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BACKGROUND: TP (thromboxane A, receptor) plays an eminent role in the pathophysiology of endothelial dysfunction and cardiovascular
disease. Moreover, its expression is reported to increase in the intimal layer of blood vessels of cardiovascular high-risk individuals.
Yet it is unknown, whether TP upregulation per se has the potential to affect the homeostasis of the vascular endothelium.

METHODS: We combined global transcriptome analysis, lipid mediator profiling, functional cell analyses, and in vivo angiogenesis
assays to study the effects of endothelial TP overexpression or knockdown/knockout on the angiogenic capacity of
endothelial cells in vitro and in vivo.

RESULTS: Here we report that endothelial TP expression induces COX-2 (cyclooxygenase-2) in a G, - and G_,,-dependent
manner, thereby promoting its own activation via the auto/paracrine release of TP agonists, such as PGH q(prostaglandin
HQ) or prostaglandin F, but not TxA, (thromboxane AQ). TP overexpression induces endothelial cell tension and aberrant cell
morphology, affects focal adhesion dynamics, and inhibits the angiogenic capacity of human endothelial cells in vitro and in
vivo, whereas TP knockdown or endothelial-specific TP knockout exerts opposing effects. Consequently, this TP-dependent
feedback loop is disrupted by pharmacological TP or COX-2 inhibition and by genetic reconstitution of PGH,-metabolizing
prostacyclin synthase even in the absence of functional prostacyclin receptor expression.

CONCLUSIONS: Our work uncovers a TP-driven COX-2—dependent feedback loop and important effector mechanisms that
directly link TP upregulation to angiostatic TP signaling in endothelial cells. By these previously unrecognized mechanisms,
pathological endothelial upregulation of the TP could directly foster endothelial dysfunction, microvascular rarefaction, and
systemic hypertension even in the absence of exogenous sources of TP agonists.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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lived mediator of platelet activation and vasocon-
striction and exerts its effects by activation of the
heptahelical TP (TxA, receptor)." In humans, 2 different
isoforms of the TP have been identified, namely TP,
and TPB' which (1) derive from alternative splicing, (2)
are characterized by equal affinity to TxA, but possess

TxAQ (thromboxane A,) is a potent, yet very short-

different C-terminal tails, and (3) may differ in their
signal transducing properties. In contrast, in mice and
rats, TP orthologues have been described that are sim-
ilar to the human TPu isoform.! In addition to TxAQ, other
eicosanoids, that is, the cyclooxygenase-derived pros-
taglandins PGH, (prostaglandin H,) and PGF, (pros-
taglandin F, ) and the F2-isoprostane 8-iso-PGF, , act
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Nonstandard Abbreviations and Acronyms

Highlights

AKR1C1/C2/C3 aldo-keto reductase family 1

member C1/C2/C3
bFGF basic fibroblast growth factor
CBR1 carbonyl reductase 1
CD31/34 cluster of differentiation 31/34
COX-1/2 cyclooxygenase-1/2

DEG differentially expressed gene

eNOS endothelial NO synthase

FGFR1 fibroblast growth factor receptor 1

HUVEC human umbilical vein endothelial
cell

LIMK1/2 LIM domain kinase 1/2

NOS3 NO synthase 3

PGE, , prostaglandin E, ,,

PGF_ prostaglandin F,

PGF,, prostaglandin F,

PGFS prostaglandin F synthase

PGH, prostaglandin H,

PTGIR prostacyclin receptor

PTGIS prostacyclin synthase

PTGS2 prostaglandin-endoperoxide syn-
thase 2

RhoA Ras homolog gene family, member A

ROCK Rho-associated coiled-coil con-
taining protein kinase

TBXAS1 thromboxane A, synthase

TEK TEK tyrosine kinase

THBS1 thrombospondin 1

TIE2 tyrosine kinase with Ig and EGF
homology domains 2

TNF-a tumor necrosis factor alpha

TP thromboxane A, receptor

XA, thromboxane A,

VEGF-A vascular endothelial growth factor A

VEGFR-1/2/3  vascular endothelial growth factor

receptor 1/2/3

as affine agonists of the TP in vitro and in vivo."”® On
the mechanistic level, both human TP isoforms couple
to G, G,y and G proteins, thereby linking the
TP to downstream effectors involved in cytoskeletal
remodeling, cell tension, adhesion, and proliferation.™#8
The TP also represents a relevant effector in the vas-
cular endothelium, where it influences neovasculariza-
tion processes”?° and promotes the development of
endothelial dysfunction,?'?? as well as atherosclerotic
vascular disease.?'?32* |n addition, TP expression is
reported to increase in the intimal layer of blood vessels
of cardiovascular high-risk patients and atherosclerotic
murine blood vessels,??® suggesting an excess of
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* The TP (thromboxane A, receptor) positively regu-
lates COX-2 (cyclooxygenase-2) expression in
human endothelial cells.

* Increased expression of the TP triggers an aberrant
COX-2-dependent positive feedback loop in human
endothelial cells that results in persistent, most likely
PGH, (prostaglandin H,)-mediated, auto/paracrine
TP activation.

* Increased TP expression induces endothelial cell
tension and dysfunction and inhibits angiogenic
endothelial cell functions in vitro and in vivo.

* These TP-related effects are triggered by ROCK (Rho-
associated coiled-coil containing protein kinase)-
LIMK2 (LIM domain kinase 2)-myosin lI-dependent
signal transduction in human endothelial cells.

harmful vascular endothelial TP signal transmission in
cardiovascular disease. These observations also raise
the question whether an increased TP expression per
se negatively affects the homeostasis and angiogenic
capacity of the vascular endothelium and thus con-
tributes to the phenomena of endothelial dysfunction
and microvascular rarefaction, which are observed, for
example, in individuals with hypertension and cardio-
vascular disease.’?"-%°

Here we report a previously unrecognized TP-driven
positive feedback loop in endothelial cells, in which
increased TP expression induces COX-2 (cyclooxygen-
ase-2; PTGS2 [prostaglandin-endoperoxide synthase
2] to promote its own activation via the auto/paracrine
release of TP agonists, such as PGH, or PGF, but not
TxA,. The resulting persistent TP activity then enhances
endothelial cell tension, alters endothelial cell morphol-
ogy and focal adhesion dynamics, affects the expres-
sion profile of important mediators of endothelial cell
homeostasis, for example, VEGFR-1 (vascular endothe-
lial growth factor receptor 1), VEGFR-2 (vascular endo-
thelial growth factor receptor 2), and eNOS (endothelial
NO synthase), and reduces the angiogenic capacity of
endothelial cells in vitro and in vivo through the activation
of a ROCK (Rho-associated coiled-coil containing pro-
tein kinase)-, LIMK2 (LIM domain kinase 2)-, and myosin
lI-dependent signal transduction pathway. This feedback
loop that inhibits angiogenesis-associated endothelial
cell functions can be disrupted by pharmacological TP
or COX-2 inhibition, as well as by genetic reconstitution
of PGH,-metabolizing prostacyclin synthase, interven-
tions that reduce the synthesis, bioavailability, or actions
of endogenous TP-activating prostanoids. Moreover, we
reveal that shear stress during laminar flow and RhoA
(Ras homolog gene family, member A) activity are stimuli
that induce TP expression in human endothelial cells of
arterial and venous origin.
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MATERIALS AND METHODS

A comprehensive description of Materials and Methods can be
found in the Supplemental Materials and Methods.

RESULTS

TP Inhibits the Angiogenic Capacity of Human
Endothelial Cells

We used RNA interference—mediated knockdown or
stable overexpression of the TP (lentiviral gene transfer;
Figure 1A through 1C) to elucidate the impact of the
receptor on the angiogenic capacity of human umbili-
cal vein endothelial cells (HUVECs) and human coro-
nary artery endothelial cells. First, overexpression of
either TP_or TP, in the absence of exogenous agonists,
strongly reduced HUVEC sprouting (Figure 1D and 1E),
tube formation (Figure 1F and 1G), nondirected motility
(Figure STA and S1B), scratch-induced migration (Fig-
ure 1H through 1J), chemotactic trans-well migration
(Figure 1M and 1N), and proliferation (Figure 10 through
1Q; Figure S2A and S2B)—effects that were blocked by
concomitant pharmacological TP inhibition (Videos St
through S3). The inhibitory efficacy of TP overexpres-
sion gradually increased with increasing TP gene doses
(multiplicity of infection) as shown for scratch-induced
HUVEC migration (Figure S1C and S1D) and was not
(TP.) or only slightly (TPﬁ) enhanced by U-46619, a
stable full TP agonist, suggesting that endogenous
activation of the receptor already triggered an almost
maximum biological response (Figure 11). Similar results
were obtained in human coronary artery endothelial
cells, in which TP overexpression disturbed tube forma-
tion and scratch-induced migration—effects reversed by
the pharmacological TP antagonist SQ-29548 (Figure
S1E through S1G). Interestingly, the conditioned medium
from TP-overexpressing HUVECs did not confer antimi-
gratory effects on native HUVECs compared with the
conditioned medium from corresponding control cells,
suggesting that the stable components of the secre-
tome of TP-overexpressing endothelial cells are prob-
ably not involved in the motility-reducing effect of the
receptor (Figure ST H). In contrast to TP overexpression,
TP knockdown significantly increased scratch-induced
migration (Figure 1K and 1L) and proliferation (Figure
10, 1R, and 1S; Figure S2C) of HUVECs.

TP Inhibits the Angiogenic Capacity of Human
Endothelial Cells In Vivo

To assess the impact of the TP on the angiogenic capac-
ity of human endothelial cells in vivo, we used the HUVEC
spheroid grafting assay in immunocompromised NSG
mice (Figure 2A)31%? Interestingly and as described pre-
viously by Laib et al®' costainings with Griffonia simplici-
folia lectin | isolectin B4 (a specific marker for murine
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endothelial cells) and Ulex europaeus agglutinin | (a spe-
cific marker for human endothelial cells) indicated that
hybrid blood vessels composed of HUVECs and murine
host endothelial cells have formed in the implanted plugs
(Figure 2B). These neovessels colocalized with murine
hemoglobin (Figure 2C), indicating a connection to the
endogenous blood circulation of the murine host, and
were also positive for human endothelial cell markers
CD31/34 (cluster of differentiation 31/34; Figure 2D).
Stable shRNA-mediated knockdown of the TP (lentivi-
ral gene transfer) increased the angiogenic capacity of
implanted HUVEC in vivo as evidenced by an increase in
the blood vessel area and by an increase in the average
density of Ulex europaeus agglutinin I-stained (Figure
2C, 2E through 2G) and hemoglobin-positive (Figure 2K
through 9M) blood vessels. In contrast, TPa or TF’[3 over-
expression, respectively, caused significant reduction of
the angiogenic capacity of HUVECs in vivo as evidenced
by decreased density, size, and number of Ulex europaeus
agglutinin |-stained (Figure 2C, 2H through 2J) and
hemoglobin-positive (Figure 2C, 2N through 2P) neoves-
sels in the xenograft plugs.

Endothelial TP Deletion Increases VEGF- and
bFGF-Induced Angiogenesis In Vivo

Next, we elucidated in which way vascular endothelial-
specific deletion of the TP in mice affects the angiogenic
response in the matrigel plug assay of angiogenesis
(Figure 3). We observed that vascular endothelial TP
knockout mice (Figure 3A and 3B) as compared with
sex-matched TP-expressing (wild type) littermates
showed an increased angiogenic response to VEGF
and bFGF (basic fibroblast growth factor). This was evi-
denced by an increase in the Griffonia simplicifolia lectin
l isolectin B4—positive (Figure 3C and 3E) and hemoglo-
bin-positive blood vessel area (Figure 3C and 3H) and an
increase in the average number of hemoglobin-positive
blood vessels per high-power field (Figure 3C and 3I).

TP Overexpression Increases Cell Tension,
Disturbs Focal Adhesion Dynamics, and Inhibits
Angiogenic Endothelial Cell Functions via
ROCK, LIMK2, and Myosin Il Activation

Our microscopic live-cell analyses suggested that
increasing TP expression per se generated cellular ten-
sion to induce contraction of human endothelial cells,
the collapse of endothelial tubes, and endothelial spher-
oid sprout retraction. To substantiate these observations,
we analyzed endothelial cell tension generated at focal
adhesions, focal adhesion dynamics, and the morphol-
ogy of HUVEC using a live-cell setup and a previously
validated vinculin-based Forster resonance energy trans-
fer biosensor®® In these experiments, we observed that
increased TP expression per se increased cell tension,
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Figure 1. Increased TP (thromboxane A, receptor) expression reduces the angiogenic capacity of human endothelial cells in
vitro—an effect that is blocked by pharmacological TP inhibition.

Overexpression of either the TP or the TPB isoform in human umbilical vein endothelial cells (HUVECs) was quantified using Western blot
analyses (A and B), respectively, whereas the (nonspecific) knockdown of both isoforms was analyzed using qRT-PCR (quantitative real time
PCR; C). The statistical analyses shown in B were performed using the unpaired 2-tailed Student t test, whereas all other statistical analyses
were performed using 1-way ANOVA followed by the Sidak multiple comparisons test. Overexpression of the TP abolishes VEGF (vascular
endothelial growth factor)-induced HUVEC sprouting (D and E; n=10-20) and tube formation of HUVECs (F and G; n=7-13) in vitro—an
effect reversed by pharmacological TP inhibition (SQ-29548; 3x10~° mol/L). Overexpression of TP TPﬁ, or both TP and TPﬁ (Continued)
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reduced endothelial cell size, induced an elongated cel-
lular phenotype (TPQ), and favored the formation of large,
irregularly shaped focal adhesions in particular at the cell
margin of HUVEC (Figure 4A through 4H; Figure S3A).
In this context, we observed that the vinculin tension sen-
sor colocalized with the focal adhesion marker paxillin. In
addition, analyses of live cells showed that vinculin tension
sensor—positive focal adhesion complexes were associ-
ated with the actin cytoskeleton. In TP-overexpressing
cells, a marked cortical localization of actin fibers was
observed (Figure S3). In line with the observed changes
in cell tension, as well as localization and morphology of
focal adhesion complexes, the adhesion process of TP-
overexpressing cells on differentially coated surfaces was
retarded (Figure S4A through S4C). On the contrary, TP
knockdown did not consistently alter the adhesiveness of
HUVECs (Figure S4D through S4F) and had no effect
on focal adhesion morphology (Figure Sb). To investigate
whether the increased cell tension in TP-overexpressing
HUVECs might be related to increased RhoA activity, we
measured the RhoA activity in live TP-overexpressing and
corresponding control HUVECs using a validated Forster
resonance energy transfer—based RhoA biosensor®436
(Figure 4l through 4L). In these analyses, we observed
significantly increased activity of RhoA in TP-overexpress-
ing cells (Figure 4K and 4L). In agreement with these
results, pharmacological TP inhibition rapidly reduced cell
tension in TP-overexpressing HUVECs (Figure 4M and
4N; Video S4). Moreover, pharmacological inhibition of
the RhoA effectors and actomyosin regulators ROCK1/2
and LIMK2 resulted in a comparable decrease in cell
tension as observed with pharmacological TP inhibition
(Figure 40 and 4P). Moreover, TP inhibition also induced
arapid regression of focal adhesion size, especially in TP-
overexpressing HUVECs (Figure 4M and 4Q; Video Sb),
and it rapidly increased the cell size of TP-overexpressing
HUVECs (Figure S6B). This regression of focal adhe-
sion complexes was also mimicked by pharmacological
inhibition of ROCK1/2 and LIMK2 (Figure 4R and 4S).
In accordance with these observations, pharmacologi-
cal inhibition of ROCK1/2, LIMK2 (but not LIMK1 [LIM
domain kinase 1]), and myosin Il all significantly dimin-
ished TP overexpression—induced inhibition of endo-
thelial cell migration, tube formation, and angiogenic
sprouting (Figure 4T through 4V). Taken together, these
data suggest that the TP increases cell tension, disturbs
focal adhesion dynamics, and inhibits the angiogenic

An Antiangiogenic Thromboxane A, Receptor-Dependent Feedback Loop

capacity of human endothelial cells in vitro via activation
of aROCK1/2-, LIMK2-, and myosin lI-dependent signal
transduction pathway.

Increased TP Expression Induces Profound
Changes in the Transcriptome of HUVECs

To further explore the angiostatic effects induced by TP
overexpression, we performed global transcriptome pro-
filing of TP-overexpressing and control HUVECs via RNA
sequencing (Figure b; Data Sets 1 and 2). TP, or TP,
overexpression, respectively, using lentiviral gene trans-
fer significantly increased HUVEC TP mRNA levels as
compared with control cells (Figure BA). RNA sequenc-
ing analysis of 3 biological replicates showed that TP
overexpression led to a profound change in HUVEC
gene expression with a total of 5140 (TP ) or 4253
(TF’ﬁ) differentially expressed genes (DEGs; Figure 5B).
A considerable overlap of TP - and TP -regulated DEGs
was observed with 1419 jointly downregulated and
15684 jointly upregulated genes, respectively (Figure 5C).
Nevertheless, as illustrated by hierarchical clustering of
DEGs, also gene clusters with opposing regulation by
the TP isoforms were observed (Figure 5H; Data Set 3).
Regarding prostanoid synthesis and biotransformation,
TP overexpression strongly upregulated COX-2 (PTGS2),
whereas it reduced the expression of PTGIS (prostacyclin
synthase) and prostaglandin F synthase (PGFS [prosta-
glandin F synthase]/AKR1C3 [Aldo-keto reductase fam-
ily 1 member C3]) and did not affect or only moderately
affected the expression of prostaglandin E synthases,
AKR1C1 (Aldo-keto reductase family 1 member C1),
and CBR1 (carbonyl reductase 1; both involved in PG Fo.
formation) or the TBXAS1 (TxA, synthase; Figure 5D).
These data suggested that TP overexpression could trig-
ger an enhanced biosynthesis of TP agonists (PGH, and
TxAQ) due to increased COX-2 and reduced PTGIS and
PGFS expression. In addition, TP overexpression signifi-
cantly downregulated angiogenic mediators VEGFR-2,
VEGFR-3 (vascular endothelial growth factor receptor
3), FGFR1 (fibroblast growth factor receptor 1), and
TEK (TEK tyrosine kinase)/TIE2 (tyrosine kinase with
lg and EGF homology domains 2), while VEGFR-1, an
endothelial decoy receptor for VEGF-A (vascular endo-
thelial growth factor A),*” was upregulated (Figure 5F).
Moreover, TP overexpression upregulated several anti-
angiogenic mediators, that is, THBS1 (thrombospondin

Figure 1 Continued. (H-J) inhibits scratch-induced migration of HUVECs—an effect that is reversed by pharmacological TP inhibition with
SQ-29548 (3x107° mol/L). **P<0.01/****P<0.0001 vs control-transduced HUVECs (n=4-12). Pharmacological activation of the TP using
the synthetic TP agonist U-46619 (3x107° mol/L) significantly inhibits migration of VEGF-stimulated control and TP,-overexpressing HUVECs
(). ***P<0.001 vs equally treated control-transduced HUVECs (n=8-12). M and N, TP _and TP[5 overexpression also reduced chemotactic
HUVEC motility in trans-well migration assays—an effect reversed by pharmacological TP inhibition with SQ-29548 (3x107° mol/L). Kand L,
In contrast, knockdown of the TP using 2 different shRNAs (shTP1 and shTP2) enhances directional migration of HUVECs in the endothelial
scratch assay in vitro as compared with nontargeting shRNA control (n=12). TP overexpression decreases BrdU incorporation of HUVECs (Q;
n=12-18) and HUVEC expression of proliferation marker Ki-67 (O and P; n=6-12)—an effect that is partly reversed by pharmacological TP
antagonism with SQ-29548 (3x107° mol/L). In contrast, TP knockdown in HUVECs increases the expression of proliferation marker Ki-67 (O
and R) and BrdU incorporation (S) of these cells as compared with nontargeting shRNA control (n=9-12).
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Figure 2. The endothelial TP (thromboxane A, receptor) inhibits humanoid neovessel formation in vivo.

A, Schematic illustration of the experimental setup of the human umbilical vein endothelial cell (HUVEC) spheroid-based grafting assay in
immunodeficient NSG mice. B, Microscopic image of xenograft plug sections stained with Hoechst 33342, FITC-labeled Ulex europaeus
agglutinin | (UEA 1), and DyLight 594-labeled Griffonia simplicifolia lectin | (GSL I) isolectin B4 for visualization of nuclei, implanted HUVECs,
and murine endothelial cells, respectively. The magnification of the selected region on the left indicates that implanted human endothelial
cells form hybrid blood vessels with endothelial cells from the murine host. C, Representative microscopic pictures of xenograft plug sections
stained with UEA | (green)—an antibody directed against murine hemoglobin subunit alpha (red) and Hoechst 33342 (blue), respectively.
Detection of hemoglobin served as a surrogate for the connection of intraplug blood vessels to the functional blood circulation of the murine
host. UEA I-positive and hemoglobin-positive neovessel structures were determined by histomorphometric immunofluorescence analysis. D,
Immunohistochemical analyses revealed that the vascular network derived from implanted HUVEC cells expressed typical human endothelial
cell markers CD31 (cluster of differentiation 31) and CD34 (cluster of differentiation 34). E-G, shRNA-mediated knockdown of the TP in
human endothelial cells (HUVECs) enhances VEGF (vascular endothelial growth factor)- and (Continued)
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1), and induced elements or regulators of the endothelial
actomyosin apparatus (Figure bE and 5G). Gene ontol-
ogy pathway enrichment analyses of TP-induced DEGs
revealed that TP overexpression—related DEGs were
enriched for gene ontology biological process terms
associated with, for example, locomotion, cell motility,
cell adhesion, cell proliferation, cell division, mitotic cell
cycle, cell morphogenesis, cytoskeleton organization, and
extracellular matrix organization (Figure 51 and 5J).

In further experiments, we validated the impact of
the TP on COX-2 expression in human endothelial cells.
These analyses demonstrated that knockdown of the
TP significantly reduced, while overexpression of the
TP elevated, COX-2 protein levels of HUVECs (Fig-
ure B6A through 6D; Figure S7). As depicted for TP, a
trend toward gene dose dependency was observed for
TP overexpression—induced COX-2 levels in HUVECs
(Figure 6G). Moreover, COX-2 levels were decreased by
concomitant pharmacological TP inhibition, suggesting
a TP-driven positive feedback loop (Figure 6E through
6G), whereas the TP agonist U-46619 further increased
COX-2 levels depending on concentration (Figure 6H
through 6J). Pharmacological inhibition of G, proteins
using pertussis toxin or knockdown of G_,,, significantly
attenuated TP overexpression—driven and U-46619-
induced COX-2 expression in HUVECs, suggesting that
both G proteins play a role in TP-related COX-2 induc-
tion (Figure 61 and 6J). Moreover, we validated further TP
overexpression—induced DEGs of interest, for example,
VEGFR-2, using qRT-PCR (quantitative real time PCR)
and obtained similar results (Figure S8A through S8H).
We then further explored the TP-downregulated genes
VEGFR-2 and DLL4, which are known as important play-
ers in angiogenesis and affect key features of angiogenic
sprouting, such as tip-cell-stalk-cell competition.*” In this
context, DLL4 is a target gene of VEGFR-2, known to
form a positive feedback loop with the VEGFR-2 that
is essential for selection of tip cells during angiogenic
sprouting of endothelial cells.®® The expression of DLL4
(delta-like 4) thus reflects VEGFR-2 activity in human
endothelial cells.

Again, both TP and TP  overexpression reduced
VEGFR-2 and DLL4 protein levels as detected by flow
cytometry in HUVECs (Figure S9A and S9B). Further-
more, we observed a strong positive correlation between
VEGFR-2 and DLL4 expression in HUVECs grown in
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VEGF-containing medium, supporting the mechanistic
concept that DLL4 expression is strongly dependent
on VEGFR-2 activity in human endothelial cells (Fig-
ure S9C). Interestingly, the COX-2 inhibitor celecoxib
(100 nmol/L) significantly attenuated TP overexpres-
sion—induced downregulation of both VEGFR-2 and
DLL4, whereas in control-transduced cells with physi-
ological TP expression levels, it reduced VEGFR-2 and
DLL4 expression (Figure SOA and S9B). In contrast
to TP overexpression, TP knockdown increased both
VEGFR-2 and DLL4 expression in HUVECs (Fig-
ure S9D). In this context, VEGF withdrawal from the
medium had no impact on TP knockdown—induced
VEGFR-2 upregulation but completely abolished DLL4
upregulation in TP-depleted cells (Figure S9E). Thus,
these data substantiate the TP as a negative regulator
of VEGFR-2 expression in human endothelial cells and
the mechanistic interrelation between VEGFR-2 activity
and DLL4 expression.

Prostanoid and Related Lipid Mediator Profiling
in TP-Regulated HUVEC

To quantify the impact of the TP on the generation
of prostanoids and related lipid mediators in HUVECs,
we performed targeted liquid chromatography-tan-
dem mass spectrometry—based lipid mediator profil-
ing in TP knockdown, as well as TP-overexpressing
HUVECs kept in the absence or presence of the selec-
tive COX-2 inhibitor celecoxib (Figure 6K through 6R).
Interestingly, TP overexpression increased the for-
mation of PGE, (prostaglandin E,) and PGE, (pros-
taglandin E,), while it did not significantly affect the
formation of TxB, (stable metabolite of the short-lived
TXA,), 8-iso-PGF, , 11-HETE, and PGF, (prostaglan-
din F, ; Figure 6K, 6M, 60, 6P through BR). Unexpect-
edly, TP overexpression also induced the formation of
6-keto-PGF,  (main metabolite of unstable prostacy-
clin) and PGF, (Figure 6L and 6N), despite the TP-
mediated reduction in PTGIS and PGFS expression
(Figure 5D). However, it has also been reported that
PGF,_ is synthesized from PGE, by CBR1, AKR1CH1,
and AKR1C2 (Aldo-keto reductase family 1 member
C2; the latter two enzymes being expressed in HUVEC
at considerably lower levels than CBR1).394° Moreover,
celecoxib prevented TP-induced formation of various

Figure 2 Continued. bFGF (basic fibroblast growth factor)-induced blood vessel formation of these cells in vivo as compared with control
HUVECs expressing nontargeting shRNA (n=7-9). H-J, In contrast, overexpression of either TP_or TP[j in HUVECs reduces VEGF- and
bFGF-induced blood vessel formation in vivo as compared with control-transduced HUVECs (n=8-9). Blood vessel growth was analyzed

by quantification of the UEA |-positive blood vessel area (E and H). Moreover, the number of UEA I-positive blood vessels per high-power
field (F and 1) and the average size of these vessels (G and J) were determined. K-M, In addition, shRNA-mediated knockdown of the TP in
HUVEGs increases functional (hemoglobin positive) blood vessel formation of these cells in vivo as compared with control HUVECs expressing
nontargeting shRNA (n=7-8). The statistical analyses in E-G and K-M were performed using the Mann-Whitney U test. N-P, In contrast,
overexpression of either TP or TP[j in HUVECs reduces functional blood vessel formation in vivo as compared with control-transduced HUVECs
(n=7-9). Statistical analyses in H-J and N-P were performed using the Kruskal-Wallis test followed by the Dunn test for multiple comparisons.
Functional blood vessels were analyzed by quantification of murine hemoglobin-positive blood vessel area (K and N). Moreover, the number of
hemoglobin-positive blood vessels per high-power field (L and O) and the average size of these vessels (M and P) were determined.
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Figure 3. Endothelial-specific TP (thromboxane A, receptor) knockout in mice induces VEGF (vascular endothelial growth
factor)- and bFGF (basic fibroblast growth factor)-mediated neovessel formation in the matrigel plug assay in vivo.

A, Schematic illustration of the experimental setup of the matrigel plug assay in endothelial TP knockout mice (TPE¢ KO) and wild-type
sex-matched littermates (WT). B, Reduction of TP mRNA expression in total lung tissue (=6-8) and in CD31 (cluster of differentiation
31)-positive lung endothelial cells isolated from adult TPE¢ KO mice and wild-type littermates (n=4-6). Data are shown as meantSEM. The
statistical analyses in B were performed using the unpaired 2-tailed Student t test (lung tissue) or the Mann-Whitney U test (CD31-positive
lung endothelial cells). C, Representative microscopic pictures of matrigel plug sections stained with Griffonia simplicifolia lectin | (GSL I)—an
antibody directed against murine hemoglobin and Hoechst 33342 for the visualization of murine endothelial cells, red blood cells, and nuclei,
respectively. D, Representative microscopic pictures of matrigel plug sections stained with an antibody directed against murine CD31 (pecam-
1)—a marker of endothelial cells. E-J, Selective deletion of the TP in the vascular endothelium of mice (TPE¢ KO) enhances VEGF- and bFGF-
induced growth of blood vessels but does not significantly augment spontaneous matrigel-induced neovessel formation in the matrigel plug
model of angiogenesis (n=6-8). The data are shown as minimum-to-maximum box and whisker plots (including median with 25% and 75%
percentiles [IQR]) and were analyzed using 1-way ANOVA followed by the Sidak multiple comparisons test. Blood vessel growth was analyzed
by quantification of the GSL |-positive blood vessel area (E), the number of GSL I-positive blood vessels per high-power field (F), as well as
the average size of these vessels (G). Moreover, the number of functional blood vessels was analyzed by quantification of hemoglobin-positive
blood vessel area (H), the number of hemoglobin-positive blood vessels per high-power field (1), as well as the average size of these vessels (J).
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Figure 4. The TP (thromboxane A, receptor) induces morphological changes, cellular tension, and inhibition of angiogenesis-
associated endothelial cell functions via a ROCK (Rho-associated coiled-coil containing protein kinase)-, LIMK2 (LIM domain

kinase 2)-, and myosin lI-dependent signal transduction pathway.

A, Representative microscopic pictures of living control-transduced or TP-overexpressing human umbilical vein endothelial cells (HUVECs)
in 2-dimensional culture additionally expressing the fluorescent vinculin-based tension biosensor (VinTS) for visualization of endothelial focal

adhesions. B-E, TP overexpression reduces vascular endothelial cell size, induces an elongated cell shape (Continued)
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prostanoids but did not, or rather moderately, reduce
TxB, formation in HUVECs, indicating that (1) in endo-
thelial cells primarily COX-1 is functionally coupled to
TBXAS1 and that (2) an increase in COX-2 activity is
responsible for TP-related shifts in the prostanoid pro-
file of HUVECS. In contrast, TP knockdown moderately
reduced the formation of TxB,, PGE, 8-iso-PGF, , and
11-HETE in HUVECs (Figure 6M, 60, 6Q, and 6R).

Role of COX-2 and PTGIS in TP
Overexpression-Induced Inhibition of
Angiogenic Endothelial Cell Functions

We next examined the role of COX-2 in TP overexpres-
sion—mediated inhibition of angiogenic endothelial cell
functions. We observed that both the nonspecific COX-1
and COX-2 inhibitor diclofenac and the COX-2-specific
inhibitor celecoxib but not the TBXAST inhibitor ozagrel
reversed the inhibitory effect of TP overexpression on
HUVEC migration, tube formation, and spheroid sprout-
ing (Figure 7A, 7D, and 7F). Interestingly, U-46619 rees-
tablished the antimigratory TP effect in celecoxib-treated
TP-overexpressing HUVECs, indicating that celecoxib
blocked the TP-driven endogenous formation of inhibi-
tory TP agonists in HUVECs (Figure 7B and 7C). Cele-
coxib also reduced endothelial cell tension and induced
the regression of focal adhesions in TP-overexpressing
and control HUVECs (Figure 7H through 7J; Videos S4
and SbB). In addition, celecoxib induced cell spreading of
TP-overexpressing HUVECs after an approximate lag
time of 5 minutes (Figure S6C), suggesting that cele-
coxib disrupts persistent TP activation via inhibition of
the formation of short-lived alternative TP agonists, that
is, PGH, or PGF, .*"*? As TP-induced downregulation of
PGH,-metabolizing PTGIS and PGFS may contribute to
an accumulation of COX-derived TP-agonistic PGH, in

An Antiangiogenic Thromboxane A, Receptor-Dependent Feedback Loop

endothelial cells, we chose to reconstitute PTGIS in TP-
overexpressing HUVECs to explore the functional con-
sequences of this intervention (Figure 7K through 70).
Interestingly, PTGIS reconstitution significantly reduced
the inhibitory effect of TP overexpression on HUVEC
migration and tube formation, whereas it had no signifi-
cant effect on control-transduced HUVECs. The effect of
PTGIS reconstitution was independent of PTGIR (pros-
tacyclin receptor) activation, as TP-induced effects were
also reversed in TP-overexpressing HUVECs engineered
to overexpress PTGIS in the absence of PTGIR expres-
sion (Figure 7L). In addition, the stable prostacyclin ana-
log iloprost did not antagonize antimigratory effects of
the TP in TP-overexpressing HUVECs (Figure 7M).

Taken together, our data suggest that increasing TP
expression induces a primarily COX-2—dependent over-
production of TP-agonistic prostanoids, that is, PGHQ
or PG F,., in endothelial cells that serve as autocrine or
paracrine activators of the TP. The resulting persistent
TP activation drives changes in the endothelial transcrip-
tome and triggers a ROCK1/2-, LIMK2-, and myosin |-
dependent effector pathway that increases endothelial
cell tension, alters cell morphology, impairs focal adhe-
sion dynamics, and reduces the angiogenic capacity of
endothelial cells (Figure S10).

Impact of Shear Stress, Inflammatory Stimuli,
and RhoA Activity on TP Expression Levels in
Human Endothelial Cells

To date, it is largely unknown by which cellular signals TP
expression is regulated in human endothelial cells. We,
therefore, investigated potential mechanisms that might
upregulate TP expression in human endothelial cells of
arterial and venous origin. Interestingly, we found that
TP mRNA expression increased in native human aortic

Figure 4 Continued. (F), and favors the formation of large, irregularly shaped focal adhesions in particular at the cell margin of HUVECs
(C-E). Statistical analysis of endothelial cell morphology parameters (n=43-45; *P<0.05/**P<0.01/***P<0.001/****<0.0001 vs control-
transduced HUVECs). G and H, TP overexpression increases vascular endothelial cell tension as indicated by a reduction of VinTS-associated
Forster resonance energy transfer (FRET) in TP-overexpressing as compared with control-transduced HUVECs. In contrast, control HUVECs
that express VinTL—a tailless tension-insensitive variant of the sensor—show a significantly higher FRET at focal adhesions as compared with
control HUVECs expressing VinTS (n=9-45; ****P<0.0001 vs control-transduced HUVECs). I, Dynamic range of RhoA (Ras homolog gene
family, member A) activity related FRET index of constitutive active (Pos.), wild-type, and dominant negative (Neg.) variants of the RhoA FRET
biosensor. FRET Neg. represents separated donor/acceptor pair (mCerulean3/mVenus). J, Stimulation of HUVECs with 1 U/mL thrombin
induces a transient activation of RhoA measured by the FRET biosensor. K and L, HUVECs transduced with lentiviral particles (Ctr., TP,
TPﬁ) were transfected with RhoA FRET biosensor. FRET index of TP-overexpressing cells was significantly higher than in Ctr. indicating

a higher basal RhoA activity in these cells (Ctr., n=43; TP , n=37; TP, n=42; ***P<0.0001 ). M, Representative microscopic pictures of

a TP -overexpressing endothelial cell transiently expressing the VinTS biosensor treated with TP antagonist SQ-29548. Top shows an
increasing FRET index within minutes after addition of SQ-29548, whereas bottom visualizes the SQ-29548-related regression of focal
adhesions. Scale bar, 3 um. N, Pharmacological inhibition of the TP using SQ-29548 (3x10~° mol/L) reduces vascular endothelial cell
tension in TP-overexpressing but not in control-transduced HUVECs. Q, SQ-29548 also induces a rapid regression of focal adhesion size in
TP-overexpressing and control HUVECs. Similar effects on cell tension and regression of focal adhesions could be observed by inhibition of
actomyosin regulators ROCK (O and R; 10 uM Y-27632) and LIMK2 (P and S; 3 pM LX-7101). Data are shown as mean=SEM (n=6-10).
0-Q, Pharmacological inhibition of ROCK (Y-27632; 10 umol/L), LIMK2 (LX-7101; 3 pmol/L), and myosin Il (blebbistatin; 30 umol/L) but
not LIMK1 (BMS4; 0.5 umol/L) significantly attenuates the inhibitory effect of TP_ or TP, overexpression on HUVEC migration (T; n=8-12),
spheroid sprouting (U; n=17-20), and tube formation (V; n=4-10). Control-transduced HUVECs (Citr.) served as appropriate comparative
group. *P<0.05/**P<0.01/***P<0.001/****P<0.0001 vs vehicle-treated Ctr. All statistical analyses were performed using 1-way ANOVA

followed by the Sidak multiple comparisons test.
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Figure 5. TP (thromboxane A, receptor) overexpression induces profound changes in the human umbilical vein endothelial cell
(HUVEC) transcriptome.

A, Expression levels of TP, or TP, mRNA in lentiviral transduced HUVECs was analyzed by RNA-seq (n=3). B, Volcano plots showing differential
gene expression in TP - and TPB-overexpressing HUVEC:s, respectively, as determined by RNA-seq. C, The overlap of mRNAs significantly
upregulated (UP; red) or downregulated (DN; green) in TP - and TP, -overexpressing HUVECs is depicted by Venn diagrams. The numbers shown in
the diagrams indicate the number of transcripts with significantly deregulated expression upon overexpression of TP or TP, in HUVECs. Fragments
per kilobase of transcript per million mapped reads (FPKM) of each gene was calculated based on gene length and read counts mapped to the
respective gene. Differential gene expression analysis was performed using the DESeq2 software package (v1.20.0). Resulting P values were
adjusted using the Benjamini and Hochberg approach to control the false discovery rate (FDR). The expression level of selected mRNAs involved

in cellular prostanoid formation and biotransformation (D), inhibition of angiogenesis (E), regulation of angiogenesis and Notch signaling (F), or
actomyosin and focal adhesion regulation (G) were determined by RNA-seq in control-transduced HUVECs (Ctr.), as well as in HUVECs transduced
to overexpress the TP or TPB isoform and are shown as FPKM. Data are displayed as mean+SD (n=3). Statistical analyses in D-G were performed
using 1-way ANOVA followed by the Sidak multiple comparisons test. H, Hierarchical clustering of differentially expressed genes using FPKM as the
input. Transcript expression profiles derived from HUVECs transduced to overexpress either TP or TP, respectively and from control-transduced
HUVEC:s (Ctr.) are shown. The heat map color range from red to blue represents the log1 0(FPKM+1) value in which red denotes genes with high
expression levels and blue denotes genes with low expression levels. I and J, Top gene ontology (GO) biological process terms significantly enriched
in differentially expressed genes of TP -overexpressing or TPI -overexpressing HUVECs. GO pathway enrichment analyzes were performed using the
GOseq R software package (v1 .34.1) GO terms with an adjusted P<0.05 were considered significantly enriched.
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Figure 6. TP (thromboxane A, receptor) levels regulate COX-2 (cyclooxygenase-2) expression and prostanoid synthesis of
human endothelial cells.

Flow cytometric analyses of TP-related regulation of COX-2 protein levels in human umbilical vein endothelial cells (HUVECs). shRNA-mediated
knockdown of the TP using 2 different shRNAs (shTP1 and shTP2; A and B) significantly reduces, while overexpression (MOl 500) of the

TP (either the TP isoform, the TP, isoform, or both TP isoforms [TP_]; € and D) induces COX-2 protein content of HUVECs as compared

with appropriate control (shCtr.; Ctr.). A and C, Representative flow cytometric plots depicting TP-induced changes in COX-2-associated
fluorescence. Data are shown as meantSD (n=3-6). *<0.05/***P<0.001 vs Ctr. All statistical analyses were performed using 1-way ANOVA
followed by the Sidak multiple comparisons test. E and F, TP overexpression-induced COX-2 expression is reduced by pharmacological TP
inhibition with SQ-29548 (10-° mol/L) as shown for HUVECs overexpressing the TP_ isoform (MOI 50). In contrast, SQ-29548 does not reduce
COX-2 expression in control-transduced HUVECs (Citr.). Data are shown as meantSD (n=3-12). G, TP_overexpression MOI-dependently
induces COX-2 protein levels in HUVECs. Pharmacological TP inhibition with SQ-29548 (107° mol/L) reduces TP overexpression—induced
COX-2 protein levels in HUVECs. Data are shown as mean+SD (n=3). H-J, Increasing concentrations of the TP agonist U-46619 further induce
COX-2 protein levels with a half maximal effective concentration of 1.94x107'° mol/L in TP -overexpressing HUVECs. (Continued)
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endothelial cells under laminar flow conditions (Figure 8A
and 8B), indicating physiological induction of TP expres-
sion via shear stress and mechanical cues in human aor-
tic endothelial cell. In line with these results, constitutive
activation of RhoA signaling (transduction with constitu-
tively active RhoA Q63L mutant) significantly increased
TP mRNA expression in HUVECs and human coronary
artery endothelial cells (Figure 8D and 8E). Interestingly,
RhoA-induced TP upregulation could be partly reversed
by blebbistatin, a pharmacological inhibitor of nonmuscle
myosin I ATPase activity, thus indicating that cell tension
may be an important signal for TP upregulation. In con-
trast, the proinflammatory cytokine TNF-a (tumor necro-
sis factor alpha) did not significantly affect TP mRNA
levels in HUVECs or human coronary artery endothelial
cell (Figure 8C).

DISCUSSION

Besides its well-defined role in platelet aggregation and
primary hemostasis, the TP fosters the pathogenesis
of endothelial dysfunction?'?? and atherosclerotic vas-
cular disease?'??* and affects neovascularization pro-
cesses.” In this context, previous expression analyses
suggested elevated TP levels in the intimal layer of blood
vessels of cardiovascular high-risk patients and murine
atherosclerotic lesions,?®? raising the possibility that an
excess of deleterious endothelial TP signal transmission
occurs under these circumstances. An important goal of
this work was, therefore, to clarify in which way upregula-
tion of the TP affects the functionality of vascular endo-
thelial cells. In a comprehensive series of experiments, we
demonstrated that an increase in endothelial TP expres-
sion (1) elevates endothelial cell tension, (2) disrupts focal
adhesion dynamics, and (3) decreases the angiogenic
capacity of vascular endothelial cells in vitro and in vivo,
whereas TP knockdown exerts opposing effects. The dis-
covery of an inverse relationship between endothelial TP
levels and the angiogenic capacity of endothelial cells is
of high scientific interest and potential clinical relevance
because this finding reveals a novel mechanism by which
pathological upregulation of both human TP isoforms
could promote endothelial dysfunction, microvascular
rarefaction, and systemic hypertension in the absence
of exogenous sources of TP agonists. These findings

An Antiangiogenic Thromboxane A, Receptor-Dependent Feedback Loop

are supported by global transcriptome analyses demon-
strating that upregulation of both TP isoforms similarly
affects the expression profile of important mediators of
endothelial cell homeostasis, for example, VEGFR-1,
VEGFR-2, or eNOS/NOS3 (NO synthase 3).5” Moreover,
in global transcriptome analyses, TP overexpression—
related DEGs were enriched for gene ontology biological
process terms associated with, for example, cell motil-
ity, cell adhesion, cell proliferation, cell division, cell mor-
phogenesis, cytoskeleton organization, and extracellular
matrix organization, findings that support several func-
tional observations made in our experimental approach.
Worth noting is that the discovery of an antiangiogenic
TP-dependent feedback loop, while novel, is consistent
with previously published data that showed an inhibitory
effect of the TP on angiogenesis.””'*'5'6 Nonetheless,
other groups have suggested a supportive role of the TP
in this process.'”2° For instance, global TP knockout was
associated with a reduction in neovessel formation in the
murine hindlimb ischemia model—a phenotype that was
rescued by transplantation of TP-expressing (wild type)
bone marrow and depended on a TP-related P-selectin
expression on platelets.'” In contrast to the findings of
Amano et al, Michel et al?® using the same model nei-
ther found an effect of pharmacological TP inhibition
(518886, terutroban) nor of aspirin on postischemic
neovascularization, whereas both interventions reduced
angiotensin ll-related neovascularization in this context.
The reasons for these discrepancies are unclear. How-
ever, there may exist fundamental differences between
the effects of the TP on neovascularization processes
in humans compared with mice. One explanation could
be that the human TP, isoform or an interplay of TP_
and TP, isoforms elicits different signal transduction in
endothelial cells than the murine TP, which shares struc-
tural similarity with the human TP_ isoform. Nonetheless,
we show that endothelial-specific deletion of the TP in
mice promotes VEGF- and bFGF-induced angiogen-
esis in the matrigel plug assay in vivo, thereby support-
ing our findings in human endothelial cells that the TP
is a negative regulator of endothelial cell-related blood
vessel formation. Also, pharmacological TP inhibition has
been already shown to ameliorate endothelial dysfunc-
tion in cardiovascular high-risk individuals, supporting the
notion that pharmacological disruption of the TxA -TP

Figure 6 Continued. Data are shown as meantSEM (n=3-9). E and I, Representative flow cytometric plots depicting SQ-29548-induced
or U-46619-induced changes in COX-2-associated fluorescence. Pharmacological inhibition of G, proteins using pertussis toxin (PTX;

10 ng/mL; 1) and shRNA-mediated knockdown of qu (J) reduce U-46619-induced COX-2 protein levels in TP -overexpressing HUVECs.
Data are shown as meantSD (n=3). K-R, Targeted liquid chromatography-tandem mass spectrometry—based lipid mediator profiling was
used to analyze and quantify the impact of the TP on the formation of prostanoids and related lipid mediators in HUVECs. Overexpression

of TP or TP

B

respectively, increases the formation of PGE, (prostaglandin E,; K), 6-keto-PGF,  (main metabolite of prostacyclin; L), PGF,_

(prostaglandin F, ; N), and PGE, (O), whereas it does not affect or reduce the formation of TxB, (stable metabolite of TxA, [thromboxane AI;

2a’!

M), PGF,  (prostaglandin F

1a!

P), 8-iso-prostaglandin F,a (8-iso-PGF,

), or 11-HETE (R). Moreover, celecoxib (100 nmol/L) abolishes the

TP-induced formation of various prostanoids, indicating that an increase in COX-2 activity is responsible for TP-related shifts in the prostanoid
profile of HUVECs. In contrast, shRNA-mediated TP knockdown significantly reduces the formation of TxB,, PGE,, 8-iso-PGF, , and 11-HETE
in HUVECs. Data are shown as mean+SEM (n=5). *P<0.05/**P<0.01/***P<0.001 vs Ctr. HUVECs.
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Figure 7. Pharmacological inhibition of COX-2 (cyclooxygenase-2) and reconstitution of PTGIS (prostacyclin synthase) disrupt
the TP (thromboxane A, receptor)-driven feedback loop in human umbilical vein endothelial cells (HUVECs).

A, Pharmacological inhibition of COX-2 using the specific COX-2 inhibitor celecoxib (100 nmol/L) or the nonspecific COX-1 and COX-2 inhibitor
diclofenac (10 umol/L) but not inhibition of the thromboxane A, synthase (ozagrel; 100 nmol/L) reduces the inhibitory effect of TP overexpression
on HUVEC migration (n=7-8). B, Inhibitory effect of TP _and TP, overexpression on HUVEC migration is reversed by celecoxib-mediated
inhibition of COX-2. Additional application of U-46619 (3x10~° mol/L) reinforces TP-mediated inhibition of HUVEC migration. ****P<0.0001 vs
Ctr. (h=10-19). All statistical analyses were performed using 1-way ANOVA followed by the Sidak multiple comparisons test. C, Representative
microscopic pictures of HUVEC scratches directly after and 12 h after wounding of the HUVEC monolayer. Celecoxib and diclofenac but not
ozagrel reduce TP - or TPﬁ—induced inhibition of HUVEC tube formation (D and E; n=6) or sprouting (F and G; n=19-30). Scale bar, 250 ym. H,
Representative microscopic pictures of a TPﬁ-overexpressing endothelial cell transiently expressing the VinTS biosensor kept in the presence or
absence of celecoxib (100 nmol/L). Left shows an increasing FRET index within minutes after addition of celecoxib, (Continued)
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axis comes with a strong potential to improve endothelial
homeostasis in humans.?? On top of that, our data sug-
gest that pharmacological TP inhibition could represent
a novel therapeutic strategy to increase the angiogenic
potential and reduce stiffness of vascular endothelial
cells in disease states associated with increased endo-
thelial TP expression.

An important novel finding of this work is that the TP
drives an auto/paracrine positive feedback loop by which
the receptor triggers persistent self-activation indepen-
dent of exogenous sources of TP ligands. In this posi-
tive feedback loop, increasing endothelial TP expression
induces COX-2 and downregulates PTGIS and PGFS—
effects that most likely promote endothelial biosynthesis
and accumulation of TP-agonistic PGHQ. By this means,
TP overexpression is directly linked to persistent TP acti-
vation in endothelial cells, although we cannot entirely
exclude the possibility that ligand-independent, consti-
tutive activity of the receptor also contributes to these
effects. It has to be noted in this context that endothelial
COX-2 and its primary biosynthetic downstream products
prostacyclin (PGl,) and PGE, are generally considered
to be important mediators of endothelial integrity and
neovascularization processes that additionally play a key
role in inflammation and cancer progression.**** Despite
these well-established COX-2 functions, our data uncov-
ers a previously unrecognized feedback in which COX-2
could act as driver of aberrant TP activity in endothelial
cells and thus may negatively affect endothelial function
via this route when the endothelial TP is upregulated.

Interestingly, paradoxical PGH,-TP-related effects of
COX-2 overexpression have previously been observed in
preclinical analyses in diabetic rats, in which the expres-
sion of COX-2 is markedly increased in the renal cortex.
In these animals, but not in healthy control animals, selec-
tive inhibition of COX-2 abolished arachidonic acid—medi-
ated constriction of renal blood vessels.** The authors
also showed in prior studies that the renal vasoconstrictor
response to arachidonic acid was inhibited by nonselec-
tive COX-1 and COX-2 inhibitor indomethacin and by a
TP antagonist but not by a TxA, synthase inhibitor, indi-
cating that the response was mediated by an endoperox-
ide, such as PGH,*® These data, therefore, suggest that
aberrant COX-2/PGH,/TP-dependent signaling occurs in
the pathophysiological context of vascular dysfunction in
vivo. In this regard, our work also uncovers stimuli, such as
laminar flow or constitutive RhoA activity, that upregulate
the TP in human endothelial cells of arterial and venous

An Antiangiogenic Thromboxane A, Receptor-Dependent Feedback Loop

origin and may thus be relevant inducers of endothelial TP
expression and activity in vivo. Nevertheless, further studies
in human individuals are required to identify pathophysi-
ological settings associated with enhanced vascular TP
expression.

Focusing on the impact of the TP on prostanoid bio-
synthesis in human endothelial cells, we performed lipid
mediator profiling in TP-regulated HUVECs grown in the
presence or absence of the COX-2 inhibitor celecoxib.
These analyses revealed that TP overexpression induced
the biosynthesis of PGE,, PGE,, PGF, , and PGl,, while
the amounts of TxA, remained unaffected. Thus, TxA, syn-
thase appears to be functionally coupled to COX-1 rather
than to COX-2, whereas formation of prostaglandins of
the E,, F,, and |, type depends more on COX-2 activity
in endothelial cells. Indeed, pharmacological inhibition of
COX-2 profoundly reduced endothelial PGE,, PGF, , and
PG, biosynthesis, whereas endothelial TxA, synthesis
was not or only moderately decreased, which is consistent
with findings from other**® but not all groups.'® Therefore,
we believe that the TP-driven COX-2—dependent positive
feedback loop increases the endothelial bioavailability of
PGH,—a potent TP agonist and substrate of various pros-
taglandin synthases—to induce formation of multiple pros-
taglandins despite downregulation of PTGIS and PGFS
on the one hand and to trigger persistent TP activation
on the other. In line with this hypothesis, reconstitution of
downregulated PTGIS in TP-overexpressing endothelial
cells—an enzyme that converts PGH, to PGI,—attenuated
the TP-related inhibition of proangiogenic endothelial cell
functions, most likely because it enzymatically reduced the
endothelial bioavailability of PGH, and PGH,-induced TP
activation. This conclusion is supported by the fact that the
effect of PTGIS reconstitution did not depend on ampli-
fied prostacyclin synthesis as (1) PTGIS reconstitution
also reversed TP-related effects in the absence of func-
tional prostacyclin receptor expression and (2) the stable
prostacyclin mimetic iloprost did not antagonize antimigra-
tory TP effects. Thus, our data point to a TP-controlled
positive feedback loop in human endothelial cells in which
COX-2—derived TP-agonistic PGH, and possibly PGF,
could serve as endogenous TP agonists.

In additional mechanistic analyses, we were able
to reveal that the TP activates a ROCK-, LIMK2-, and
myosin |l-dependent signal transduction pathway that
inhibits proangiogenic functions, increases the ten-
sion, and induces morphological changes of endothelial
cells. Indeed, TP overexpression increased endothelial

Figure 7 Continued. whereas right visualizes the celecoxib-related regression of focal adhesions. Data are shown as meantSEM
(n=7-10). I, Pharmacological inhibition of COX-2 using celecoxib reduces endothelial cell tension in TP-overexpressing but not in control-
transduced HUVECs. Celecoxib also induces regression of focal adhesions in TP-overexpressing and control HUVECs (J). K, Reconstitution
of prostacyclin synthase (PTGIS) reverses TP overexpression—induced inhibition of HUVEC migration (n=7). L, This effect is independent of
the PTGIR (prostacyclin receptor) as indicated by similar effects of PTGIS reconstitution in TP -overexpressing control (shCtr.) and PTGIR
knockdown (shPTGIR1 and shPTGIR2) cells (n=6-8). M, In contrast, the stable PTGIR agonist iloprost (10 pmol/L) reduces migration of
control and TP _-overexpressing HUVECS, respectively (n=6-8). N and O, Moreover, PTGIS reconstitution significantly reduces the inhibitory
effect of TP overexpression on tube formation of HUVECs (n=8-10). **P<0.01/***P<0.001/****<0.0001 vs appropriate Ctr.
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Figure 8. Impact of shear stress, inflammatory signals, and RhoA (Ras homolog gene family, member A) activation on TP
(thromboxane A, receptor) expression in human aortic endothelial cells (HAOECs), human umbilical vein endothelial cells
(HUVECS), and human coronary artery endothelial cells (HCAECs).

A, Native HAOECs were exposed to shear stress (24-h laminar flow, 10 dyn/cm? equals 0.1 mN/cm?) and compared with static control cells.
Scale bar, 50 pm. B, Laminar flow increases TP mRNA expression indicating TP expression is regulated via mechanical cues. Statistical
analyses in B were performed using the Wilcoxon test. C, HUVECs (n=3) and HCAECs (n=3) were treated with proinflammatory TNF-a
(tumor necrosis factor alpha) for 24 h. A nonsignificant trend toward increased TP expression was observed. D and E, HUVECs (n=3-6) and
HCAECs (n=6) were transduced with lentiviral vectors for the expression of a constitutively active RhoA (Q63L) mutant. In both cell types,
constitutive activation of RhoA increased TP mRNA expression, whereas the dominant negative RhoA variant T19N had no significant effect in
this context. Increased TP expression was partly reduced by blebbistatin—a pharmacological inhibitor of nonmuscle myosin Il ATPase activity.
The statistical analyses in C—E were performed using 1-way ANOVA followed by the Sidak multiple comparisons test.

cell tension, cell contractions, and the formation of
large, irregular focal adhesions—effects that have been
observed together with functional defects as a conse-
quence of constitutive Rho-ROCK activation in other cell
types.® Thus, our data suggest that TP upregulation per-
sistently enhances actomyosin activity to increase cel-
lular tension and affect the morphology and angiogenic
capacity of vascular endothelial cells.

In conclusion, our work uncovers an auto/paracrine
positive feedback loop and reveals important down-
stream effector mechanisms by which the endothelial TP
triggers persistent self-activation independent of exog-
enous sources of TP ligands and affects endothelial cell
homeostasis. Since pharmacological TP inhibition dis-
rupts this feedback loop, our results suggest that pharma-
cological TP inhibition may represent a novel therapeutic
strategy to improve vascular endothelial homeostasis in
disease states associated with increased TP expression.

Data Availability

The datathat supportthe findings of this study are avail-
able within the article and the Supplemental Material
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or from the corresponding author upon reasonable
request. RNA sequencing data that support the find-
ings of this study have been deposited in the US
National Library of Medicine, National Center for
Biotechnology Information Sequence Read Archive
(Gene Expression Omnibus) under accession code
GSE146888.
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