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Chapter 10

Abstract

Endoglin is a TGF-B co-receptor, mainly expressed on angiogenic endothelial cells. Besides
membrane-bound also a soluble form exists in the circulation. However, the role and shedding
mechanism of this soluble receptor has not been established yet. Determination of Endoglin in
colorectal neoplasia patients by ELISA revealed enhanced levels in carcinomas, but not in
pre-malignant adenomas. Immunohistochemically, Endoglin was mainly observed in
angiogenic endothelial cells, but also in fibroblasts in the normal-to-tumour transition zone.
Pre-operative soluble Endoglin levels of colorectal cancer patients were not significantly
different from plasmas of healthy controls, although mean levels were lower in these patients.
We observed that low expression of Endoglin on endothelial cells was accompanied by high
expression of MMP-14. In vitro experiments revealed high expression of MMP-14 in
HUVEC endothelial cells, but treatment of these cells with endogenous MMP-14 did not
increase soluble Endoglin levels in the medium. In contrast, co-transfection of membrane
bound MMP-14 and Endoglin led to strongly enhanced soluble Endoglin levels. Furthermore,
addition of MMP inhibitors inhibited the release of sEndoglin from HUVEC cells, in contrast
to other proteinases inhibitors. In conclusion, we have shown that Endoglin expression is
enhanced in colorectal cancer and we propose membrane bound MMP-14 to be a major

candidate in generating soluble Endoglin.
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Endoglin shedding in colorectal cancer

Introduction

Endoglin (CD105) is a 180 kDa integral membrane-bound glycoprotein, which serves as a
high affinity co-receptor for Transforming Growth Factor (TGF)-p1 and -p3'. Two Endoglin
isoforms are known, L- and S-Endoglin, which differ in their cytoplasmic tail. L-Endoglin is
mainly expressed on endothelial cells’. Mutations in the gene encoding Endoglin have been
linked to hereditary haemorrhagic telangiectasia Type I (HHT-1), a multisystemic vascular
disease characterised by bleeding from small vascular lesions in the mucocutaneous tissues
and the presence of arteriovenous malformations™. Endoglin has a crucial role in
angiogenesis, as Endoglin knock-out animals die in utero because of defects in the
vasculature system®. Expression of Endoglin is mostly restricted to angiogenic endothelial
cells, but has also been shown in tumour cells’, especially those with high invasive potential®,
cardiac fibroblasts’, hepatocytes™ and several other cells’. Expression of Endoglin can be
induced by hypoxia®®, TGF-p1"*'* and/or TGF-B3"'. Endoglin expression was shown to be
upregulated in various cancers' and correlated with development of metastatic disease in
colorectal cancer (CRC)®. Together these data indicate a crucial role for Endoglin in tumour
angiogenesis.

Besides membrane-bound Endoglin, also a soluble form (sEndoglin) exists in the circulation®.
Elevated levels of sEndoglin have been reported in pregnant women suffering from pre-

1213 batients with liver cirrhosis and hepatocellular carcinoma'®, and colorectal- and

eclampsia
breast cancer patients'>'’. The mechanism by which Endoglin is released and the role of
soluble Endoglin in the circulation has not been revealed yet. Betaglycan (TGF-f RIII),
another TGF-B co-receptor, also has a soluble form in the circulation'®. Shedding of
membrane bound betaglycan has been found to be mediated by membrane type (MT)-1
matrix metalloproteinase (MMP-14)!". MMP-14 is a membrane bound MMP which is
expressed by epithelial cells, endothelial cells and stromal fibroblasts in the colon and is
upregulated in cancer™. After intracellular activation by furin, MMP-14 is expressed on the
cell-membrane, where it has a role in degradation of collagens and heparin sulphate
proteoglycans (HSPGs)*' and is important in the activation of other MMPs**.

In this study we evaluated if MMPs, in particular MMP-14, could play a role in the generation
of soluble Endoglin in CRC. First, we examined tissue Endoglin levels in normal colonic
mucosa, adenomas and carcinomas. Next, we determined pre- and postoperative sEndoglin

levels in a group of CRC patients. Immunohistochemistry was used to determine cellular

localisation and expression of Endoglin and MMP-14. Next, we analysed the Endoglin
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shedding mechanism in vitro. The data indicate that MMP-14 is a major candidate for

Endoglin shedding from endothelial cells.

Materials and methods

Patient material

Pre- and three months postoperative citrate plasma samples (n=14) and tissue specimens
(n=191) from patients undergoing resection for primary colorectal carcinoma at the
Department of Oncologic Surgery, Leiden University Medical Centre, were collected as

. 23,24
described before™”

. Colorectal adenomas (n=82) were removed endoscopically at the
Department of Gastroenterology-Hepatology. Tissue were homogenised and protein
concentrations were determined as previously”. For immunohistochemistry, tumour tissue
and adjacent normal mucosa were collected, fixated, dehydrated and embedded in paraffin.
Human samples were used according to guidelines of the Medical Ethics Committee of the

Leiden University Medical Centre.

Endoglin and sEndoglin ELISA

Endoglin levels in tissue homogenates and cell culture media were determined essentially
according to the DY 1097 human endoglin DuoSet ELISA (R&D Systems, Abingdon, UK. In
short, 96 well plates (MaxiSorp, Nunc, Glostrup, Denmark) were coated with mouse
monoclonal anti-human Endoglin antibodies (R&D Systems, 2 pug/ml in PBS) overnight at
4C. Plates were washed with PBS containing 0.05% Tween-20 (Merck, Darmstadt,
Germany) after each step. Aspecific binding was blocked with PBS containing 5% Tween-20,
0.05% NaN3 for 2 h at room temperature (RT). Samples (5 pl tissue homogenates or 50 pl cell
culture media) or standard (0-4 ng/ml recombinant human Endoglin, R&D Systems) diluted
in PBS with 1% BSA were incubated during 2h at RT. Immunodetection was performed with
biotinylated goat anti-human Endoglin antibodies (2 pg/ml in PBS/1% BSA, R&D systems)
for 2h at RT, and a substrate reagent pack according to the manufacturers’ protocol (R&D
Systems). Values were calculated in ng/ml for cell-culture media and in ng/mg protein for
tissue samples. The ELISA was validated by western blot analysis and spiking with a fixed
amount recombinant human Endoglin. For determination of Endoglin levels in citrate plasma
samples a cross reactivity of the capture antibody with human serum albumin was observed.
Therefore the capture antibody was replaced by mouse monoclonal anti-Endoglin (clone E9,

Cell Sciences, Canton, MA, USA). The standard curve was diluted in PBS containing 40
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mg/ml Humans Serum Albumin (Sigma) to correct for remaining background absorption. The

ELISA was performed and validated as described above.

Immunohistochemistry

To determine cellular localisation of Endoglin immunohistochemistry was performed as
described previously™. In short, slides were deparaffinised, rehydrated and antigen retrieval
was performed by boiling in 0.01M sodium citrate buffer pH 6.0. Slides were incubated
overnight (o/n) at RT with unlabeled primary antibodies: mouse monoclonal anti-
pancytokeratin (1:1000), mouse monoclonal anti-vimentin (1:400, both Santa Cruz
Biotechnologies, Santa Cruz, USA), mouse monoclonal anti-smooth muscle actin (SMA,
1:800, Progen, Heidelberg, Germany), mouse monoclonal anti-CD31 (1:400, Dako, Glostrup,
Denmark), mouse monoclonal anti-MMP-14 (1:1600), or biotinylated goat-anti human
Endoglin (1:200, both R&D systems). Immunodetection was performed with goat anti-mouse
antibodies and streptavidin-biotin complex (all Dako). Staining was visualised with
diaminobenzidine and H,O,. Representative photomicrographs were taken with a Nikon

Eclipse E900 microscope equipped with a Nikon DXM 1200 digital camera.

In vitro experiments

Human umbilican vein endothelial cells (HUVECs) were isolated®® and cultured as described
before’’. To examine the Endoglin cleavage mechanism HUVECs were seeded in fibronectin
coated 24 well plates (Greiner Bio-one, 60,000 cells/well). After o/n attachment, cells were
treated with 0-160 ng/ml recombinant human MMP-14 (Chemicon, Temacula, CA, USA) or
with proteinase inhibitors: 20 pM E64 (cystein protease inhibitor), 10 pg/ml Aprotinin (serine
protease inhibitor, both Sigma-Aldrich, Darmstadt, Germany), 1 pM GM6001 (broad
spectrum MMP inhibitor, 10 uM Marimastat (kindly provided by British Biotech
Pharmaceuticals), 100 nM MMP-2/MMP-9 inhibitor, 100 nm MMP-13 inhibitor or 1 uM
specific MMP-3 inhibitor (all Calbiochem, La jolla, CA, USA). Serum Free (SF)-M199
medium and 0.1% DMSO were included as controls. The percentage inhibition versus the
appropriate control was calculated. For transfection experiments COS cells were transfected
with plasmids (pcDNA3.1) encoding full length Endoglin, (kindly provided by Dr. E. Pardali,
LUMC, Dept. of Molecular Cell Biology), full length MMP-14 or MMP-14 lacking the
transmembrane domain (MMP-14ATM, both kindly provided by Dr. R. Hanemaaijer, TNO
Quality of life BioSciences, Leiden, the Netherlands) and empty vector. COS cells were
seeded in 24 well plates (Greiner Bio-one, 10.000 cells per well in DMEM containing 10%
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FCS and penicillin/streptomycin) and after 48 hours cells were transfected with in total 0.4 pg
plasmid DNA using Lipofectamin as a tranfection reagent, according to the manufacturers
protocol (Invitrogen). 24 hours after transfection cells were incubated with SF-DMEM for 16
hours and sEndoglin levels were determined by ELISA as described above. All experiments

were performed in triplicate.

Statistical analysis
Differences were calculated using the Mann-Whitney U-test, or the Wilcoxon signed rank test
using SPSS 14.0 statistical package. Correlation analysis was performed using Spearman’s

correlation. P values <0.05 were considered statistically significant.

Results

Tissue Endoglin levels

Before analysing the tissue and cell culture samples the Endoglin ELISA was validated.
Standard curves of recombinant human Endoglin were linear in a 0-4 ng/ml range, with a
detection limit was 0.125 ng/ml Endoglin. Spiking of tissue samples with a fixed amount
recombinant Endoglin revealed an equal increase in signal (not shown). Figure 1A shows
decreasing absorbance values with increasing dilution of a colorectal cancer tissue
homogenate. Western blot analysis of the same sample revealed a similar pattern as observed
by ELISA (figure 1B).

Tissue Endoglin levels were determined in homogenates of 191 CRC homogenates,
corresponding normal mucosa and 82 colorectal adenomas. Endoglin levels were significantly
increased in carcinomas compared to mucosa, 2.72 ng/mg versus 5.36 ng/mg, p< 0.0001) or
adenomas (2.45 ng/mg). Adenoma Endoglin levels were lower than normal mucosa (Figure
1C). Analysis of clinico-pathological parameters revealed no associations between presence
of dysplasia in adenomas and Endoglin levels, whereas in carcinomas the highest Endoglin
levels were detected in Dukes stage C carcinomas (not shown). There were no significant
associations between carcinoma tissue Endoglin levels and other clinicopathological

parameters of the tumours.
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Figure 1. Validation Endoglin ELISA and CRC tissue Endoglin levels. A) Endoglin ELISA absorbance values
for a increasing dilution series of a CRC homogenate. B) Endoglin western blot on the same CRC homogenate
rh= recombinant human Endoglin. C) Tissue Endoglin levels in normal colon mucosa, adenomas and

carcinomas

Immunohistochemistry

Immunohistochemistry on CRCs and normal mucosa revealed that Endoglin expression was
low in normal mucosa except for some staining in the submucosal area (Figure 2, left panel,
arrowhead). In tumours strongly increased Endoglin expression in angiogenic endothelial was
observed in the proximity of tumour cells. Furthermore, expression of Endoglin was
occasionally observed in fibroblasts, especially in the normal to tumour transition zone
(Figure 2, right panel, arrowhead). CD31 stained all blood vessels in normal and tumour
tissue (not shown). MMP-14 expression was observed in epithelial cells and endothelial cells.
Interestingly, tumour endothelial cells strongly expressing MMP-14 were negative for

Endoglin (Figure 2, bottom panel).
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Endoglin Endoglin

Figure 2. Endoglin (CDI105)immunohistochemistry on normal mucosa (N, left panel) and colorectal cancer
specimens. The lower panels show staining on sequential sections for Endoglin and MMP-14. Full-colour

illustration at page 208

Soluble Endoglin levels in CRC patients

To detect soluble Endoglin in plasma samples, we developed an ELISA which was validated
using a serially diluted plasma sample series and spiking of these samples with a fixed
amount recombinant Endoglin (Figure 3A). To examine the presence of sEndoglin in the
circulation of CRC patients we determined sEndoglin in pre- and three months postoperative
plasma samples (Figure 3B). Table 1 shows median pre- and postoperative sEndoglin levels
in patients (n=19) and in a group of healthy volunteers (n=15). Mean pre-operative sEndoglin
levels were lower than the controls and increased post-operatively (Table 1), although these
differences were not statistically significant. Interestingly, individual changes in sEndoglin
levels pre- versus post-operation were apparent. There was no relation between sEndoglin

levels and stage of the tumour (figure 3B).
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Table 1 Mean sEndoglin levels in CRC patients and controls c1
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Figure 3. sEndoglin in CRC. A) Validation of sEndoglin plasma ELISA. A control serum sample was spiked with a
fixed amount of recombinant human Endoglin. B) sEndoglin levels in 19 CRC patients pre-and post-operation and
15 healthy controls. Lines indicate median values, whereas lines with dots represent mean values. Dukes stage of

the tumours is indicated (4, B2, C1, C2 and D).

The role of MMPs in Endoglin shedding

Since soluble Endoglin was detectable in CRC patients, where it might have an anti-
angiogenic role as has been described for other pathological conditions'?, we analysed if
MMPs could play a role in Endoglin shedding from the endothelial cell membrane. Analysis
of the Endoglin amino acid sequence revealed that it contains at least two MMP sensitive
cleavage sites indicated by arrows (Figure 4), of which one is located in the transmembrane

domain.
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1 mdrgtlplav alllascsls ptslaetvhc dlgpvgperg evtyttsqvs kgcvagapna
61 ilevhvifle fptgpsqlel tlgaskgngt wprevllvis vnssvflhlg algiplhlay
121 nssivtfqgep pgvnttelps fpktgilewa aergpitsaa elndpgsill rlggaqgsls
181 fcmleasqdm grtlewrprt palvrgchle gvaghkeahi Irvipghsag prtvtvkvel
241 scapgdldav lilggppyvs wlidanhnmq iwttgeysfk ifpeknirgf klpdtpqgll
301 gearmInasi vasfvelpla sivslhassc ggrigtspap iqttppkdtc spellmsli
361 tkcaddamtl vilkkelvahl kctitgltfw dpsceaedrg dkfvirsays scgmqgvsasm
421 isneavvnil sssspgrkkv hclnmdslsf qlglylsphf lgasntiepg qgsfvqvrvs
481 psvsefllgl dschidigpe ggtveliqgr aakgncvsll spspegdprf sfllhfytvp
541 ipktgtlsct valrpktgsq dgevhrtvfm riniispdls gctskglvlp avlgitfgaf
601 ligalltaal wyiyshtrsp skrepvvava apassessst nhsigstqst pcstssm

Figure 4. Amino acid sequence of Endoglin with two possible MMP sensitive cleavage sites (arrows) of

which one is located in the trans-membrane domain (bold)

MMP-14 is a membrane-bound MMP, which has been shown to be capable of shedding of
membrane bound receptors'’. To evaluate if MMP-14 is able to shed Endoglin from the
endothelium membrane we treated HUVECsS, expressing high levels of Endoglin (Figure 5A),
with recombinant MMP-14. Figure 5B shows high levels of sEndoglin in control medium,
which was not increased by treatment with recombinant human MMP-14. To further analyse
if MMP-14 was capable of mediating Endoglin cleavage we co-transfected COS cells with
plasmids encoding Endoglin, full length membrane bound MMP-14 or MMP-14 lacking the
transmembrane domain (MMP-14 ATM). As shown in figure 5C co-transfection of Endoglin
only with membrane bound MMP-14, and not with MMP-14ATM, led to increased sEndoglin
levels in the medium. To further analyse if endothelial MMP-14 could mediate shedding of
Endoglin from endothelial cells, HUVEC cells were treated with various proteinases
inhibitors. Inhibitors of cystein and serine proteases (including cathepsins and plasmin) did
not reduce sEndoglin levels, in contrast to broad spectrum MMP inhibitors GM6001 and
Marimastat, which have been described to also inhibit MMP-14%%. Inhibition of soluble
Endoglin release was 50% by both GM6001 and Marimastat (Figure 5D). Specific inhibitors
of gelatinases (MMP-2 and MMP-9), Stromelysins (MMP-3) had only a mild effect on
sEndoglin release, whereas and an MMP-13 inhibitor did not affect levels at all. This

indicates that these classes of MMPs are probably not involved in the shedding process.
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Figure 5. A) Western blot analysis of MMP-14 expression in HUVEC and ECRF endothelial cell lysates. B)
sEndoglin medium levels after treatment of HUVEC cells with recombinant human MMP-14 (Three
independent experiment in triplo). C) sEndoglin medium levels in COS cells after transfection with Endoglin,
Empty vector (EV), full length MMP-14, or MMP-14 lacking the transmembrane domain (MMP-14 A TM)
plasmids Data represent mean+ standard deviation of one experiment in triplo. D) Soluble Endoglin levels in
HUVEC medium after treatment with various proteinases inhibitors (% versus appropriate control, n=5

independent experiments performed in triplo, mean+SEM).

Discussion

Of several membrane receptors like the VEGF receptor and Endoglin also soluble variants

have been described, which seem to be involved in several pathological conditions. Increased

12,13

levels of sEndoglin have been reported in pre-eclampsia patients " °, whereas studies

describing sEndoglin levels in malignancies are not conclusive. Several studies revealed

. . . 15.17.2
increased levels in cancer patients compared to controls'>'"*

30,31

, whereas other showed no
increased levels™ . In our study we found that pre-operative sEndoglin in levels in CRC
patients appeared to be lower than controls, although differences did not reach statistical
significance. This would correspond to a possible anti-angiogenic role by savaging of pro-

angiogenic molecules, like TGF-p or VEGF*"?'. In contrast, sEndoglin might also function as
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a circulating TGF-P reservoir'®*2. The role of sEndoglin might also depend on the cell type it
is cleaved from. High expression of the TGF-B co-receptor Endoglin on angiogenic
endothelial cells has been associated with poor survival in various types of cancers"*'’, even
being prognostic superior to other angiogenic markers like CD31 or CD34'*** We
observed strongly increased tissue Endoglin levels in colorectal carcinoma, but not in pre-
malignant adenomas, corresponding to what has previously been shown for benign gastric
lesions™. Endoglin expression was mainly observed in angiogenic endothelial cells, but also
in fibroblasts especially in the normal to tumour transition zone. Expression of Endoglin on
non-endothelial cells seems to play a role in invasive processes. Recently it was shown that
over-expression of Endoglin in MDA epithelial breast cancer cells increases their invasive
behaviour by upregulation of MMP expression and the formation of invadipodia®. In contrast,
another study showed that shedding of Endoglin from mouse keratinocytes increases their
invasive potential®. Our immunohistochemical analysis revealed expression of Endoglin
specifically in fibroblasts in the normal to tumour transition zone and could therefore be
involved in the invasion of fibroblasts into the surrounding normal tissue.

Betaglycan another TGF-B co-receptor can be released into the circulation by proteolytic
cleavage by MMP-14". Because Endoglin shows high homology with betaglycan and
contains and MMP sensitive cleavage sequence in the transmembrane domain, we examined
the role of MMP-14 in Endoglin shedding. Treatment of endothelial cells with recombinant
MMP-14 did not increase soluble Endoglin levels. Further analysis using co-transfection of
Endoglin with a MMP-14 revealed that the localisation of MMP-14 on the cell membrane is
crucial for shedding Endoglin into the medium as MMP-14 lacking the transmembrane
domain was not capable of shedding Endoglin. The contribution of MMP-14 to Endoglin
shedding from endothelial cells was further supported by the fact that immunohistochemical
analysis showed that endothelial cells highly expressing MMP-14 did not stain for Endoglin.
Next to that, addition of only broad spectrum MMP inhibitors could reduce sEndoglin release
into the medium. Cystein-, or serine-protease inhibitors did not reduce sEndoglin levels,
whereas gelatinase, stromelysin-, or collagenase specific inhibitors had only a mild effect.
Broad spectrum MMP inhibitors inhibit, besides the specific MMP classes mentioned before,
also MMP-14, and showed a 50% reduction in sEndoglin levels. Preliminary data using
shRNA mediated knockdown of MMP-14 in endothelial cells revealed a comparable
inhibition as observed with the MMP inhibitors. This would further extent the important role
MMP-14 has in cancer progression besides its pro-tumerogenic role in the activation of

22,36

MMP-2, cleavage of ECM component™", and its role in angiogenesis37. Shedding of
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Endoglin releasing an anti-angiogenic soluble variant could act tumour-suppressive by
reduction of angiogenesis.

In conclusion, we have shown increased Endoglin expression in CRC, but not in pre-
malignant adenomas and that mean pre-operative sEndoglin levels in CRC patients seem to be
lower compared to controls. Based on in vitro experiments we propose MMP-14 to be an

important candidate for Endoglin shedding from angiogenic endothelial cells (Figure 6)

Endoglin shedding by MMP-14

Angiogenic switch /
\

s Bl e B o S BENG 2

Mucosa Adenoma Carcinoma Invasive Carcinoma

A
v

Angiogenesis

Figure 6. Proposed mechanism of Endoglin expression and generation of sEndoglin in colorectal cancer.

Full-colour illustration at page 208.
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