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Aims

and results

Impairment of the endothelial barrier leads to microvascular breakdown in cardiovascular disease and is involved in
intraplague haemorrhaging and the progression of advanced atherosclerotic lesions that are vulnerable to rupture.
The exact mechanism that regulates vascular integrity requires further definition. Using a microarray screen for angio-
genesis-associated genes during murine embryogenesis, we identified thrombospondin type | domain 1 (THSD1) as a
new putative angiopotent factor with unknown biological function. We sought to characterize the role of THSD1 in
endothelial cells during vascular development and cardiovascular disease.

Functional knockdown of Thsd1 in zebrafish embryos and in a murine retina vascularization model induced severe
haemorrhaging without affecting neovascular growth. In human carotid endarterectomy specimens, THSD 1 expression
by endothelial cells was detected in advanced atherosclerotic lesions with intraplaque haemorrhaging, but was absent in
stable lesions, implying involvement of THSD 1 in neovascular bleeding. In vitro, stimulation with pro-atherogenic factors
(3% O, and TNFa) decreased THSD 1 expression in human endothelial cells, whereas stimulation with an anti-athero-
genic factor (IL10) showed opposite effect. Therapeutic evaluation in a murine advanced atherosclerosis model showed
that Thsd1 overexpression decreased plaque vulnerability by attenuating intraplaque vascular leakage, subsequently re-
ducing macrophage accumulation and necrotic core size. Mechanistic studies in human endothelial cells demonstrated
that THSD1 activates FAK-PI3K, leading to Rac1-mediated actin cytoskeleton regulation of adherens junctions and focal
adhesion assembly.

Conclusion THSD1 is a new regulator of endothelial barrier function during vascular development and protects intraplaque micro-
vessels against haemorrhaging in advanced atherosclerotic lesions.
Keywords Vulnerable plaque e Intraplaque haemorrhage e Endothelial function e THSD1
. : 12 ! ’ —
1. Introduction : adhe5|on contacts. "~ Loss of bart."ler functlon.leads to passage of circu
- lating cells and solutes and contributes to (micro)vascular haemorrha-
Vascular barrier integrity of the endothelium is actively controlled by :  ging. Although intercellular contacts are established between
dynamic interactions between the endothelial actin cytoskeleton, :  endothelial cells during the earliest phases of vasculogenesis and angio-
cell-to-cell junctions, and cell-to-extracellular matrix (ECM) focal : genesis, a functional barrier is only created after the critical process of
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junction maturation that is stringently controlled by members of the
Rho family of GTPases.>® In particular, Rac1 regulation of actin cyto-
skeleton dynamics prevents the build-up of actomyosin-mediated ten-
sion across VE-cadherin adhesion sites, which is crucial for the
formation of stable adherens junctions that provide the mechanical co-
hesion of the intercellular bonds.” Disruption of the Rac1 regulatory
pathway leads to loss of vascular integrity and is implicated to be an im-
portant contributing factor to vascular-related diseases, including
atherosclerosis.”®

In advanced atherosclerosis, lesions become characterized by intra-
plaque growth of microvessels that are phenotypically immature and
are defined by lack of endothelial barrier function, making them suscep-
tible to haemorrhaging and rupture.” Although the importance of loss
of barrier integrity in the onset of cardiovascular disease has become
increasingly evident, our knowledge of endothelial specific factors
that orchestrate the key Rac1-mediated pathway in vascular barrier
regulation remains limited. In this study, we report a new gene with a
high level of endothelial specific expression that is a potent preserva-
tion factor of vascular barrier integrity.

Recently, we have carried out a genome-wide microarray analysis in
search for genes involved in the regulation of new vessel formation and
have identified thrombospondin type | domain 1 (THSD1), also known
as transmembrane molecule with thrombospondin module (TMTSP), as
a new candidate regulator of vascular development. THSD1 has been
described as an early marker of haematopoietic stem cells and ECs dur-
ing embryonic development in mice.'® In silico database analysis indi-
cated that THSD1 encodes for a putative protein structure that
contains a signal sequence and a transmembrane and thrombospondin
type 1 repeat (TSP1) domain. Currently, data that elucidate the vascu-
lar function of THSD1 are still lacking.

Here, we sought to characterize the function of THSD1 in ECs dur-
ing blood vessel formation in vitro, using primary cell cultures, and in vivo
in zebrafish and murine vascular development. Our studies identified,
for the first time, THSD1 as a critical regulator of Rac1-mediated con-
servation of neovessel integrity. Thsd1 knockdown induced micro-
vascular ruptures and haemorrhaging during embryonic and postnatal
vascular development, indicating that THSD1 is a beneficial factor for
maintaining endothelial barrier function. The therapeutic potential of
THSD1 was investigated in our well-validated murine ApoE-knockout
model in which we induced growth of vulnerable plaque-like lesions by
shear stress alteration.'""? Thsd 1 overexpression improved endothelial
barrier function and reduced vascular bleeding of the neointimal micro-
vasculature in the murine atherosclerotic plaques. Considering the po-
tent vascular stabilizing function of the gene, we propose that THSD1 is
an interesting drug target for the development of therapeutics in the
treatment of vulnerable plaque or other (micro)vascular pathologies
in which endothelial barrier function is compromised.

2. Methods
2.1 Ethics

The human samples were obtained from the Maastricht Pathology Tissue
collection bank (MPTC). Collection and storage in the MPTC and patient
data confidentiality as well as tissue usage were in accordance with the
‘Code for Proper Secondary Use of Human Tissue in the Netherlands’
(http:/Iwww.fmwv.nl, http://www.federa.org/sites/default/files/digital_
version_first_part_code_of_conduct_in_uk_2011_12092012.pdf). Col-
lection and study of human samples were approved by institutional ethics
committee and have been performed in full accordance with the ethical

standards laid down in the 1964 Declaration of Helsinki and its later
amendments. All animal studies were carried out in accordance with
the Council of Europe Convention Directive (2010/63/EU) for the pro-
tection of vertebrate animals used for experimental and other scientific
purposes with the approval of the National and Local Animal Care
Committee.

2.2 Mouse model of retinal vascularization

Two-day-old murine C57BL/6) male and female pups were anaesthetized
by placement on ice. One microlitre of Thsd1 targeting siRNA (1.33 g/
L) was injected into the left eye using a 33-Gauge needle (World Pre-
cision Instruments, Berlin, Germany). As control, one microlitre of
scrambled non-targeting siRNA (1.33 pg/pL) was injected into the right
eye. SIRNA was obtained from Thermo Fisher Scientific (Breda, The
Netherlands). The following mix of mouse Thsd1 targeting siRNA was
used: 5'-GCA AGC AAG UUC CGA AUC A-3', 5-AGU CAU UGC
UUC UAC GGG A-3, 5-GCU CCA ACG AAG AGG ACG A-3/,
5-UGA CUA UGU CCU CGG AGA A-3'. Mice pups were killed
5 days after intraocular injection by decapitation. The retinas were
stained with Alexa Fluor® 488-conjugated isolectin GS-IB, 1:200
(121411; Invitrogen, Bleiswijk, The Netherlands) before assessment un-
der a fluorescence microscope (Axiovert S100; Carl Zeiss, Sliedrecht,
The Netherlands). Image analysis of number of junctions, tubules, and
total tubule length was carried out using Angiosys Image Analysis Soft-
ware 1.0 (TCS CellWorks, Buckingham, UK). Validation of adequate
Thsd1 knockdown in the retina (2 days after intra-ocular injection) was
achieved by gPCR using the following mouse primers: 5'-AGA GCC
AGC AAA AGG ACA AA-3’ (forward) and 5'-CAA GGA GGT GGC
AGT ACC AT-3' (reverse) (Biolegio, Nijmegen, The Netherlands).
HPRT primers 5'-TCA GGA GAG AGA AAA GAT GTG ATT GA-3’
(forward) and 5'-ACG CCA ACA CTGCTG AAA CA-3' (reverse) (Bio-
legio, Nijmegen, The Netherlands) were used for housekeeping gene
detection.

2.3 ApoE-knockout mice vulnerable plaque
model

Ten-week-old female ApoE ™~/ ~/C57BL/J6 mice (Jackson Laboratory, UK)
were put on a Western diet containing 15% (w/w) cacao and 0.25%
(w/w) cholesterol (Arie Blok, Woerden, The Netherlands). Two weeks
after start of the Western diet, mice were anaesthetized by ventilation of
a 1:2 mixture of O5/N,O to which 2.3% isoflurane was added. The ani-
mals were maintained at 37°C on a heating pad during the operation; a
neck incision was made and the right common carotid artery was dis-
sected from connective tissue. A tapered cast was surgically implanted
around the right common carotid artery. This device reduces flow shear
stress upstream, triggering the growth of atherosclerotic lesions with a
vulnerable plaque phenotype. Nine weeks after cast placement, mice
were re-operated and locally transfected with either adenovirus-
expressing murine Thsd1 or sham virus. At Day 5, 1 h before sacrifice
by cervical dislocation, FITC-labelled dextran (Sigma-Aldrich, Zwijn-
drecht, The Netherlands) was intravenously injected. The carotid artery
was flushed and harvested. The carotids that were treated with the shear
stress altering device were cut at the proximal and distal borders of the
cast to separate the blood vessel into three different segments: Section 1,
segment proximal from device (the vulnerable plaque section); Section 2,
a segment distal from the device (the stable plaque section); and Section
3, a segment of the carotid that was encased by the device and which
was discarded. Section 1 (proximal) and Section 2 (distal) were used
for qPCR analysis of the vulnerable plaque and stable lesion area,
respectively.

A more detailed description of all methods is available in the Supplemen-
tary material online.
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3. Results

3.1 Vascular-specific mRNA expression of
Thsd1 during mouse development

To identify new gene targets involved in angiogenesis, MRNA expres-
sion profiles of Flk1-positive angioblasts separated by flow cytometric
sorting at various stages of murine embryonic development were
compared with Flk1-negative cells. Thsd1 was up-regulated in
Flk1-positive angioblasts from 8 to 16 days post-fertilization. Expres-
sion levels peaked from 8 to 11 days post-fertilization, which coin-
cided with the period of early angiogenesis in murine development
(Figure 1A).

3.2 Vascular-specific mRNA expression of
Thsd1 during zebrafish development

In line with the findings from murine embryos indicating that thsd1
is mainly expressed in the endothelial cell lineage, whole-mount
in situ hybridization in developing zebrafish larvae showed expres-
sion of the thsd1 zebrafish orthologue in the main axial vessels
(dorsal aorta and posterior cardinal vein) and head vessels
at 26 h post-fertilization. In addition, thsd? expression was also

Thsd1 exp. in Flk1+ angioblasts during
murine embryonic development
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detected in the caudal and mid-cerebral veins, and in the somites
(Figure 1B).

3.3 Knockdown of thsd1 in zebrafish induces
haemorrhaging of cerebral vessels

For functional evaluation of thsd1 in vivo, the gene was silenced in devel-
oping zebrafish larvae of the transgenic zebrafish lines Tg(fli1:eGFP)’
and Tg(kdrl:eGFP x gatal:dsRed)”", using morpholino (MO) knock-
down technology. Successful targeting of thsd1 was verified by gPCR
analysis (see Supplementary material online, Figure S1). Silencing of
thsd1 had no effect on vascular growth (Figure 2A). However, time-lapse
studies carried out during the first 48 h post-fertilization identified se-
vere and frequent haemorrhaging in the cranial region, a known predi-
lection site for vascular haemorrhaging in zebrafish,">"* which was
observed in 24% of the injected embryos (n = 195) (Figure 2B—E).
Haemorrhaging occurred as a sudden rupture of blood vessels, imply-
ing intrinsic weakness and lack of integrity of the endothelial barrier
(Figure 2B and C). Cerebral haemorrhaging was further confirmed by
an o-Dianisidine staining of iron/heme in red blood cells in
thsd1-silenced wild-type zebrafish (Figure 2D). This phenotype was con-
sistently observed in the thsd1-silenced zebrafish after injections of
different MO concentrations (Figure 2E).

Thsd1 exp. during zebrafish larvae development

Kdrl

MCeV

Thsd1

Figure | Vascular-specific expression of Thsd during mouse and zebrafish development. (A) Endogenous expression level of Thsd1 in Flk1-positive
angioblasts during murine embryonic development from 8 to 16 days post-fertilization (dpf) vs. Flk1-negative cells, analysed by gqPCR. ThsdT mRNA level
in Flk1-negative cells was set to baseline (n = 4; mean + SEM). (B) Whole-mount in situ hybridization comparison of endothelial specific kdrl (upper
panel) with thsd1 (lower panel) in zebrafish at 26 h post-fertilization (hpf), lateral view, anterior to the left. Like kdrl, thsd1 transcripts were localized
in the developing vascular network, including the cerebral vasculature [indicated by black arrows are the caudal and mid-cerebral veins (MCeV)]. In add-
ition, expression of thsd1 in the somites was observed. Right-hand panel shows high magnification images of the head region. Scale bar = 200 pm.
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Figure 2 Morpholino-induced knockdown of thsd 1 in zebrafish results in cerebral haemorrhages without affecting vascular growth. (A) Tg(fli1:eGFP)”"
embryos at 26 hpf, lateral view, anterior to the left. Scale bar = 200 wm. No apparent morphological abnormalities in the trunk or cerebral vasculature
were observed between thsd1 targeting morpholino-injected (thsd7-KD) embryos and uninjected controls (UIC). Right-hand panel shows high magni-
fication images of intersegmental outgrowth in the trunk region. Tg(kdrl:eGFP x gatal:dsRed)”" thsd1-KD embryos around (B) 28 hpf (Scale bar = 200
pm) and (C) 2 dpf (Scale bar = 100 wm), lateral view, anterior to the left. ECs (green) and erythrocytes (red). Right-hand panel shows high magnification
images of the head region. Haemorrhages were detected in the head region (white arrow). (D) o-Dianisidine stained embryos around 28 hpf (Scale
bar = 200 wm), top view (left) lateral view (right), anterior to the left. Areas of accumulated blood (red asterisk) in the head region were observed
in thsd1-KD embryos. (E) Morpholino dose—response increase in the percentage of zebrafish with the cerebral haemorrhage phenotype (red bar)
vs. the wild-type phenotype (no cerebral haemorrhaging, blue bar). (n = 195 larvae in total).

3.4 Thsd1 knockdown in the deve[oping - involved in angiogenesis in a non-embryonic setting. Here we used
retinal vasculature of neonatal mice this neonatal retina vascularization model to study Thsd1 following siR-

- NA modulation of Thsd1 expression. To determine the optimal mo-
promotes vascular haemorrhages

ment of Thsd1 knockdown, endogenous ThsdT mRNA expression in
In mice, vascularization of the retina takes place directly after birth, pro-

d _ ) ' : the murine retina during postnatal development was assessed by
viding a 14-day time window to study the function of genes that are qPCR analysis. Thsd1 mRNA levels were adjusted to CD31 mRNA
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levels to compensate for changes in percentage of ECs during vascular
expansion. Thsd1 expression was observed from 3 to 15 days post-
partum in the murine retinas (Figure 3A). Therefore, Thsd1 knockdown
was induced in the first week of retinal vascular development by
intra-ocular injection of a siRNA pool composed of four different
Thsd1 targeting siRNA sequences (Thsd1-KD) in 2-day-old wild-type
C57BL/6) mouse pups and compared with controls injected with a
scrambled non-targeting siRNA pool (sham). Efficient knockdown of
Thsd1 was observed 2 days after intraocular injection (see Supplemen-
tary material online, Figure S2A). More specifically, endogenous Thsd1
expression was significant down-regulated after siRNA targeting of
Thsd1 in the retinal endothelial cell population (PECAM1+) compared
with the PECAM1+ endothelial cell population obtained from retinas
injected with the non-targeting siRNA pool, as shown by qPCR after

magnetic bead isolation of PECAM1+ cells in collagenase-digested ret-
ina samples (see Supplementary material online, Figure 2B and C). Fur-
thermore, the non-endothelial cell population (PECAM-) showed far
lower endogenous expression levels of Thsd1 compared with the
PECAM1+ population, and no significant down-regulation of Thsd1
was detected in PECAM — cells derived from Thsd1-KD retinas.
Quantification of the vascular network after visualization of ECs by
isolectin GS-IB4 staining showed no difference between Thsd1-KD and
sham-injected eyes 5 days after intraocular injection (Figure 3B—E).
However, double staining of retinas with isolectin GS-I1B4 (ECs in green)
and TER-119 antibody (detecting erythrocytes in red) showed a higher
frequency and larger areas of haemorrhaging in the Thsd1-KD-injected
eyes, whereas retinal haemorrhaging was hardly observed in
sham-injected controls (Figure 3F and G). Thus, like in the developing

A Thsd1 exp. during retina B sham Thsd1-KD
development
0.75
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35
3.0 "

bleeding area as percentage @
of the total retinal area
@

sham Thsd1-KD

Figure 3 Thsd1 depletion during murine retinal vascular development results in vascular haemorrhaging without affecting vascular growth. (A) En-
dogenous expression level of Thsd1 in the developing retinal vasculature of neonatal mice from 3 to 15 days after birth relative to CD31 expression
(n = 3; mean + SEM). Thsd1 is highly expressed from Day 3 to 9, which coincides with the period of plexus formation and vascular remodelling. (B)
Retinas stained with isolectin GS-IB4 for detection of ECs (representatives are shown from each group, n = 5; Scale bar = 300 wm). Quantification
of the vascular network showed no morphological defects after Thsd1 knockdown (Thsd1-KD) regarding (C) number of tubules, (D) total tubule length,
and (E) number of junctions. Double staining of retinas with isolectin GS-IB4 (ECs green) and TER-119 (erythrocytes red) showed (F) significantly larger
areas of vascular haemorrhaging in the THSD 1-KD group. Inserted panels show high magnification details of the micrographs. (G) Quantification of retinal
haemorrhage with the bleeding area expressed as percentage of the total retinal area in Thsd1-KD vs. sham retinas (n = 10; mean + SEM). *P < 0.05

(Student’s t-test), scale bar = 300 pum.

120Z Jaquiardag |z uo Jasn Aleiqi Alsseaiun wousee Aq 81.£942/6Z1/1/01 L/o101B/S810SBAOIPIED/WOD dNo™oIWapeoeR//:sdiy Wol) papeojumoq


http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw015/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw015/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw015/-/DC1

134

R.A. Haasdijk et al.

zebrafish, loss of Thsd1 expression in the murine retinal vasculature had
no effect on vascular growth, but induced high susceptibility to vascular
haemorrhaging.

THSD1 is expressed in advanced human atherosclerotic lesions
with neovascular intraplaque haemorrhaging and increased plaque
vulnerability

Intimal neovascular growth with compromised vascular integrity is
an important contributor to atherosclerotic lesion destabilization.
We investigated the role of THSD1 in the pathophysiology of the com-
promised neovasculature in advanced atherosclerotic lesions. Ten hu-
man atherosclerotic plaques were obtained from patients with
symptomatic carotid artery disease and were divided into a group of
5 stable lesions and a group of 5 advanced vulnerable plaques with
pathological evidence of intraplaque haemorrhaging. THSD1 and
CD31 expression was determined by immunohistological staining
(see Supplementary material online, Figure S3A). THSD1 signal was co-
localized with CD31+ ECs in vulnerable plaques with intraplaque
haemorrhaging, whereas in stable plaques, THSD1 expression by ECs
was not detected (see Supplementary material online, Figure S3A).
THSD1 expression in human endothelial cells ( s) in vitro could be de-
creased by two prominent pro-atherogenic stimuli, low oxygen (3%
O;) and TNFa (see Supplementary material online, Figure S3B and
0), but was significantly up-regulated by the anti-atherogenic stimulus
IL10 (see Supplementary material online, Figure S3D). THSD 1 expres-
sion appears to be sensitive to distinct transition points in TNFa and
IL10 concentrations. These findings point towards a potential role
for THSD1 in endothelial barrier dysfunction in advanced atheroscler-
otic lesions vulnerable to rupture.

3.5 Thsd1 attenuates intraplaque
haemorrhage and plaque destabilization
without affecting neovascular growth

Findings in our zebrafish and murine retina models indicate that Thsd1 is
a beneficial factor for maintaining endothelial barrier function. We hy-
pothesize that Thsd1 expression in vulnerable plaque is part of an en-
dogenous protective mechanism to counteract loss of endothelial
integrity. The effect of Thsd1 overexpression was assessed in our well-
validated murine ApoE-knockout model in which we induced growth
of carotid atherosclerotic lesions by shear stress alteration by implant-
ing a tapered perivascular cast around the carotid artery."™'? In this
murine model, a vulnerable plaque-like lesion develops in the low shear
stimulated up-stream carotid region from the cast, whereas a stable pla-
que develops in the oscillatory shear stimulated downstream region
from the cast.""? Endogenous Thsd1 expression in the normal carotid
arteries of non-treated ApoE-knockout mice was already markedly in-
creased in response to 1 week of feeding a high cholesterol, high fat diet
(see Supplementary material online, Figure S4B). In line with the findings
in the human samples, endogenous ThsdT mRNA level was significantly
increased in the vulnerable plaque compared with the stable lesions de-
rived from the murine cast model [n = 5; *P < 0.05; Mann—Whitney U
test; 23.0 + 1.14 vs. 13.2 + 0.86 (mean + SEM); vulnerable vs. stable
plaque, respectively, as determined by qPCR].

Peri-adventitial infection of an adenovirus expressing murine Thsd1
(adThsd1) in the carotid artery resulted in a significant increase in
Thsd1 mRNA expression compared with infection with a sham virus
(adsham) (see Supplementary material online, Figure S4A). Overexpres-
sion of Thsd1 attenuated the vulnerable plaque phenotype at 9 weeks
post shear stress-induced atherosclerosis induction: A 45% decrease in

intimal accumulation of TER-119 erythrocytes was observed (Figure 4A
and B). In addition, dextran-FITC extravasation was significantly re-
duced in the plaque intima (Figure 4C) and surrounding vasa vasorum
of adThsd1-treated murine carotid arteries compared with adsham-
treated controls (Figure 4D). These effects were independent of intimal
neovascular growth, as no change in the number of CD31-positive cells
was detected (Figure 4E and F).

Coincided with improved neovascular integrity, a 36% reduction in
intraplaque macrophage accumulation in the adThsd1 group was ob-
served (Figure 4G and H), whereas intraplaque lipid accumulation re-
mained unaffected (Figure 4/ and /). This reduction in intraplaque
macrophages did not affect lesion size as measured by intima/media ra-
tio (Figure 4K and L). However, necrotic core area was significantly de-
creased in the adThds1 group (Figure 4K and M). Together, these data
demonstrate that Thsd1 overexpression restores compromised endo-
thelial barrier function of the intimal microvasculature in murine vul-
nerable plaque-like lesions.

3.6 THSD1 controls endothelial barrier
function in vitro

Next we conducted in vitro assays to further define the mechanistic
function of THSD1 in vascular cells. The expression level of THSD1
was evaluated in different cell types. On comparing HUVEC, pericyte,
VSMC, and fibroblast, the highest MRNA expression level of THSD1
was observed in HUVECs (Figure 5A). In line with previous in vivo find-
ings, siRNA-mediated knockdown of THSD1 (THSD 1-KD) in HUVECs
did not affect network formation in a standard 2D Matrigel assay com-
pared with cultures transfected with equimolar of non-targeting sham
siRNA (sham) (Figure 5B—E). Adequate knockdown of the target gene
was validated on both mRNA and protein level (see Supplementary
material online, Figure S5A and B), and did not affect the expression
of other genes that contain the TSP1 domain, such as Thrombospondin
1 (see Supplementary material online, Figure S5C).

A transwell permeability assay that measures HRP passage was car-
ried out to determine the effect of THSD 1 on endothelial barrier func-
tion in HUVECs. In line with our in vivo findings, endothelial barrier
function was significantly decreased in THSD1 knockdown HUVECs
as shown by increased permeability for HRP (Figure 5F). Evaluation of
endothelial barrier function by ECIS (Electric Cell-substrate Impedance
Sensing) also demonstrated that THSD1 silencing in HUVEC mono-
layers impeded the build-up of endothelial electric resistance com-
pared with sham treated cells (Figure 5G). These data indicate that
endothelial barrier function in THSD1 knockdown endothelial cells is
compromised at the cell junction level.

3.7 THSD1 mediates cell-to-cell interaction
via activation of Rac1

Rac1 is an important mediator of endothelial barrier function as it
enforces cell-to-cell and cell-ECM interaction via regulation of the
actin cytoskeleton.”>'® Here we evaluated the impact of THSD 1 knock-
down on Rac1 activation via the FAK-PI3K pathway (Figure 6A—-G).
Knockdown of THSD1 significantly decreased total FAK protein levels
and FAK phosphorylation at the Y397 site (Figure 6A and B) without af-
fecting the FAK-phospho/total FAK ratio (*P < 0.05, sham vs.
THSD1-KD). PI3K phosphorylation at position Y508 was significantly
diminished without affecting total PI3K protein levels (Figure 6C
and D). Similarly, the PI3K-phospho/total PI3K ratio was decreased
(*P < 0.05, sham vs. THSD1-KD). Further downstream, THSD1
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Figure 4 Overexpression of Thsd1 attenuates intraplaque haemorrhaging and stabilizes plaque vulnerability in murine vulnerable plaque-like lesions.
(A) Cryosections of adsham and AdThsd1-treated ApoE-knockout mice infused with dextran-FITC through the left heart ventricle during sacrifice with
carotid plaque lesions stained for TER-119 (red) and visible dextran-FITC perivascular leakage in the intima and adventitia (white arrows). (B) Quanti-
fication of the percentage of TER-119+ area per carotid plaque cross-section. (C) Percentage of dextran-FITC+ area per carotid plaque cross-section.
(D) Whole mount samples with adventitial vasculature stained for isolectin GS-IB4 (ECs, red) with detection of dextran-FITC perivascular leakage (green,

indicated by arrows) in the upstream (atherosclerotic) carotid region from the shear stress device. Dotted lines indicate vessel boundaries (represen-
tative micrograph of n = 6). Sections of adsham and AdThsd1-treated ApoE-knockout mice with carotid plaque lesions stained for (E) CD31+ endo-
thelial cells, (G) CD68+ macrophages, (/) lipids, and (K) haematoxylin/eosin. Quantification of the percentage of (F) CD31+ area, (H) CD68+ area, (/)
QOilRed O+ area, (L) the intima/media ratio, and (M) necrotic core area (indicated by blue dotted lines in K) per cross-section. For all cross-sections,
lumen areas are indicated by black dotted lines marked by an asterisk. For A, E, and G, elastin (autofluorescent green), dextran-FITC (green), DAPI (blue),
TER-119, CD31 and CDé8 (red) (n = 10; mean + SEM; P-values based on Student’s t-test). Scale bar = 200 pm.
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Figure 5 THSD1 knockdown in cultured endothelial cells impairs endothelial barrier function. (A) THSD 1 was highly expressed in HUVEC vs. pericyte,
VSMC, and fibroblast, as demonstrated by qPCR analysis. (n = 6); mean + SEM normalized to housekeeping gene and indicated in arbitrary units (AU)
*P < 0.05 vs. all; Kruskal—Wallis test followed by Dunn’s multiple comparison test. (B) Assessment of network formation capacity of HUVECs trans-
fected with THSD1 targeting siRNA (THSD1-KD) compared with HUVECs treated with non-targeting siRNA (sham) in a 2D Matrigel experiment.
HUVECs were stained with Calcein-AM. Scale bar = 100 wm. Quantification of the vascular network showed no morphological defects after THSD 1-KD
regarding (C) number of tubules, (D) total tubule length, and (E) number of junctions (n = 4; mean + SEM; Mann—Whitney U test). (F) Measurement of
endothelial barrier function in vitro. Passage of horseradish peroxidase (HRP) over a confluent monolayer of HUVECs during thrombin (1 U/mL) stimu-
lation for the different conditions over time. *P < 0.05 vs. control and si-sham; Bonferroni post hoc test of repeated-measures ANOVA. (n = 3; mean +
SEM) (G) ECIS measurement over a confluent monolayer of HUVECs shows a delay in electric resistance build-up after THSD 1 knockdown at 45 h post
seeding. *P < 0.05 vs. HUVEC:s treated with si-sham; Mann—Whitney U test (n = 5; mean + SEM in arbitrary units (AU) after normalization for each well

to the starting level of resistance measured at 4 h post seeding).

silencing inhibited PI3K-mediated Rac1 activation, while total Rac1 pro-
tein levels remained unaffected (Figure 6E and F). These data indicate
that THSD1 acts through regulation of total FAK protein levels and
by affecting PI3K phosphorylation levels.

To validate whether this THSD 7-induced modulation of Rac1 activity
is indeed a critical factor in the THSD1-mediated mechanisms,
THSD 1-silenced HUVECs were treated with a pharmaceutical activator
for Rac1 in the in vitro transwell permeability assay. Rac1 stimulation de-
creased endothelial permeability after THSD 1 knockdown (see Supple-
mentary material online, Figure S6A), confirming that loss of endothelial
barrier function, as induced by THSD1 knockdown, was indeed
mediated via Rac1 inhibition. For further validation, a phenotype rescue
experiment was carried out in the murine retina model: Thsd1 was si-
lenced in combination with treatment with the Rac1 activator and com-
pared with controls with intra-ocular injection of Thsd1 targeting
siRNAs only. Rac1 activation reversed the effects of Thsd1 silencing

with a clear reduction in vascular haemorrhaging (*P < 0.05; Mann—
Whitney U test; 2.6 + 0.18 vs. 0.91 £+ 0.18 (mean + SEM); Thsd1-KD
vs. Thsd1-KD + Rac1 activator respectively; see Supplementary mater-
ial online, Figure S6B).

To study the Rac1-mediated function of THSD1 in actin dynamics,
cell spreading, and actin filament distribution was evaluated at different
time points after cell seeding (Figure 6H and ). Quantification and strati-
fication of actin cytoskeleton surface per cell showed that THSD1
knockdown induced a trend towards decrease in the number of cells
with a large actin cytoskeleton surface (>1500 nm?) at 30 min post
seeding compared with sham transfected controls (Figure é[). This de-
cline in spreading efficiency was associated with a defect in ECM inter-
action: Visualization of focal adhesion sites showed a significant decline
of Paxillin and Vinculin capping at actin stress fibre ends of
THSD1-silenced cells (see Supplementary material online, Figure
S7A-D).

120Z Jaquiardag |z uo Jasn Aleiqi Alsseaiun wousee Aq 81.£942/6Z1/1/01 L/o101B/S810SBAOIPIED/WOD dNo™oIWapeoeR//:sdiy Wol) papeojumoq


http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw015/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw015/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw015/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw015/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw015/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw015/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw015/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw015/-/DC1

THSD1 preserves vascular integrity

137

A FAK C PI3K E RAC1 G shai Thsd1-KD
— — 1.5 1.5
:3(’:.: 3 12 <€ 1.2 _|_ Thsd1 | P —ms - | 95 kDa
o1 —l_ % 1.00 — ‘T-J- 1.00+
§ 07 B o B or FAK | T — ‘ 125 kDa
* - @
£, € os £ o
2 s I FAKP | em——= — — |125kDa
O 02 Q 0.2 Q 0.2
a, ao =
sham  Thsd1-KD sham  Thsd1-KD : sham  Thsd1-KD PI3K I l 85 kDa

B FAK-Phospho D  PI3K-Phospho F  RACT activity PI3K-P | s * | 85 kDa
. 1.5 1.5
212 2 12 2 Rac1| ‘21kDa
=1 i 5 10 = = 10 i *
5 0.7 * g 0.7 i © o7
= = =l B-actin | i _l 42 kDa
T 0. 3—3 0.5 g 0.5
O oas O .25 B oz
2 o0 S 500 T 00
sham Thsd1-KD sham Thsd1-KD sham Thsd1-KD
sham | cell area
25 <750 750-1500 > 1500
=]
=
% 2.04
)
8 1.5 0.09
ks
Thsd1-KD £ 1.0
0
£
2 05
*
0 _ ==
co sh KD co sh KD co sh KD
J VE-cadherin F-actin overlay K VE-cadherin
4 co-loc. with actin
.
.
L]
c *
(1]
=
[ .
S —
']
sham Thsd1-KD

Thsd1-KD

Figure 6 THSD1 induces actin cytoskeleton modulation via Rac1 activation. Western blot analysis of (A) FAK, (B) FAK-PhosphoY397 (C) PI3K, (D)
PI3K-PhosphoY508, and (E) Rac1 protein levels normalized to B-actin in THSD 1-KD or sham conditions. (F) Rac1 GTPase activity levels as measured by
G-lisa assays in sham and THSD 1-KD conditions. (G) Representative western blot results for the assessed proteins with B-actin loading control. [for A—F;
n = 4; mean + SEM in arbitrary units (AU)] *P < 0.05 vs. sham; Mann—Whitney U test. THSD 1-KD impairs actin cytoskeleton dynamics during cell
spreading. Actin mobility was assessed in a cell-spreading assay. (H) Thirty minutes after cell seeding, THSD 1-KD showed a delay in actin cytoskeleton
spreading. F-actin (red) and nuclei (blue). Scale bar = 50 wm. (I) Quantification of the actin cytoskeleton surface area per cell showed a decrease in the
number of cells with a large actin cytoskeleton surface area (>1500 nm?) after THSD1 knockdown (n = 3; mean + SEM). *P < 0.1 vs. sham or non-
transfected control; Kruskal—Wallis test followed by Dunn’s multiple comparison test. THSD 1-KD impairs VE-cadherin-actin cytoskeleton colocalization.
(/) THSD1-KD in HUVECs reduced co-localization of VE-cadherin with the actin cytoskeleton as demonstrated by immunofluorescent staining.
VE-cadherin (green), F-actin (red), co-localized area (yellow), and nuclei (blue). (K) Quantification of the percentage of VE-cadherin that is co-localized
with actin filaments (n = 4; mean + SEM). Scale bar = 50 pm. *P < 0.05 vs. sham; Mann—Whitney U test.

Loss of association between VE-cadherin and the actin cytoskeleton at
adherens junction sites promotes endothelial and thus vascular permeabil-
ity.? The effect of THSD1 knockdown on VE-cadherin-actin cytoskeleton

association was assessed in confluent HUVEC monolayers. Knockdown of
THSD1 in HUVECs reduced co-localization of VE-cadherin with the actin
cytoskeleton (Figure 6/ and K). Taken together, these data suggest that
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THSD 1 modulates cell-to-cell interaction via a signalling mechanism that in-
volves FAK-PI3K during Rac1-mediated regulation of the endothelial actin
cytoskeleton.

4. Discussion

In this study, we identified THSD 1 as a new potent regulator of endo-
thelial barrier function during physiological vascular development
using in vivo zebrafish and mouse vascular growth models. In both
embryonic zebrafish and postnatal murine pups, Thsd1 silencing af-
fected vascular integrity during angiogenesis, whereas vascular ex-
pansion remained effective. Mechanistically, our experiments with
THSD1-silenced HUVECs in HRP and ECIS assays have demon-
strated that endothelial barrier function was affected. Several
mutant zebrafish lines have been described to display a similar vas-
cular phenotype with hallmark haemorrhaging in the cranial region,
including germ-line mutations in heg1, ccm1, ccm2, and ccm3.'+17.18
Like thsd1, these genes appear to be involved in Rac1 activation and
RhoA degradation."’

Activation of the small GTPase Rac1 in endothelial cells is a crucial
factor in support of cell junction integrity and preservation of the endo-
thelial barrier during vascular quiescence.?’®~?* Rac1 activation pro-
motes cell spreading by decreasing cell contractility via actomyosin
suppression and by counteracting RhoA-induced actin stress fibre
formation. Activation of Rac1 has also been reported to preserve
VE-cadherin adherens junctions.20’21'23 In contrast, inhibition of Rac1
by RhoA and Src through B-integrin signalling induces actin stress fibre
formation and disruption of VE-cadherin junctions.*> We showed in
this study that THSD 1 knockdown diminished Rac1 activity. This was
coincided with a reduction in Rac1 downstream responses, including
a decrease in actin cytoskeleton morphological adaptation during cell
spreading in cell adhesion assays. Rac1-modulated cell spreading is
part of the Rac1 and Cdc42 regulatory pathway to spatially control
the formation of filopodia and lamellipodia, which favours the forma-
tion of barrier improvement.? Thus, THSD1 knockdown appears to
directly inhibit this Rac1-mediated barrier stabilization pathway. Fur-
ther downstream, decrease in Rac1 activation would lead to loss of
actomyosin suppression and stress fibre formation, inducing endothe-
lial cell contraction, and causing the formation of intercellular gaps and
disruption of VE-cadherin junctions. In thrombin studies using conflu-
ent monolayers of HUVECs we showed that knockdown of THSD 1 sig-
nificantly reduced co-localization of VE-cadherin with actin filaments,
indicative of loss of functional adherens junctions.®> Anchorage of VE-
cadherin proteins to the actin cytoskeleton via a complex of adherens
junction proteins plays a crucial role in controlling endothelial morph-
ology and permeability.>** However, the exact molecular basis of this
regulation remains to be further clarified. Together the findings from
our in vitro mechanistic studies demonstrate that THSD1 regulates
endothelial barrier function by Rac1 activation and the subsequent
preservation of cell-to-cell junctions and cell-to-ECM focal adhesions
via actin cytoskeleton dynamics. In our studies, Thsd1 expression in
the developing murine embryo was highest in Flk1-positive angioblasts
compared with Flk1-negative cells, while whole mount in situ hybridiza-
tion in developing zebrafish larvae validated the predominant vascular
expression of Thds1. THSD1 may thus be regarded as an endothelial
regulator of Rac1 activity that plays a prominent role in the preserva-
tion of endothelial barrier function, in particular during angiogenesis.

The current study has also highlighted the therapeutic potential of
THSD1 in treatment of cardiovascular disease. Neovascular growth

driven by intimal hypoxia often results in the formation of immature
and fragile microvessels in advanced atherosclerotic lesions.”® These
intraplaque microvessels display extravasation of leucocytes and ery-
throcytes, which leads to intimal inflammation, expansion of the nec-
rotic core, and intraplaque haemorrhaging. Recent evidence indicates
that intraplaque haemorrhaging plays an important role in lesion pro-
gression towards a vulnerable plaque.*®?’ Restoration of endothelial
integrity in compromised intraplaque vessels might prevent plaque
destabilization and vulnerable plaque formation.® Assessment of hu-
man carotid endarterectomy specimens demonstrated THSD1 ex-
pression by intimal microvascular ECs in advanced vulnerable
lesions with intraplaque haemorrhaging. THSD1 expression was
absent in stable plaques. Furthermore, Thsd1 expression was signifi-
cantly up-regulated in the vulnerable plaques compared with stable
lesions in our murine vulnerable plaque model. These findings seem
counterintuitive and difficult to integrate with the notion that
THSD1 is endothelial barrier protective. However, the findings of
our Thsd1 gain-of-function studies in our murine vulnerable plaque
model further provide evidence that Thsd1 promotes vascular integ-
rity: Intraplaque haemorrhaging was decreased in advanced lesions in
response to Thsd1 overexpression. THSD1 expression in adults could
be dependent on activation by micro-environmental factors. In sup-
port of this hypothesis, THSD1 expression was induced by IL10, a
secreted factor with plaque stabilizing properties and increased
expressed in unstable lesions.*®?’

Furthermore, THSD1 may be involved in regulating monocyte ex-
travasation via activation of adhesion molecules and release of chemo-
tactic cytokines. How different angiogenic modulators influence
THSD1 function during vascular expansion and the effects of THSD1
on interaction between circulatory immune cells and the endothelium
in adult condition remain to be further investigated.

In conclusion, in the current study, we have identified THSD1 as a
new regulator of vascular integrity in vascular development and ad-
vanced vascular disease. To our knowledge, our findings are the first
to report on the biological function of THSD1 in ECs during normal
embryonic and early postnatal blood vessel formation. In advanced ath-
erosclerotic lesions, overexpression of THSD1 can restore endothelial
barrier function in the intraplaque neovasculature and protect the pla-
que from extensive haemorrhaging and further disease progression. In
the light of our findings of the basic and pathophysiological function of
THSD1, the gene may be considered to be an interesting target for the
development of novel diagnostics and therapeutics in the treatment of
atherosclerosis and other vascular-related diseases for which the
pathophysiology involves loss of (micro)vascular integrity during angio-
genic growth.
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Supplementary material is available at Cardiovascular Research online.
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