TGF-p3 Pathway
Crosstalk in Endothelial Cells. EMBO ]. 2012, 31, 3885-3900. [CrossRef]

Rossi, E.; Pericacho, M.; Bachelot-Loza, C.; Pidard, D.; Gaussem, P.; Poirault-Chassac, S.; Blanco, FJ.; Langa, C.; Gonzalez-
Manchoén, C.; Novoa, ].M.L.; et al. Human Endoglin as a Potential New Partner Involved in Platelet-Endothelium Interactions.
Cell. Mol. Life Sci. 2018, 75, 1269-1284. [CrossRef] [PubMed]

Onoe, T.; Ohdan, H.; Tokita, D.; Hara, H.; Tanaka, Y.; Ishiyama, K.; Asahara, T. Liver Sinusoidal Endothelial Cells Have a Capacity
for Inducing Nonresponsiveness of T Cells across Major Histocompatibility Complex Barriers. Transpl. Int. 2005, 18, 206-214.
[CrossRef] [PubMed]

Zhu, A X,; Duda, D.G.; Sahani, D.V,; Jain, R.K. HCC and Angiogenesis: Possible Targets and Future Directions. Nat. Rev. Clin.
Oncol. 2011, 8,292-301. [CrossRef]

Honda, H.; Tajima, T.; Kajiyama, K.; Kuroiwa, T.; Yoshimitsu, K.; Irie, H.; Aibe, H.; Shimada, M.; Masuda, K. Vascular Changes in
Hepatocellular Carcinoma: Correlation of Radiologic and Pathologic Findings. Am. J. Roentgenol. 1999, 173, 1213-1217. [CrossRef]
OsamuMatsui, O.; Kobayashi, S.; Sanada, J.; Kouda, W.; Ryu, Y.; Kozaka, K.; Kitao, A.; Nakamura, K.; Gabata, T. Hepatocel-
luar Nodules in Liver Cirrhosis: Hemodynamic Evaluation (Angiography-Assisted CT) with Special Reference to Multi-Step
Hepatocarcinogenesis. Abdom. Imaging 2011, 36, 264-272. [CrossRef]

Poisson, J.; Lemoinne, S.; Boulanger, C.; Durand, F.; Moreau, R.; Valla, D.; Rautou, P.-E. Liver Sinusoidal Endothelial Cells:
Physiology and Role in Liver Diseases. J. Hepatol. 2017, 66, 212-227. [CrossRef]

Muto, J.; Shirabe, K.; Sugimachi, K.; Maehara, Y. Review of Angiogenesis in Hepatocellular Carcinoma. Hepatol. Res. 2014, 45, 1-9.
[CrossRef]

Sanz-Cameno, P.; Trapero-Marugan, M.; Chaparro, M.; Jones, E.A.; Moreno-Otero, R. Angiogenesis: From Chronic Liver
Inflammation to Hepatocellular Carcinoma. J. Oncol. 2010, 2010, 1-7. [CrossRef] [PubMed]

Yang, Z.F.; Poon, R.T. Vascular Changes in Hepatocellular Carcinoma. Anat. Rec. Adv. Integr. Anat. Evol. Biol. 2008, 291, 721-734.
[CrossRef]

Sun, B.; Zhang, S.; Zhang, D.; Du, J.; Guo, H.; Zhao, X.; Zhang, W.; Hao, X. Vasculogenic Mimicry Is Associated with High Tumor
Grade, Invasion and Metastasis, and Short Survival in Patients with Hepatocellular Carcinoma. Oncol. Rep. 2006, 16, 693—-698.
[CrossRef] [PubMed]


http://doi.org/10.1002/jcp.1095
http://doi.org/10.1074/jbc.M111991200
http://doi.org/10.1002/jcp.20311
http://doi.org/10.1091/mbc.E15-02-0069
http://www.ncbi.nlm.nih.gov/pubmed/26157163
http://doi.org/10.1182/blood.V92.12.4677
http://doi.org/10.1038/sj.emboj.7600386
http://www.ncbi.nlm.nih.gov/pubmed/15385967
http://doi.org/10.2147/VHRM.S29144
http://doi.org/10.1182/blood-2012-06-435347
http://www.ncbi.nlm.nih.gov/pubmed/23074273
http://doi.org/10.1159/000095181
http://doi.org/10.1074/jbc.M700176200
http://doi.org/10.1074/jbc.M611062200
http://doi.org/10.1038/emboj.2012.246
http://doi.org/10.1007/s00018-017-2694-7
http://www.ncbi.nlm.nih.gov/pubmed/29080903
http://doi.org/10.1111/j.1432-2277.2004.00025.x
http://www.ncbi.nlm.nih.gov/pubmed/15691274
http://doi.org/10.1038/nrclinonc.2011.30
http://doi.org/10.2214/ajr.173.5.10541091
http://doi.org/10.1007/s00261-011-9685-1
http://doi.org/10.1016/j.jhep.2016.07.009
http://doi.org/10.1111/hepr.12310
http://doi.org/10.1155/2010/272170
http://www.ncbi.nlm.nih.gov/pubmed/20592752
http://doi.org/10.1002/ar.20668
http://doi.org/10.3892/or.16.4.693
http://www.ncbi.nlm.nih.gov/pubmed/16969481

Int. J. Mol. Sci. 2021, 22, 3208 11 of 12

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Wang, M.; Zhao, X.; Zhu, D,; Liu, T,; Liang, X.; Liu, F.; Zhang, Y.; Dong, X.; Sun, B. HIF-1a Promoted Vasculogenic Mimicry
Formation in Hepatocellular Carcinoma through LOXL2 up-Regulation in Hypoxic Tumor Microenvironment. J. Exp. Clin. Cancer
Res. 2017, 36, 1-14. [CrossRef] [PubMed]

Segatelli, V.; De Oliveira, E.C.; Boin, LES.F; Ataide, E.C.; Escanhoela, C.A.F. Evaluation and Comparison of Microvessel Density
Using the Markers CD34 and CD105 in Regenerative Nodules, Dysplastic Nodules and Hepatocellular Carcinoma. Hepatol. Int.
2014, 8, 260-265. [CrossRef]

Yu, D.; Sun, X,; Qiu, Y.; Zhou, J.; Wu, Y.; Zhuang, L.; Chen, J.; Ding, Y. Identification and Clinical Significance of Mobilized
Endothelial Progenitor Cells in Tumor Vasculogenesis of Hepatocellular Carcinoma. Clin. Cancer Res. 2007, 13, 3814-3824.
[CrossRef]

Yu, D.-C.; Chen, J.; Ding, Y.-T. Hypoxic and Highly Angiogenic Non-Tumor Tissues Surrounding Hepatocellular Carcinoma: The
‘Niche” of Endothelial Progenitor Cells. Int. J. Mol. Sci. 2010, 11, 2901-2909. [CrossRef]

Park, YN.; Kim, Y.B.; Yang, K.M.; Park, C. Increased Expression of Vascular Endothelial Growth Factor and Angiogenesis in the
Early Stage of Multistep Hepatocarcinogenesis. Arch. Pathol. Lab. Med. 2000, 124, 1061-1065. [CrossRef]

Teixeira, A.C.; Brasil, LR.; Torres, A.F.; Tavora, F. The Evaluation of Angiogenesis Markers in Hepatocellular Carcinoma and
Precursor Lesions in Liver Explants from a Single Institution. Appl. Immunohistochem. Mol. Morphol. 2018, 26, 330-336. [CrossRef]
[PubMed]

Kin, M.; Torimura, T.; Ueno, T.; Inuzuka, S.; Tanikawa, K. Sinusoidal Capillarization in Small Hepatocellular Carcinoma. Pathol.
Int. 1994, 44, 771-778. [CrossRef]

Poon, R.T.-P,; Ng, 1.O.-L.; Lau, C.; Yu, W.-C.; Yang, Z.-F,; Fan, S.-T.; Wong, J. Tumor Microvessel Density as a Predictor of
Recurrence After Resection of Hepatocellular Carcinoma: A Prospective Study. J. Clin. Oncol. 2002, 20, 1775-1785. [CrossRef]
[PubMed]

Kumar, S.; Ghellal, A; Li, C.; Byrne, G.; Haboubi, N.; Wang, ] M.; Bundred, N. Breast Carcinoma: Vascular Density Determined
Using CD105 Antibody Correlates with Tumor Prognosis. Cancer Res. 1999, 59, 856-861. [PubMed]

Fonsatti, E.; Altomonte, M.; Nicotra, M.R.; Natali, P.G.; Maio, M. Endoglin (CD105): A Powerful Therapeutic Target on Tumor-
Associated Angiogenetic Blood Vessels. Oncogene 2003, 22, 6557-6563. [CrossRef] [PubMed]

Nakamura, S.; Muro, H.; Suzuki, S.; Sakaguchi, T.; Konno, H.; Baba, S.; Syed, A.S. Immunohistochemical Studies on Endothelial
Cell Phenotype in Hepatocellular Carcinoma. Hepatology 1997, 26, 407-415. [CrossRef] [PubMed]

Yao, Y,; Pan, Y.; Chen, J.; Sun, X,; Qiu, Y,; Ding, Y. Endoglin (CD105) Expression in Angiogenesis of Primary Hepatocellular
Carcinomas: Analysis Using Tissue Microarrays and Comparisons with CD34 and VEGF. Ann. Clin. Lab. Sci. 2007, 37, 39-48.
Ho, J.W,; Poon, R.T.; Sun, C.K,; Xue, W.-C.; Fan, S.-T. Clinicopathological and Prognostic Implications of Endoglin (CD105)
Expression in Hepatocellular Carcinoma and Its Adjacent Non-tumorous Liver. World J. Gastroenterol. 2005, 11, 176-181. [CrossRef]
Benetti, A.; Berenzi, A.; Gambarotti, M.; Garrafa, E.; Gelati, M.; Dessy, E.; Portolani, N.; Piardi, T.; Giulini, S.M.; Caruso, A.; et al.
Transforming Growth Factor-B1 and CD105 Promote the Migration of Hepatocellular Carcinoma-Derived Endothelium. Cancer
Res. 2008, 68, 8626—8634. [CrossRef]

Zhao, W.; Yang, L.; Chen, X,; Qian, H.; Zhang, S.; Chen, Y.; Luo, R.; Shao, J.; Liu, H.; Chen, J. Phenotypic and Functional
Characterization of Tumor-Derived Endothelial Cells Isolated from Primary Human Hepatocellular Carcinoma. Hepatol. Res.
2018, 48, 1149-1162. [CrossRef] [PubMed]

Wang, Y.; Zhang, X.-H.; Guo, P;; Yan, L.-N.; He, D. Tumor Microvascular Density Detected by Anti-CD105 and Anti-CD34 in
Hepatocellular Carcinoma Patients and Its Predictive Value of Tumor Recurrence after Liver Transplantation. Sichuan Da Xue Xue
Bao. Yi Xue Ban/]. Sichuan Univ. Med Sci. Ed. 2010, 41, 818-821.

Xiong, Y.-Q.; Sun, H.-C.; Zhang, W.; Zhu, X.-D.; Zhuang, P-Y.; Zhang, ].-B.; Wang, L.; Wu, W.-Z; Qin, L.-X,; Tang, Z.-Y. Human
Hepatocellular Carcinoma Tumor—derived Endothelial Cells Manifest Increased Angiogenesis Capability and Drug Resistance
Compared with Normal Endothelial Cells. Clin. Cancer Res. 2009, 15, 4838—-4846. [CrossRef]

Sanchez-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-3 Pathways. J. Biol. Chem. 2002, 277, 43799-43808. [CrossRef]
Li, C,; Guo, B.; Ding, S.; Rius, C.; Langa, C.; Kumar, P.; Bernabeu, C.; Kumar, S. TNF Alpha Down-Regulates CD105 Expression in
Vascular Endothelial Cells: A Comparative Study with TGF beta 1. Anticancer Res. 2003, 23, 1189-1196.

Tian, F.; Zhou, A.-X,; Smits, A.M.; Larsson, E.; Goumans, M.-].; Heldin, C.-H.; Borén, J.; Akytirek, L.M. Endothelial Cells Are
Activated during Hypoxia via Endoglin/ALK-1/SMAD1/5 Signaling in Vivo and in Vitro. Biochem. Biophys. Res. Commun. 2010,
392, 283-288. [CrossRef]

Wikstrom, P; Lissbrant, LE; Stattin, P.; Egevad, L.; Bergh, A. Endoglin (CD105) is Expressed on Immature Blood Vessels and Is a
Marker for Survival in Prostate Cancer. Prostate 2002, 51, 268-275. [CrossRef] [PubMed]

Darcy, K.M.; Birrer, M.]. Translational Research in the Gynecologic Oncology Group: Evaluation of Ovarian Cancer Markers,
Profiles, and Novel Therapies. Gynecol. Oncol. 2010, 117, 429-439. [CrossRef]

Tanaka, F.; Otake, Y.; Yanagihara, K.; Kawano, Y.; Miyahara, R.; Li, M.; Yamada, T.; Hanaoka, N.; Inui, K.; Wada, H. Evaluation
of Angiogenesis in Non-small Cell Lung Cancer: Comparison between Anti-CD34 Antibody and Anti-CD105 Antibody. Clin.
Cancer Res. 2001, 7, 3410-3415.

Margaritescu, C.; Simionescu, C.; Mogoanta, L.; Badea, P.; Pirici, D.; Stepan, A.; Ciurea, R. Endoglin (CD105) and Microvessel
Density in Oral Squamous Cell Carcinoma. Rom. J. Morphol. Embryol. 2008, 49, 321-326.


http://doi.org/10.1186/s13046-017-0533-1
http://www.ncbi.nlm.nih.gov/pubmed/28449718
http://doi.org/10.1007/s12072-014-9525-9
http://doi.org/10.1158/1078-0432.CCR-06-2594
http://doi.org/10.3390/ijms11082901
http://doi.org/10.5858/2000-124-1061-IEOVEG
http://doi.org/10.1097/PAI.0000000000000426
http://www.ncbi.nlm.nih.gov/pubmed/27556821
http://doi.org/10.1111/j.1440-1827.1994.tb02925.x
http://doi.org/10.1200/JCO.2002.07.089
http://www.ncbi.nlm.nih.gov/pubmed/11919234
http://www.ncbi.nlm.nih.gov/pubmed/10029075
http://doi.org/10.1038/sj.onc.1206813
http://www.ncbi.nlm.nih.gov/pubmed/14528280
http://doi.org/10.1002/hep.510260222
http://www.ncbi.nlm.nih.gov/pubmed/9252152
http://doi.org/10.3748/wjg.v11.i2.176
http://doi.org/10.1158/0008-5472.CAN-08-1218
http://doi.org/10.1111/hepr.13225
http://www.ncbi.nlm.nih.gov/pubmed/29956443
http://doi.org/10.1158/1078-0432.CCR-08-2780
http://doi.org/10.1074/jbc.M207160200
http://doi.org/10.1016/j.bbrc.2009.12.170
http://doi.org/10.1002/pros.10083
http://www.ncbi.nlm.nih.gov/pubmed/11987155
http://doi.org/10.1016/j.ygyno.2010.01.048

Int. J. Mol. Sci. 2021, 22, 3208 12 of 12

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Henry-Berger, ].; Mouzat, K.; Baron, S.; Bernabeu, C.; Marceau, G.; Saru, J.-P,; Sapin, V.; Lobaccaro, ].-M.A.; Caira, F. Endoglin
(CD105) Expression Is Regulated by the Liver X Receptor Alpha (NR1H3) in Human Trophoblast Cell Line JAR1. Biol. Reprod.
2008, 78, 968-975. [CrossRef]

Yagmur, E.; Rizk, M.; Stanzel, S.; Hellerbrand, C.; Lammert, F; Trautwein, C.; Wasmuth, H.E.; Gressner, A.M. Elevation of
Endoglin (CD105) Concentrations in Serum of Patients with Liver Cirrhosis and Carcinoma. Eur. J. Gastroenterol. Hepatol. 2007, 19,
755-761. [CrossRef]

Hawinkels, L.].; Kuiper, P.; Wiercinska, E.; Verspaget, H.W.; Liu, Z.; Pardali, E.; Sier, C.F; Dijke, P.T. Matrix Metalloproteinase-14
(MT1-MMP)-Mediated Endoglin Shedding Inhibits Tumor Angiogenesis. Cancer Res. 2010, 70, 4141-4150. [CrossRef]
Gallardo-Vara, E.; Blanco, E].; Roqué, M.; Friedman, S.L.; Suzuki, T.; Botella, L.M.; Bernabeu, C. Transcription Factor KLF6 Upreg-
ulates Expression of Metalloprotease MMP14 and Subsequent Release of Soluble Endoglin during Vascular Injury. Angiogenesis
2016, 19, 155-171. [CrossRef] [PubMed]

Pérez-Gomez, E.; Del Castillo, G.; Santibafiez, J.F,; Lépez-Novoa, ].M.; Bernabéu, C.; Quintanilla, M. The Role of the TGF-3
Coreceptor Endoglin in Cancer. Sci. World . 2010, 10, 2367-2384. [CrossRef]

Duff, S.E; Li, C,; Garland, ].M.; Kumar, S. CD105 is Important for Angiogenesis: Evidence and Potential Applications. FASEB ].
2003, 17, 984-992. [CrossRef]

Elnemr, D.M.; Abdel-Azeez, H.A.; Labib, H.A.; Abo-Taleb, EM. Clinical Relevance of Serum Endoglin Level in Egyptian
Hepatocellular Carcinoma Patients. Clin. Lab. 2012, 58, 1023-1028. [PubMed]

Teama, S.; Fawzy, A.; Teama, S.; Helal, A.; Drwish, A.D.; Elbaz, T.; Desouky, E. Increased Serum Endoglin and Transforming
Growth Factor 31 mRNA Expression and Risk of Hepatocellular Carcinoma in Cirrhotic Egyptian Patients. Asian Pac. ]. Cancer
Prev. 2016, 17, 2429-2434.

Li, Y;; Zhai, Z.; Liu, D.; Zhong, X.; Meng, X.; Yang, Q.; Liu, J.; Li, H.-Y. CD105 Promotes Hepatocarcinoma Cell Invasion and
Metastasis through VEGEF. Tumor Biol. 2014, 36, 737-745. [CrossRef]

Kwon, Y.-C.; Bose, S.K;; Steele, R.; Meyer, K.; Di Bisceglie, A.M.; Ray, R.B.; Ray, R. Promotion of Cancer Stem-Like Cell Properties
in Hepatitis C Virus-Infected Hepatocytes. J. Virol. 2015, 89, 11549-11556. [CrossRef]

Mardomi, A.; Sabzichi, M.; Somi, M.H.; Shanehbandi, D.; Rahbarghazi, R.; Sanjarani, O.T.; Samadi, N. Trafficking Mechanism
of Bone Marrow-Derived Mesenchymal Stem Cells toward Hepatocellular Carcinoma HepG2 Cells by Modulating Endoglin,
CXCR4 and TGEF-f. Cell. Mol. Boil. 2016, 62, 81-86.

Yu, D.; Zhuang, L.; Sun, X.; Chen, J.; Yao, Y.; Meng, K.; Ding, Y. Particular Distribution and Expression Pattern of Endoglin
(CD105) in the Liver of Patients with Hepatocellular Carcinoma. BMC Cancer 2007, 7, 122. [CrossRef] [PubMed]

About, E; Bibert, S.; Jouanguy, E.; Nalpas, B.; Lorenzo, L.; Rattina, V.; Zarhrate, M.; Hanein, S.; Munteanu, M.; Miillhaupt, B.; et al.
Identification of an Endoglin Variant Associated With HCV-Related Liver Fibrosis Progression by Next-Generation Sequencing.
Front. Genet. 2019, 10, 1024. [CrossRef]

Meurer, S.; Wimmer, A.E.; Van De Leur, E.; Weiskirchen, R. Leur Endoglin Trafficking /Exosomal Targeting in Liver Cells Depends
on N-Glycosylation. Cells 2019, 8, 997. [CrossRef]

Gerrits, T.; Zandbergen, M.; Wolterbeek, R.; Bruijn, J.A.; Baelde, H.J.; Scharpfenecker, M. Endoglin Promotes Myofibroblast
Differentiation and Extracellular Matrix Production in Diabetic Nephropathy. Int. . Mol. Sci. 2020, 21, 7713. [CrossRef]

Zhang, ].; Gu, C.; Song, Q.; Zhu, M; Xu, Y.; Xiao, M.; Zheng, W. Identifying Cancer-Associated Fibroblasts as Emerging Targets
for Hepatocellular Carcinoma. Cell Biosci. 2020, 10, 1-15. [CrossRef]

Liu, Z.; Chen, M.; Zhao, R.; Huang, Y; Liu, E; Li, B.; Qin, Y. CAF-Induced Placental Growth Factor Facilitates Neoangiogenesis in
Hepatocellular Carcinoma. Acta Biochim. Biophys. Sin. 2019, 52, 18-25. [CrossRef]

Yang, Y.; Guan, Q.; Guo, L.; Han, C. The Prognostic Correlation between CD105 Expression Level in Tumor Tissue and Peripheral
Blood and Sunitinib Administration in Advanced Hepatocellular Carcinoma. Cancer Biol. Ther. 2018, 19, 1006-1014. [CrossRef]
Ribeiro, O.D.; Canedo, N.H.S.; Pannain, V.L. Inmunohistochemical Angiogenic Biomarkers in Hepatocellular Carcinoma and
Cirrhosis: Correlation with Pathological Features. Clinical 2016, 71, 639-643. [CrossRef]

Zhong, L.; Zou, H.; Huang, Y.; Gong, W.; He, J.; Tan, J.; Lai, Z; Li, Y.; Zhou, C.; Zhang, G.; et al. Magnetic Endoglin Aptamer
Nanoprobe for Targeted Diagnosis of Solid Tumor. J. Biomed. Nanotechnol. 2019, 15, 352-362. [CrossRef] [PubMed]

Dufty, A.; Ulahannan, S.V.; Cao, L.; Rahma, O.E.; Makarova-Rusher, O.V,; Kleiner, D.E.; Fioravanti, S.; Walker, M.D.; Carey, S.; Yu,
Y.; et al. A Phase II Study of TRC105 in Patients with Hepatocellular Carcinoma Who Have Progressed on Sorafenib. United Eur.
Gastroenterol. |. 2015, 3, 453-461. [CrossRef]

Karmani, L.; Bouchat, V; Bouzin, C.; Leveque, P.; LaBar, D.; Bol, A.; Deumer, G.; Marega, R.; Bonifazi, D.; Haufroid, V.; et al.
89Zr-Labeled Anti-endoglin Antibody-Targeted Gold Nanoparticles for Imaging Cancer: Implications for Future Cancer Therapy.
Nanomedicine 2014, 9, 1923-1937. [CrossRef]

Duan, C.-L.; Hou, G.-H,; Liu, Y.-P; Liang, T.; Song, J.; Han, ].-K.; Zhang, C. Tumor Vascular Homing Endgolin-Targeted
Radioimmunotherapy in Hepatocellular Carcinoma. Tumor Biol. 2014, 35, 12205-12215. [CrossRef] [PubMed]

Liu, Y,; Paauwe, M.; Nixon, A.B.; Hawinkels, L.J. Endoglin Targeting: Lessons Learned and Questions That Remain. Int. ]. Mol.
Sci. 2020, 22, 147. [CrossRef]

Schoonderwoerd, M.].; Koops, M.E,; Angela, R.A.; Koolmoes, B.; Toitou, M.; Paauwe, M.; Barnhoorn, M.C.; Liu, Y,; Sier, C.E;
Hardwick, J.C.; et al. Targeting Endoglin-Expressing Regulatory T Cells in the Tumor Microenvironment Enhances the Effect of
PD1 Checkpoint Inhibitor Inmunotherapy. Clin. Cancer Res. 2020, 26, 3831-3842. [CrossRef]


http://doi.org/10.1095/biolreprod.107.066498
http://doi.org/10.1097/MEG.0b013e3282202bea
http://doi.org/10.1158/0008-5472.CAN-09-4466
http://doi.org/10.1007/s10456-016-9495-8
http://www.ncbi.nlm.nih.gov/pubmed/26850053
http://doi.org/10.1100/tsw.2010.230
http://doi.org/10.1096/fj.02-0634rev
http://www.ncbi.nlm.nih.gov/pubmed/23163119
http://doi.org/10.1007/s13277-014-2686-2
http://doi.org/10.1128/JVI.01946-15
http://doi.org/10.1186/1471-2407-7-122
http://www.ncbi.nlm.nih.gov/pubmed/17608955
http://doi.org/10.3389/fgene.2019.01024
http://doi.org/10.3390/cells8090997
http://doi.org/10.3390/ijms21207713
http://doi.org/10.1186/s13578-020-00488-y
http://doi.org/10.1093/abbs/gmz134
http://doi.org/10.1080/15384047.2018.1470731
http://doi.org/10.6061/clinics/2016(11)04
http://doi.org/10.1166/jbn.2019.2688
http://www.ncbi.nlm.nih.gov/pubmed/30596557
http://doi.org/10.1177/2050640615583587
http://doi.org/10.2217/nnm.13.185
http://doi.org/10.1007/s13277-014-2529-1
http://www.ncbi.nlm.nih.gov/pubmed/25164610
http://doi.org/10.3390/ijms22010147
http://doi.org/10.1158/1078-0432.CCR-19-2889

	Introduction 
	Structure, Function, and Signaling Pathway of Endoglin 
	Angiogenesis of HCC and Its Relation to Endoglin 
	Circulating Endoglin in HCC Patients 
	Hepatitis C Virus Core Protein Modulates the Endoglin Signaling Pathway and the Role of Endoglin in Cancer Stem Cells, Hepatic Stellate Cells and Cancer Associated Fibroblasts 
	Endoglin in Tumor-Derived Endothelial Cells and HCC 
	Endoglin Detection and the Inhibition of Endoglin in HCC Therapy 
	Endoglin as a Biomarker and Controversial Issues in Endoglin-Targeted Therapy 
	Conclusions 
	References

