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Focal adhesions are essential to drive zebrafish heart

valve morphogenesis

Felix Gunawan’, Alessandra Gentile!, Ryuichi Fukuda!, Ayele Taddese Tsedeke!*, Vanesa Jiménez-Amilburu'*, Radhan Ramadass’, Atsuo lida?,

Dr. Atsuko Sehara-Fujisawa? and Didier Y.R. Stainier'@

Elucidating the morphogenetic events that shape vertebrate heart valves, complex structures that prevent retrograde blood
flow, is critical to understanding valvular development and aberrations. Here, we used the zebrafish atrioventricular (AV)
valve to investigate these events in real time and at single-cell resolution. We report the initial events of collective migration
of AV endocardial cells (ECs) into the extracellular matrix (ECM), and their subsequent rearrangements to form the leaflets.
We functionally characterize integrin-based focal adhesions (FAs), critical mediators of cell-ECM interactions, during valve
morphogenesis. Using transgenes to block FA signaling specifically in AV ECs as well as loss-of-function approaches, we show
that FA signaling mediated by Integrin a5p1 and Talinl promotes AV EC migration and overall shaping of the valve leaflets.
Altogether, our investigation reveals the critical processes driving cardiac valve morphogenesis in vivo and establishes the
zebrafish AV valve as a vertebrate model to study FA-regulated tissue morphogenesis.

Introduction

Throughout development, tissues undergo dynamic morphoge-
netic rearrangements to form complex structures. Active cellu-
lar processes, including migration, proliferation, and cell-shape
changes, occur at the individual and collective levels, resulting
in distinct structures within organs. In the heart, a specialized
endocardial region at the atrioventricular canal (AVC) under-
goes extensive remodelling to form the valves, which are essen-
tial to prevent retrograde blood flow (Butcher and Markwald,
2007; Lagendijk et al., 2010; Hinton and Yutzey, 2011; Calkoen
et al., 2016; Steed et al., 2016a,b). In chicks and mammals, the
valves arising as endocardial cells (ECs) respond to signals from
the myocardium and undergo an epithelial-to-mesenchymal
transition (EMT) to invade the ECM, which separates ECs and
the myocardium (Butcher and Markwald, 2007; Joziasse et al.,
2008; Calkoen et al., 2016). Aberrations in these early processes
lead to faulty valves, which constitute a significant proportion of
human congenital heart defects, and suboptimal circulation. Sev-
eral studies have implicated an underlying genetic basis for these
defects, highlighting the need to identify regulators of valve mor-
phogenesis (@yen et al., 2009; LaHaye et al., 2016).

Significant limitations in using chick and mouse embryos
as model organisms to study heart valve development remain.
For example, since studying valve development in live mouse
embryos is not possible, results are derived from fixed and

sectioned tissues. Valve imaging at single-cell resolution is diffi-
cult to achieve in vivo, and many studies use AVC cells explanted
on collagen gels to study valve-forming EC behaviors. However,
a recent study using explanted lineage-traced atrioventricular
(AV) cells reveals that mouse AV tissues (from the 24-somite stage
onward) contain a significant amount of epicardial cells, which
behave similarly to ECs and undergo EMT (Criem and Zwijsen,
2018). Thus, the molecular mechanisms that have been shown to
play arole during valve explant EMT ex vivo may not be required
in vivo to promote AV EC EMT.

Zebrafish embryonic heart valves constitute ideal in vivo
models that circumvent these limitations. Zebrafish embryos
develop externally and are optically clear, allowing visualization
of hearts at single-cell resolution. Several signaling pathways, in-
cluding Notch (Timmerman et al., 2004; Luna-Zurita et al., 2010;
Wang et al., 2013), Wnt (Hurlstone et al., 2003; Wang et al., 2013),
and bone morphogenic protein (Sugi et al., 2004; Luna-Zurita et
al., 2010; Wang et al., 2013), play crucial roles during valvulogen-
esis in zebrafish and higher vertebrates, suggesting a conserva-
tion in the regulation of this process. Studies have shown that AV
ECs in zebrafish embryonic hearts undergo cell shape changes
that allow their convergence (Boselli et al., 2017) and cellular re-
arrangements that lead to the formation of a multilayered tissue
atthe AVC (Beis etal., 2005; Scherz et al., 2008; Pestel et al., 2016;
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Steed et al., 2016b). However, the morphogenetic processes that
occur after this multilayering to form the leaflets are not well
characterized. Importantly, most studies examining molecular
drivers of zebrafish valvulogenesis have not addressed the cel-
lular processes they regulate or whether they have cell-auton-
omous roles in the AV ECs and their derivatives. Indeed, defects
in contractility or cardiac looping have been reported to impair
overall cardiac development (Bartman et al., 2004; Auman et al.,
2007; Kalogirou et al., 2014), making it difficult to determine
valve-specific requirements of many factors essential for earlier
cardiogenic events.

The importance of the cardiac ECM in promoting valve devel-
opment is well documented in a number of species. Mutations in
genes encoding factors involved in ECM composition, including
Fibronectin (Fn; Steed et al., 2016b), the proteoglycan Versican
(Yamamura etal., 1997; Mjaatvedt et al., 1998; Hatano et al., 2012),
or the enzymes that drive hyaluronan production (Camenisch et
al.,, 2000, 2002; Walsh and Stainier, 2001; Lagendijk et al., 2011),
severely impair AV EC invasion. Although much evidence has in-
dicated that the ECM acts not only as a passive acellular substrate
but also as an active influencer of cellular behavior (van Helvert
et al.,, 2018), the mechanisms by which the ECM signals to valve
ECs are poorly elucidated. Only two signaling pathways have
been found to act downstream of the ECM (specifically hyaluro-
nan) in valve ECs: the ErbB2/ErbB3 (Camenisch et al., 2002) and
VEGF pathways (Rodgers et al., 2006). However, the mechanisms
by which hyaluronan regulates these pathways are unclear, as it
isnotknown to directly bind the ErbB2/ErbB3 or VEGF receptors.

Among the many membrane receptors that can mediate
communication between the ECM and migrating cells, the in-
tegrin-mediated focal adhesion (FA) is one of the most import-
ant (Ciobanasu et al., 2013; Sun et al., 2016). Assembly of the
FA complex is initiated as integrin heterodimers, composed of
a and B subunits, form when bound to their ECM ligands. 24
vertebrate integrin receptors are known, each with its own spe-
cific expression patterns, cellular functions, and ECM ligands
(Barczyk et al., 2010). Integrin activation induces recruitment of
the adaptor molecule Talin and subsequently downstream actin
organizers, including the mechanosensitive protein Vinculin
and the GTPase-interacting protein Apbblip (Ciobanasu et al.,
2013; Sun et al., 2016). These stepwise recruitment events result
in the formation of stable membrane protrusions that adhere
to the ECM in migrating cells. FAs also respond to physical ten-
sion, as mechanical forces induce the active conformation of FA-
associated factors, including Integrins, Talin, and Vinculin (van
Helvert et al., 2018).

Much of our current knowledge about the cellular processes
that FAs regulate is derived from in vitro studies. Developmen-
tally, FA-associated factors have been implicated in cardiogenesis,
including Integrin a5 (Itga5) in cardiac neural crest and outflow
tract development (Mittal et al., 2010, 2013; Liang et al., 2014;
Turner et al., 2015), as well as ItgB1 (Shai et al., 2002; Carlson et
al., 2008), Talinl and Talin2 (Wu et al., 2015; Manso et al., 2017),
and Vinculin (Xu et al., 1998; Zemljic-Harpf et al., 2007; Cheng
etal., 2016) in endocardial and cardiomyocyte development and
stability. However, their role in the development of heart valves,
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which interact extensively with the ECM and are exposed to the
highest amount of shear stress, has not been investigated.

Our study aims to deepen our understanding of the cellular
processes involved in establishing valve leaflets and the molec-
ular mechanisms by which the ECM influences valvulogenesis.
Using membrane-targeted EGFP to label cells, we tracked the
developing valve-forming AV ECs at single-cell resolution. Our
results show that protrusive activities observed at early stages
of valvulogenesis precede the relocalization of AV ECs into the
ECM, which appears to be atleast partially driven by collective EC
migration. These ECs do not appear to undergo a complete EMT
at this stage. This event is followed by elongation of the folded
tissue into the cardiac lumen to establish the valve leaflets. To
identify regulators of AV EC invasion into the ECM, we focused
on FA members that exert effects on actin reorganization and
uncovered a function for FAs in promoting valve leaflet estab-
lishment. Loss-of-function analyses of different FA members
reveal a requirement for the receptor Itga5pland its adaptor
molecule, Talinl. These results indicate that the initial establish-
ment of the primordial valve structure depends on Itga5p1 and
TInl signaling.

Results

Dynamic morphogenetic events shape functional valve leaflets
To better visualize the cellular processes involved in establish-
ing the cardiac valves, we used the transgenic BAC line Tg(nfatcl:
GAL4) (Pestel et al., 2016). This driver line recapitulates the
expression pattern of the gene nfatcl, which encodes a tran-
scription factor whose homologue in mouse has been shown to
regulate valvulogenesis (Lange and Yutzey, 2006; Wu etal., 2011).
After the heart has undergone looping, at ~48 h postfertilization
(hpf), and onward, expression of the reporter line appeared
mostly restricted to AV ECs.

We analyzed the morphogenesis of AV ECs in the inner and
outer curvatures, which respectively correspond to the supe-
rior and inferior AV ECs (Beis et al., 2005). To outline AV ECs
at single-cell resolution, we drove the expression of Tg(UAS:
EGFP-CAAX), which expresses membrane-targeted EGFP, with
Tg(nfatcl:GAL4). Until ~48 hpf, the ECs constituted a single layer
of cells at both the superior and inferior sides of the AVC (Fig. 1,
A-A”", single-layered stage). In the superior AVC (Fig. 1, A"-F"),
from as early as 50 hpf, ECs from the ventricular side extended
long protrusions into the ECM (Fig. 1, Band B, initial migration).
The protruding cells then appeared to invade the ECM in a ventri-
cle-to-atrium direction (Fig. 1, C and C’, collective EC migration).
The leading cells remained attached to other AV ECs that also
appeared to move into the ECM. These results suggest that the
AV ECs rearrange at least partially through collective migration.
At 75 hpf, the ECs appeared to establish a folded, multilayered
tissue at the AVC and no longer exhibited protrusive activity
(Fig. 1, D and D', folded structure). At later stages, the EC layers
proceeded to elongate into the cardiac lumen, forming a leaflet
that was apparent at 100 and 120 hpf (Fig. 1, E-F, leaflet elonga-
tion). This process appeared to be driven by EC shape changes,
as the cells appeared more flattened and less cuboidal at these
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Figurel. Morphogenetic processes driving development of the superior and inferior leaflets of the AV valve. (A-F) AV ECs marked by Tg(nfatc1:GAL4);
Tg(UAS:EGFP-CAAX) expression. (A'-F") Superior AV ECs. (A"-F") Inferior AV ECs. (A) At 48 hpf, single-layered ECs were found in the superior and inferior
parts of the AVC. (B) At 55 hpf, leading ECs form protrusions in the superior AVC (B'), whereas inferior AV ECs in the majority of embryos examined (25/44)
remained single layered (B"). (C) At 60 hpf, collective migration of superior AV ECs into the ECM in a ventricle-to-atrium direction (C'). Inferior AV ECs extended
protrusions into the ECM but remain single layered (C"). (D) At 75 hpf, establishment of a folded multilayered structure in the superior part of the AVC (D).
Variability was observed in inferior leaflet formation, as inferior AV ECs appeared as a folded tissue in most larvae (D"; 18/27) and remained single layered in
the others (9/27). (E and F) At 100 and 120 hpf, there was elongation of AV EC layers into the vascular lumen in both the superior (E'~F') and inferior (E"-F")
parts of the AVC. Overviews are single planes (A-F); magnified images of AV ECs are 5-pm-thick maximum projections of five confocal planes (A'-F"). A, atrium;
V, ventricle. In models A-F: blue, AV ECs; red, nonvalve ECs; brown, myocardium; yellow, vascular lumen; purple, ECM. Scale bars: (A-F) 20 pm; (A'-F") 10 um.

elongation phases (Fig. 1, E' and F') compared with the earlier
stages (Fig. 1D’).

In the inferior AVC, we found that the AV ECs extended pro-
trusions at a later time point (~60 hpf) and appeared to undergo
a shorter migration compared with the superior AV ECs, travers-
ing a distance of one cell length (Fig. 1D"). At 75 hpf, the inferior
AV EC tissue in most larvae (67%) had adopted a folded struc-
ture (Fig. 1 D). Whereas the EC rearrangement in the superior
AVC appeared consistent, a proportion of ECs in the inferior AVC
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remained single layered at 60 (57%) and 75 (33%) hpf, which
resulted in the appearance of an asymmetrical AV valve. Our
findings that the inferior leaflet developed later than the superior
leaflet are consistent with an earlier report (Beis et al., 2005),
although we noted a higher percentage of larvae exhibiting mul-
tilayered inferior AVC tissues. All inferior AV EC tissue eventually
became multilayered, and formation of inferior AV leaflets was
apparentat 100 and 120 hpf (Fig. 1, E"-F"). Altogether, our results
indicate that AV ECs in both the superior and inferior parts of
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the AVC undergo collective migration to establish a folded tissue,
which forms the primordial structure for the later AV leaflets.

Enrichment of FA factor expression at the time of

AV EC migration

Our results show that zebrafish valvulogenesis involves EC mi-
gration into the ECM, as it does in mammals. We hypothesized
that factors transmitting ECM signals play critical roles in valvu-
logenesis. Using a microarray analysis of 52-hpf hearts (GEO ac-
cession number GSE124849), we identified potential candidates
by comparing their expression values to those genes enriched in
the AVC: notchib (Beis et al., 2005), has2 (Lagendijk et al., 2011),
and klf2a (Vermot et al., 2009). Interestingly, we found high
expression levels of FA-associated factor genes crucial for actin
regulation (Fig. SLA).

Among the zebrafish genes encoding a (19 annotated) and
B (13 annotated) subunits of Integrin, itga5 and itgblb had the
highest expression levels. Dimerization and activation of these
subunits promote cellular motility (Collo and Pepper, 1999;
Kiwanuka et al., 2013; Schiller et al., 2013). To validate these find-
ings, we examined the expression of itga5 and itgblb using in
situ hybridization, together with immunostaining for the heart-
enriched MF20 antigen (a sarcomeric myosin heavy chain). In
36-hpf hearts, we observed itga5 and itgblb expression in the
ventricles (Fig. S1, B and C). At the time of AV EC migration (56
hpf), both genes appeared to be noticeably expressed in the AVC
(Fig. S1, G and H). Fluorescent in situ hybridization showed that
within the heart, itga5 and itgblb expression was highest in AV
ECs (Fig. S1, Land M).

We then focused on Integrin-recruited cytoplasmic adaptors
that regulate actin organization: Talinl, Vinculin, and Apbblip.
TInl and Apbblip are encoded by one gene each, whereas Vincu-
lin is encoded by two genes, vcla and vclb. The microarray data
show that tInland apbblip are expressed at high levels in embry-
onic hearts (Fig. S1 A), but vcla is expressed at low levels (data
not shown); no probe for vclbwas included in the array. A recent
report showed that vclbis the predominant vcl gene expressed in
the embryonic heart (Cheng et al., 2016). Our in situ hybridiza-
tion results showed that tInl, apbblip, and vclb were expressed
in 36- and 56-hpf embryonic hearts (Fig. S1, D-F and I-K). Inter-
estingly, the expression pattern of tinl, vclb, and appblip closely
resembled that of itga5and itgblb, with noticeable expression in
the AVC in 56-hpf hearts (Fig. SI, I-K).

FA factors are concentrated at the leading edge

of migrating ECs

Considering the transcript enrichment in the AVC, we examined
in more detail the localization of FA proteins during AV EC mi-
gration. We focused on the superior AV ECs, as their migration
was more pronounced and had more consistent timing compared
with the inferior ones. Itga5 and Bl appeared enriched at the
leading protrusions of the migrating AV ECs (Fig. 2, A-B). Talinl
expression appeared more ubiquitous in heart cells. However,
whereas it appeared uniformly diffuse throughout the cytoplasm
in most cells, it seemed concentrated near the membrane of the
leading AV ECs (Fig. 2 C). Enrichment near the leading edge of the
migrating AV ECs was found with Vinculin localization (Fig. 2 D).
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We also checked for phosphorylated Paxillin (p-Pax; Tyr-118),
which is indicative of activated Fas, as Paxillin becomes phos-
phorylated upon Integrin engagement to the ECM (Burridge et
al., 1992). p-Pax localization appeared enriched close to the lead-
ing edge of the migrating AV ECs (Fig. 2 E), further confirming
the presence of activated FAs.

Itga5P1 binds selectively to the ECM ligand Fn (Sun et al.,
2005; Huveneers et al., 2008), whose dysfunction in zebrafish
causes valvulogenesis defects (Steed et al., 2016b). We observed
that Fn was localized around both endocardial and myocardial
cells, including those in the AVC, at the time of AV EC migration
(Fig. 2 F), consistent with the potential role of Fn as a guidance
cue to induce or direct the migration of AV ECs.

As cell-cell adhesion molecules are known to play crucial roles
in promoting cell movement (Theveneau and Mayor, 2012), we
examined the localization of the tight junction-associated pro-
tein ZO-1 and the adherens junction molecule VE-cadherin. In
contrast to the FA signals, ZO-1 and vascular endothelial (VE)-
cadherin were localized to cell-cell boundaries and not at the
protrusions of the migrating ECs (Fig. 2, G-H). These results
further indicate that the cells migrate collectively and suggest
that protrusion formation likely depends on FAs, but not junc-
tional proteins.

Blocking FA signaling through dominant-negative (DN)
Vinculin impairs valve morphogenesis

We proceeded to analyze the functional consequences of block-
ing FA signaling and generated an upstream activating sequence
(UAS)-driven DN Vinculin transgene, Tg(UAS:DN-Vcl-EGFP),
which expresses a form of Vinculin containing only its head do-
main (Fig. 3 A). In vitro, this protein blocks interactions between
Talin and Talin-interacting proteins, thereby preventing asso-
ciation between FAs and actin (Cohen et al., 2005; Humphries
etal., 2007).

We overexpressed the DN Vinculin transgene in AV ECs using
Tg(nfatcl:GAL4) to determine the requirements of FAs during
valvulogenesis and minimize earlier cardiogenesis defects. We
assessed the efficacy of the DN Vinculin transgene by exam-
ining the p-Pax signal in AV ECs at 60 hpf. In all WT embryos,
we observed a higher p-Pax signal at the cortex than in the cy-
toplasm of leading AV ECs (average of 1.8-fold enrichment; Fig.
S3, Aand C). Strikingly, p-Pax cortical enrichment, as well as the
p-Pax signal throughout the cell, was significantly reduced in DN
Vinculin-overexpressing leader ECs (Fig. S3, Band C), indicating
a reduction in the activation of factors downstream of FAs. In
contrast, no alteration in the expression or localization of ZO-1
was observed in DN Vinculin-overexpressing AV ECs (Fig. S3,
D and E), suggesting that DN Vinculin does not alter adhesion
between AV ECs.

We next assessed the behaviors of the DN Vinculin-overex-
pressing ECs at the AV EC migration stage, focusing again on
the superior AV ECs. We performed a careful categorization of
the EC rearrangement phases (Fig. S2). At 60 hpf, most (83%)
WT embryos exhibited multilayered valve ECs, with leading
ECs extending prominent protrusions in 50% of the embryos
examined (Fig. 3, B and D). Strikingly, the majority (77%) of
embryos with DN Vinculin-overexpressing AV ECs exhibited a
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Figure 2. Localization of factors involved in cytoskeletal organization in migrating AV ECs. (A-H) Immunohistochemistry of 58-hpf Tg(nfatc1:GAL4);
Tg(UAS:EGFP-CAAX) (A-F) or Tg(nfatc1:GAL4); Tg(UAS:EGFP) (G and H) embryos. Green, GFP; cyan, DAPI; magenta (A-H) and white (A'-H"), specific factors of
interest. (A-F) Localization of FA-associated factors. (A and B) ItgB1 (A) and Itga5 (B) appeared enriched in discrete puncta at the migrating cell protrusions.
(C-E) Cytoplasmic FA adaptor molecules Talin1 (C), Vinculin (D), and p-Pax (E) appeared strongly localized in the leading edge of migrating cells. (F) The Itga5B1
ligand Fn appeared distributed around the endocardial and myocardial cells at the AVC. (G and H) The tight junction-associated protein ZO-1 and adherens
junction protein VE-cadherin were localized between the leading and follower AV ECs but appeared undetectable in the EC protrusions. Dashed red lines outline
the leading edge of the migrating cells at a distance of 1-2 um. Scale bars: (A-F) 20 pm; (A'-F' and G-H') 10 um.

single-layered arrangement, suggesting an impairment in their
ability to migrate (Fig. 3, C and D). Several cells extended pro-
trusions that more closely resembled microvilli than those in
WT embryos (Fig. 3 C). A significant reduction in the number
of AV ECs that extended protrusions was also observed upon DN
Vinculin overexpression (Fig. 3 E; averages of 2.3 ECs per WT
embryo versus 1.3 EC per DN Vinculin embryo). Overall heart
morphology appeared comparable between WT and DN Vincu-
lin-overexpressing embryos, indicating that the AV EC migration
impairment is not secondary to earlier cardiogenesis defects. At
75 hpf, whereas the WT AV ECs adopted the folded multilayered
structure (Fig. 3 F), most DN Vinculin-overexpressing AV ECs
appeared single layered or adopted a disorganized multilayered
arrangement (Fig. 3 G).

We aimed to observe these morphogeneticeventsinreal timein
WT and DN Vinculin-overexpressing AV ECs. Using light sheet mi-
croscopy, we performed hourly imaging of developing hearts from
50 to 75 hpf. We imaged Tg(nfatcl:GAL4); Tg(UAS:EGFP-CAAX)
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or Tg(nfatcl:GAL4); Tg(UAS:DN-Vcl-EGFP) animals together with
Tg(kdrlnls-mCherry) expression, which marks EC nuclei. Overa
time window of 15 h, we observed that the hearts developed nor-
mally, including looping and chamber ballooning. In WT hearts,
we indeed observed that AV ECs extended long protrusions into
the ECM at ~57 hpf and moved into the ECM collectively (Fig. 4,
A-C; and Video 1). By 76 hpf, the AV ECs no longer extended pro-
trusions and clearly established a multilayered tissue (Fig. 4,
D-F; and Video 1). In contrast, we did not observe protrusions
being extended by DN Vinculin-overexpressing ECs (Fig. 4, G-I;
and Video 2). From 72 hpf onward, DN Vinculin-overexpressing
ECs appeared disorganized and were abnormally multilayered
(Fig. 4, J-L). The AVC also appeared collapsed in DN Vinculin-
overexpressing animals, suggesting that AV EC rearrangements
may be needed to maintain the AV lumen.

We also examined the effects of DN Vinculin overexpression
at later stages. By 96 hpf, AV valve leaflet structures were appar-
ent in WT larvae (Fig. 3 H), but not in any larvae overexpressing
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Figure3. Blocking FA signaling through DN Vinculin overexpression severely affects AV EC migration and valve tissue establishment. (A) Schematics
of the UAS-driven DN Vinculin transgene, expressing the head domain of Vinculin fused to GFP, Tg(UAS:DN-Vcl-EGFP). (A-C") 60 hpf: AV EC migration stage.
(B) In WT embryos, AV ECs extended protrusions and formed a multilayered tissue. (C) In embryos overexpressing DN Vinculin, AV ECs remained single
layered and extended microvilli-like protrusions. (D) Categorization of migration stages of superior AV ECs in WT (n = 12) and DN Vinculin-overexpressing
(n =21) embryos. (E) Number of protruding ECs in superior and inferior AVC was significantly reduced when DN Vinculin was overexpressed (averages of 2.25
and 1.32 cells per embryo in WT and DN Vinculin, respectively; P = 3.1°-3, unpaired Student’s t test). WT, n = 47 embryos; DN Vinculin, n = 34 embryos. Error
bars represent standard deviation; asterisks indicate statistical significance. (F-G') 72 hpf: establishment of prevalvular structure. (F) WT AV ECs completed
migration and established a folded multilayered prevalvular structure. (G) DN Vinculin-overexpressing AV ECs appeared disorganized and did not clearly
establish a multilayered tissue. (H-I') 96 hpf: establishment of functional AV valve leaflets. (H) In WT larvae, both superior and inferior leaflets formed and
extensively elongated into the vascular lumen. (I) In DN Vinculin-overexpressing larvae, AV endocardial tissue remained single layered, without established
leaflet structures. Scale bars: (B and C, and F-1) 20 um; (B' and C' and E'-H') 10 um.

DN Vinculin (Fig. 3 I). 3D reconstruction analysis also showed imaged the same animals within 24-h intervals and quantified
that the AVCs in DN Vinculin-overexpressing larvae appeared  the number of nfatcl:GAL4-expressing ECs. In WT animals, we
much narrower than those in WT (Fig. 5, Cand F), consistent with  observed an average increase of 26.75 + 5.7 cells between 56 and
our observations with the light sheet imaging. Altogether, our 77 hpf and 10.8 + 3.6 AV ECs between 77 and 100 hpf (49.5 = 7.6
data indicate that the initial EC migratory phase is crucial to es-  cells at 56 hpf, 76.2 + 8.4 cells at 77 hpf, and 86.9 + 7.7 cells at 100
tablish the leaflet structure and that it depends on FA activation.  hpf; Fig. 5, A-C, G, and H). This observation indicates that the

In addition to affecting tissue structure, we observed that increase in AV EC numbers occurs early during valve morpho-
DN Vinculin overexpression modulated the number of AV ECs.  genesis. Interestingly, when DN Vinculin was overexpressed in
Combining Tg(kdrl:nls-mCherry) with Tg(nfatcl:GAL4); Tg(UAS: AV ECs, the numbers of nfatcl:GAL4 expressing ECs at the earlier
EGFP-CAAX) or Tg(nfatcl:GAL4); Tg(UAS:DN-Vcl-EGFP), we time point (56 to 77 hpf) failed to increase to the same extent as
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wild type
Tg(nfatcl:gald"); Tg(UAS:EGFP-CAAX)

DN-Vinculin
Tg(nfatcl:gal4"); Tg(UAS:DN-Vcl-EGFP)

Figure 4. Real-time imaging shows WT AV ECs migrating and establishing a multilayered tissue, whereas DN Vinculin-overexpressing ECs failed
to extend protrusions. (A-L) Maximum projections of the entire heart. (A-F) At the AVC, WT ECs originated as a single layer of cells (A), extended long
protrusions, moved into the overlying ECM (B-D), and established a multilayered tissue (E and F; no more protrusions were observed at these stages). n = 4
animals. (G-L) DN Vinculin-overexpressing ECs did not extend prominent protrusions and remained single layered until 60 hpf (G-1). By 72 hpf, they appeared
disorganized and did not adopt the folded tissue arrangement, and the AVC appeared collapsed (J-L). n = 2 animals. Scale bars: 20 um.

in WT animals, with an average increase of 14.2 + 7.4 AV ECs (41.5
+ 6.1t0 55.7 + 9.6 cells from 56 to 77 hpf; Fig. 5, D, E, G, and H). At
the later time point, the increase in AV EC number was compa-
rable between WT and DN Vinculin, which exhibited an average
increase of 10.2 + 3.1 AV ECs (55.7 + 9.6 t0 65.9 9.1 cells from 77
to 100 hpf; Fig. 5, E-H).

The differences in cell numbers were not due to mosaic ex-
pression of the DN Vinculin transgene, as crossing the WT and
DN Vinculin transgenes to an independent UAS-driven fluoro-
phore (Tg(UAS:RFP) showed complete coexpression of RFP and
GFP in both genotypes (Fig. 5,  and J). Proliferation assays using
24-h ethynyl deoxyuridine (EdU) incorporation also showed that
the DN Vinculin-overexpressing ECs appeared to proliferate ata
rate similar to WT at 80 and 102 hpf (Fig. S3, G-I). Interestingly,
compared with WT AV ECs, the DN Vinculin-overexpressing
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ECs appeared to adopt an abnormally rounded morphology and
sort out of the endothelial tissue (Fig. S3, ] and K). We hypothe-
size that the DN Vinculin-overexpressing AV ECs may extrude
from the endothelial tissue into the vascular lumen, thus ac-
counting for the lower cell numbers observed in DN Vinculin-
overexpressing AVCs.

DN Vinculin overexpression severely impairs valve function

We further examined the correlation between the observed
morphogenetic defects and valve function in DN Vinculin-
overexpressing larvae. Interestingly, in 77-hpf WT hearts,
the superior leaflet is able to close the AVC and prevent retro-
grade blood flow, even without the inferior leaflet (Video 3 and
Fig. 6, Aand A"). The hanging superior leaflet strikes against the
single-layered inferior AVC and closes the lumen for ~25 ms per
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Figure 5. Overexpression of DN Vinculin leads to significantly fewer nfatc1:GAL4-expressing ECs in the AVC. (A-F) 3D images of heart valves in WT
(A-C) and DN Vinculin-overexpressing (D-F) animals. Shown are sagittal views (left) and atrium-to-ventricle views (right). (G) Number of AV ECs, marked
by nfatc1:GAL4; UAS:EGFP and kdrlnls-mCherry expression, in WT and DN Vinculin-overexpressing animals imaged over a 48-h time window (P = 4.48°° at
77 hpf, P = 1.6%° at 105 hpf). Error bars represent standard deviation; asterisks indicate statistical significance. (H) Increase in the number of AV ECs between
56 and 77 hpfand 77 and 105 hpfin WT and DN Vinculin-overexpressing animals. WT, n = 12; DN Vinculin, n = 10; P = 2.24%7>. An unpaired Student’s t test was

used for G and H. (1 and J) 3D images of 100-hpf heart valves. Scale bars: 10 pum.

contraction. At 98 hpf, the contact between the superior and
growing inferior AV leaflets becomes more pronounced (Video 4
and Fig. 6, Cand C'). In contrast, DN Vinculin-overexpressing AV
ECs in superior and inferior AVCs collided with each other briefly
and did not remain closed at 77 hpf (Video 5 and Fig. 6 B) or 98 hpf
(Video 6 and Fig. 6 D). Failure of the leaflets to close the AV lumen
led to severe retrograde flow (Videos 5 and 6). Together, these
results indicate that inhibiting FA signaling in valve ECs through
DN Vinculin overexpression severely impairs valve function.

DN ItgB1 overexpression impairs AV EC migration in a cell-
autonomous manner

We further tested the requirements of FA activation in the mi-
grating ECs by overexpressing DN Itgfl, a truncated form of Itgf1
that lacks the extracellular domain and is predicted to prevent
interactions between endogenous Itgpl and intracellular FA
adaptors (LaFlamme et al., 1994; Lukashev et al., 1994; Retta et
al., 1998; Relvas et al., 2001; Tanentzapf et al., 2006). Recently,
lida et al. (2018) have shown that expressing this UAS-driven DN
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ItgB1 (Tg(UAS:mCherry-itgbI®M) in endothelial cells leads to de-
fective cerebral and trunk vascular development as is observed
in itghIb mutants.

We drove the overexpression of DN Itgf1 as well as a control
construct that possesses the same domains without the ItgPl in-
tracellular domain (Fig. 7 A; Tida et al., 2018) specifically in AV
ECs. Using the Tg(nfatcl:GAL4) driver, we found mosaic overex-
pression for both control and DN ItgB1in 75% and 56% of the total
AV ECs, respectively (Fig. 7, B, C, E, F, and H). Close examination
at the time of AV EC migration reveals that the control transgene
was expressed in 100% of the leading AV ECs (Fig. 7, B, C, and
1). Strikingly, DN ItgB1 overexpression was only observed in 24%
of the leading AV ECs, with the remaining 73% appearing to be
follower, nonmigrating cells (Fig. 7, E, F, and I). Overexpression
of DN Itgp1 also significantly reduced the number of AV ECs that
extended protrusions (Fig. 7J). Interestingly, overexpression of
DN ItgPl also led to cell rounding and extrusion out of the en-
docardial layer (Fig. 7, D and G), similar to our observations of
DN Vinculin-overexpressing ECs. Our data indicate that DN
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77 hpf

Tg(nfatcl:gald?); Tg(UAS:EGFP-CAAX)

100 hpf ~ Tg(nfatcl:gald); Tg(UAS:EGFP-CAAX)

DN-Vinculin

100 hpf

Tg(nfatcl:gal4”); Tg(UAS:DN-Vcl-EGFP)

DN-Vinculin

Figure 6. DN Vinculin overexpression impairs valve function. (A-D) Still images of beating hearts from WT (A and C) and DN Vinculin-overexpressing (B
and D) larvae. Images were taken from videos that comprised one ventricular contraction (a duration of ~40 ms). Larvae at 77 (A and B) and 100 (C and D) hpf
are shown. WT valve leaflets closed the AVC for ~30 ms per contraction, whereas AVC leaflets in DN Vinculin-overexpressing larvae did not close efficiently

and did not prevent retrograde blood flow. Scale bars: 20 um.

ItgBl impaired the migratory capabilities of AV ECs and further
strengthen our hypothesis that FA activation promotes AV EC mi-
gration in a cell-autonomous manner.

Loss of the receptor Itga5B1b or the adaptor molecule Tin1
delays AV EC migration

We also examined the loss-of-function effects of several FA
factors enriched in the AVC to identify specific ones necessary
during valvulogenesis. Zebrafish itga5 mutants exhibit defects
in somite formation (Jiilich et al., 2005; Koshida et al., 2005) and
retinal lens fiber formation (Hayes et al., 2012), but the role of
itgab in cardiovascular development has not been reported. We
used the predicted null allele itga5<**! (Koshida et al., 2005). In-
terestingly, until ~80 hpf, most itga5 mutant hearts appeared
relatively unaffected (Fig. 8, A-C and E-G).

To analyze the morphology of itga5 mutants AV ECs, we
stained embryos with the F-actin marker phalloidin and DAPI.
Interestingly, at 60 hpf, we observed a higher proportion of AV
ECs in itga5homozygous (70%) and heterozygous (46%) embryos
that did not exhibit the multilayering seen in WT (13%; Fig. 8,
A-D). A higher proportion of itga5 homozygous embryos (40%
compared with 24% in WT) also did not appear to extend notice-
able protrusions. At 80 hpf, the folded AV EC tissue structure
seen in WT and heterozygous larvae was not apparent in many
itga5 mutants (64%; Fig. 8, E-H), suggesting that the ECs had not
completed migration. We further examined the rate of retro-
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grade blood flow in itga5 mutants at 80 hpf and found that almost
half (43%) exhibited retrograde flow, a significantly higher pro-
portion compared with WT (14%) and heterozygous (8%) larvae
(Video 5). These results suggest that loss of Itga5 leads to a delay
in AV EC migration, which subsequently impacts valve function.
In contrast to itga5 mutants, tinl and itghlb mutants exhibit
severe cardiovascular malformations at a much earlier stage (Wu
et al., 2015; Iida et al., 2018). As complete loss of these genes se-
verely affected embryonic development, we used morpholinos to
induce partial loss of function and examined valves in embryos
that did not exhibit early cardiac malformations. When very low
doses of itgb1b (0.75 ng) and tInI (0.5 ng) morpholinos were in-
jected, we observed a noticeable delay in AV EC migration at 60
hpf (Fig. S4, A-C). At a stage when all WT AV ECs have undergone
migration to be multilayered, high percentages of itgblb (77%)
and tInl (47%) morphants remained single layered (Fig. S4 D).
The AV EC shapes appeared abnormally rounded, and only 35%
of itghblb morphants and 42% of tInl morphants exhibited AV ECs
with protrusions compared with 82% of WT. These results sug-
gest that the presence of ItgB1b and TInl is, like that of Itga5, cru-
cial for the migration and rearrangement of embryonic AV ECs.

Mutations in the actin-regulating factor genes vclb and
apbblip do not strongly affect AV valve morphogenesis
We further hypothesized that Talin-associated factors that regu-
late actin, particularly the mechanosensitive factor Vinculin, are
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Figure 7. DN ItgP1 overexpression affects the protrusive activity of AV ECs. (A) Domain organization of the control Tg(UAS:mCherry) and the DN ItgB1
Tg(UAS:mCherry-itgbIPN transgenes. SP, signal peptide; TM, transmembrane; ICD, intracellular domain. (B-G) Representative images and schematics of the
control (B-D) and DN ItgBl-overexpressing (E-G) AV ECs at 56 and 75 hpf. (H and I) Proportions of cells expressing mCherry-tagged control or DN ItgB1 in
total AV ECs (H; control, n = 242 cells/12 embryos; DN ItgB1, n = 361 cells/26 embryos) or leader AV ECs (I; control, n = 31 cells/12 embryos; DN ItgB1, n = 36
cells/26 embryos). Whereas 100% of leader ECs expressed the control transgene, only 24% expressed DN ItgB1 (P = 2.03°-°). (J) Number of leader ECs in control
(n =12 embryos) and DN ItgBl-overexpressing (n = 26 embryos) animals. The number of leader ECs in the superior and inferior AVC was significantly reduced
when DN ItgB1 was overexpressed (averages of 2.58 and 1.38 cells per embryo in control and DN ItgB1, respectively; P = 4.5°-%). An unpaired Student’s t test
was used for | and J. Error bars represent standard deviation; asterisks indicate statistical significance. Scale bars: 20 pm.

required for AV EC migration. We generated a vclb allele carry-
ing a 16-bp deletion (vcIb?™?¥; Fig. S5 A), predicted to produce
a truncated protein lacking its actin-binding domain. These
mutants did not survive to adulthood, a finding consistent with
other recent studies of vclb function (Cheng et al., 2016; Han et
al., 2017; unpublished data). However, we found that vclb mu-
tants did not exhibit strong delays in AV EC migration and valve
formation (Fig. S5, C and G).
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As DN Vinculin overexpression and tInl mutations generated
stronger defects than velbmutations, other Talin-interacting fac-
tors might compensate for defects in Vinculin. Our microarray
data indicate that apbblipis one of the most highly expressed FA
genes in the embryonic heart (Fig. S1, A and K). In cell culture,
the dynamics of Vinculin and Apbblip binding to Talin medi-
ate FA formation in membrane protrusions (Goult et al., 2013;
Lee et al., 2013). To analyze apbblip function, we generated an
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allele carrying a 5-bp deletion, which is predicted to cause a
truncated protein lacking its domains that interact with actin
organizers (apbblip?®s?75; Fig. S5 B). The apbblip mutants sur-
vived to adulthood without gross morphological abnormalities or
valve defects (Fig. S5, D and H). We then examined vclb; apbblip
double-homozygous mutants at 77 hpf and observed a subset of
the animals with pericardial edema, a phenotype that increased
in frequency after heat stress at 33°C for 24 h starting at 53 hpf
(data not shown). However, initial valve morphogenesis did not
appear to be strongly affected in these double mutants, as the AV
endocardial tissue appeared properly folded at 77 hpf (Fig. S5, E
and I). These results suggest that mutations in vclb and apbblip
do not strongly perturb AV EC migration, potentially revealing
different degrees of requirement for FA factors during cardiac
valvulogenesis.
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Figure 8. Loss of Itga5 leads to delays in AV EC migration.
(A-G) Phalloidin staining of itga5WT, heterozygous, and mutant
hearts at 58 (A-D) and 80 (E-H) hpf (magenta in overviews [left];
white in magnified AV areas [right]); green, ZO-1; cyan, DAPI.
Representative images of hearts and superior AVCs of itga5 WT
(A and E), heterozygous (B and F), and mutant (C and G) animals
at 58 (A-C) and 80 (E-G) hpf. Categorization of migration stages
at 58 hpf (D: +/+, n=9; +/-, n = 13; -/-, n = 10) and formation
of valvular structures at 80 hpf (H: +/+, n = 4; +/-, n=17; -/,
n = 11). itga5 mutants exhibited delayed AV EC migration at 58
hpfand delayed establishment of valve structure at 80 hpf. Scale
bars: (A-C and E-G, left) 20 pm; (right) 10 pm.
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Discussion

Using the zebrafish model, we were able to investigate at higher
resolution the morphogenetic processes that lead to functional
heart valves. After cardiac looping, AV ECs in both the inner and
outerheart curvatures undergo cellular rearrangements. Based on
the morphology of the ECs, particularly the protrusions extending
into the ECM (Fig. 1, Band C; Fig. 4, B and C; and Video 1), as well
as thelocalization of FA-associated factors (Fig. 2, A-F; and Fig. S3
A) and F-actin (Fig. 8 A), we propose that these rearrangements
are at least partially driven by collective cell migration. However,
other mechanisms, including reorganization of the neighboring
ECs and/or proliferation of the AV ECs, may contribute to the
“pushing” of the AV ECs into the ECM and their subsequent mul-
tilayering. As observed by the maintenance of membrane bor-
ders between AV ECs (Fig. 1, A-C) and the localization of ZO-1
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and VE-cadherin to these borders (Fig. 2, G and H; and Fig. S3 A)
at this stage, the cells do not appear to completely transition to a
mesenchymalsstate. The cellular rearrangements resultina folded
multilayered tissue. This initial step appears to differ between ze-
brafish and mammals, as mammalian AV ECs have been reported
to become mesenchymal as they invade the ECM (Butcher and
Markwald, 2007; Hinton and Yutzey, 2011). However, it has been
reported that the lack of the adhesion molecule Cadherin-11 im-
pairs the migratory abilities of mouse AV ECs, which is attributed
to defects in communications between ECs (Bowen et al., 2015).

After the folded AV endocardial structure is established, tis-
sue elongation leads to the formation of leaflets, which prevent
retrograde blood flow. Our work shows that formation of the su-
perior valve leaflet precedes that of the inferior leaflet and that
the superior leaflet alone is sufficient to prevent retrograde blood
flow at early larval stages. We hypothesize that development of
the inferior leaflet is necessary to ensure unidirectional flow at
later stages as the heart grows and pumps more blood.

Several questions regarding the processes driving AV valve
morphogenesis remain. First, how the leading AV ECs are speci-
fied is unclear. As they originate from the ventricular side of the
AVC, it is possible that ECs from this region experience a greater
shear stress due to retrograde flow. Indeed, reduction of oscil-
latory flow (Vermot et al., 2009) or abrogation of flow through
inhibiting cardiac contractility (Beis et al., 2005; Vermot et al.,
2009) results in impaired valve morphogenesis, implicating flow
as an important regulator of this process. Second, the mecha-
nisms behind the different developmental timing between the
superior and inferior leaflets (e.g., whether these differences
are due to differential activation of signaling pathways or dif-
ferent physical environments) remain to be investigated. Third,
the processes by which the valve tissue elongates to form leaf-
lets need to be determined and could involve cell proliferation,
changes in EC shapes, and/or infiltration of other cells.

Our study investigates the importance of FA activities in reg-
ulating cardiac valve morphogenesis. Our expression analyses
show an up-regulation of FA factors in AV ECs at the time of EC
migration. Using the DN Vinculin and DN ItgPl transgenes, we
discovered a cell-autonomous requirement of the FA in AV ECs
to promote their migration. Through genetic loss-of-function
studies, we discovered a specific requirement for the Itga5p1 re-
ceptor and the adaptor Tlnl during AV EC migration. Of course,
it remains possible that other Integrins have important roles
during valve development. Indeed, itga5mutations lead to a delay
in, but not complete abrogation of, AV EC migration. In several
systems, including during mouse cardiac neural crest cell devel-
opment (Turner et al., 2015) and zebrafish gastrulation (Jiilich et
al., 2005), Itga5 and aV can partially compensate for each other.
However, we found itgaV to be expressed at nearly undetectable
levels in the developing heart (data not shown), which is why we
did not pursue it further.

Our study is the first to address the potential in vivo conse-
quences of loss of Vinculin-b and Apbblip. Although mutants in
these genes exhibited other phenotypes, including pericardial
edema, AV EC migration appeared largely unaffected. Thislack of
effects of Vinculin-b and Apbblip deficiency on AV EC migration
may be due to the ability of Tlnl, alarge 270-kD adaptor, to recruit
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molecules that compensate for the loss of both proteins, includ-
ing FA kinase (Chen et al., 1995) and Paxillin (Zacharchenko et
al., 2016). It is also possible that the mutant alleles we generated
for vclband apbblip are not null alleles and/or that vcla can com-
pensate for the loss of vclb (Rossi et al., 2015).

Based on our data, we propose the following model: The ECM
ligand Fn is secreted by cardiomyocytes and ECs at the time of
AV EC migration. The leading AV ECs respond to Fn through ac-
tivation of Itga5p1, which recruits Talinl and other downstream
factors to confer migratory properties to the leader ECs. Subse-
quently, AV ECs migrate and establish a multilayered tissue, fol-
lowed by tissue elongation of the EC layers to form leaflets.

Given the importance of the ECM in valvulogenesis in other
vertebrates, our study presents the possibility that the functional
relevance of FAs in heart valve development is conserved all the
way to humans. Indeed, a link between hereditary mitral valve
defects and mutations in the FA-associated factor gene TENSIN-1
hasbeen uncovered (Dina etal., 2015). Interestingly, clinical genet-
icists at the National Institutes of Health have recently discovered
mutations in FA-associated genes investigated in this paper in pa-
tients with congenital valve defects (Kruszka, P., and M. Muenke,
personal communication). These findings further highlight the
evolutionary relevance of FAs in heart valve development, and
present the potential for using mutations in these genes as diag-
nostic tools for congenital heart valve defects in humans.

Materials and methods

Zebrafish husbandry

Zebrafish husbandry was performed in accordance with institu-
tional (Max Planck Society) and national (German) ethical and
animal welfare regulations. Embryos were grown at 28°C and
staged at 75% epiboly for synchronization. Previously described
lines used in this study include Tg(nfatcl:GAL4)™24 (Pestel etal.,
2016), Tg(UAS:EGFP-CAAX)™1230 (Fernandes et al., 2012), Tg(UAS:
EGFP)nkuasgfpla (Asakawa et al., 2008), Tg(UAS:RFP)nkuasripla
(Asakawa et al., 2008), Tg(kdrl:nls-mCherry)s® (Wang et al.,
2010), Tg(UAS:mCherry-itgbIDN°!2) (Tida et al., 2018), Tg(UAS:
mCherry*!3) (Iida et al., 2018), and itga5<*4?! (Koshida et al.,
2005). Heat stress experiments with apbblip?2”5; vclbb?5247 mu-
tants were performed for 24 h (53-77 hpf) at 33°C.

In situ hybridization

The following primers were used to generate DNA templates for
RNA probes: itga5 forward, 5'-TGTCCGTGAATGACACAGACC-3;
reverse, 5-TAATACGACTCACTATAGGGCCCTGAGTCCTCCAGC
ATTCC-3'; itgblbforward, 5'-CAGATCACCCAGATTCAGCCTCAGC-
3’;reverse, 5-TAATACGACTCACTATAGGGGAGGACGACCTCCACC
TCC-3'; tinl forward, 5'-ATGGTACGGGGGCTGGAG-3'; reverse,
5'-TAATACGACTCACTATAGGGCAGCTGATTAATGCTGTCTGTC
ACCGCGC-3; vclb forward, 5-TGGCTGAGATGTCTCGTCTG-3;
reverse, 5-TAATACGACTCACTATAGGGGTTTGGACACCCCTGC
TTTA-3'; apbblip forward, 5'-AAAATCAAGCTCGCTTTGGA-3';
reverse, 5-TAATACGACTCACTATAGGGGAGCCTGATGCTTTCC
TCAC-3'. Digoxigenin (DIG)-labeled probes were synthesized
in vitro, using a MegaScript T7 Transcription Kit (Thermo
Fisher Scientific).
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Whole-mount in situ hybridization was performed on 36- and
56-hpf AB embryos. Embryos were fixed in 4% paraformaldehyde
overnight at 4°C and then washed with RNase-free PBS/0.1%
Tween for 1 h. They were permeabilized in serial methanol dilu-
tions for 5 min each and then incubated overnight at -20°C. They
were then rehydrated in PBS/Tween for 1h, incubated in 1 ug/ml
Proteinase K for 30 min, and fixed again in 4% paraformaldehyde
for 20 min. After washing with PBS/Tween for 1 h, the embryos
were incubated in hybridization buffer (Hyb buffer; 50% forma-
mide, 5x SSC, 0.1% Tween-20, 50 pg/ml heparin, and 500 pg/ml
tRNA) at 65°C for 2 h. They were then incubated in DIG-labeled
RNA probe (1 pg/ml in Hyb buffer) at 65°C overnight. We then
performed serial dilutions with Hyb buffer/2x SSC at 65°C, then
0.2x SSC/PBS/Tween at room temperature. We then incubated
the embryos for 3-4 h in blocking buffer (1x PBS/Tween, 2% sheep
serum, and 2 mg/ml BSA), and anti-DIG antibody (1:5,000) at
4°C overnight. After washing in PBS/Tween for 1h, the embryos
were incubated in alkaline Tris buffer (100 mM Tris-CL, pH 9.5,
100 mM Nacl, and 0.1% Tween-20) for 15 min, and BM Purple
staining solution (Roche) until the desired staining intensity.
MF20 primary antibody (mouse monoclonal, 1:500 dilution; eBio-
science), which labels cardiomyocytes was added after BM Purple
treatment for overnight staining at 4°C, followed by PBS/Tween
washes and secondary antibody treatment (anti-mouse Alexa
Fluor 488; Thermo Fisher Scientific) for 2 h at room temperature.

For fluorescence in situ hybridization, after overnight incu-
bations in RNA probes and anti-DIG-peroxidase, embryos were
incubated in anti-tyramide-Alexa Fluor 568 (Thermo Fisher Sci-
entific) in TSA buffer (100 mM borate, pH 8.5, 0.1% Tween-20,
2% dextran sulfate, 0.003% H,0,, and 450 pg/ml 4-iodophenol)
for 30 min at room temperature.

Immunostaining
Embryos were collected and fixed in 4% paraformaldehyde.
After removing the fixative with PBS/0.1% Tween washes, yolks
were removed using forceps and then washed with PBS/1% BSA
/1%DMS0/0.5% Triton X-100 (PBDT) and blocked with PBDT/10%
goat serum before incubating in primary antibody at 4°C over-
night. The embryos were washed in PBDT and incubated in sec-
ondary antibody for 2 h at room temperature and then incubated
with 2 ug/ml DAPI for 10 min and washed with PBS/0.1% Tween.
Primary antibodies (used at 1:500 dilution) were Itga5 (rabbit,
STJ97284; Antibodyplus), ItgPl (rabbit, STJ93731; Antibodyplus),
Talinl (rabbit, STJ97271; Antibodyplus), Vinculin (rabbit, V4139;
Sigma-Aldrich), p-Pax (rabbit, NPB2-24459; Novus Biologi-
cals), Fn (rabbit, F3648; Sigma-Aldrich), ZO-1 (mouse, 33-9100;
Thermo Fisher Scientific), GFP (chicken, ab13970; Abcam), and
mCherry (ab125096; Abcam). To mark F-actin, phalloidin Alexa
Fluor 568 (A12380; Thermo Fisher Scientific) was used at 1:100
dilution. Secondary antibodies (used at 1:500 concentration)
were goat anti-rabbit Alexa Fluor 568 and goat-anti mouse Alexa
Fluor 488 (Thermo Fisher Scientific).

Generation of the transgenic line

To generate the DN Vinculin transgene, the first 774 bp of the
vela coding sequence was amplified by PCR using the follow-
ing primers: forward, 5-ATGCCAGTTTTCCATACCAAGAC-3’;
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reverse, 5'-CAGGCGTCCTCGTCCC-3". The amplicon was cloned
into a pT2-UAS vector upstream of a five-glycine linker and GFP.
The plasmid was then injected into AB embryos at the one-cell
stage (50 pg/embryo) together with Tol2 mRNA (25 pg/embryo)
to establish the Tg(UAS:dn-vcl?!-258-GFPP15206) line.

Generation and genotyping of mutants

apbblp and vclb mutants were generated using CRISPR/Cas9
technology. DNA sequences used to transcribe the gRNAs were
designed into an oligonucleotide containing a T7 promoter se-
quence (Gagnon et al., 2014). gRNA sequences were designed
using the CRISPOR program (http://crispor.tefor.net/) and
CRISPR Design (http://crispr.mit.edu). gRNAs were transcribed
in vitro using MegaShortScript T7 Transcription Kit (Thermo
Fisher Scientific). cas9 mRNA was transcribed in vitro using
a MegaScript T3 Transcription Kit (Thermo Fisher Scientific)
using pT3TS-nCas9n as template. Both gRNAs and cas9 RNA were
purified with RNA Clean and Concentrator Kit (Zymo Research).
gRNAs (~25 pg/embryo) and cas9mRNA (~300 pg/embryo) were
coinjected at the one-cell stage to generate mutant fish.

The gRNA target sequence within the apbblip gene is 5'-GTG
GCGATCACTGCAAA-3'. To genotype the mutants (apbblip?®s27%),
the following primers were used to amplify a 180-bp amplicon
through PCR: forward, 5-CTTGATGGCTGACCTTGTGGC-3'; re-
verse, 5'-AGCTGCGATGGAGTTGGAGGAAG-3'. The PCR product
was incubated with Ddel (NEB), which digests only the apbblip
WT PCR product into 70-bp and 110-bp fragments.

The gRNA target sequence within the vclb gene is 5'-AGATGG
AGCAGGCCGGCCGC-3'. To genotype the mutants (vclbbs247),
high-resolution melting was used, with the following primers to
amplify a 70-bp band: forward, 5'-CGTTCATCTGGCCGGAAA-3’;
reverse, 5-CATCTCTCTCACCGACGC-3". WT vclb HRM products
had a melting temperature of 84°C, whereas vclb*!® HRM prod-
ucts had a melting temperature of 77°C.

The tIn1"39% mutants were genotyped as previously described
(Wu et al., 2015). To genotype itga5<*4*! mutants, the following
primers were used to amplify a 420-bp band: forward, 5'-CTTTAC
TCCAGATGTAGCGCTGACC-3’; reverse, 5'-CATTGGTAATAAAGA
CATAATAAAATAAAATTACATC-3'". The PCR product was incu-
bated with Bgll (NEB), which digests only the itga5kt45] mutant
PCR product into 210-bp bands.

Morpholinos

Morpholino oligomers were designed to target the ATG regions of
tIni (5-TCAGGAGCAGCCTTACGTCCATCTT-3') and itgblb (5'-TCA
GGAGCAGCCTTACGTCCATCTT-3') by Gene Tools. tinland itghlb
ATG morpholinos were injected into the yolk at the one-cell stage
at 0.5 and 0.75 ng per embryo, respectively.

EdU assays

Zebrafish were incubated in 0.5 mM EdU in egg water/0.5%
DMSO (four animals/500 ul in 24-well plates) for 24 h (from 56
to 80 hpf and from 78 to 102 hpf). They were fixed in 4% para-
formaldehyde and incubated in Click-iT EdU Alexa Fluor 647 Kit
(Thermo Fisher Scientific) for 30 min. They were then processed
for immunostaining with anti-GFP, anti-mCherry, and DAPI
using the procedure described above.
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Microscopy imaging

For confocal imaging, embryos were mounted in 1% low-melt-
ing agarose/egg water with 0.2% or 0.01% Tricaine to image
stopped or beating hearts, respectively. Images of stopped hearts
were acquired using a Zeiss LSM700 Axio Imager, LSM800 Axio
Observer, LSM800 Axio Examiner, or LSM880 Axio Examiner
confocal microscope with a W Plan-Apochromat 20x/1.0 or W
Plan-Apochromat 40x/1.0 dipping lens (LSM700, LSM800
Axio Examiner, and LSM880), or LD C-Apochromat 40x/1.1
water-immersion lens (LSM800 Axio Observer; Zeiss). Videos
of beating hearts were acquired at 100 frames per second with
the LD C-Apochromat 40x/1.1 water immersion lens (Zeiss Cell
Observer spinning disk microscope with a CSU-X1 scanner unit
[Yokogawa] and Hamamatsu ORCAflash4.0 sCMOS cameras).
During imaging, embryos were keptin 28°C chambers. All images
were acquired using the Zeiss ZEN program.

For light sheet imaging, embryos were mounted in 1%
low-melting agarose/egg water without Tricaine and imaged
using a W Plan-APO 20x/1.0 dipping lens (Zeiss Lightsheet Z.1)
using a s-CMOS Camera PCO.edge. Immediately before imaging,
the embryos were incubated in 0.1% Tricaine to stop the heart.
After z-stacks were acquired, the Tricaine water was replaced
with no-Tricaine water to allow cardiac contraction to resume.
Images were acquired every hour using the Zeiss ZEN program.
Image realignment and stitching were done with Imaris (Bit-
plane) and Image] (National Institutes of Health).

For whole-mount in situ hybridization, embryos were
mounted on 1% low-melting agarose/egg water and imaged using
a Nikon SMZ25 stereomicroscope with a 2x/0.3 objective.

Quantification of cell numbers and fluorescence intensity

For cell counting, nuclei were marked by Tg(kdrlmls-mCherry)
expression and quantified using Imaris (Bitplane). For fluores-
cence intensity quantification of p-Pax, we selected a confocal
section with the brightest detectable signal of p-Pax in each
cell. We then drew a 13-pm line from the center of the nucleus
through the leading edge and quantified the fluorescence in
Image] (National Institutes of Health). We took the average of
the fluorescence intensity from five points (0.1 um apart) at the
cortex and the cytoplasm and quantified the cortical/cytoplasmic
fluorescence signal ratio.

Online supplemental material

Fig. S1 shows RNA expression levels and expression patterns of
FA-associated genes, as detected by microarrays (GEO accession
number GSE124849) and in situ hybridization, respectively. Fig.
S2 shows representative images of AV ECs at different phases of
initial AV EC rearrangements. Fig. S3 shows the effects of DN Vin-
culin overexpression on expression levels and patterns of p-Pax
and ZO-1, cellular proliferation, and cellular morphology. Fig. S4
shows the effects of itgblband tInlmorpholino-mediated knock-
down on AV EC rearrangements at 60 hpf. Fig. S5 shows AV EC
morphology and endocardial tissue rearrangements in apbblip
and vclbsingle and double mutants at 60 and 75 hpf. Videos 1and
2 show AV EC morphogenesis obtained from hourly imaging of
WT and DN Vinculin-overexpressing animals from 50 to 75 hpf,
respectively. Videos 3 and 4 show AV valve functioning in beating

Gunawan et al.

Focal adhesions in heart valve development

hearts to prevent retrograde blood flow in WT at 77 and 98 hpf,
respectively. Videos 5 and 6 show severe dysfunction of the AV
valve, resulting in retrograde blood flow, in DN Vinculin-over-
expressing animals at 77 and 98 hpf, respectively. Video 7 shows
representative videos of itga5*/* and itga5~~ beating hearts at 78
hpf, with retrograde blood flow evident in the itga5~~ AVC.
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