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Thrombin cleaves membrane-bound
endoglin potentially contributing to the
heterogeneity of circulating endoglin in

preeclampsia
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Increased levels of soluble endoglin (sEng) are found in serum, plasma, and urine of preeclampsia
patients. sEng is released from membrane-bound endoglin through the proteolytic activity of
metalloproteases, but its structural heterogeneity suggests the involvement of additional proteases.
Considering the roles of thrombin and sEng in preeclampsia pathogenesis, we investigated whether
thrombin cleaves endoglin. Sequence analysis revealed a conserved peptide in endoglin similar to the
a-thrombin cleavage site of protease-activated receptor-1. Western blot analysis of plasma from
preeclamptic women showed endoglin fragments consistent with thrombin-mediated cleavage.
Incubation of purified endoglin with thrombin generated specific fragments, whose N- and C-terminal
sequencing confirmed the predicted cleavage sites. Furthermore, thrombin treatment of endoglin-
expressing cells released sEng and reduced cell surface endoglin. These findings suggest that
multiple protease-targeted cleavage sites lead to the generation of sEng fragments, which may reflect

endothelial dysfunction and preeclampsia progression.

Endoglin, also named CD105, is known to be an auxiliary receptor for the
transforming growth factor  (TGF-p) family including Bone Morphogenetic
Protein 9/10 (BMP9/10), which plays important roles in vascular physiology,
angiogenesis and vascular remodeling' and adhesion™’. Mutations in the
human endoglin gene (ENG) are responsible for hereditary hemorrhagic tel-
angiectasia (HHT) type 1 (HHT1). HHT is a rare vascular disorder char-
acterized by angiodysplasias ranging from large Arteriovenous Malformations
(AVMs) in internal organs to small mucocutaneous telangiectases. HHT affects
1 in 5000 to 10,000 people worldwide". Endoglin (Eng) is mainly expressed on
endothelial cells’, endothelial progenitor cells’, mesenchymal stromal cells
(MSCs)° and syncytiotrophoblasts of the neonatal placenta’.

Membrane Eng is a homodimer of approximately 180 kDa, whose
monomers are linked by intermolecular disulfide bonds®. It contains: i) an

orphan N-terminal region (OR; amino acids 26-337), involved in the
binding of its ligands, namely BMP9 and BMP10’; ii) a bipartite C-terminal
zona pellucida (ZP) module (amino acids 338-581)" involved in integrin-
mediated cell adhesion''; iii) a single transmembrane domain (amino acids
587-611); and iv) a short cytoplasmic peptide (amino acids 612-658)".
As recently reviewed'"”, several studies have reported increased
expression of circulating forms of endoglin in serum, plasma, or other body
fluids in patients with cancer and other pathological conditions. This form,
called soluble endoglin (sEng), consists of the ectodomain of Eng, and has
been postulated to be cleaved by the action of metalloproteases, mainly matrix
metalloprotease 14 (MMP14)"“"*. In fact, an 80-75 kDa sEng results from the
cleavage of Eng by MMP14 at the endothelial cells (ECs) surface; the cleavage
site is shown at position 586, leading to the release of the full-length
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ectodomain (amino acids 26-586)"". sEng has been described to be released
from the placenta into the maternal serum of women with proclamation (PE)
and increases with disease severity'®. Supporting this view, sEng, individually
or in cooperation with the placental soluble fms-like tyrosine kinase 1 (sFlt1),
induces endothelial dysfunction, vascular permeability and hypertension in
vivo'"". Purified sEng from PE women serum showed a band at 65-60 kDa
on electrophoresis’. The evidence of different lengths of sEng (at least 80-75
and 65-60 kDa) observed in serum strengthens the hypothesis that there are
several cleavage sites leading to different sEng sizes”'®. Mass spectrometric
analysis of endoglin purified from PE patient serum (65 kDa band) revealed
that sEng extends at least to arginine 406; however, neither the C-terminal
residue nor the corresponding proteolytic enzyme acting on sEng was
identified". Importantly, identification of sEng in those studies was per-
formed using the monoclonal antibody P4A4, whose epitope is located within
the 54 amino acid region of endoglin from Y277 to G331. As a result, one
could speculate that there may be other forms of sEng outside the range
covered by the P4A4 antibody. Furthermore, sEng expressed in mammalian
cells was shown to be a mixture of dimers and monomers'’, but no expla-
nation was provided for the generation of monomeric or shorter sEng. Thus,
the existent heterogeneity of sEng lengths’ and the circulation of monomeric
sEng in PE" remains a puzzle to be untangled.

In 2005, Tang and colleagues proposed that thrombin induces endo-
cytosis of endoglin and type II TGF-p receptors and downregulation of
TGF-p signaling in EC", but this study did not provide information or
evidence regarding the mechanism of endocytosis or the possible release of

sEng from the cell surface. Thrombin (Thr) is a potent vascular physiolo-
gical agonist belonging to the trypsin family of serine proteases with mul-
tifunctional effects and key roles in hemostasis and thrombosis'”. Besides its
procoagulant function in the production of fibrin, Thr regulates multiple
cellular processes by cleaving the protease-activated receptors 1 and 4 (PAR-
1 and PAR-4) in platelets, leukocytes, ECs and vascular smooth muscle
cells. Interestingly, it was demonstrated that: i) elevated levels of Thr
production have been correlated to the underlying causes of PE; and ii)
women suffering of PE exhibit an excessive generation of Thr’***. Thus,
given that Thr and sEng have been proposed to be involved in the patho-
genesis of PE, this led us to investigate whether Thr is able to cleave Eng.

In this work, we provide evidence for the first time that Thr cleaves
membrane and soluble forms of endoglin. This pathway could reflect the
endothelial dysfunction during PE and might be involved in the progression
of PE disease.

Results

Plasma and Serum Levels of sEng in preeclampsia (PE)

Plasma and serum levels of sEng were measured in 60 subjects, including 20
non-pregnant controls, 20 pregnant controls and 20 PE patients. sEng
concentration (ng/mL) in both plasma and serum was significantly higher in
PE than in control plasma [57.35+18.2 (PE) versus 3.47 +0.68 (non-
pregnant controls) or 7.05 + 1.83 (pregnant controls) ng/ml], and control
serum [47.90 + 24.50 (PE) versus 3.70 £ 0.77 (non-pregnant controls) or
7.74+1.95 (pregnant controls) ng/mL] (Fig. la, b). Plasma and serum
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Fig. 1 | Plasma and serum analysis of patients with preeclampsia. The levels of
sEng in (a) plasma and in (b) serum were quantified using an ELISA kit assay in a
cohort of 60 patients. This cohort comprised 20 non-pregnant women controls, 20
pregnant women controls, and 20 cases diagnosed with preeclampsia. ¢ Plasma and
(d) serum samples from preeclampsia patients diluted to ratios of 1:5, 1:10, or 1:20

and reduced with DDT, were subjected to analysis through SDS-PAGE and Western
blot with Endoglin/CD105 polyclonal rabbit antibody (ProteinTech). rEng at

100 ng/mL was used as control. The data is presented as mean # S.D. Statistical
significance was determined at *P < 0.05, **P < 0.01, ***P <0.001, and

#HRH*P < 0.0001. NS indicates a non-specific band.
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Fig. 2 | Predictive study to identify possible clea- a b

vage motifs. a Possible cleavage motifs found by the

Profile Specific Scoring Matrix analysis (left column) Sequence | score | accessibility position from

and their associated score (right column) combined ETVHC

with avcces51b111ty‘ (A: h.1g.hly accessible; PA: Parually GPERGEVT | 5.49 A 13

accessible; B: buried) giving the extent to which each

sequence corresponds to the profile extracted from TWPREVLL | 11.52 A 67

known thrombin cleavage motifs. The scale of the

score is arbitrary and the sequences highlighted in AAERGPIT| 3.75 A 127

bold have significantly higher scores (score > 6) than SRR

the others and are accessible on the surface of Eng A 389 B 145

within the context of its open homodimeric struc- DMGRTLEW| 8.65 B 166

ture. Colored sequences correspond to those later

determined experimentally as cleavage sites. LEWRPRTP| 6.99 PA 171

b Theoretical model of endoglin showing possible

thrombin cleavage sites which corresponds to loca- WRPRTPAL | 11.43 PA e

tion of the experimentally determined cleavage sites

on the structure of the open Eng. ¢ The top panel ALVROCHL 5.1 A 179

shows a theoretical model of thrombin (blue) in HILRVLPG | 1.69 B 196

complex with the CGGRLQTS sequence of endo-

glin, obtained by docking. A detailed view of the AGPRTVTV | 10.25| PA 206

corresponding putative interaction site is shown in

the bottom panel (“zoom”). KNIRGFKL | 8.06 A 262
GEARMLNA | 1.49 PA 278

"GGRLQTS 3.55] A 307

AEDRGDKF | 3.14 A 373
FVLRSAYS 6.67 A 380
SPQRKKVH | -0.29 A 411
VQVRVSPS | 2.56 B 452
IQGRAAKG 5.48| A 484
GDPRFSFL | 11.24 B 503
VALRPKTG| -1.51 PA 528
EVHRTVFM| 10.32 PA 540
VFMRLNII 1.83 PA 545

analyzed by WB for Eng showed different molecular weight bands of sEng:
60,40 and 20 kDa (Fig. 1c, d; Supplementary Fig. 1a—c). The visualization of
these bands was possible thanks to a new antibody against endoglin that
targets over 50% of the Eng sequence (residues 331-658) (Proteintech,
#10862-1-AP), at variance with the P4A4 antibody that only targets ~10% of
the sequence (residues 270-330) (Supplementary Fig. 2). These previously
undescribed Eng fragments suggested the existence of novel cleavage sites in
the endoglin sequence.

Computational analysis revealed potential Thr cleavage sites in
endoglin

When searching for potential new cleavage sites, amino acid sequence
analysis of endoglin highlighted the presence of a GDPRFSFLLH sequence
(residues 526-534). Of note, a clear similarity was found (in bold) to the
protease activated receptor PAR-1 site PRSFLL, a sequence known to be
cleaved by Thr”, a protease involved in PE***’. Alignment of the human
endoglin amino acid sequence with those of 10 other mammal species
revealed that this sequence (amino acids 528 to 534) is highly conserved
among different species (Supplementary Fig. 3a, b), potentially suggesting
that this may be an important recognition site for a putative protease. Given
the high sequence similarity to the Thr cleavage site of PAR1, we hypo-
thesized that Thr might also be able to cleave endoglin. The crystal structure
of the ZP module of ENG* shows that the GDPRFSFLLH sequence is not

highly exposed within the context of the ZP-C module and is thus unlikely to
be readily accessible to Thr or other proteases. However, it could become
accessible upon structural rearrangements of ENG, possibly triggered by
prior cleavage at other sites. Indeed, a Profile Specific Scoring Matrix ana-
lysis identified several other potential cleavage sites with relatively high
scores and accessibility (Fig. 2a—c). As a proof of principle, computational
docking of Thr to the site 329-CGGRLQTS-338 (Fig. 2¢, bottom panel)
suggests that the latter may be cleaved by the protease. Looking at the crystal
structure of ENG, this site appears to be the most exposed to the solvent, and
it could be a plausible first target for the protease, since it is easily accessible.
This docking result is not meant to be a proper model for a Thr and ENG
complex, but just a simulation supporting its existence. These analyses
suggest that 1) several possible cleavage sites are present on the ENG
sequence, 2) the approach of Thr to at least one of the identified cleavage
sites is plausible. These results encouraged a further experimental explora-
tion for cleavage of fragments of different sizes (Fig. 2a, b).

Thrombin cleaves endoglin in vitro and generates different
fragments

To address the above hypothesis, we investigated whether Thr can target
Eng in vitro. Physiologic concentrations of free Thr generated during coa-
gulation are estimated to vary from 1nM to over 500 nM>*, whereas
pathological concentrations can reach up to 10 uM*’. Thus, we tested the
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Fig. 3 | Dose and time dependent cleavage of human rEng by thrombin. rEngata
concentration of 20 pg/mL was treated at 37 °C a with increasing concentrations of Thr-H
:0,0.01, 0.05, 0.1, 0.5, or 1 uM for 1 h. Following treatment, the samples were resolved

using SDS-PAGE and subsequently analyzed by Western blotting with Endoglin/CD105
polyclonal rabbit antibody (ProteinTech). b The percentage of all cleaved bands obtained
in a by the action of Thr-H on Eng was quantified relatively to the total rEng (70 kDa).

¢ Percentage of the 70 kDa band reduction, specific to the total rEng band from a. d The
same procedure described in a was repeated (Eng 20 pg/mL, treatment at 37 °C), but using
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a fixed concentration of 1 uM of Thr-H for varying durations: 0, 1, 5, 15, 30 or 60 min.
e Graph of percentage of all cleaved bands resulting from the action of Thr-H on rEng at
various time intervals. f Percentage of the 70 kDa band reduction, specific to the total rEng
band from d. left. In a and d the band above 40 kDa (of approximately 50 kDa) was not
reproducibly observed in the repeated experiments and was not further studied. The data is
presented as mean + S.D. from three conducted experiments. All images analysis were
performed using Image Studio™ Lite software. The dashed line in panel d indicates a cut
made in the gel where a blank column had been.

ability of a-thrombin (Thr-H) to cleave rEng within this concentration
range (10 nM-1 uM) during 1 h of treatment. Using a polyclonal antibody
against Endoglin, we detected different rEng cleavage products (Fig. 3a).
Indeed, bands at =60, 40, 20 and 10 kDa were detected in a Thr-H con-
centration-dependent manner (Fig. 3a, b) simultaneously with a decrease of

the total rEng (non-cleaved, 70 kDa) (Fig. 3a—c). All bands were detectable
from the lowest concentration of Thr-H (10 nM). Of note, in the absence of
Thr-H no cleavage of rEng was observed after 1 h of incubation at 37 °C. A
kinetic study performed at a concentration of 1 uM of Thr-H (from 1 min to
1h) revealed that the bands appeared already at 1 min and progressively
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increased up to 1h of treatment (Fig. 3d, e). Conversely, a progressive
decrease of the total endoglin was observed (Fig. 3d-f). The smallest frag-
ment (10 kDa) was the last one to be detected and appeared after 15 min
(Fig. 3e). Of note, upon thrombin treatment, a band above 40 kDa (of
approximately 50 kDa) was observed in some experiments (see for example
Fig. 3a, d). However, depending on the commercial batch of the rEng, the
intensity of this band was not always reproduced in the repeated experi-
ments, likely due to changes in its glycosylation pattern. For this reason, the
band above 40 kDa was not further studied. Kinetic- and Thr-H con-
centration-dependence of the generation of small bands (40, 20 and 10 kDa)
was confirmed in a Simple Western (WES) assay (Supplementary Fig. 4a).
Moreover, a similar pattern was detected by Western blot at a lower Thr-H
concentration (0.1 uM), with all bands appearing as early as 1 minute after
Thr-H treatment (Supplementary Fig. 5a, b). Of note, p-thrombin (Thr-C)
cleaved rEng in fragments of similar molecular weights as a-thrombin (Thr-
H), and a supplemental smaller band at around 2 kDa was observed for both
Thr (Supplementary Fig. 4b). Altogether, our data demonstrate that Thr
(both a- and B-thrombin) cleaves Eng in vitro to generate different Eng
fragments in a time- and concentration-dependent manner.

Identification of the endoglin sequences cleaved by thrombin
We then investigated Thr cleavage sites in rEng by sequencing each frag-
ment. To this end, we fixed the experimental conditions: 1 uM of Thr-H,
during 1 h at 37 °C, followed by detection and isolation of each fragment
from Coomassie blue-stained gels and their N- and C-terminal (N-t and N-
¢, respectively) amino acid sequencing (Fig. 4a, Supplementary Fig. 6), By
Coomassie blue staining of SDS-PAGE gels, we identified all the bands
detected by WB (60, 40, 20 and 10 kDa) as well as an extra band at 8 kDa
(Fig. 4a, Supplementary Fig. 6). In agreement with our previous data (Fig. 2),
we observed a significant 50% decrease of the total rEng (70 kDa) upon Thr
digestion (Fig. 4b). The most abundant fragments were the bands of 40 kDa
and 20 kDa (Fig. 4c). As a preliminary control, we analyzed the sequence of
the initial rEng used in the study. According to N-t sequence analysis, the
primary structure of recombinant mature Endoglin of 70 kDa starts at Glu
26 (ETVHC) and ends in Gly 586 (CTSKG), as expected from the com-
mercial datasheet provided by the manufacturer and similar to the described
cleavage produced by MMP14"",

N-t analysis demonstrated that both the 60 kDa and 40 kDa fragments
start with ETVHC (Fig. 4d, e; Supplementary Fig. 7a), but C-t analysis was
not able to identify with precision the corresponding C-terminal (Fig. 4d, e).
However, immunoblot with the monoclonal antibody MAB1097 (Supple-
mentary Fig. 5¢) that specifically recognizes the endoglin orphan region
(Supplementary Fig. 2) suggests that the 40 kDa fragment ends with CGGR
(Figs. 2 and 4), as also supported by predictive studies (Fig. 2a, b). Inter-
estingly, this cleavage site (GGRLQT) maps within the 18-residue linker
between the OR and the ZP module'’, and it can be hypothesized that this
precise location, right in the boundary between those two different func-
tional regions, has a potentially relevant biological role. Considering the
fragment of 20 kDa, N-t starts with SAYSS (Ser 407) (Fig. 4d-f; Supple-
mentary Fig. 7b), whereas the C-t ends with the fragment corresponding to
CTSKG (Gly 586) (Fig. 4d-f). Of note, the N-t cleavage site for the 20 kDa
fragment, between residues 406 and 407, is exactly the last residue previously
mapped in sEng purified from PE patients’ plasma'®. The 10 kDa fragment
presents the N-t starting with AAKGN (Ala 511) (Fig. 4d—f; Supplementary
Fig. 7¢) and the C-t ends with the peptide corresponding to CTSKG (Gly
586) (Fig. 4d-f). The N-t starting sequence of 20 kDa and 10 kDa fragments
confirmed the prediction of Thr cleavage suggested by modelling (Fig. 2).
The fragment of 8 kDa (Fig. 4a, c) was also analyzed by N-t analysis and
starts with SFLLH (Ser 531) (Fig. 4d—f; Supplementary Fig. 7d), but its C-t
was not detectable (Fig. 4d, e). However, by WES we identified the presence
of a 2 kDa fragment after incubation (at different times from 1 min to 1 h)
with Thr-H (Supplementary Fig. 4a), suggesting that the 10 kDa fragment
can be further cleaved, leading to two smaller fragments of 2 and 8 kDa, as
predicted in Fig. 2a, b and Fig. 4e, f. This result was also confirmed using
Thr-C (Supplementary Fig. 4b).

It can be speculated that after an initial cleavage, the molecule will be
open and will become more accesible for further cleavages. Furthermore, the
fragment of 40kDa starting with ETVHC also suggests that it can be
monomeric because it does not contain Cys residues involved in inter-
molecular disulfide bonds (Fig. 2a, b; Fig. 4e, f).

By clustal alignment sequence, it is evident that in the mouse endoglin
there are different amino acids in the specific cleavage sites predicted in
human endoglin (CGGRLQTS, FVLRSAYS, IQGRAAKG), while the
sequence FSFLLH is conserved in both species. (Supplementary Fig. 3b). To
confirm the specificity of the cleavage in the predicted sequences we treated
human and mouse rEng at a concentration of 20 ug/mL with increasing
concentrations of thrombin-H (0.01-0.05-0.1-0.5-1 uM) at 37 °C for 1 h.
Gels were run simultaneously using MOPS buffer, optimal for revealing the
bands at the expected cleavage sites (mutated in mice). Human rEng con-
firmed the cleavages at 60, 40, and 20 kDa, as expected and showed the
uncleaved monomeric form at 75 kDa. The uncleaved murine endoglin
appeared as a double band around 95-100 kDa, due to varying levels of
glycosylation as informed by the supplier. Consequently, the cleaved bands
that may originate from thrombin cleavage at the conserved motif
DPRFSFLLH might also appear as a double band with a 5 kDa difference
(70-65 kDa). (Supplementary Fig. 5d)

Endoglin is cleaved by thrombin at the cell surface

The above data demonstrate that soluble rEng can be cleaved by Thr. We
then investigated the physiological capacity of Thr to cleave endoglin from
the cell surface of different cell types expressing surface Eng: ECFCs,
HUVECs and MSCs***. ECFCs were incubated with different concentra-
tions of Thr-H (10 nM, 100 nM, and 1 uM) and HUVECs and MSCs were
treated with 1 uM of Thr-H. Importantly, Thr-H treatment did not affect
ECFC viability, and cells conserved their monolayer appearance (Fig. 5a-d,
Supplementary Fig. 8a). Cellular endoglin cleavage by Thr was analyzed by
immunofluorescence. Endoglin-specific fluorescence was reduced in
ECFCs after Thr-H treatment compared to control, in a dose-dependent
manner (Fig. 5a—c). This result was confirmed with the two other cell types,
HUVECs and MSCs, that showed a decrease of endoglin staining on cell
surface upon Thr treatment, without any effect on cell viability (Fig. 5d, e).
The specificity of Thr cleavage was supported by using the thrombin inhi-
bitor PPACK in assays with ECFC and HUVEC (Supplementary Fig. 8b).
Then, we quantified the level of sEng in cell supernatants by ELISA and WES
techniques. Interestingly, sEng levels were significantly increased in all cell
lines treated with Thr-H compared to controls (Fig. 5f). These results were
also replicated with Thr-C. Importantly, the 60, 40 and 20 kDa bands were
observed by WES in MSCs and HUVECs supernatants (Supplementary
Fig. 8c-f), confirming the results obtained in vitro using rEng. Since the
mature cell surface endoglin carries the standard O- and N-glycosylation®,
while rEng which is less glycosylated (R&D, datasheet), the above findings
may rule out the possible interference of sEng glycosylation in the Thr
cleavage. Supporting this conclusion, endoglin glycosylation occurs in a
region of the protein different from those of the Thr cleavage sites (Sup-
plementary Fig. 9). Hence, our data demonstrate that Thr is able to cleave
Eng from cell surface, leading to the release in the extracellular medium of
different fragments of sEng.

Discussion

Increased plasma sEng levels are an indicator of maternal vascular malperfu-
sion lesions in the placenta of women with PE”. PE remains till today a leading
cause of maternal and fetal morbidity and mortality. While the pathophy-
siology of the disease is not yet fully elucidated, it is evident that it revolves
around placenta. Cellular ischemia in the preeclamptic placenta creates an
imbalance between angiogenic and anti-angiogenic factors in maternal circu-
lation. Eng, a transmembrane co-receptor of TGF- demonstrating angiogenic
effects, is involved in a variety of angiogenesis-dependent diseases with endo-
thelial dysfunction, including PE. Eng expression is up-regulated in pre-
eclamptic placentas, through mechanisms mainly induced by hypoxia,
oxidative stress and oxysterol-mediated activation™.
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During the last decade, different sizes of sEng have been described in
PE, including the presence of dimeric and monomeric forms in plasma of PE
patients'”"', however so far, no clear explanation for this heterogeneity has

been proposed. In non-endothelial cells such as human multiple myeloma
cell lines or the mouse myoblast cell line C2C12, both monomeric and
dimeric forms of sEng have been reported to inhibit BMP9 signaling when
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Fig. 4 | Sequencing of thrombin-cleaved endoglin bands. arEngata concentration
of 20 pg/mL was treated at 37 °C for 1 h with 1 uM of Thr-H. The samples were then
resolved by SDS-PAGE and subjected to Coomassie Brilliant Blue staining to
identify protein spots for subsequent sequencing. Bands at molecular weights of 60,
40, 20, 10, and 8 kDa were excised, with a minimum of 30 bands at each molecular
weight selected for further analysis. Plots showing b the decrease in the percentage of
the 70 kDa band, specific to the total rEng band and c the percentage of all cleaved
bands obtained by the action of Thr-H on Eng, quantified relatively to the total rEng
(70 kDa). The optical densities of each Coomassie blue-stained protein band were
measured using Image Studio™ Lite software. The data is presented as mean + S.D.
from a minimum of 12 conducted experiments. Statistical significance was con-
sidered at *P < 0.05. d Table showing the N-terminal and C-terminal parts of each
sequenced band, along with the cleavage position and the cleaved amino acids. The

C-terminal information was not determined (ND) for the 8, 40 and 60 kDa bands,
and the cleavage position and cleaved amino acids for the last two bands were also
unidentified. However, based on the docking data and the Western blot analysis with
the monoclonal antibody MAB1097 (R&D), that specifically labels the endoglin
orphan region, for we can postulate that the 40 KDa band corresponds to the
fragment 329-330. e Schematic diagram illustrating the N-terminal cleavage posi-
tions and sequences of each band, including known (solid line) and hypothetical
(dashed line) C-terminal cleavages. Because the contribution of glycosylation to the
molecular weight of each band is unknown, the correlation between molecular
weight and primary structure is not to scale. f Schematic diagram of mEng, indi-
cating cleavage sites. mEng is composed of an orphan region followed by a juxta-
membrane zona pellucida (ZP) module and by transmembrane and short
cytoplasmic domains. JM: Juxtamembrane; TM: Transmembrane; CP: Cytoplasmic.
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they are present at high concentrations'”. To date, the only explanation
proposed for the production of sEng has been the cleavage produced by
metalloproteases that target the GL motif of the juxtamembrane region of
endoglin, resulting in a dimeric form of sEng. However, this cleavage alone
does not account for the presence of a monomeric form, as the resulting
protein would still contain disulphide bridges, leading to a dimeric structure.

The involvement of other metalloproteases, different from MMP14
and MMP12 was investigated without success. For example, MMP15 is
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localized to the syncytiotrophoblast layer of the placenta, the same site where
Eng is expressed. Interestingly, despite being upregulated in PE, MMP15
does not cleave endoglin to produce sEng”. Additionally, immunolocali-
zation studies have revealed the presence of MMP16, MMP24 and MMP25
in the syncytiotrophoblast, where Eng is highly expressed. However, these
MMPs do not contribute sEng production in pre-eclampsia®.

It has been postulated that Thr’s interaction with the mEng induces
Eng internalization. However, this report did not provide details about the
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Fig. 5 | In vitro cleavage of cellular Endoglin by thrombin. a Immunofluorescence
staining of Endoglin was conducted using the Endoglin/CD105 P4A4-Alexa 488
antibody (green) and vectashield mounting medium with DAPI (blue) after treating
ECFC with increasing concentrations of Thr-H (0.01, 0.1 and 1 uM). Observations
were carried out using confocal microscopy at 20x magnification. Phase photos at
10x magnification were taken for each condition to confirm the presence of the cell
monolayer. b Endoglin fluorescence intensity following ECFC treatment with
increasing concentrations of Thr-H (0.01, 0.1 and 1 uM) was quantified using
Image] software (1 = 3). ¢ Plots showing the quantification of Eng fluorescence
intensity in ECFC following treatment with 1 uM of Thr-H, alongside the number of
nuclei relative to the surface. d Immunofluorescence staining of Eng using the

Endoglin/CD105 P4A4-Alexa 488 antibody in different cell types, including
HUVECs and MSCs, mounted with Vectashield containing DAPI. HUVECs were
additionally stained with VE-Cadherin (VE-CAD) using a Texas Red-conjugated
antibody, and MSCs were stained with Phalloidin-Alexa 555 to assess cell integrity
after treatment with Thr. e Plots showing the quantification of Eng fluorescence
intensity in HUVEC and MSC following treatment with 1 uM of Thr-H, alongside
the number of nuclei relative to the surface. f ELISA kit assay results for sEng in
supernatants of ECFC, HUVEC and MSC treated or not with 1 uM of Thr-H. The
data is presented as mean + S.D. for a minimum of n = 4. Statistical significance was
considered at *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <0.0001.

underlying mechanisms and the functional effects'*. When we performed in
silico analysis of the Eng sequence we found a motif homologous to a Thr
target peptide of PAR-1, a human receptor cleaved by Thr. PAR-1 is a
heptahelical G protein-coupled receptor for Thr that is the prototype
member of the PAR receptor family. Its activation occurs when Thr binds to
and cleaves the N-terminal ectodomain of PAR-1 at a specific site. This
cleavage results in the generation of a new N-terminus unmasking a
“tethered ligand” that binds to the heptahelical segment of the receptor to
effect transmembrane signaling and G protein activation™. Intriguingly,
women with PE have been found to exhibit higher plasma tissue factor (TF)
activity compared to those with small-for-gestational-age neonates or
normal pregnancies™ . TF is an integral membrane protein essential for
hemostasis that circulates in blood either as a component of blood cells and
microparticles or as a soluble plasma protein™. TF triggers the initiation of
the coagulation cascade, resulting in the generation of Thr, which subse-
quently activates PAR-1. As a result, these alterations might partially con-
tribute to the elevated in vivo Thr generation observed in this obstetrical
syndrome™. Recent studies have also reported the involvement of plasma
hypercoagulability, heightened Thr generation, compromised fibrinolysis,
and endothelial cell activation in the development of severe preeclampsia™.
These pieces of evidence led us to postulate that Thr cleaves Eng, and that the
fragments produced are the ones postulated/found in preeclampsia plasma
and serum. Firstly, we confirmed a statistically significant difference in terms
of production of sEng between non-pregnant and pregnant women versus
preeclampsia patients (p < 0.0001). Then, we identified different sizes of
sEng at 60 kDa, 40 kDa and 20 kDa (Fig. 1, Supplementary Fig. 1). Before
conducting in-vitro experiments, we developed an algorithm to predict
possible Thr cleavages on Eng sequences. In silico predictions were made for
potential cleavage sites, and some of the sites with the highest scores were
subsequently confirmed to align with the observed cleavages in vitro fol-
lowing N-terminal and C-terminal sequencing assays.

Following the hypothesis suggested by in silico data, we were able to
subsequently establish that Thr released Eng from cell surface across various
cells including HUVECs, ECFCs and MSCs leading to the generation of
sEng in the media (Fig. 5 and Supplementary Fig. 8). This previously
unobserved cleavage event may offer an explanation not only for the exis-
tence of shorter endoglin fragments, as suggested by previous authors’, but
also for the presence of monomeric sEng”. This is attributable to two
cleavage sites being situated upstream (R406/S407 and R510/A511) of the
first intermolecular disulfide bridge (C516). We could therefore question
why these different fragments were not identified in the past. If we examine
literature, we find that the standard commonly used antibody to target Eng
was P4A4, which is able to recognize only the sequence comprising 1270-
C330”. Importantly, we discovered that some of fragments originated by
Eng cleavage are localized outside and downstream of the P4A4 recognition
site. In fact, the 20 kDa band from S407 to G586, the 10 kDa band from
A511 to G586 and the 8 kDa from S531 to G586 and they were identified
using a Endoglin/CD105 polyclonal rabbit antibody (ProteinTech) that can
recognize the C-terminal part of Eng sequence encoded by the 331-658 aa.
This finding led us to hypothesize that the shorter fragments of Eng were not
described before probably due to the fact that the previous antibodies used
(P4A4 and MAB1097) recognized N-t sequences of the protein (Supple-
mentary Fig. 2). Specifically P4A4 labeled only a small fragment from the aa

270 to 330 reducing the possibility to see fragments in plasma or serum”. In
addition, the cleavages at S407, A511, S531 justify that after Thr cleavage,
Eng loses C- disulphide bridges, still present in Eng and in sEng subjected
only to MMP14 cleavage. This is in agreement with the presence of a
monomeric form of Eng in plasma from PE patients'’". These findings
could have a physiological relevance because the production of different
sEng lenghts depends on Thr production and might be a witness of a
development or a worsening of the disease. Our results lead us to postulate
that Thr can cut, either independently or simultaneously to MMPs, Eng or
sEng during inflammation or at sites of dysfunctional endothelium. The fact
that Thr targets Eng in multiple cleavages is likely at the origin of the
different lengths of sEng found in PE plasma and serum and led us to
propose sEng as a surrogate biomarker for the evaluation of the risk for
severe early onset preeclampsia.

Materials and methods
Patient plasmas
In this study, we used samples from three groups of patients: pregnant
women with PE, normotensive pregnant women without PE and healthy
non pregnant women. The patients were recruited in 2 studies. Pregnant
women with PE or without PE were enrolled in the ECLAXIR study™,
which is a multicenter case-control study (research grant from the
regional Programme Hospitalier de Recherche Clinique P020925). The
cases were pregnant women with PE at time of diagnosis, PE being defined
according to the definition of the American College of Obstetricians and
Gynecologists (ACOG) as blood pressure >140/90 mm Hg occurring after
20 weeks of gestation with previously normal blood pressure, associated
with proteinuria >0.3g in a 24h urine specimen. The controls were
pregnant normotensive women without PE. The ECLAXIR study was
approved by the Ethics Committee (Comité de Protection des Personnes
dans la Recherche Biomédicale, CCPPRB) of the Bichat-Claude Bernard
hospital (Paris). Non pregnant women were enrolled in the SERCOB
study™, which is a case-control study (research Grant CRC 10018 Contrat
de Recherche Clinique from Assistance Publique-Hopitaux de Paris, clin-
ical trials NCT00632671), where the controls were healthy women with
age >18 and <60 years old, a body mass index (BMI) > 18.5 and <25 kg/m’
and without weight variation >5kg in the last 3 months. The SERCOB
study was approved by the ethics committee of Saint-Louis University
Hospital, Paris (France) (Institutional Review Board). For both studies, all
patients gave written informed consent before enrolment and blood
sampling and all samples were stored at —80 °C until testing. sEng was
quantified by quantikine ELISA immunoassay kit performed on plasma
(n=20) and serum (n = 20) samples.

All ethical regulations relevant to human research participants were
followed.

Sequence alignment

Alignments of human endoglin sequence with those of ten other mammal
species were done online using Clustal Omega (v1.2.4)*. This is a multiple
sequence alignment program that uses seeded guide trees and Hidden
Markov Model profile techniques to generate the alignment. The amino acid
sequences of different mammal species were obtained from the UniProt/
SwissProt database.
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Algorithm of binding sequence prediction

Bioinformatic analysis in search of possible cleavage sites on the Eng
sequence by Thr through a Profile Specific Scoring Matrix (PSSM) analysis
was performed. In ref. 41 53 peptide sequences were reported to be sub-
strates for Thr cleavage and aligned around a central arginine from position
P3 to position P4’. This alignment constitutes the dataset to extract a profile
characterizing the cleavage motif. In a PSSM a score is associated with the
presence of a given amino acid at a specific position of the motif, generating a
scoring matrix. In our case the matrix is of dimension 20 x 8, i.e. 20 amino
acids times 8 positions in the motif. The score is calculated computing the
probability of occurrence of each amino acid at a given position from the
known sequence alignments, normalized by its relative abundance in nat-
ure. Based on this scoring matrix it is then possible to analyze a new
sequence in search for subsequences of the size of the motif. For the new
sequence a score is computed adding the values of the PSSM corresponding
to the amino acids of the subsequence at the position in which they appear in
the motif. In our case, we scanned the whole endoglin sequence and for each
arginine we computed the score of motifs P3 to P4’.

Docking analysis

X-ray crystallographic information on the orphan region and the ZP module
that constitute the structure of the ectodomain of sEng is available in the
Protein Data Bank with accession numbers 5104 (orphan region, 2.42 A
resolution), SHZW (orphan region/BMP complex, 4.45 A resolution) and
5HZV (ZP module, 2.7 A resolution)*; based on these experimental structures,
a model of BMP9 ligand-bound homodimeric Eng was suggested, where the
molecule adopts a Y-shaped open conformation. A low resolution negative
stain EM map of unbound endoglin also exist, suggesting that the free molecule
can also exist in a more compact, closed form*. Given the only structure
available at atomistic resolution is that of the open ENG, we performed
docking analysis using this model which also has the advantage of allowing Thr
to approach Eng at the various sites identified by sequence analysis. The Thr
structure used for docking was extracted from the high-resolution complex of
Thr with an extra-cellular fragment of PAR1 receptor (PDB id 3LU9), in which
Thr is found in an activated form, as the one it sould adopt for cleavage. Rigid
protein-protein docking was performed using the program ClusPro®
searching for positions of interaction between the two molecules that optimizes
physical interactions (electrostatic interactions, hydrogen bonds, Van der
Waals interactions). Because of the large size of the proteins and the fact that
the possible binding sites on Eng identified by sequence analysis are at multiple
distant regions, rigid docking seemed an appropriate compromise between
accuracy and speed of the search™*. All figures to illustrate docking results
were produced using the Chimera software®.

Recombinant endoglin (rEng) and thrombin

Recombinant endoglin (rEng), corresponding to human sEng containing the
entire extracellular region (Glu26-Gly586), was obtained from R&D Systems
(1097-EN-025/CF). Recombinant mouse Endoglin/CD105 Fc Chimera
Protein, encompassing the extracellular region (Glu27-Gly581), was pur-
chased from R&D Systems (1320-EN/CF). rEng (20 ug/mL) was diluted in
Tris-buffered saline polyethylene glycol 1x buffer (TBS-PEG) and treated
with human a-thrombin (Thr-H) (Cryopep, 9-HCT-0020-1) or human f-
thrombin (Thr-C) (Cambridge ProteinWorks, #10108). Dose responses were
performed with Thr-H from 0.01 to 1 uM for 1 h at 37 °C and kinetic with
1 uM of Thr-H during 1, 5, 15, 30 and 60 min at 37 °C. Reaction was stopped
by adding 50uM of Phe-Pro-Arg-chloromethylketone, an irreversible
thrombin inhibitor (PPACK, Merck, 520222-5MG). Samples were then
analysed by different methodologies.

Western blot and blue Coomassie staining

Samples (Thr-treated rEng, plasma and serum) were homogenized in an
appropriate volume of 1x NuPAGE LDS Sample Buffer (Invitrogen,
NP0007) supplemented with 1x NuPAGE Reducing Agent (Invitrogen,
NP0009). Samples were then heat-denatured for 5 min at 80 °C and loaded
on a NuPAGE 4-12% Bis-Tris polyacrylamide gel (Invitrogen,

NP0323BOX). After running, the gels were then either stained with Coo-
massie brilliant blue (InstantBlue, Abcam, ab119211), de-stained for 2 h in
distilled water and scanned before protein spot excision for further
sequencing or the gels were transferred to nitrocellulose membranes for
western blotting (WB). The membranes were saturated with 5% BSA in
TBS-Tween 1x and incubated overnight at 4 °C with endoglin polyclonal
rabbit antibody (1/1000, ProteinTech, #10862-1-AP) or endoglin mono-
clonal mouse antibody (1/500, R&D, MAB1097). Membranes were washed
in TBS-Tween 1x and incubated for 1h at room temperature with a
fluorescent-labeled secondary antibody, Dylight 800-conjugated secondary
antibody (1/10000, Thermo Fisher Scientific, SA5-10036). Fluorescent
immunoblot images were acquired using an Odyssey scanner (Li-Cor
Biosciences, Lincoln, NE, USA) and quantified using Image] or Image
Studio Lite (Li-Cor) software.

Capillary electrophoresis immunoassay

Recombinant endoglin cleavage products and cells supernatant (MSCs and
HUVECs) were analyzed after treatment with 1 uM of Thr-H or Thr-C
using a capillary electrophoretic based immunoassay (WES; ProteinSimple,
San Jose, CA), following the manufacturer’s instructions. Briefly, the WES
measurement was performed using a 2-40kDa separation module
(8 x 13 mm capillary cartridge, ProteinSimple Co., SM-W009) and endo-
glin polyclonal rabbit antibody (1/100).

N-terminal amino acid sequence analysis

The spots of interest were excised and incubated in a buffer to extract the
protein from the acrylamide gel. After overnight incubation under shaking,
the solution was incubated on a ProSorb Filter (Applied Biosystems) to fix
the protein on a PVDF disc. The N-terminal sequences of proteins were
determined by introducing the PVDF disc into an Applied Biosystems 494
automated protein sequencer (Applied Biosystems). Runs of Edman
degradation (15 cycles of pulsed-liquid chemistry) were carried out. The
sequences obtained were matched to public protein sequence databases with
PATTINPROT, a software developed at the Péle Bio-Informatique Lyon-
nais (PBIL) in Lyon, France (http://npsa-pbilibcp.fr), and with MS-
PATTERN on the protein prospector web site (http://prospector.ucsf.edu).
For inconclusive searches, sequences were matched against microbial gen-
omes at the NCBI using the more general tBLASTn algorithm.

C-terminal protein characterization by mass spectrometry

Gel bands of proteolytic fragments were cut and subjected to in-gel diges-
tions with different endoproteases (Trypsin, Asp-N or chymotrypsin)
before submission to mass spectrometry analysis. Peptides mixtures were
analyzed by nanoLC-MSMS using a nanoElute liquid chromatography
system (Bruker) coupled to a timsTOF Pro mass spectrometer (Bruker).
Peptides were loaded with solvent A on a trap column (nanoEase C18,
100 A, 5 pm, 180 pum x 20 mm) and separated on an Aurora analytical
column (ION OPTIK, 25 cm x 75 um, C18, 1.6 um) with a gradient of
0-35% of solvent B for 30 min. Solvent A was 0.1% formic acid and 2%
acetonitrile in water and solvent B was acetonitrile with 0.1% formic acid.
MS and MS/MS spectra were recorded from m/z 100 to 1700 with a mobility
scan range from 0.6 to 1.4 V s/cm’. MS/MS spectra were acquired with the
PASEF (Parallel Accumulation Serial Fragmentation) ion mobility-based
acquisition mode using a number of PASEF MS/MS scans set as 10. MS and
MSMS raw data were processed and converted into mgf files with DataA-
nalysis software (Bruker). Identification and C-terminal characterization of
protein were performed using the MASCOT search engine (Matrix Science,
London, UK) with semi-specific cleavages against endoglin sequence.
Carbamidomethylation of cysteines was set as fixed modification and oxi-
dation of methionines as variable modification. Peptide and fragment tol-
erances were set at 10 ppm and 0.05 Da, respectively.

Cell isolation, culture and thrombin treatment
Endothelial Colony Forming Cells (ECFCs) were isolated as described®,
expanded on fibronectin (FN)-coated plates (1 pg/cm’; Millipore, Billerica,
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MA, USA) using EGM-2 medium (without hydrocortisone; Lonza, Walk-
ersville, MD, USA) supplemented with 10% fetal bovine serum (FBS;
Hyclone, Logan, UT, USA). Pooled Human Umbilical Vein Endothelial
Cells (HUVECs) were purchased from Lonza (C-2519A) and seeded in a
complete culture medium as described above for ECFCs. Mesenchymal
Stem Cells (MSCs) were purchased from Lonza (PT-2501) and seeded in
minimum essential medium o (MEM a) with GlutaMAX™ supplement, no
nucleosides medium (Life Technologies, Gibco™, 32561094) supplemented
with 10% of FBS (Dutscher, S$1810-500), 10 ng/mL of fibroblast growth
factor (FGF, R&D Systems®, 233-FB-500), and 1% of antibiotic/antimycotic
(Thermo Fisher Scientific, Gibco™, 15240062). ECFCs, HUVECs, and MSCs
were used at passages P2-8 and day <40. All cells were cultured in appro-
priate basal medium (controls) vs basal medium with Thr-H (concentra-
tions 0.01, 0.1 and 1 pM, treatment 1 h at 37 °C). We consider for the study
n=6 ECFC (= Thr-H), n=4 HUVEC (+ Thr-H) cultured in EBM-2 and
n =8 MSC (z+ Thr-H) cultured in basal MEMa. Supernatant was recollected
to perform ELISA assays, while cells were fixed with 4% paraformaldehyde
(PFA) in PBS for 15 min at room temperature (RT) to perform immuno-
fluorescence assays.

Quantitative assay of human endoglin by ELISA

Quantitative analysis of sEng in cell supernatants, as well as in plasma and
serum samples was carried out via the sandwich enzyme-linked immuno-
sorbent assay (ELISA) principle. Human Endoglin/CD105 quantikine
ELISA immunoassay 96-well kits (R&D Systems, USA, MNDGO00) were
used according to the manufacturer’s instructions. The ensuing product of
the sandwich was read spectrophotometrically at 450 nm using a Spectro-
star Nano-96 micro-well reader (BMG-Labteck).

Immunofluorescence

Cells incubated with or without Thr-H during 1 h were fixed with 4% PFA in
medium for 15 min at room temperature (RT). Cells were then washed with
Dulbecco’s phosphate buffered saline (DPBS, ThermoFischer) and blocked
in 2% BSA in PBS for 30 min at RT, incubated for 1 h at RT under agitation
with Endoglin/P4A4 monoclonal mouse antibody (1/500, Santa Cruz, sc-
20072) or VE cadherin (1/100 abcam) or Alexa Fluor 555 Phalloidin (1/200
ThermoFicher). Cells were then washed three times with PBS and then
incubated with an anti-mouse fluorescein or Texsas Red-labeled secondary
antibody (1/200, Vector Laboratories, FI-2000-1.5 and TI-1000 respec-
tively) for 1 h at RT under agitation. Cells were washed three times with PBS,
and the vectashield mounting medium for fluorescence with DAPI (1 mg/
mL, Vector Laboratories, H-1200) was used. Cover slips were mounted onto
slides that were stocked at 4 °C. Observations were performed on confocal
microscopy at 20x (Confocal Laser Scanning Microscope, CLSM, Leica
TCS SP5).

Statistics and reproducibility

Data were subjected to statistical analysis, and the results are shown as
mean # SD. Normality was analyzed with the Shapiro-Wilk test. When the
test did not indicate normality, we performed a nonparametric analysis
using the Mann-Whitney test. Otherwise, 2-group comparison was per-
formed with parametric Student’s -test (unpaired).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The numerical source data underlying the graphs shown in the manuscript
are provided in Supplementary Data 1. All other data supporting the
findings of this study are available within the paper and its supplementary
information files.
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