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Cardiac valves ensure unidirectional blood flow through the heart, and altering
their function can result in heart failure. Flow sensing via wall shear stress and
wall stretching through the action of mechanosensors can modulate cardiac
valve formation. However, the identity and precise role of the key mechan-
osensors and their effectors remain mostly unknown. Here, we genetically
dissect the role of Pkdla and other mechanosensors in atrioventricular (AV)
valve formation in zebrafish and identify a role for several pkd and piezo gene
family members in this process. We show that Pkdla, together with Pkd2,
Pkd1l1, and Piezo2a, promotes AV valve elongation and cardiac morphogen-
esis. Mechanistically, Pkdla, Pkd2, and Pkdll1 all repress the expression of kif2a
and kif2b, transcription factor genes implicated in AV valve development.
Furthermore, we find that the calcium-dependent protein kinase Camk2g is
required downstream of Pkd function to repress kif2a expression. Altogether,
these data identify, and dissect the role of, several mechanosensors required

for AV valve formation, thereby broadening our understanding of cardiac

valvulogenesis.

Congenital heart disease is the most common congenital disorder in
newborns, with an incidence of approximately 1% of live births'. The
most frequent congenital heart defects are cardiac valve abnormal-
ities, which often originate from early developmental defects and are
caused by mutations in genes conserved across vertebrates®. Cardiac
valves are flexible structures that sit at the boundaries between the
chambers. Their malfunction, leading to phenotypes such as regur-
gitation and stenosis, is one of the primary causes of heart failure’.
Thus, a better understanding of the causes of congenital valve dis-
orders will help address a major public health issue.

The zebrafish is a model of choice to study valve development
because of its fast organogenesis and ease of optical approach
implementation®. The zebrafish heart is two-chambered and comprises
three types of valves: the sinus venosus, atrioventricular (AV), and

outflow tract (OFT) valves’. Cardiac valves differentiate from endo-
cardial cells, which line the lumen of the heart, shortly after the heart
starts beating. Their formation depends upon the hemodynamic for-
ces applied on the endocardial layer®’. Wall shear stress (WSS) and
radial wall pressure, which induces endocardial cell stretching, are the
main driving force for valve differentiation and elongation®™
Although the genetics of flow-inducible genes have been extensively
studied”™, relatively little is known about the upstream blood flow-
sensing mechanisms.

Endocardial cells are sensitive to the subtle differences in force
that accompany heart morphogenesis. Several families of mechan-
osensitive molecules are involved in vascular development, including
ion channels, integrins, junctional complexes, G protein-coupled
receptors, and the glycocalyx. During cardiac valve formation
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specifically, membrane-localized mechanosensitive channels, which
are in direct contact with the blood flow, control valve elongation.
Studies in zebrafish have shown that these mechanosensors, Pkd2 and
Trpv4 in all cardiac valves and Piezol and Piezo2a in the OFT valves,
tightly regulate klf2a expression’®™'®, and that they subsequently
control the endocardial and myocardial expression of other genes
important for valvulogenesis’’* %, In addition, it was also recently
reported that the adenosine triphosphate (ATP)-dependent pur-
inergic receptor pathway works in parallel to these channels as a blood
flow mechanosensor to mediate AV valve formation>. However, the
loss of any of these mechanosensors induces only mild phenotypes'® ™"
compared with abnormal fluid flow conditions in the heart®”, sug-
gesting the existence of additional mechanosensitive molecules
required for valve development.

To test this hypothesis, we provide in this study genetic evidence
that pkdla, an orthologue of human PKDI, which is one of the most
commonly mutated genes in Autosomal Dominant Polycystic Kidney
Disease?, is essential for AV valve elongation in zebrafish. We identify a
synergistic contribution of Pkdla and other Pkd family members,
namely Pkd2 and Pkdlll, in blood flow-driven valve development,
independent of their role in cardiac looping. We further show that the
Piezo family members Piezol and Piezo2a are also important in AV
valve formation in addition to their role in OFT valve development and
that they cooperate with Pkdla during this process. Using high-
resolution imaging, we find that these pkd genes control calcium influx
as well as kif2a and klf2b expression in the AV endocardial cells. Using a
pkd phenotypic rescue assay, we identify the Ca*'/calmodulin-depen-
dent protein kinases Camk2gl and Camk2g2 as intermediates of the
Pkd mechanosensory response in AV valve formation. Taken together,
our findings identify major regulators of AV valve development,
thereby providing new potential therapeutic targets for congenital
valve disorders.

Results

Pkdla is required for atrioventricular valve development
Zebrafish pkdla mutants display pericardial edema and lymphatic
defects at 4 days post-fertilization (dpf) while retaining blood
circulation®. To investigate the role of Pkdla in AV valve development,
independently of its function in cardiac and lymphatic morphogenesis,
we first characterized the onset of its cardiac phenotype. To do so, we
used a previously described mutant allele (huS855)* as well as a newly
generated mutant allele (bns507) (Fig. S1a). Both mutations lead to a
premature termination codon and the disruption of the conserved
polycystic cation channel domain (PCCD)*. We found that pkdla
mutants, of both alleles, exhibit wild-type-like morphology (Fig. 1a-c)
and cardiac chamber size (Fig. 1d-f) at 78 hours post-fertilization (hpf),
but clear defects at 102 hpf, when the cardiac chambers start to col-
lapse (Fig. 1a’-f") as shown before®. To investigate this phenotype, we
first measured the diameter of the cardiac chambers during atrial
diastole and systole (Fig. S1b-f) at 78 hpf, and observed no significant
differences between pkdla mutants and wild types (Fig. Slg, h), in
contrast to what is observed in tnnt2a mutants, where the atrium is
distended”. We then analyzed the blood flow profile across the AV
canal in single beating cycles between 54 and 108 hpf, starting with
wild-type embryos and larvae. We found that retrograde blood flow
movements are almost absent at 102 hpf (Supplementary Movie 3),
while strong at 54 and 78 hpf (Supplementary Movies 1, 2), and that
following AV valve formation and the reduction of retrograde move-
ments, a no-flow (i.e., no anterograde or retrograde flow) period starts
to appear at 78 hpf (Fig. 1g and Supplementary Movie 2). Therefore, we
selected 78 hpf to study the pkdia mutant phenotype, which is the
latest stage when pkdla mutants display a wild-type-like cardiac
chamber size. At this stage and at the AV canal, pkdla mutant larvae,
similarly to klf2a; klf2b double mutant larvae, display an increased
incidence in retrograde blood flow and a decreased incidence in no-

flow (Fig. 1h and Supplementary Movie 4), while maintaining a normal
heartbeat (Fig. Sli). We also analyzed AV valve morphology in live
pkdla mutant larvae and found that only 66% exhibited an elongated
superior valve leaflet compared with 87% in wild-types (Fig. 1i-k). We
then quantified the number of cells present in the superior valve leaflet
and found no significant reduction in pkdla mutants compared with
wild type (Fig. 11-n). Altogether, these data indicate that the Pkdla
function is required for early AV valve development.

Pkdla, 2, and 111 cooperate to promote AV valvulogenesis
Compared with blood flow-defective conditions, such as those
observed in tnnt2a mutants®'***, pkdla mutants display only a mild AV
valve phenotype (Fig. 1li-n), suggesting that other mechanosensory
genes also regulate AV valve development. Pkdla has been described
to bind Pkd2®, another Pkd member involved in AV valve
development'®. Moreover, Pkd2 has been shown to be complex with
Pkd1l1 to control flow mechanosensation in the vertebrate left/right
organizer®**°, We thus investigated whether mutant combinations for
these three genes displayed a stronger valve phenotype than observed
in pkdla single mutants. For this analysis, we used a previously
described pkd2 mutant allele (¢¢321)* (Fig. S2a) and generated a fra-
meshift allele for pkd1l1 (bns394) (Fig. S2a’). Both mutations lead to a
premature termination codon and the disruption of the PCCD
domain®. We found that pkd1l1, but not pkd2, mRNA levels are upre-
gulated in pkdla mutants (Fig. S2b), suggesting genetic compensation
via transcriptional adaptation (TA)*. pkdI(1 mutant animals display the
left/right (L/R) asymmetry phenotype previously reported in medaka
and mice, with randomized cardiac looping®®*°, as do pkd2 mutants®
(Fig. S2c-g). Therefore, every mutant combination that involves pkd2
or pkdIlI leads to randomized cardiac looping (Fig. S2c-g). As it was
previously shown that cardiac looping defects can correlate with early
AV valve defects®, we sorted and analyzed only the larvae exhibiting
wild-type cardiac looping for all subsequent experiments that involve
pkd2 or pkdill mutants. We show that these sorted double and triple
pkd mutants display a wild-type-like cardiac chamber size (Fig. 2a-d
and Fig. S2h, i), and beating frequency (Fig. S2j) at 78 hpf. When ana-
lyzing the AV flow profile of the pkd mutant combinations, we found
that all double mutant combinations cause the same retrograde blood
flow defects as pkdla mutations do (Fig. 2e). However, pkd triple
mutants exhibit an increased incidence in retrograde blood flow
compared with pkdla; pkd2 double mutants (Fig. 2e and Supplemen-
tary Movie 5). Live imaging of the AV valve reveals that superior valve
leaflet elongation is almost completely abolished in pkd triple mutant
larvae (Fig. 2f-1). We also quantified the number of cells present in the
superior valve leaflet and found no significant reduction in pkd double
or triple mutants (Fig. 2m-s); in addition, valve luminal and abluminal
cells are present in pkd triple mutants (Fig. 2t, u). These data show that
Pkdla, Pkd2, and Pkd1ll cooperate during AV valve development and
are required to promote AV valve elongation.

Piezo family members are also involved in AV valvulogenesis

Another family of membrane-bound mechanosensors, the Piezo
family, has been shown to control OFT valve formation'®, However,
their function in AV valve formation and their interaction with Pkd
family members remain unexplored. Here, we have generated mutants
for piezol (bns340) (Fig. S3a) and piezo2a (bns367) (Fig. S3a’) that carry
a deletion of two amino acids in the conserved PFEW domain, which is
hypothesized to be involved in channel conductance or gating®. We
selected in-frame alleles to try and minimize genetic compensation via
TA**, as described for some piezol mutants®. We found that piezol and
piezo2a mRNA are enriched in the AV canal at 78 hpf (Fig. S3k, I) and
that piezol and piezo2a mRNA levels are unchanged in pkdla mutants
(Fig. S2b). As with pkd2 and pkdil1 mutants (Fig. S2g), we found that
mutants for piezo2a, but not piezol, exhibit cardiac looping defects
(Fig. S3c-g). We thus used larvae exhibiting wild-type cardiac looping
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Fig. 1| pkdia is required for atrioventricular valve development. a-¢’ Wild-type
(a-a’) like morphology of pkdia™*** (b-b’) and pkd1a®*" (c-¢’) mutants at 78 but
not 102 hpf; arrows point to craniofacial defects and pericardial edema. d-f'
Brightfield images of 78 and 102 hpf wild-type (d-d’), pkdia™*** mutant (e-¢’), and
pkd1a®*°” mutant (f-f) hearts; one time point of a spinning disc movie at atrial
diastole; green and red lines outline the heart. g AV flow profile of 54, 78, and 102
hpf wild-type zebrafish; average profile of three cardiac cycles per zebrafish. h AV
flow profile of 78 hpf wild-type, pkdla™*** mutant, pkd1a®**” mutant, and ki2a;
klf2b double mutant larvae; average profile of three cardiac cycles per zebrafish. i-j’
Confocal imaging of 78 hpf wild-type (i-i") and pkdla mutant (j-j') hearts stained
with Bodipy FL C5-Ceramide; i’, j’ are AV canal magnified images of i, j. k Superior

n=26
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50
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AV valve elongation of 78 hpf wild-type and pkdla mutant larvae. I-m’ Confocal
imaging of 78 hpf wild-type (I-I') and pkdla mutant (m-m’) hearts immunostained
for MHC and Flil; I',m’ are AV canal magnified images of 1. n Superior AV valve cell
number in 78 hpf wild types and pkdIa mutants. Hearts imaged in ventral view,
anterior to the top, ventricle (V) on the left, and atrium (A) on the right. The center
of the box-and-whisker plots represents the median; each of the box-and-whiskers
represents a quartile; “+” represents the mean in g, h. The center of the error bar
represents the mean in k, n. Error bars indicate s.d in n. P values were calculated
using a two-sided Student’s t-test in g, h, n; a two-sided Fisher’s exact test in k; and
are relative to wild type. Scale bars: 200 um in a-¢’; 50 ym ind-f, i, j, I, m; 10 ym in
i’,j, I, m’. Source data are provided as a Source Data file.

for all subsequent experiments involving piezo2a mutants. Further-
more, we found that injecting pkdla morpholinos (MOs) in piezo2a
mutants enhances the cardiac looping defects, in comparison to
injecting them into piezol mutants (Fig. S3c-g), suggesting coopera-
tion between pkdIa and piezo2a in regulating cardiac morphogenesis.
We found that piezol and piezo2a mutants exhibit a wild-type-like
cardiac chamber size (Fig. 3a-d and Fig. S3h, i), and beating frequency
(Fig. S3j) at 78 hpf. We analyzed the AV blood flow profile in piezoI and
piezo2a mutants, and observed an increased incidence in retrograde
movements, comparable with those observed in pkdla mutants
(Fig. 3e). Notably, piezo2a; pkdla double mutants exhibit stronger
blood flow defects than the single mutants, suggesting cooperation
between pkd and piezo genes during AV valve development (Fig. 3e).
Similarly, while piezol mutants and piezo2a mutants display valve
elongation defects, piezo2a; pkdla double mutants exhibit stronger
defects than the single mutants (Fig. 3f-j). We also quantified the
number of cells present in the superior valve leaflet and found no
significant reduction in piezol mutants, piezo2a mutants, or piezo2a;
pkdia double mutants (Fig. 2k-0). Taken together, our data show that

Piezol and Piezo2a play an important role during AV valvulogenesis
and that Piezo and Pkd family members cooperate in this process.

pkd genes control calcium levels during valvulogenesis

Blood flow regulates intracellular calcium levels in the AV canal via the
Trpv4 and Pkd2 mechanosensors to promote valvulogenesis'®. We
thus investigated whether Pkdla, 2, and 1I1 also cooperate to control
endocardial calcium levels, upstream of AV valve elongation. We first
used the flila:Gal4FF; UAS:GCamPés calcium sensor line*® to measure
endocardial calcium levels in 78 hpf wild-type larvae, during atrial
diastole (Fig. S4a-c) and systole (Fig. S4a’—c’) and found that, as pre-
viously reported at 48 hpf™, calcium levels are highest at the AV canal
(Fig. S4d and Supplementary Movie 6). Moreover, we also observed
higher calcium levels in the presumptive OFT valve area (Fig. S4c and
Supplementary Movie 6). We found that both AV and OFT signals were
enriched during diastole and systole, without significant differences
between the cardiac states (Fig. S4c and Supplementary Movie 6).
Strikingly, this calcium elevation was lost specifically in the AV canal in
tnnt2a morphants, without a significant decrease in the other cardiac
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Fig. 2 | pkdla, pkd2, and pkdIll cooperate during atrioventricular valve
development. a-d Brightfield images of 78 hpf wild-type (a), pkdla mutant (b),
pkdla; pkd2 double mutant (c), and pkd triple mutant (d) hearts; one time point of a
spinning disc movie at atrial diastole; green lines outline the heart. e AV flow profile
of 78 hpfwild-type, pkdla mutant, pkd2 mutant, pkdI/1 mutant, pkd double mutant,
and pkd triple mutant larvae; average profile of three cardiac cycles per zebrafish.
f-k Confocal imaging of 78 hpf wild-type (f), pkdla mutant (g), pkd double mutant
(h-j), and pkd triple mutant (k) hearts stained with Bodipy FL C5-Ceramide; AV
canal magnified images. I Superior AV valve elongation of 78 hpf wild-type, pkdla
mutant, pkd double mutant, and pkd triple mutant hearts. m-r Confocal imaging of
78 hpf wild-type (m), pkdla mutant (n), pkd double mutant (0-q), and pkd triple
mutant (r) hearts immunostained for MHC and Flil; AV canal magnified images.

s Superior AV valve cell number in 78 hpf wild types, pkdla mutants, pkd double

mutants, and pkd triple mutants. t, u Confocal imaging of 78 hpf wild-type (t) and
pkd triple mutant (u) hearts immunostained for Alcama and Fli1; 10/10 of the wild-
type and 9/9 of the pkd triple mutant larvae display luminal and abluminal superior
valve cells; AV canal magnified images. Hearts imaged in ventral view, anterior to
the top, ventricle (V) on the left and atrium (A) on the right. The center of the box-
and-whisker plot represents the median; each of the box-and-whiskers represents a
quartile; “+” represents the mean in e. The center of the error bar represents the

mean in , s. Error bars indicate s.d in s. P values were calculated using a two-sided
Student’s t-test in e, s; a two-sided Fisher’s exact test in I; and are relative to

wild type except when a horizontal bar is used. Scale bars: 50 ym in a-d; 10 ym in
f-k, m-r, t, u. Source data are provided as a Source Data file.

compartments (Fig. 4a-b’, d, e-f’, h and Supplementary Movie 8). pkd
triple mutants mimic the ¢nnt2a morphant condition, with a loss of AV
signal while maintaining an elevated calcium level in the ventricle
compared with the atrium during atrial diastole (Fig. 4c, d, g, h and
Supplementary Movie 7). We then analyzed the expression levels of
valve-specific transcription factor genes in the heart. We selected kif2a
and kif2b, whose loss is associated with AV valve defects, and which
control a large set of endocardial and myocardial genes essential for
valve formation”"*?2, We performed Fluorescence In Situ Hybridization
(FISH) and observed apparent endocardial upregulation of kif2a
(Fig. 5a-d and Fig. S5a-k) and kif2b (Fig. Se-h and Fig. S5I-s) in pkd
triple mutants (Fig. 5¢, g), pkdla; pkd2 double mutants (Fig. S5f, n), and
piezo2a; pkdla double mutants (Fig. S5j, r) compared with pkdill
mutants (Fig. 5b, f), pkd2 mutants (Fig. Se, m), pkdla mutants (Fig. 5i,

q), and wild types (Fig. 5a, e and Fig. S5a, d, h, |, p). Notably, the AV
signal was stronger in these three conditions compared with the
wild types and single mutants (Fig. 5d, h and Fig. S5g, k, o, s). We then
performed RT-qPCR on dissected hearts to quantify this differential
expression and observed an upregulation of kif2a (Fig. 5i) and kif2b
(Fig. 5j) in pkd triple mutants, pkdla; pkd2 double mutants, and pie-
zo2a; pkdla double mutants compared with pkd single mutants and
wild types. To investigate whether kif2 upregulation could be
responsible for the valve elongation phenotype we observed, we
injected at the one-cell stage a plasmid encoding UAS:klf2a-p2a-dTo-
mato in nfatcl:Gal4FF positive embryos (Fig. 5k, I). We then sorted the
larvae negative for dTomato signal (Fig. 5k) from the positive ones
(Fig. 5I) in the superior valve, and found that the positive ones dis-
played a higher frequency of valve elongation defects than the
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Fig. 3 | piezol and piezo2a promote atrioventricular valve development.

a-d Brightfield images of 78 hpf wild-type (a), piezol mutant (b), piezo2a mutant
(c), and piezo2a; pkdla double mutant (d) hearts; one time point of a spinning disc
movie at atrial diastole; green lines outline the heart. e AV flow profile of 78 hpf
wild-type, piezol mutant, pkdla mutant, piezo2a mutant, and piezo2a; pkdia double
mutant larvae; average profile of three cardiac cycles per zebrafish. f-i Confocal

imaging of 78 hpf wild-type (f), piezol mutant (g), piezo2a mutant (h), and piezo2a;

pkdla double mutant (i) hearts stained with Bodipy FL C5-Ceramide; AV canal
magnified images. j Superior AV valve elongation of 78 hpf wild types, piezol
mutants, pkdla mutants, piezo2a mutants, and piezo2a; pkdla double mutants.
k-n Confocal imaging of 78 hpf wild-type (k), piezol mutant (l), piezo2a mutant
(m), and piezo2a; pkdla double mutant (n) hearts immunostained for MHC and Flil;

AV canal magnified images; ventral views, anterior to the top, ventricle (V) on the
left and atrium (A) on the right. 0 Superior AV valve cell number in 78 hpf wild types,
piezol mutants, pkdla mutants, piezo2a mutants, and piezo2a; pkdla double
mutants. Hearts imaged in ventral views, anterior to the top, ventricle (V) on the
left, and atrium (A) on the right. The center of the box-and-whisker plot represents
the median; each of the box-and-whiskers represents a quartile; “+” represents the
mean in e. The center of the error bar represents the mean inj, 0. Error bars indicate
s.d in 0. P values were calculated using a two-sided Student’s -test in e, 0; a two-
sided Fisher’s exact test in j; and are relative to wild type except when a horizontal
bar is used. Scale bars: 50 um in a-d; 10 um in f-i, k-n. Source data are provided as a
Source Data file.

negative ones. Together, these observations suggest that pkd and
piezo genes cooperate to control endocardial calcium levels and
negatively regulate the expression of essential AV transcription fac-
tor genes.

Camk2g is an effector of the Pkd response upstream of kif2a
expression

pkd genes control endocardial calcium levels and klf2a expression.
However, the intermediates of this signaling pathway in the AV canal
remain unknown. In this context, the Ca2+/calmodulin-dependent
(CaM) pathway has been reported to regulate KLF2 mRNA levels in
human umbilical vein endothelial cells (HUVECs)*, and CaM protein
Kinase Il (CaMKII) phosphorylation is reduced in zebrafish pkd2 mor-
phants in two flow responsive tissues, the pronephros® and the left/

right organizer®. Therefore, we decided to test the role of CaMK
proteins as potential intermediates of Pkd-driven control of valvulo-
genesis. In zebrafish, the most strongly expressed camk genes in
embryonic endothelial cells are camk2gl and camk2g2*°, which we
selected for our analysis. CaMKII kinases autophosphorylate at T287
upon calcium stimulation and Camk2g™° variants are Constitutively
Active (CA) even in the absence of calcium®**. We found that retro-
grade blood flow movements (Fig. 6a-c) and AV valve elongation
defects (Fig. 6d-f) of pkd triple mutants could be partially rescued by
injecting mRNA encoding CA zebrafish (z) Camk2gl1 or CA human (h)
CAMK2G. CA zCamk2g1 overexpression also restored klf2a expression
towards wild-type levels in pkd triple mutants (Fig. 6g-i), indicating
that Camk2gl is upstream of kif2a expression during valvulogenesis.
To investigate the role of the Camk2g proteins in valve development,
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we generated frameshift alleles for camk2gl (bns508) (Fig. S6a) and
camk2g2 (bns509) (Fig. S6a’). Both mutations lead to a premature
termination codon and the disruption of the conserved CaMKII Asso-
ciation Domain (CaMKII-AD). We analyzed valve-associated defects in
camk2gl; camk2g2 double mutants since camk2g2 upregulation can
compensate for the loss of camk2gl*>. We found that camk2gl;
camk2g2 double mutants display a wild-type-like cardiac chamber size
(Fig. Sé6b, ¢), and beating frequency (Fig. S6d), without cardiac looping
defects (Fig. 6j, k) at 78 hpf. We then analyzed the AV flow profile as
well as valve elongation and found that camk2g1 mutants and camk2g1;
camk2g2 double mutants exhibit an increased incidence in retrograde
blood flow (Fig. 6j-1) as well as valve elongation defects (Fig. 6m-o0).
camk2g2 mutants also exhibit valve elongation defects (Fig. 60) but no
increased incidence in retrograde blood flow (Fig. 6i). Altogether,
these findings suggest that Camk2g is an important modulator of
valvulogenesis downstream of Pkd and upstream of klf2a expres-
sion (Fig. 6p).

Discussion

Cardiac valve leaflet formation is sensitive to biomechanical forces
generated by blood flow and cardiac muscle contraction®>%,
Previous studies have shown that membrane-bound mechan-
osensitive ion channels are involved in valve formation'",
However, the valve phenotypes associated with their loss are not
as severe as conditions without blood flow®?. Using live imaging of
double and triple mutant combinations, we uncovered specific

mechanosensors with overlapping, or compensatory, functions in
AV valve formation.

We first focused on members of the Pkd family described to
interact with Pkd2, which is involved in cardiac valve development'®",
Pkd proteins form heteromeric complexes to mediate their membrane
localization and function in multiple organs*’. Consequently, muta-
tions in partner pairs typically give rise to the same phenotypes*?, such
as pkdlll and pkd2 in the left/right organizer?**°**, In zebrafish, pkd2
knockdown also shows the same morphological defects as pkdla and
pkdlb double knockdown®, indicating that different heteromeric
complexes can be formed between Pkd2 and several Pkdl-like pro-
teins. We, therefore, decided to mutate the known heteromeric part-
ners of Pkd2, namely Pkdla and Pkd1l1*7*°, We generated double and
triple mutants for pkdla, pkd2, and pkdili, and observed valve elon-
gation defects, but no valve cell number differences, in the triple
mutants that are similar to those identified in flow-defective zebrafish,
with an almost complete absence of the AV valve®’*. We hypothesize
that Pkdla, Pkd2, and PkdllI1 are parts of Pkd heteromeric complexes
that control cardiac valve formation through blood flow mechan-
osensation. In this context, it would be interesting to investigate the
function of other Pkd2-like proteins, such as Pkd2I1*, that could
interact with Pkdla or Pkdll1 during cardiac valve development.

Mutations in PKDI are associated with mitral valve regurgitation in
humans®**%, In addition, PKDI{1 mutations are linked to atrioven-
tricular septal malformations that are hypothesized to be a con-
sequence of laterality defects**. Our experiments suggest that patients
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Fig. 5 | Pkd and Piezo members repress kif2 expression in the atrioventricular
canal. a-c, e-g Confocal projections of 78 hpf wild-type (a, e), pkdIlI mutant (b, f),
and pkd triple mutant (c, h) hearts stained for MHC, and k{f2a (a-c), or kif2b (e-g)
expression; ventral views, anterior to the top, ventricle (V) on the left, and atrium
(A) on the right. d, h kif2a (d) and kif2b (h) mean fluorescence intensity along the
heart tube in 78 hpf wild-type, pkd1ll mutant, and pkd triple mutant larvae.

i, j Relative mRNA levels of kif2a (i) and kif2b (j) in 78 hpf wild-type, pkdIl1 mutant,
pkdla mutant, pkd2 mutant, pkdla; pkd2 double mutant, pkd triple mutant, and
piezo2a; pkdla double mutant dissected hearts; n =3 biologically independent
samples; Ct values are listed in Supplementary Data 1. k, 1 Confocal imaging of 78

hpf nfatc1:Gal4FF larvae injected at the one-cell stage with a plasmid encoding a
UAS:klf2a-p2a-dTomato, presenting negative (k) or positive (I) superior valve cells,
and stained with Bodipy FL C5-Ceramide; 32/34 of the negative larvae and 5/13 of
the positive larvae display an elongated superior valve; AV canal magnified images.
Hearts imaged in ventral view, anterior to the top, ventricle (V) on the left, and
atrium (A) on the right. The center of the error bar represents the mean in i, j. Error
bars indicate SEM in d, h; s.d. in i, j. P values were calculated using a two-sided
Student’s t-test in i, j and are relative to the wild type. Scale bars: 50 um in a-c, e-g;
10 um in k, 1. Source data are provided as a Source Data file.

carrying deleterious mutations in PKDI or PKDI1L1 may have valvular
and atrioventricular defects due to early developmental valve mal-
formations, independently of laterality-related disorders. In addition
to their role in AV valve formation, further work will be needed to
assess whether pkd genes also cooperate during blood flow mechan-
osensation in other blood vessels endothelial cells*” or lymphatic
vessel endothelial cells®*5,

Recent studies have identified a role for mechanosensitive chan-
nels of the Piezo family in OFT valve development™'® and lymphatics
valve formation*’. Here, we investigated the role of two Piezo family
members in AV valve formation and found that mutants for piezol and
piezo2a display valve elongation defects. Furthermore, we also found
that Piezo2a cooperates with Pkdla during cardiac looping and AV
valve development. This cooperation between the Piezo and Pkd
families appears to be specific to the AV valve, as Pkd2 does not
cooperate with Piezol during OFT valve formation". Future experi-
ments should address the role of the Pkd family members in OFT valve
development and evaluate whether Pkdla or Pkdlll cooperate with
Piezo family members in the OFT. The expression of piezol and piezo2a

are restricted to the AV canal in zebrafish embryos'® and larvae (our
study). Furthermore, other mechanosensor channels, such as Trpv4,
show enrichment in the AV region®®. Therefore, it would be interesting
to generate fluorescent fusion lines of the mechanosensors essential
for cardiac valve formation in order to track their trafficking within
endocardial cells and study the signals required for their activation®.

Pkd and Piezo channels have been shown to regulate calcium
levels in different tissues®>*. In particular, Pkd2 has been described to
partially control calcium enrichment in the AV canal, with pkd2
mutants displaying a similar calcium flux phenotype as the blood flow-
defective tnnt2a mutants, cmcll morphants, and gata2 morphants'.
We found that the pkd genes cooperate to control the intracellular
calcium levels in the AV canal during different cardiac states. In parallel
with the Pkd and Piezo channels, recent work has identified the
ATP-dependent purinergic receptor pathway as a blood flow
mechanosensor essential for cardiac valve development®. This path-
way is responsible for triggering calcium pulses in the AV canal upon
blood flow stimulation, independently of Pkd2 and Piezo proteins'.
Therefore, we hypothesize that the generation of AV calcium ion

Nature Communications | (2023)14:214



Article

https://doi.org/10.1038/s41467-023-35843-3

[+ n=32 n=27 n=31

100+
pkd111-;pkd1d"pkd2” [l srerosrace

0,05. . No flow
80

0,02
3,52E-9 -
0,81

0,09
40
30
20
10

" ca | ca

non-
injected

AV flow profile at 78 hpf (%)
3

+CA zcamk2g1
mRNA

zcamk2g1 hCAMK2G
m mRNA

f n=25 n=24 n=20

o Ppkd111";pkd1d";pkd2"

90

80
70 7,98E-5
70

60
60

Larvae with elongated
superior valve at 78 hpf (%)

non- CA

CA
zcamk2g1 hCAMK2G
mRNA mRNA

injected

i n=16 n=10 n=13

1 n=217  n=58 n=50 =69

wT kd” kd”- + CA zcamk2g1 mRNA 100
20 ! I pi I p g = - .Anlerograde
- & 90 0,008
9,6E-7
ﬁ % B 80 035 286 1,06E-7 -N°"°W
S < oF) 0,01 .R "
o 70 : etrograde
SE» S e o |
= ® | 1,26E-22
€2 15 2 50
38 5
pkdiit IR g
pkdia” g o o
% o ]
pkdz’ | IR )
‘ > 10
< J 1
oov 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% o WT c 7" 7 7~
+CA zcamk2g1 T T | ! A
mRNA 9 — === Atrium AVC Ventricle mm=) camk2g2"
o n=104 n=50 n=42 n=26 P AV endocardial cells Nucleus
VG Kif2a
elongation modulates o valve
kif2a levels elongation
Piezo1/2a

@ & a
S S S
T .1 .1

camk2g2:

Larvae with elongated
8

superior valve at 78 hpf (%)

=)
T

o
T

camkz’g?"

Bodipy, FLC5/mms

Camk2g

Blood flow

Fig. 6 | Pkd function in atrioventricular valve development is mediated by
Camk2g. a, b Brightfield images of 78 hpf hearts from non-injected pkd triple
mutant (a) or injected at the one-cell stage with mRNA encoding a CA zCamk2g1
(b). c AV flow profile of 78 hpf pkd triple mutant larvae non-injected or injected at
the one-cell stage with mRNA encoding CA zCamk2gl or CA hCAMK2G.
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type (j) and camk2gi/2 double mutant (k) hearts. I AV flow profile of 78 hpf wild-
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m, n Confocal imaging of 78 hpf wild-type (m) and camk2g1/2 double mutant (n)
hearts stained with Bodipy. o Superior AV valve elongation of 78 hpf wild types and
camk2gl1/2 mutants. p Model summarizing the mechanosensory control of AV valve
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pulses and the AV calcium enrichment are independent processes, the
latter requiring Pkd signaling to occur. In this context, it would be
interesting to assess whether double and triple mutants of the chan-
nels described in our study would display calcium pulse phenotypes in
addition to the enrichment defect.

We also found that the pkd genes cooperate to repress the AV
endocardial expression of the transcription factor genes klf2a and
kIf2b, which are essential for valve formation™'**. This observation
suggests that the expression level of these transcription factors must
be tightly regulated and that higher levels of their expression nega-
tively affect AV valve formation. Pkd2 has been reported to positively
regulate kif2a expression in the OFT** and the AV canal'® based on the
quantification of a transgenic reporter. This discrepancy with our

observations could be explained by a differential role of Pkd2 on kif2a
expression in comparison with other Pkd members or by the different
experimental approaches used, which could be investigated in future
studies.

Although KIf2a targets have been studied in the myocardium and
endocardium during zebrafish valve development’’®?, the inter-
mediates of Pkd and Klf2a remained unknown. Here, we identified the
camk2g genes as upstream mediators of klf2a expression and down-
stream effectors of Pkd proteins during AV valve elongation. CaMKII
proteins are serine/threonine kinases™ involved in a variety of pro-
cesses during development®**#%¢, CaMKII kinases phosphorylate
their target upon stimulation by intracellular calcium elevation®. We
hypothesize that Pkd-mediated AV calcium enrichment triggers the
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activation of Camk2gl and Camk2g2, which in turn control kif2a RNA
levels in the endocardial cells. Camk2 proteins have not been descri-
bed to phosphorylate Klf2a. However, the Ca2+/calmodulin-depen-
dent pathway has been shown to regulate KLF2 expression in HUVECs,
through the phosphorylation of HDAC5 and the transcription factor
MEF2%. In zebrafish, protein kinase D2 has been shown to control AV
valve formation by regulating Hdac5 activity”’. Moreover, Mef2c
overexpression results in aberrant kif2a levels in the AV canal’®. Hence,
it will be interesting to determine whether a Camk2g-Hdac5-Mef2c-
KIf2a axis is active in controlling AV valve development in zebrafish. It
has been previously hypothesized that Camk2g2 compensates for
Camk2gl to control organ laterality*”. However, we did not observe
cardiac laterality defects in camk2g double mutants, suggesting that
other Camk2 proteins may be involved in this process, and they could
also be studied for the control of AV valve formation.

In summary, we propose that members of the pkd and piezo gene
families are essential for AV valve formation, through calcium signaling
and the calcium-responsive protein Camk2g.

Methods

Zebrafish husbandry

Zebrafish husbandry was performed in accordance with institutional
(MPG) and national (German) ethical and animal welfare regulations.
Larvae were raised under standard conditions. Adult zebrafish were
maintained in 3.5 L tanks at a stock density of 10 zebrafish/L with the
following parameters: water temperature: 27-27.5 °C; light/dark cycle:
14/10; pH: 7.0-7.5; conductivity: 750-800 pS/cm. Zebrafish were fed
three to five times a day, depending on age, with granular and live food
(Artemia salina). Health monitoring was performed at least once a
year. All embryos and larvae used in this study were raised at 28 °C and
staged at 75% epiboly for synchronization. All procedures performed
on animals conform to the guidelines from Directive 2010/63/EU of the
European Parliament on the protection of animals used for scientific
purposes and were approved by the Animal Protection Committee
(Tierschutzkommission) of the Regierungspréasidium Darmstadt
(reference: B2/1218).

Crispr/Cas9 mutagenesis

Cas9 mRNA in vitro synthesis was performed according to published
protocols®. sgRNA design and transcription from an oligonucleotide
template were performed as previously described®. RNA injection was
performed in a wild-type AB background and mutagenesis efficiency
was monitored using a T7 endonuclease assay*’. Mutations were then
identified through direct sequencing of PCR products in adult F1 ani-
mals. The selected Crispr site sequences for our target genes and
primers for T7 endonuclease assays are available in Supplemen-
tary Data 1.

Zebrafish strains and molecular genotyping

The following published lines were used for this study: kif2a®™" ',
kl/?bbnslz 61' pkdlahui&is 25' pkd21c321 31’ tnntzagb[-RM 62, Tg(ﬂi]a:Ga[4FF)”bS“ 63'
Tg(UAS:GCampPe6s)™kUAshspzcCampssida 36 and TaBAC(nfatcl:Gal4)™2% ©*, The
following mutant lines were newly generated: pkd1a®™"’, pkd1l1°™>**,
piezoI®™*°, piezo2a®*, camk2g1°™%, and camk2gI®"™>*°,

Given the similarity of the phenotypes observed in the two pkdla
mutant alleles (hu5855 and bns507), all experiments that mention
pkdla” were performed interchangeably with one of the two alleles.
pkd1a®* mutants were generated in the pkd2“* mutant background
because of the proximity of these genes on chromosome 1 (-4 Mb of
distance), to facilitate double and triple mutant analysis.

For the experiments with tnnt2a, pkdla, or pkd2 mutants, zygotic
mutants from intercrosses of heterozygous parents were used. tnnt2a
mutants were identified based on the silent heart phenotype at 24
hpf®, pkd2 mutants were identified based on their curly tail phenotype
at 50 hpf*®, and pkdla mutants were identified after unmounting the

larvae used for bodipy and AV flow profile experiments based on their
pericardial edema phenotype at 102 hpf®. +/+ and +/- siblings were
identified using wild-type and mutant-specific PCR. For the experi-
ments with piezol, piezo2a, pkdIll, camk2gl, and camk2g2 mutants,
maternal zygotic mutants from an incross of homozygous parents (F3)
were used.

For the experiments with pkdla; pkd2 double mutants, we inter-
crossed pkdla”; pkd2" zebrafish and genotyped the larvae with the
pkd?2 curly tail phenotype® for the pkdla mutant and wild-type alleles.
For the experiments with pkdIll; pkdla double mutants, we inter-
crossed pkd1l1”; pkdla*~ zebrafish and genotyped the larvae for the
pkdla mutant and wild-type alleles. For the experiments with pkd1li;
pkd2 double mutants, we intercrossed pkd1l1”; pkd2"" zebrafish and
identified the larvae with the pkd2 curly tail phenotype®. For the
experiments with pkd triple mutants, we intercrossed pkdlIl1”; pkdla
*; pkd2"" zebrafish and genotyped the larvae with the pkd2 curly tail
phenotype®® for the pkdla mutant and wild-type alleles. For the
experiments with piezo2a; pkdla double mutants, we intercrossed
piezo2a™; pkdla” or piezo2a*"; pkdla” zebrafish and genotyped the
larvae for the piezo2a and pkdla mutant and wild-type alleles. For the
experiments with camk2gI; camk2g double mutants, we intercrossed
camk2gl”; camk2g2” zebrafish and genotyped the larvae for the
camk2g2 mutant and wild-type alleles. For the experiments with klf2a;
kIf2b double mutants, we intercrossed klf2a*"; kif2b” zebrafish and
identified them after unmounting the larvae used for AV flow profile
experiments based on their pericardial edema phenotype at 96 hpf®.

The primers listed in Supplementary Data 1 were used to gen-
otype by PCR the mutant and wild-type alleles described in this
study. PCR amplifications were performed with KAPA2G Fast Ready
Mix (Sigma) using the following cycling conditions: Initial dena-
turation 3 min 95 °C; 10 cycles (155 95°C, 30 s 65 °C first to 55 °C last
cycle, 30 s 72 °C); 20 cycles (15s 95°C, 30s 55°C, 30 s 72 °C); final
extension 1 min 72 °C.

Plasmid generation

The camk2gI and klf2a ORF were amplified from a pool of 78 hpf larval
cDNA, and cloned into a pCS2+ vector. The T287D mutation was
introduced in zcamk2gl-pCS2+ through PCR amplification.
hCAMK2G™"® was amplified from a pB-actin:GFP- hCAMK2G™7
vector”, and cloned into a pCS2+ vector. klf2a was amplified from
klf2a-pCS2+ and cloned into a 5XUAS:p2a-dTomato vector. All primers
are listed in Supplementary Data 1, and vector ligation was performed
using the in vivo cloning method®’.

RNA and morpholino injections

zcamk2g1™P-pCS2+ and hCAMK2G™P-pCS2+ were linearized using
Notl, and mRNAs were in vitro synthesized using the mMessage
mMachine SP6 transcription kit (Ambion). We injected 2 ng of the
tnnt2a morpholino®, 5ng of the pkdila morpholino (ex8)*, 50 pg of
zcamk2g1™ or hCAMK2G™® mRNAs, and 13 pg of SXUAS.kIf2a-p2a-
dTomato plasmid DNA together with 13 pg of transposase mRNA. All
reagents were injected at the one-cell stage at a volume of 1 nl together
with 0.2% phenol red.

RT-qPCR analysis

For every condition, RNA was extracted from a pool of 15 dissected
hearts (Fig. 5i, j) or from a pool of 10 larvae (Figs. S2b, S3b). RNA was
isolated using TRIzol extraction and reverse transcription was per-
formed using the Maxima First Strand cDNA synthesis kit (Thermo
Fisher). The results represent biological triplicates of dissected hearts
or larvae and two technical duplicates were performed per biological
replicate. eefIb2 was used as a reference gene for all conditions. Fold
changes were calculated using the 2-AACt method. The mutant con-
ditions were compared with AB wild types. Animals were genotyped
prior to heart dissection (Fig. 5i, j) or RNA extraction from whole larvae
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(Figs. S2b, S3b). All Ct values and primers are listed in Supplemen-
tary Data 1.

RNA in situ hybridizations procedure

Whole-mount RNA in situ hybridizations were performed according
to standard protocols®®. The in situ probes for piezol, piezo2a, kif2a,
and klf2b were synthesized directly from a PCR product, performed
on wild-type AB cDNA at 78 hpf, using an incorporated T7 promoter
(Supplementary Data 1). For the FISH experiments, the same pro-
tocol was used, with the following modifications: During the first
day, larvae were incubated in 1% H202 for 30 min. During the second
day, larvae were incubated with the primary antibodies anti-DIG-
POD (1:5000, Roche 11207733910) and anti-MHC (MF20) (1:500,
Invitrogen 14-6503-82) diluted in PBST +10% Western Blocking
reagent (Roche 11921673001). On the third day, after six washes in
PBST, larvae were incubated with an amplification solution for 2 min
(Akoya Biosciences NEL741001KT). Fluorescein was then added at
1:100 to the amplification solution, then kept in the dark at room
temperature for 20 min. The larvae were then incubated for 2 h with
the secondary antibody Goat anti-Mouse-Alexa647 (1:500, Invitro-
gen A21236), and extensively washed in PBST before imaging. In situ
hybridizations were imaged using an SMZ25 stereomicroscope
(Nikon) with a 2x/0.3 objective (Fig. S3k, 1), an LSM 700 confocal
laser scanning microscope (Zeiss) with a 40x objective (Fig. 6g, h,
Fig. S5a-s), and an LSM 800 Examiner confocal laser scanning
microscope (Zeiss) with a 40x objective (Fig. 5a-h). For the FISH
experiments, the images represent a maximal projection of ten
z-planes (20 um). The experiments presented in Fig. 5a-h and S5d-s
were performed using the same crosses as for the RT-qPCR analysis
shown in Fig. 5i, j.

Immunohistochemistry

Whole-mount immunostaining was performed as described
previously®’, with the following modification: Larvae were fixed in 4%
PFA after stopping the heart with 0.2% Tricaine to prevent cardiac
collapse during fixation. The primary antibodies used in this study are
Mouse anti-MHC (MF20) (1:500, Invitrogen 14-6503-82), Mouse anti-
Alcama (1:500, ZN-8, DSHB), and Rabbit anti-Flil (1:500, Abcam
ab133485), followed by the secondary antibodies: Goat anti-Mouse-
Alexa568 (1:500, Invitrogen A11004), Goat anti-Mouse-Alexa647
(1:500, Invitrogen A21236), and Goat anti-Rabbit-Alexa488 (1:500,
Invitrogen A110034). All images were analyzed using an LSM 700
confocal laser scanning microscope (Zeiss) with a 40x objective,
except for the samples shown in Fig. 2t, u, which were imaged using an
LSM 800 Examiner confocal laser scanning microscope (Zeiss) with a
40x objective. For AV cell number quantification, the cells were
counted in every plane of a z-stack covering the AV canal. The 78 hpf
wild-type dataset (n = 61) is the same in Figs. 1n, 2s, 30, and represents a
pool of pkdla*”, pkdla**; pkd2”*, and camk2gl”*; camk2g2”* larvae.
The 78 hpf pkdla mutant dataset (n = 26) is the same in Figs. 1n, 2s, 30.

AV flow profile and heart rate quantification

Zebrafish hearts were imaged live using an inverted Cell Observer
Spinning Disk microscope with a 25x objective at 240 fps with a pixel
width of 1.92um. The AV blood flow profile was analyzed using a
custom-made ImageJ script that calculates the percentage of ante-
rograde (from the atrium to the ventricle), retrograde (from the ven-
tricle to the atrium), or no-flow (no movement between the atrium and
the ventricle) blood movement in a beating cycle. The results were
then averaged between 3 beating cycles per embryo/larva. The profiles
are represented using a box-and-whisker plot, which depicts the data
through their quartiles. The 78 hpf wild-type dataset (n=217) is the
same in Figs. 1g, h, 2e, 3e, 61, and represents a pool of pkdla*"*, pkdla**;
pkd2*”, KI2a”*; kif2b*"*, and camk2gl**; camk2g2"* larvae. The same

dataset was used to measure the heart rate (Figs. Sli, S2j, S3j, S6d). The
78 hpf pkdla mutant dataset (n =51) is the same in Figs. 1h, 2e, 3e.

In vivo Bodipy labeling and imaging

Bodipy FL C5-Ceramide (Invitrogen D3521) was added to fish media
1day prior to imaging at 0.2 uM from a 1 mM stock solution. The larvae
were anesthetized in 0.0175% tricaine and their heart stopped using
25mM BDM (Sigma Aldrich BO753) treatment. Images were then
acquired using an LSM 700 confocal laser scanning microscope (Zeiss)
using a 40x objective, and the presence of a superior valve leaflet was
assessed in every plane of a z-stack covering the AV canal. The 78 hpf
wild-type dataset (n=104) is the same in Figs. 1k, 2I, 3j, 60, and
represents a pool of pkdla”, pkdla”; pkd2”, and camk2gl”;
camk2g2** larvae. The 78 hpf pkdla mutant dataset (n =32) is the same
in Figs. 1k, 21, 3j.

4D live imaging of GCamPs calcium sensor

flila:Gal4FF; UAS:GCamPé6s positive larvae were selected under a
fluorescence stereomicroscope. Time-lapse imaging was acquired
using a spinning disc microscope at 50 fps with a pixel width of
1.92 um. Fifty acquisitions were performed for every larva, and the
optical plane was moved by 4 um between movies to cover a z-section
depth of 200 um per heart, starting ventrally. The 50 acquisitions were
temporally realigned using a custom-made ImageJ script. We then
performed a maximal projection of the z-dimension using ImageJ to
visualize the GCamPé6s signal in the whole heart, at the atrial diastole
and systole states.

Heart segmentation

Heart segmentation was performed on three types of movies: the
imaging files generated to measure the AV flow profile (Fig. S1b-¢’), the
GCamPs 4D movies (Fig. S4a-c’), and the fluorescence in situ z-stack
images (Fig. S5a, b). Using a custom-made Image]J script, we trace two
external lines, one on each side of the heart, from the inflow to the
outflow, and indicate the AV canal. The script then traces a midline of
the heart, calculated to be at mid-distance from the two external lines.
The midline tracing is performed independently in the atrium and the
ventricle in order to account for the differences in their curvature.
The heart is then segmented along the midline by 100 segments, which
we use to extract heart diameter and fluorescence intensity para-
meters from our images. The 78 hpf wild-type (n=20) and tnnt2a
mutant (n =18) datasets are the same in Figs. Sl1g, h, S2h, i, S3h, i, Séb, c,
and the wild types represent a pool of pkdla”, pkdla*"*; pkd2**, and
camk2gI™; camk2g2”* larvae.

Software, statistics, and reproducibility

Microscopy images were acquired with NIS-Elements 4.30, ZEN 2011,
ZEN 2.5 Blue, and ZEN. 3.5 Blue. RT-qPCR data were acquired with Bio-
Rad CFX Manager 3.1. AV flow profile analysis, valve elongation quan-
tification, and heart segmentation were performed using Fiji (ImageJ
1.53q). Sequence analysis was performed using ApE (v2.0.54). Data
were processed with GraphPad Prism 9 and Microsoft Office 2016. A
two-sided Fisher exact test was used to calculate p values for the
bodipy experiments and a two-sided Student’s ¢-test was used to cal-
culate p values for the other experiments. Experiments were per-
formed at least three times independently.

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

Data availability
Materials and raw images that support the findings of this study are
available upon request to the corresponding authors. Raw data are
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provided in a Source Data file. Source data are provided with
this paper.
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