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Introduction

The ability of endothelial cells to respond to fluid shear stress exert-
ed by blood flow is crucial for the development and function of the
vascular system (1, 2). The relaxation of vascular smooth muscle in
response to fluid shear stress sensed by the endothelium is a central
autoregulatory function of the vessel, which adapts vessel diameter to
blood flow and thereby controls vascular tone and blood pressure (3).
Fluid shear stress triggers the release of various vasoactive mediators
from endothelial cells, of which nitric oxide (NO), which is produced
by the endothelial NOS (eNOS or NOS3), is regarded as the primary
endothelial vasorelaxing factor (4-6). While the initial flow-sensing
mechanism mediating flow-induced NO release and vasodilation is
still rather unclear, previous work has identified several signaling pro-
cesses, which link fluid shear stress to induction of NO formation (1,
2,7). An acute increase in flow leads to a transient intracellular [Ca*]
([Ca*]) elevation, which then activates eNOS in a Ca* /calmodulin-
dependent manner (6, 8, 9). Sustained NO formation requires
phosphorylation of eNOS by protein kinases such as AKT (10, 11) or
protein kinase A (6, 12). Flow-induced activation of AKT involves a
mechanosensory complex consisting of PECAM-1, VE-cadherin, and
VEGFR2/VEGFR3 (13-16). Recent data indicate that flow-induced
release of ATP from endothelial cells leads to the activation of the Gq /
G,~coupled purinergic P2Y, receptor on endothelial cells (17). This
appears to be a critical upstream regulatory mechanism required for
flow-dependent NO formation through the PECAM-1/VE-cadherin/
VEGFR mechanosensing complex and subsequent regulation of vas-
cular tone in vitro and in vivo (17). However, the mechanism regulat-
ing flow-induced ATP release by endothelial cells is not known.
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Arterial blood pressure is controlled by vasodilatory factors such as nitric oxide (NO) that are released from the endothelium
under the influence of fluid shear stress exerted by flowing blood. Flow-induced endothelial release of ATP and subsequent
activation of Gq/G“—coupIed purinergic P2Y, receptors have been shown to mediate fluid shear stress-induced stimulation
of NO formation. However, the mechanism by which fluid shear stress initiates these processes is unclear. Here, we have
shown that the endothelial mechanosensitive cation channel PIEZO1 is required for flow-induced ATP release and subsequent
P2Yz/Gq/G“—mediated activation of downstream signaling that results in phosphorylation and activation of AKT and
endothelial NOS. We also demonstrated that PIEZO1-dependent ATP release is mediated in part by pannexin channels. The
PIEZ01 activator Yoda1 mimicked the effect of fluid shear stress on endothelial cells and induced vasorelaxation in a PIEZO1-
dependent manner. Furthermore, mice with induced endothelium-specific PIEZO1 deficiency lost the ability to induce NO
formation and vasodilation in response to flow and consequently developed hypertension. Together, our data demonstrate
that PIEZO1 is required for the regulation of NO formation, vascular tone, and blood pressure.

The PIEZO proteins PIEZO1 and PIEZO2 are mechanically
activated cation channels that form homomultimeric complexes
(18, 19) sufficient to mediate mechanically induced currents (18).
PIEZO2 is the principal sensor of mechanical forces in mamma-
lian Merkel cells (20-22), whereas PIEZO1 has been shown to
mediate mechanically activated cation currents in various other
cell types, including endothelial cells (23, 24). It has recently been
shown that endothelial PIEZO1 can be activated by shear stress
(23, 24) and that PIEZO1 is involved in shear stress-induced endo-
thelial Ca?* influx and cell alignment (23, 24). Consistent with a
critical role of PIEZO1 in endothelial flow sensing in vivo, global
and endothelial-specific loss of PIEZO1 results in severe defects
in vascular development and remodeling, resulting in embryonic
lethality (23, 24). While these data show that endothelial PIEZO1
can mediate endothelial flow sensing and is required for the devel-
opment and maintenance of vascular architecture, the mecha-
nisms downstream of endothelial PIEZO1 and its role in vascular
tone and blood pressure regulation in adult mice remain unclear.

Here we demonstrate by in vitro studies and analysis of inducible,
endothelium-specific PIEZO1deficiency in adult mice that endotheli-
al PIEZO1 mediates flow-induced ATP release and subsequent P2Y,/
G,/G,~dependent activation of downstream signaling pathways,
resulting in the regulation of vascular tone and blood pressure.

Results

PIEZOI1 mediates endothelial responses to fluid shear stress in vitro. To
analyze whether PIEZO1 is involved in endothelial mechanotrans-
duction, we tested the effect of a siRNA-mediated knockdown of
PIEZO1 on various shear stress-induced endothelial responses in
human umbilical arterial endothelial cells (HUAECs). Knockdown
of PIEZOL1 strongly inhibited shear stress-induced increases in
[Ca*], (ref. 24 and Figure 1A) and also blocked phosphorylation of
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Figure 1. PIEZO1 mediates endothelial response to fluid shear stress in vitro. HUAECs were transfected with scrambled (control) siRNA or siRNA directed
against PIEZ01 as described in Methods. (A) Fluo-4-loaded HUAECs (n = 22, control; n = 29, PIEZ01 knockdown; 3 independent experiments) were exposed
to the indicated shear forces, and [Eaz‘]i was determined as fluorescence intensity (RFU, relative fluorescence units). Bar diagrams show areas under the
curve (AUC). Shown are means + SEM; ***P < 0.001 (2-tailed Student’s t test). (B-E) HUAECs (n = 3) were exposed to fluid shear (15 dyn/cm?) for 5 minutes
in B and D or for the indicated time periods. For determination of Src activation, 15 seconds of shear was applied. AKT, eNOS, and Src activation (B and

D) was determined by Western blotting for phosphorylated AKT, eNOS, and Src kinases and total AKT, eNOS, and Src. (C) Nitrate concentration in the cell
medium. PECAM-1 and VEGFR2 activation (D) was determined by immunoprecipitation and Western blotting for tyrosine phosphorylated PECAM-1 and
VEGFR2. Knockdown of PIEZO1 was verified by anti-PIEZO1immunoblotting. Bar diagrams show the densitometric evaluation. (E) Concentration of ATP in
the supernatant of HUAECs. Shown are means + SEM; *P < 0.05; **P < 0.01 (2-way ANOVA and Bonferroni's post hoc test).

AKT (at serine 473) and eNOS (at serine 1177) in response to flow
(Figure 1B). Induction of Ca?* transients and of AKT and eNOS
phosphorylation by carbachol acting through muscarinic G /G, -
coupled M, receptors was not affected by PIEZO1 knockdown
(Supplemental Figure 1, A and B; supplemental material available
online with this article; doi:10.1172/JCI87343DS1), indicating
that the cells had not lost the ability to respond to other stimu-
li. Knockdown efficiency of PIEZO1 in HUAECs was more than
95% (Supplemental Figure 1C), and all effects could be verified
by an independent siRNA as well as in bovine aortic endothelial
cells (BAECs) (Supplemental Figure 1, D-F) and human umbilical
vein endothelial cells (HUVECs) (Supplemental Figure 2, A and
B). Consistent with a role of PIEZO1 in flow-induced eNOS phos-
phorylation, knockdown of PIEZOL1 also strongly reduced flow-
induced increases in nitrate levels in supernatants of HUAECs
(Figure 1C), indicating a reduction in eNOS activity. Similarly,
the fluid shear stress-induced phosphorylation of Src kinase,
PECAM-1, and VEGFR2 was strongly reduced after knockdown of
PIEZO1 (Figure 1D). Since flow-induced ATP release from endo-
thelial cells and subsequent activation of the G_/G,;-coupled P2Y,
receptor has been shown to be upstream of AKT and eNOS acti-

jci.org  Volume126  Number12  December 2016

vation in flow-induced endothelial responses (17), we tested the
effect of a PIEZO1 knockdown on flow-induced ATP release. ATP
release in response to flow was strongly reduced after knockdown
of PIEZO1 in endothelial cells (Figure 1E), indicating that PIEZO1
operates upstream of ATP release in flow-induced effects.
Activation of PIEZOI by Yodal mimics fluid shear stress-induced
endothelial activation. We next tested whether the recently described
specific activator of PIEZO1, Yodal (25, 26), was able to induce
effects similar to those mediated by PIEZOL1 in response to flow.
As shown in Figure 2A and Supplemental Figure 3A, Yodal dose-
dependently increased [Ca*], which was strongly reduced after
knockdown of PIEZOL1. Similarly, Yodal induced AKT and eNOS
phosphorylation, increased nitrate formation, and caused an
increase in ATP release (Figure 2, B-D), and all effects were strong-
ly reduced after knockdown of PIEZOL. To test whether PIEZO1
indeed acts upstream of ATP release and subsequent activation of
the G /G, -coupled P2Y, receptor, we tested whether Yodal-induced
endothelial effects were affected by the ATP-degrading enzyme apy-
rase and knockdown or blockade of Go, /Ga,, and P2Y,. As shown in
Figure 3, A-C, knockdown of P2Y, or Go, /Ga,, or incubation of cells
with apyrase or the P2Y, receptor antagonist AR-C118925 strongly
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Figure 2. Yoda1 induces endothelial responses similar to fluid shear
stress via PIEZO1. Cells were transfected with scrambled (control) siRNA or
siRNA directed against PIEZO1. (A) Fluo-4-loaded HUAECs (n = 24, control;
n =22, PIEZ01 knockdown; 3 independent experiments) were exposed to
1uM Yodat, and [Caz*]i was determined as fluorescence intensity (RFU,
relative fluorescence units). Bar diagrams show AUC. Shown are means

+ SEM; ***P < 0.001 (2-tailed Student’s t test). (B-D) HUAECs were
exposed to 1 uM Yoda1 for the indicated times (5 minutes in B). AKT and
eNOS activation was determined by Western blotting for phosphorylat-

ed AKT and eNOS as well as total AKT and eNOS (n = 3). Knockdown of
PIEZO1 was verified by anti-PIEZO1immunoblotting. Bar diagrams show
the densitometric evaluation. (C and D) Nitrate concentration (C, n = 3) and
concentration of ATP (D, n = 6) in the cell medium. Shown are the mean

+ SEM. *P < 0.05 and **P < 0.01 (2-way ANOVA and Bonferroni's post-hoc test).

inhibited Yodal-induced Ca* transients as well as AKT and eNOS
phosphorylation. In addition, Yodal-induced nitrate formation was
strongly reduced after knockdown of P2Y, or Ga, /Ga,; (Figure 3D).
These data indicate that P2Y, and G, /G,, are downstream of PIEZO1
in flow-induced endothelial signaling.

Pannexins mediate in part PIEZOI-dependent endothelial ATP
release. We next analyzed the mechanisms linking PIEZO1-induced
Ca* influx with the release of ATP. Since Ca? can activate pannexin
channels (27), and since pannexin 1 has been shown to be involved
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in thrombin-induced, Ca?-mediated ATP release from endothelial
cells (28), we focused on pannexin channels. It has been shown that
pannexin 1is the predominant form of pannexins in endothelial cells
(29). However, we also found expression of pannexin 2 (Supplemental
Figure 3B), and therefore we tested the effect of a knockdown of both
pannexin 1 and pannexin 2 on fluid shear stress- and Yodal-induced
endothelial ATP release and AKT and eNOS phosphorylation as well
as on nitrate formation (Figure 4, A-F). In all cases we saw a signifi-
cant but only partial reduction of flow- and Yodal-induced effects,
although the knockdown efficiency was very high (Supplemental Fig-
ure 3B). We conclude from this that pannexin channels are involved
in PIEZO1-mediated, flow-induced ATP release but that other mecha-
nisms contribute to this effect as well.

PIEZO1 mediates endothelial flow-induced vasodilation and
controls vascular tone and blood pressure. To further explore the
role of endothelial PIEZO1 in flow-induced vascular effects, we
generated inducible endothelium-specific PIEZO1-deficient mice
(Tie2-CreER™ Piezol™ hereafter referred to as EC-PIEZO1-KO
mice). Induction of PIEZO1 deficiency in endothelial cells of
EC-PIEZO1-KO mice was verified by RT-PCR and immunoblot-
ting (Supplemental Figure 3, C and D). While precontracted mes-
enteric arteries from WT mice responded to an increase in flow
with strong vasodilatation, arteries from induced EC-PIEZ0O1-KO
mice had almost completely lost the ability to respond to flow
(Figure 5A). This was not due to a general defect of the vessels
from EC-PIEZO1-KO mice, as they relaxed and contracted nor-
mally to acetylcholine and phenylephrine, respectively (Figure
5B). We then tested whether Yodal mimicked the effect of flow
in isolated and perfused mesenteric arteries. As shown in Figure
5, C-E, precontracted WT mesenteric arteries were dilated after
intravascular addition of Yodal at increasing concentrations. The
effect of Yodal was strongly inhibited in mesenteric arteries from
EC-PIEZO1-KO mice as well as from mice with endothelium-
specific loss of Ga, /Ga,, (EC-q/11-KO) (17). Also, mesenteric arteries
from mice with endothelium-specific and induced P2Y, deficiency
(EC-P2Y2-KO) showed hardly any response to Yodal after precon-
traction, whereas mesenteric arteries from mice with endothelium-
specific pannexin 1/pannexin 2 double deficiency showed slightly
reduced responses compared with WT vessels (Figure 5, C-E).

Since flow-induced vasodilation is regarded as one of the
basic mechanisms contributing to vascular tone and basal blood
pressure (1, 30), we analyzed the effect of an acute induction of
endothelial PIEZO1 deficiency on arterial blood pressure in mice.
As shown in Figure 6A, treatment of WT mice with tamoxifen
resulted in a small and transient effect on the mean arterial blood
pressure, whereas induction of endothelial PIEZO1 deficiency in
EC-PIEZO1-KO mice by tamoxifen led to a significant increase
of 10-15 mmHg within a few days (Figure 6A). In mice pretreated
with angiotensin IT or L-NAME to induce hypertension, tamoxifen-
induced loss of endothelial PIEZO1 did not further increase blood
pressure (Supplemental Figure 4, A and B). Again, a relatively
minor but still significant increase in blood pressure was seen in
tamoxifen-induced pannexin 1/pannexin 2 endothelium-specific
double-knockout mice (Supplemental Figure 4C). The increase
in mean arterial blood pressure after induction of endothelium-
specific PIEZO1 deficiency was accompanied by a decrease in
plasma nitrate levels (Figure 6B) as well as by a reduced phosphor-
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Figure 3. Yodal-induced, PIEZO1-mediated endothelial effects involve P2Y,
and Gq/G". (A-D) HUAECs were transfected with scrambled siRNA (control;
con) or siRNA directed against P2V, or Gaq/Gaﬂ (A, B, and D) or were prein-
cubated without or with 30 uM of the P2V, antagonist AR-C118925 (ARC) or
2 U/ml apyrase (apyr) for 30 minutes (C). (A) Fluo-4-loaded HUAECs (n = 14,

control; n = 20, Gaqm knockdown; 3 independent experiments) were exposed

to 1M Yodat, and [Ca*], was determined as fluorescence intensity (RFU,
relative fluorescence units). Bar diagrams show AUC. Shown are means

+ SEM; ***P < 0.001 (2-tailed Student’s t test). (B and C) Cells were exposed
to 1M Yoda1 for 5 minutes, and AKT and eNOS activation was determined
as described. Bar diagrams show the densitometric evaluation (n = 3). (D)
Nitrate concentration in the cell medium (n = 4). Shown are the mean

+ SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 (2-way ANOVA and Bonfer-
roni's post-hoc test).

ylation of the murine mesenteric artery eNOS at serine 1176 (Figure
6C). These data clearly show that endothelial PIEZO1-mediated
signaling is a central regulatory mechanism controlling endothelial
NO formation, vascular tone, and arterial blood pressure in vivo.

Discussion

Arterial blood pressure is controlled under normal and hyperten-
sive conditions by various vasodilatory factors, which are released
from the endothelium in response to fluid shear stress exerted by
flowing blood (3-5, 7). These factors include NO, endothelium-
derived hyperpolarizing factor (EDHF), and prostanoids (31, 32).
Overall, NO appears to play a predominant role also for systemic
blood pressure regulation, and several mechanotransducing sig-
naling pathways involved in fluid shear stress-induced stimulation
of NO formation have been identified (1, 2, 6). More recently, evi-
dence has been provided that flow-induced endothelial release of
ATPisacriticalupstreamstepinthe mechanotransducing signaling
cascade, resultingin NO formation and vascular relaxation (17, 33,
34). The ATP released in response to flow acts through the G_/G, -
coupled P2Y, receptor, resulting in PECAM-1/VE-cadherin/
VEGFR2-mediated activation of AKT and subsequent NO for-
mation via eNOS (17). How fluid shear stress induces ATP release
and activation of P2Y,/G /G -mediated signaling is, however,
unclear. Here we show that the endothelial mechanosensitive
cation channel PIEZO1 is required for flow-induced ATP release
and subsequent P2Y2/Gq /G,-mediated activation of downstream
signaling resulting in phosphorylation of AKT and eNOS. The
PIEZO1-dependent ATP release is in part mediated by pannexin
channels. We also show that endothelial PIEZO1 is required for
flow-induced NO formation by eNOS and for flow-induced vaso-
dilatation, as well as for maintaining basal blood pressure. The
specific PIEZO1 activator Yodal fully mimicked the effect of fluid
shear stress on endothelial cells.

While PIEZO proteins have been shown to be involved in mech-
anosensing in various biological processes, the precise physical stim-
ulus and activation mechanism that results in the opening of the
channel pore of PIEZO is still unclear. It is possible that the PIEZO1
channelis gated by forces transferred to the channel protein by direct
interaction with the cytoskeleton or with the extracellular matrix. An
involvement of cytoskeletal structures in mechanosensing of fluid
shear stress in endothelial cells has been suggested based on the
observation that inhibition of cytoskeletal filaments blocks various
endothelial responses to flow (1, 35). However, so far no interaction
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Figure 4. Role of pannexins in flow- and Yodal-induced endothelial effects. (A-F) HUAECs were transfected with scrambled (control) siRNA or siRNAs
directed against pannexin 1and pannexin 2 (PANX1/2) and were exposed to fluid shear (15 dyn/cm?) (A-C) or 1 uM Yoda1 (D-F) for the indicated time peri-
ods (5 minutes in B and E). The concentration of ATP (A and D, n = 3) or nitrate (C and F, n = 4) in the cell medium was measured. AKT and eNOS activation
(B and E, n = 3) was determined by Western blotting for phosphorylated AKT and eNOS as well as total AKT and eNOS. Bar diagrams show the densito-
metric evaluation. Shown are the mean + SEM. *P < 0.05 (2-way ANOVA and Bonferroni's post-hoc test).

of PIEZO1 with cytoskeletal structures or the extracellular matrix
has been described. It is also possible that accessory proteins of
PIEZO1 tether the channel to the cellular or extracellular matrix, or
modulate the sensitivity of PIEZO1 to the mechanical stimulus. The
latter mechanism has been shown to operate in touch-sensitive cells
in which PIEZO interacts with stomatin-like protein 3 (STOML3),
which modulates PIEZO channels and greatly increases PIEZO sen-
sitivity (36). The generation of lateral membrane tension resulting
from the fluid shear stress on the apical surface of the endothelial cell
layer has been proposed to be one of the primary effects of endothe-
lial fluid shear stress (37, 38). Interestingly, PIEZO1 has been found
to be, in particular, sensitive to membrane bilayer tension (39, 40),
which therefore would be consistent with a role of PIEZO1 in direct
endothelial flow sensing.

It has been described that only a minor fraction of the [Ca*],
elevation induced through activation of PIEZO1 is due to PIEZO1-
mediated influx and that the majority of the Ca* signal results from
downstream amplification mechanisms (41, 42). Consistent with
this, we found that endothelial loss of G /G, strongly inhibited
flow-induced increases in [Ca*], (17). We also used the only recent-
ly developed PIEZO1 activator, Yodal (25, 26), to simulate flow-
dependent PIEZO1 activation. Yodal appeared to be a rather spe-
cific PIEZO1 activator, as effects induced in endothelial cells as well
as in vessels were strongly reduced after knockdown or endothelial
knockout of PIEZO1. Again, the majority of the increase in [Ca*],
induced by direct PIEZO1 activation by Yodal depended on G /G, -
mediated signaling. In contrast, when we activated G /G,
through a G_/G,-coupled receptor such as muscarinic receptors
by carbachol, knockdown of PIEZO1 did not affect carbachol-

induced calcium transients. This strongly indicates that PIEZO1
is upstream of G_/G,-mediated signaling and that the contribu-
tion of PIEZOl-mediated Ca* influx to the overall flow-induced
increase in intracellular free calcium is relatively small compared
with the G /G,-mediated portion. While this transient [Ca*], ele-
vation in response to an acute increase in flow can lead to a Ca*/
calmodulin-mediated activation of eNOS (6, 8, 9), sustained NO
formation has been shown to require phosphorylation of eNOS by
protein kinases such as AKT or other kinases (6, 10-12). The latter
mechanism, which involves the mechanosensory complex consist-
ing of PECAM-1, VE-cadherin, and VEGFR2/VEGFR3 (13-16), is
probably the predominant way in which PIEZO1 and G, /G,, medi-
ate the flow-induced activation of NO formation in the context of
long-term regulation of vascular tone and blood pressure.

Much evidence has been provided that increased shear
stress on endothelial cells induces the release of ATP (17, 33,
34, 43, 44). However, the mechanism underlying the release of
ATP from endothelial cells is still poorly understood, and several
mechanisms, including vesicular exocytosis, ABC transporter-
mediated release, or release through connexin hemichannels or
pannexin channels, have been suggested (45). Our data clear-
ly indicate that PIEZO1 mediates shear stress-induced ATP
release. This strongly suggests that the intracellular increase in
Ca? concentration resulting from PIEZO1 activation plays a crit-
ical role in ATP release. Consistent with this, an increase in intra-
cellular Ca?* concentration has been shown to induce endothelial
ATP release (46), and to mediate ATP release from endothelial
cells in response to thrombin (28). Interestingly, pannexin chan-
nels can be activated by increased intracellular Ca®* concentra-
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Yoda1 at the indicated concentration on the diameter of mesenteric arteries precontracted by U46619 (C and D) or by induction of myogenic tone (E) from WT
(n = 4), EC-PIEZ01-KO (n = 4), EC-g/11-KO (n = 3), EC-P2Y2-KO (n = 3), or EC-PANX1/2-KO (n = 3) mice. Vessels were prepared 7-10 days after tamoxifen-
dependent induction. Shown are means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 (2-way ANOVA and Bonferroni's post-hoc test).

tions (27), and evidence has been provided that Ca*-mediated  vitro and in vivo effects. However, in none of the in vitro and in
endothelial ATP release involves pannexin 1, the major pannexin  vivo models did loss of endothelial pannexin channels complete-
channel expressed in endothelial cells (28, 29, 47). Our in vitro  ly block PIEZO1-dependent effects, indicating that pannexin
and in vivo data show that pannexin is indeed involved in flow- ~ channels only partially account for the observed endothelial ATP
induced endothelial ATP release and other PIEZOl-mediatedin  release and that additional mechanisms are involved. Recent
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Figure 6. Endothelial PIEZO1 controls blood pressure. (A) Blood pressure in WT (n = 12) and EC-PIEZ01-KO mice (n = 14) before, during, and after induction
by tamoxifen. Average blood pressure 5 days before induction was set at 100%. The bar diagram shows systolic arterial blood pressure 4 days before
tamoxifen treatment and in the second week after induction. (B) Plasma nitrate levels in WT (n = 8) and EC-PIEZ01-KO mice (n = 8) before and 5 days
after induction. (C) Phosphorylation of eNOS at 51176 in lysates of mesenteric arteries prepared 3 days after induction from WT and EC-PIEZ01-KO mice.
Bar diagram shows a densitometric evaluation (n = 4). Shown are the mean + SEM. *P < 0.05 and **P < 0.01 (2-tailed Student’s t test, B and C, and 2-way

ANOVA and Bonferroni’s post-hoc test, A).

studies using urothelial cells and red blood cells have also shown
a PIEZO1-mediated mechanotransductive release of ATP, indi-
cating that this is a cellular mechanism not restricted to endo-
thelial cells (48, 49). However, the process of PIEZO1-mediated
ATP release from endothelial cells appears to involve additional
mechanisms that still need to be fully explored.

The fact that an acute loss of endothelial PIEZO1-mediated
mechanosignaling reduces eNOS activity in vivo, resulting in
arterial hypertension, shows that the mechanosensing activity of
PIEZO1 is constantly operating and is required for the basal fluid
shear stress-induced NO formation and vasodilation. Defects in
PIEZO1 function are likely to cause alterations in vascular develop-
ment and regulation, including arterial hypertension. In fact, bial-
lelic mutations in PIEZOI resulting in attenuated PIEZO1 function
have recently been described in patients with congenital lymphatic
dysplasia (50). It will be interesting to analyze the function and
structure of PIEZO1 in various forms of arterial hypertension. At
the same time, PIEZOL1 is also a potential target for preventive or
therapeutic interventions aiming at an alteration of vascular tone.
The strong vasodilatory effect of Yodal, which is fully PIEZO1-
dependent, suggests that a PIEZO1 activator can not only reduce
vascular tone and elevated blood pressure but may also improve
endothelial function by increasing endothelial NO formation. It will
be interesting to test the effect of an activation of PIEZO1 in various
models of arterial hypertension or endothelial dysfunction.

Methods

Reagents. Acetylcholine, carbachol, phenylephrine, and tamoxifen were
from Sigma-Aldrich. Insulin was from Gibco. Yodal was from Maybridge

(catalog SPB07298). Apyrase was from New England BioLabs (catalog
MO0393L). ARL 67156 was from Tocris (catalog 1283). The P2Y, receptor
antagonist AR-C118925 was provided by Christa E. Miiller (Pharma-
Center Bonn, Pharmaceutical Institute, Bonn, Germany) (17). U46619
was from Cayman Chemical. Anti-phospho-eNOS (S1177, human; cat-
alog 9571), anti-phospho-AKT (S473; catalog 4060), anti-AKT (catalog
9272), anti-GAPDH (catalog 2118), anti-phospho-Src kinase (Y416;
catalog 6943), anti-Src (catalog 2109), and anti-VEGFR-2 (catalog
2479) antibodies were from Cell Signaling. Anti-phosphotyrosine
antibody (4G10; catalog 05-1050X) was from Millipore. Anti-eNOS
antibody was from BD Biosciences (catalog 610296). Anti-PIEZO1
antibody was from Proteintech (catalog 15939-1-AP). Anti-Ga, /Ga,
(catalog sc-392) and anti-PECAM-1 (catalog sc-1506) antibodies were
from Santa Cruz Biotechnology. Anti-CD31 (catalog 13-0311-82), anti-
CD144-PE (catalog 12-1441-82), and anti-Ter-119 antibodies (catalog
14-5921-82) were from eBioscience.

Primary cells. HUAECs, BAECs, and HUVECs were obtained from
Lonza. HUAECs and BAECs were cultured with endothelial growth
medium (EGM-2-MV, Lonza), and HUVECs were cultured with EGM-2
(Lonza). Confluent cells at passage 3 or less were used in experiments.

siRNA-mediated knockdown. Cells were transfected with siRNAs
using Opti-MEM and Lipofectamine RNAIMAX (Invitrogen) as described
previously (17). For transfection of cells in ibidi flow chambers, 5 pmol of
siRNA was mixed gently with RNAIMAX in 20 pl and incubated for 30
minutes at room temperature. The mixture was added to 100 pl cell cul-
ture medium, and cells in the ibidi chamber (2.5 cm?) were covered by
the medium. Medium was changed after 6 hours. Eighteen hours later,
the siRNA transfection was repeated, and experiments were performed
after 48 hours after second siRNA transfection. For transfection of cells
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in 33-cm? dishes from the BioTech-Flow System cone-plate viscosim-
eter (see below), 50 pmol siRNA in 100 ul was prepared and added
to 1.5 ml cell culture medium. siRNAs against PIEZO1, pannexin 1,

pannexin 2, Ga,, Ga,;, and P2Y, were from Qiagen or Sigma-Aldrich.

117
The targeted sequences of siRNAs directed against RNAs encoding
Go,, Ga,;, P2Y,, PIEZOL, pannexin 1, and pannexin 2 were: GNAQ
(human), 5-CAGGACACATCGTTCGATTTA-3' and 5-CAGGAAT-
GCTATGATAGACGA-3’; GNA11 (human), 5-CTACAAGTACGAG-
CAGAACAA-3" and 5-AACGTGACATCCATCATGTTT-3; P2RY2
(human), 5-CCCTTCAGCACGGTGCTCT-3', 5-CTGCCTAGGG-
CCAAGCGCA-3/, and 5-GCTCGTACGCTTTGCCCGA-3'; PIEZO1
(human), 5-CCAAGTACTGGATCTATGT-3, 5-GCAAGTTCGTGCG-
CGGATT-3, and 5-AGAAGAAGATCGTCAAGTA-3’; PIEZO1 (bovine),
5-GTGTTTGGTCTCAAGGACT-3' and 5-GTGTCTACTTCCT-
GCTCTT-3’; pannexin 1 (human), 5-CATTTAATCGTCAAGTACA-3'
and 5'-CTTAAGGTCCTGGAGAATA-3'; pannexin 2 (human), 5-CGCT-
CAACCGGCTGGACTT-3'and 5-CGCAGAAGCAGAACGAGTT-3".

Determination of [Ca**].. For the determination of the intracellular
Ca? concentration, cells were placed in a microfluidic plate (Fluxion)
and loaded with Fluo-4 AM (Molecular Probes). Laminar shear stress
was generated using the BioFlux200 system (Fluxion), and live cell
images were acquired with an Olympus IX81 microscope.

Shear stress assays. For biochemical experiments to determine pro-
tein phosphorylation by immunoblotting, cells were exposed to flow
using a parallel-plate flow chamber (u-Slide I 0.4 Luer, ibidi). The flow
chamber was perfused with a constant flow rate using a computer-
controlled air pressure pump (ibidi). The constant wall shear stress (1) is
given by T =1 x 131.6 @; 1): viscosity of the medium; ¢: flow rate (accord-
ing to the manufacturer’s instructions).

For immunoprecipitation experiments and experiments to deter-
mine nitrate and ATP levels, the BioTech-Flow System cone-plate vis-
cosimeter (MOS Technologies) was used to expose cells to fluid shear
stress as described previously (51). The cone of this system has an angle
of 2.5° and rotates on top of a 33-cm? cell culture dish containing 3 ml
of medium. Shear stress was calculated with the following formula
(assuming a Reynolds number of <<1): 1 =1 x 21 1,/0.044 (1: shear stress;
n: viscosity; n: rotational speed). For application of arterial shear stress
at 15 dyn/cm?, 3% (wt/vol) polyvinylpyrrolidone was added to the cell
culture medium to increase the viscosity () to 0.00635 dyn/cm?, and a
rotation speed of 100 rpm (1.666 r/s) was used.

Western blotting and immunoprecipitation. Cells were lysed in
Triton X-100 buffer (Cell Signaling, 9803) supplemented with pro-
tease and phosphatase inhibitors (Cell Signaling, 5872), and isolat-
ed mesenteric arteries were lysed by RIPA buffer (Cell Signaling,
9806) supplemented with protease and phosphatase inhibitors (see
above). Lysates were centrifuged at 10,000 g for 10 minutes. For
immunoprecipitation experiments, soluble supernatants were incu-
bated with appropriate antibodies and protein A/G PLUS-agarose
(Santa Cruz Biotechnology) (1 pg antibody per 100 pg protein and
10 pl beads in 100 pl lysis buffer) overnight at 4°C. The beads were
washed 5 times with lysis buffer (see above). Immunoprecipitates or
total cell lysates were then subjected to SDS-PAGE and transferred
to nitrocellulose membranes. Membranes were probed with primary
and HRP-conjugated secondary antibodies (Cell Signaling Technol-
ogy) and were developed using the ECL detection system (Pierce).

Determination of ATP concentration. Cells were seeded at a den-
sity of 8 x 10° cells/cm? in a flow chamber of the BioTech-Flow Sys-
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tem from MOS Technologies (see above). After reaching confluence,
cells were kept under static conditions or were exposed to fluid shear
stress using the BioTech-Flow System (see above) for up to 30 min-
utes, and the ATP concentration in the supernatant was determined
at the indicated time points using a bioluminescence assay (Molecu-
lar Probes, catalog A22066) according to the manufacturer’s instruc-
tions. To inhibit ATP hydrolysis, 30 uM ectonucleotidase inhibitor
6-N,N-diethyl-p-y-dibromomethylene-D-adenosine-5-triphosphate
FPL 67156 (ARL 67156 trisodium salt) was added to the extracellular
solution. Luminescence intensity was measured with a Flexstation-3
(Molecular Devices). ATP amounts were calculated using a calibra-
tion curve constructed using ATP standards. Parallel determination
of lactate hydrogenase (LDH) activity (Cayman Chemical, catalog
10008882) showed no LDH activity, excluding that cell damage con-
tributed to the increased ATP release under fluid shear stress.

Determination of nitrate levels. For plasma nitrate assays, blood col-
lected by venous puncture was immediately centrifuged at 6,800 g for
5 minutes at 4°C, and 20 ul plasma was used for nitrate measurement.
To determine flow-induced nitrate release from endothelial cells,
8 x 10 cells/cm? were seeded in a flow chamber (MOS Technologies).
After reaching confluence, cells were kept under static conditions or
were exposed to fluid shear stress using the BioTech-Flow System
(see above) for up to 30 minutes. One hundred microliters flow medi-
um at different time points was taken for the nitrate measurement.
Nitrate and nitrite levels in mouse plasma or cell supernatants were
determined using a nitrate/nitrite fluorometric assay kit from Cayman
Chemical according to the manufacturer’s instructions.

Animal models. All mice were backcrossed onto a C57BL/6N back-
ground at least 8-10 times, and experiments were performed with lit-
termates as controls. Male and female animals at an age of 8-12 weeks
were used unless stated otherwise. Mice were housed under a 12-hour
light-dark cycle with free access to food and water and under specific
pathogen-free conditions unless stated otherwise. The generation of
inducible endothelium-specific Gaq/Gan—deficient mice (Tie2-CreER™
Gnag™" Gnall”- [EC-q/11-KO]) and mice with inducible endothe-
lial-specific deficiency of P2Y, (EC-P2Y2-KO) was described previ-
ously (17, 52). Mice carrying floxed alleles of Piezol (PiezoI™a(KOMPWesi)
pannexin 1 (Panx]™KOMPWs) “and pannexin 2 (Panx2 ™12 KOMPIWs) were
obtained from the Knockout Mouse Project (KOMP) Repository.

Telemetric blood pressure measurements. Measurements were per-
formed in conscious, unrestrained mice with a radiotelemetry system
(PA-C10, Data Sciences International) as described previously (53).
Mice were caged with blinded identity and random orders.

Pressure myography. Pressure myography experiments were per-
formed as described previously (17). Briefly, 7-10 days after tamox-
ifen injection, arteries of the third or fourth branch were removed
from the mesentery and were mounted between 2 glass micropi-
pettes seated in a chamber (Danish Myo Technology). The external
diameter of the artery was visualized and recorded with a CCD cam-
era using MyoView software. After reaching a steady-state diameter,
vessels were contracted with 50-150 nM U46619 to 40%-50% of
the passive diameter or by increasing of the intravascular pressure to
75-90 mmHg to induce myogenic contraction. After reaching a sta-
ble baseline, flow was increased in a stepwise manner by changing
of the pressure of the inflow and outflow side inversely, thereby cre-
ating a pressure difference across the arteriole without altering the
intraluminal pressure. Alternatively, Yodal was given into the perfu-
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sion buffer and was intraluminally delivered to the vessel by low flow
(<5 pl/min). The viability of the vessel was verified at the end of the
experiment by dilation of the vessel with acetylcholine (10 uM) or
sodium nitroprusside (100 uM). Vasodilatation to flow or Yodal was
calculated as a percentage of the U46619-induced contraction as
described previously (54). Mice used for the experiments were caged
with blinded identity and random orders.

Expression analysis. RNA isolation and transcription were performed
as described previously (55). Primers were designed with the online tool
provided by Roche, and quantification was performed using the Light-
Cycler 480 Probe Master System (Roche). Genomic DNA was used as
a universal standard to calculate gene copy number per nanogram of
RNA. Relative expression levels were obtained by normalization with
GAPDH or 18S values. Primary mouse endothelial cells were isolated
from skeletal muscle using CD31-labeled Dynabeads (Thermo Fisher
Scientific) and further purification by CD144-PE labeling and FACS.
Red blood cells were isolated by anti-Ter-119-labeled Dynabeads. RNA
was prepared from sorted cells using Qiagen Micro Kit, and cDNA was
preamplified using ProtoScript I Reverse Transcriptase (M0368S, New
England BioLabs) for expression analysis by RT-PCR.

Quantitative PCR primer sequences. Quantitative PCR primer
sequences were as follows: GNAQ (human), forward 5-GACTACTTC-
CCAGAATATGATGGAC-3, reverse 5'-GGTTCAGGTCCACGAACA-
TC-3'; GNA11 (human), forward 5-GCATCCAGGAATGCTACGAC-3),
reverse  5-GGTCAACGTCGGTCAGGTAG-3'; GAPDH (human),
forward 5-GCATCCTGGGCTACACTGA-3/, reverse 5-CCAGCGT-
CAAAGGTGGAG-3'; Gapdh (mouse), forward 5-AGCTTGTCATCAA-
CGGGAAG-3, reverse 5-TTTGATGTTAGTGGGGTCTCG-3'; PIEZO1
(human), forward 5-CGTCTTCGTGGAGCAGATG-3/, reverse 5-GCC-
CTTGACGGTGCATAC-3; PIEZOI (bovine), forward 5-TCAATGCTA-
ACCACGACTGG-3, reverse 5-GGTCACCGTGTAGCAGAGC-3'
Piezol (mouse), forward 5-CCTTCTGTTGCTGGTGTTTG-3, reverse
5-GTCCTGGTCCAACCTCTGG-3; pannexin 1 (human), forward
5-GATGGCAAAACTCCCATGTC-3, reverse 5-AGCTCTGCCGTCT-
GGTTC-3’; pannexin 1 (mouse), forward 5-GTGAGCTCAAATCGTA-

CAAGTGTC-3, reverse 5-CCTGCCCATTGCTTTTAATG-3'; pan-
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nexin 2 (human), forward 5~ACAAGTTCCTGCCCTACGC-3/, reverse
5-AAGTTGAGCTCGGAGGTGAG-3’; pannexin 2 (mouse), forward
5-CTGTGCCCCCTCAGACAT-3/, reverse 5-TGGCGATGAGGATCT-
GCT-3'; Cdh5 (encoding VE-cadherin; mouse), forward 5-CCATGATC-
GACGTGAAGAAA-3, reverse 5-GATGTGCAGTGTGTCGTATGG-3'.

Statistics. Trial experiments or experiments done previously were
used to determine sample size with adequate statistical power. Sam-
ples were excluded in cases where RNA /cDNA quality or tissue qual-
ity after processing was poor (below commonly accepted standards).
Data are presented as means + SEM. Comparisons between 2 groups
were performed with unpaired 2-tailed Student’s ¢ test, and multiple
group comparisons at different time points were performed by 2-way
ANOVA followed by Bonferroni’s post hoc test. P < 0.05 was consid-
ered to be statistically significant.

Study approval. All procedures of animal care and use in
this study were approved by the local animal ethics committees
(Regierungsprisidium Karlsruhe and Darmstadt, Germany).
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