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Bioelectric signaling and the control of cardiac cell
identity in response to mechanical forces

Hajime Fukui®?, Renee Wei-Yan Chow?, Jing Xie, Yoke Yin Foo® Choon Hwai Yap*®, Nicolas Minc?,

Naoki Mochizuki?, Julien Vermot™>*

Developing cardiovascular systems use mechanical forces to take shape, but how ubiquitous blood flow forces
instruct local cardiac cell identity is still unclear. By manipulating mechanical forces in vivo, we show here that
shear stress is necessary and sufficient to promote valvulogenesis. We found that valve formation is
associated with the activation of an extracellular adenosine triphosphate (ATP)-dependent purinergic receptor
pathway, specifically triggering calcium ion (Ca®*) pulses and nuclear factor of activated T cells 1 (Nfatcl)
activation. Thus, mechanical forces are converted into discrete bioelectric signals by an ATP-Ca?*-Nfatcl-
mechanosensitive pathway to generate positional information and control valve formation.

he cardiovascular system is continuously

exposed to mechanical forces such as fluid

shear stresses and stretching forces gen-

erated by blood flow and heartbeat. In

the heart, the mechanotransduction
cascade translates forces into cellular biochem-
ical signals in the endocardial cells (EdCs) to
shape valves (1, 2). These cell types present
unique functional properties and are thought
to differentially respond to forces depending
on the heart regions to which they belong
(3, 4). Here, we examined the ability of me-
chanical forces to modulate specific endocar-
dial fate toward valvulogenesis. We found that
valvular cell identity is directed by mechani-
cal forces through different mechanosensitive
pathways: transient receptor potential (TRP)-
mediated klf2a activation and adenosine tri-
phosphate (ATP)-mediated Ca®* oscillations
leading to Nfatcl signaling in response to local
high shear stresses.

Using zebrafish to allow for high-precision
control of spatiotemporal mechanical param-
eters, we analyzed Ca®* dynamic patterns by
live imaging of the fluorescent Ca®*-sensor
protein GCaMP7a expressed in EACs using 7g
(flila:galfp);(uas:GCaMP7a) (5). We found that
EdCs displayed Ca* oscillations almost exclu-
sively in the EdCs of the atrioventricular canal
(AVC) that will form the AV valve (Fig. 1, A to
C; fig. S1, A to E; and movies S1 and S2) be-
tween 32 and 102 hours postfertilization (hpf).
To verify that the Ca®* oscillations were asso-
ciated with valvulogenic differentiation, we
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searched for the decoder and the effector of
Ca?* signaling. Nuclear factor of activated
T cells 1 (Nfatcl) is an established Ca*-sensitive
transcription factor known to modulate the
endocardial-to-mesenchymal transition and
subsequent heart valve morphogenesis (fig. S2,
A and B) (6-1I). We generated a Nfat binding
element reporter line, 7g(4anfbr:d2EGEP), which
expresses d2EGFP in response to the binding
of nuclear-localized Nfat protein (fig. S2, C and
D). Nfat reporter expression was observed in
EdCs of the AVC from 34 hpf onward (Fig. 1, D
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and E, and fig. S2E), with a similar time course
observed for the Ca>* response (Fig. 1, C and
E). We confirmed these results by tracking
Nfat nuclear relocalization of an endothelial-
and endocardial-specific green fluorescent pro-
tein (GFP)-Nfatcl reporter (fig. S2F). Thus,
both spatial and temporal regulation of Ca>*
signaling and Nfat activation are features of
the valvulogenic EACs.

To determine whether the observed Ca**
oscillations in EdCs are force responsive, we
assessed the Ca" signals in hearts stopped by
MS-222 or p-amino blebbistatin treatment.
We found that Ca>* oscillations were abro-
gated in EACs when the heart stopped and
recovered after the heartbeat was restarted
(fig. S3, A to C). Because lower hematocrit
affects shear stress and flow profile in the AVC
(12, 13), we analyzed the bloodless mutant
Vlad Tepes (gatala) (14). Both gatala mutants
and morphants exhibited fewer Ca>* spikes
and a decrease in Nfat activity (fig. S3, D to G).
Thus, both Ca®* oscillations and Nfat activa-
tion are stimulated in response to mechanical
forces generated by the beating heart.

We next changed the mechanical force dis-
tribution in the living heart by artificially chang-
ing the boundary conditions and thus the flow
forces in the system (Fig. 2A). We inserted a
30- to 60-um-diameter agarose-based magnetic

o ~

Normalized Calcium signal @
w

o -

\

0 20 40 60 80 100120140160
time (sec)

m

w
?

®AVC
®Atrium
»Ventricle

N
o
I

Number of Nfat activated EdCs
)

0.
30 50 70 90 110130 150
time (hpf)

Fig. 1. Endogenous Ca®* influx and Nfat signal activation occur in EdCs of the AVC during
valvulogenesis. (A) Representative single-scan beating heart images of the Tg(flila:galff);,Tg(uas:GCaMP7a);
Tg(kdrl:nls-mCherry) embryo. Panels are the heatmap-colored GCaMP7a images at the indicated time points.
Arrowheads and dashed lines indicate GCaMP7a signal and outline of the endocardium, respectively.

(B) Normalized Ca® dynamics determined by Facampza/Fais-mcherry. Each colored line indicates the ratiometric
change of individual cells (three cells) shown in movie S2. (C) The number of Ca®* spikes in EdCs of the
indicated region from 32 to 150 hpf (n > 5). (D) Confocal single-scanned heart images of Tg(4xnfbr:d2EGFP);
Tg(flila:myr-mCherry) embryo (n = 20). (E) Number of Nfat reporter-activated EdCs from 30 to 146 hpf

(n =14). A, atrium; V, ventricle. Scale bars, 30 um.
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Fig. 2. Mechanical forces directly trigger Ca?* influx in EdCs of zebrafish heart.
(A) Representative image of bead implantation into the heart. (B) Schematics
of bead retention. (C) Force intensities from 3D dynamic mesh simulation

of wall shear stress with a bead (clear circle) close to the impact location.
(D) Representative GCaMP7a image of embryo grafted with a bead (asterisk).
(E) Schematic of magnetic tweezer—-based force application to a zebrafish heart.
(F) Single-scan images of Tg(flila:galff),Tg(uas:GCaMP7a);Tg(kdrl:nls-mCherry)

bead into the cardiac lumen by microsurgery
without perturbing heart function (Fig. 2, A
and B, and movie S3). To quantify the force
generated around the bead, we performed a
three-dimensional (3D) simulation of the wall
shear stress and pressure around the bead
using an image-based computational fluid dy-
namics simulation with dynamic wall motion
(15) (Fig. 2C and fig. S4, A to C). Shear stress
and pressure were increased in the vicinity
of the bead (movie S4) and were close to the
endogenous forces generated where the valve
normally forms (75-17). In vivo, we observed
Ca®* spikes in the EACs next to the bead when
trapped in the atrium or in the ventricle (Fig.
2D; fig. S4, D to G; and movies S5 and S6). To
more precisely control shear forces, we di-
rectly manipulated the bead within the heart
using magnetic tweezers (Fig. 2E). The force
generated ranged from 100 to 2000 pN (fig.
S4, H and I), a stimulus that is slightly higher
than endogenous wall shear stresses gener-
ated in the AVC (15-17). Although the mag-
net probe alone did not affect Ca>* influx in
EdCs, direct pulling of the magnetic bead led
to the generation of Ca®* influx in the EdCs
of the arrested heart (Fig. 2, F to H; fig. S4, J
and K; and movie S7). Thus, Ca>* fluxes are
induced in the EdCs by wall shear stress and
associated wall pressure, whereas cardiac con-
tractility is not necessary.
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grafted embryo (original bead position is indicated by dashed cyan circles)
pulled by the magnetic probe (dotted magenta lines), left view (n = 6,
yielding similar results). (G and H) Quantification of bead velocity (G)

and shear stress (H) applied by the magnetic tweezer shown in movie S7.
Gray shading indicates the period of activated GCaMP7a signal in EdCs.
Arrowheads indicate the GCaMP7a signal and yellow dashed lines

the endocardium. Scale bars, 15 um in (C) and 30 um in (D) and (F).
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Fig. 3. Artificial forces lead to the formation of ectopic valve-like structures. (A) Confocal images
of Tg(4xnfbr:d2EGFP);Tg(flila:lifeact-mCherry) embryo after sham treatment (n = 11) and 20 hours after
bead grafting (n = 8) with the schematics of superior valve (top) and mislocalized valve (bottom)

with Nfat reporter intensity (n > 5, yielding similar results individually). Arrows indicate the ectopic
structure. (B) Representative confocal images of TgBAC(twistlb:GFP);Tg(flila:lifeact-mCherry) embryo
after sham treatment (n = 10) and 16 hours after bead grafting (n = 7). Arrowheads indicate Twistlb
expression in EACs, yellow dashed lines the outline of the endocardium, and asterisks and dashed

circles the grafted bead. Scale bars, 20 um.
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Fig. 4. Extracellular ATP and P2rx channels function for valve development. (A) ATP-dependent P2XRs

Ca?* activation schematic. (B) Schematic of the microinjection approach to injecting drugs into cardiac lumen.
(C) Number of Ca®* spikes in EdCs of the AVC for PBS-injected (n = 11), oligomycin A-injected (n = 7), apyrase-
injected (n = 8), and ATPyS-injected (n = 9) embryos at 54 hpf. (D and E) Number of Ca?* influxes (D) and Nfat
reporter activation (E) in EACs of the AVC for embryos injected with zp2rx4aWT [n =9 in (D) and n = 16 in (E)] and

7p2rx4aC365W mRNA [n =10in (D) and n =18 in (E)] at 54

hpf. (F) Confocal images of TgBAC(twist1b:GFP);Tg(flila:

lifeact-mCherry) embryo injected with zp2rx4aWT (n = 8) and zp2rx4aC365W mRNA (n = 18). Arrowheads and

percentages indicate twistlb expression in the EdCs and

occurrence of each representative valve structure,

respectively. Asterisks indicate mislocalized EdCs with ectopic twistlb expression. (G) Summary of endocardial
mechanosensitive signal pathways for valve development. Note that forces trigger the ATP-transducer

(Ca®*)-decoder (NFAT) system, which is independent of

We assessed the biological relevance of the
localized response initiated by bead grafting to
find out whether it is associated with the for-
mation of ectopic valves. Sixteen to 20 hours
after bead grafting in the atrium, valve-like
EdC clusters were observed near the bead.
The valve-like structures were visible in the
atrial region that protruded from the atrial
surface to the atrial cavity or the cardiac jelly
(Fig. 3A and fig. S5A). A grafted bead triggered
the mislocalized protrusions into cardiac jelly
(fig. S5A), which constitutes the first sign of
valve morphogenesis in zebrafish (18). We
additionally found that the grafted bead in-
duced the expression of twistIb in the valve-
like structures (Fig. 3B and fig. S6, A to D)
and the ectopic expression of klf2a, kif4a,
and wnt9b in the EACs surrounding it (fig.
S7, A to C and F). These observations indicate

Fukui et al., Science 374, 351-354 (2021)

the kif2a expression activation. Scale bars, 15 um.

that ectopic valve-like structures share sim-
ilarities with endogenous valves. In addition,
Nfat activity was ectopically induced in EACs
located near the bead (fig. S5, B and C), which
is consistent with the fact that Nfatcl nuclear
localization is activated in response to ectopic
forces and reduced when heart contractility is
affected (fig. S5, D to G). Nuclear translocation
of Nfatcl was inhibited by a chemical blocker
of calcineurin (FK506) acting on the Ser/Thr
dephosphorylation site of Nfat (fig. S5D).
Thus, the nuclear localization of Nfatcl is
promoted by increased mechanical force in a
Nfatcl Ser/Thr dephosphorylation-dependent
manner. Neither klf2a nor klf4a expression
was affected when calcineurin was inhibited
by either FK506 or VIVIT, a selective pep-
tide inhibitor of Nfat (19) (fig. S7, C to F),
suggesting that the Ca?*-Nfat signaling path-
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way acts independently of the k[f2a mechano-
transduction pathway. Conversely, egrl, a known
mechanosensitive gene expressed in the AVC
(20), was down-regulated by calcineurin inhi-
bition (fig. S7, G and H), suggesting that egrI
acts downstream of Nfatcl. Thus, mechanical
forces are key to specifying heart valve position
during development by modulating both the
Klf2a- and the Nfatcl-signaling pathways.
To characterize the factors responsible for
the force-dependent Ca**-Nfat signal activa-
tion, we first focused on established mutant
lines for the stretch-sensitive channels Trpp2,
Trpv4, Piezol, Piezo2a, and Piezo2b (17, 21, 22)
and for ciliogenesis (iguana, Dzipl) (23), which
have been implicated in flow sensing in the car-
diovascular system (24). We found that all of
these mutants showed normal Ca>* activation
(fig. S8, A and B) as well as for embryos treated
with gadolinium ion (Gd®*), a nonspecific
stretch-sensitive channel blocker (fig. S8C).
Alternatively, ATP is released in cultured endo-
thelial cells in response to mechanical stimuli
(25). As a response, ATP activates Ca>* signaling
through the purinergic receptor P2X channels
(26) (Fig. 4A). Accordingly, Ca* influx in EACs
of the AVC was abolished when cytosolic ATP
levels were depleted by oligomycin A, a mito-
chondrial ATP synthase inhibitor (fig. S8D).
We investigated whether extracellular ATP
alters Ca®* influx in EACs by microinjecting
oligomycin A, apyrase (an ATPase), and ATPyS
(an ATP analog) into the cardiac lumen (Fig.
4B, and movie S8), and found that the Ca®*
influx was significantly affected in response to
changes in extracellular ATP levels (Fig. 4C and
fig. S8, E to I). Transcripts of the ATP receptors
p2rxl, p2rada, and p2rax7 were present in EACs
of the heart (fig. S9, A and B). Embryos treated
with antagonists of P2X1, P2X4, and P2X7; em-
bryos overexpressing a dominant-negative
form of either human P2X4 (hP2X4C353W) or
zebrafish p2ra4a (2P2rx4aC365W) mRNA; and
p2ra4a morphants displayed a significant re-
duction of Ca®* spikes in EdCs (Fig. 4D and fig.
S9, C to G and I). These results show that the Ca*
influx in EACs is modulated by P2X channels in
response to changes in extracellular ATP levels.
We next assessed whether the activation and
inhibition of P2X-mediated ATP signaling af-
fected valve formation. Embryos treated with
a combination of P2X1, P2X4, and P2X7 an-
tagonists; a combination of P2X4 with P2Y2
antagonists; a P2X4 antagonist; or a P2Y2 an-
tagonist suppressed Nfat reporter activation,
whereas the other P2X or P2Y antagonists had
no effect (fig. S10, A and B). Furthermore,
overexpression of a dominant-negative form
and knock-down of p2ra4a did not affect klf2a
and klf4a expression but significantly sup-
pressed Nfat reporter expression (Fig. 4E and
fig. S9, H, J, and K), correlating well with the
abnormal Ca>" activation (Fig. 4D and fig. S9G).
In addition, embryos displayed abnormal valve
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structures with incomplete morphogenesis of
the valve, absence of leaflet formation (Fig. 4F),
and mislocalized Twist1b-positive cells in the
endocardium when p2rz function was inhibited
(Fig. 4F and fig. S11, A to C). EACs were excluded
from the luminal part of the valve when Nfat
activity was suppressed in these cells (fig. S11, D
and E), consistent with the fact that Nfatcl is
necessary for valve development in zebrafish
(7). Although vascular endothelial growth fac-
tor (Vegf) signaling is known to activate Nfat
signaling (27), a Vegfr2 inhibitor had no effect
on either Nfat reporter expression or Ca>* ac-
tivation in the EdCs (fig. S10, A to D). These
results suggest that P2X and P2Y receptors
coordinately modulate Nfat activity in the EACs
independently of VEGF signaling. In addition,
we found that Nfat activity in the endocardium
seemed to be unrelated to tyrosine phospho-
rylation (28) (fig. S10, A and E). Altogether, these
results confirm that P2X functions act upstream
of Nfat activity to control valve development in
response to mechanical stimuli.

Mechanical forces have been implicated in a
broad range of events during embryonic devel-
opment (29-31). The presented work reframes
our view of how EdCs interpret mechanical
forces (Fig. 4G) and supports the intriguing
possibility that valve formation is mainly de-
fined by the mechanosensitive inputs result-
ing from the local tissue constraints and flow
forces (7, 18, 32-34). Piezo and Trp channels
are well-established stretch-sensitive channels
involved in cardiovascular morphogenesis and
valve development (17, 21, 35-37). Our work
identifies ATP as an additional mechanosensi-
tive paracrine signal by which hemodynamic
forces can direct heart valve development.
Therefore, it is a compound that could be used
to help grow heart valves in vitro and may
be involved in congenital heart valve defects.
More generally, this work shows that biolog-
ical systems rely on multiple mechanosensitive

Fukui et al., Science 374, 351-354 (2021)

pathways to precisely control morphogenetic
processes. ATP release and stretch-sensitive
channels are activated in response to discrete
mechanical stimuli to precisely generate the
permissive signal controlling the localization
and timing of valve morphogenesis. We view
this as a safeguard mechanism that increases
the robustness of the mechanosensitive pro-
cess to avoid ectopic valve formation in other
regions of the heart where mechanical forces
are also at work.
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Making cardiac valves via mechanical forces

Cardiac valves form in response to mechanical forces generated by the beating heart. Fukui et al. studied how
patterning signals are generated in response to these forces (see the Perspective by Jain and Epstein). They show
that two mechanotransduction pathways act in parallel to instruct cardiac valve progenitors: a well-established transient
receptor potential mechanosensation pathway and an extracellular ATP-dependent purinergic receptor pathway that
triggers Ca oscillations and results in nuclear translocation of the protein nuclear factor of activated T cells 1. These
two synergistic mechanotransduction pathways generate positional information and control valve formation. The use

of multiple pathways may be a general mechanism used by mechanosensitive biological systems to increase the
robustness and precision of mechanotransduction. —BAP
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