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Abstract

Na*,K* ATPase pumps Na* out of and K* into the cytosol, maintaining a resting potential that is
essential for the function of excitable tissues like cardiac muscle. In addition to its well-
characterized physiological role in the heart, Na*,K* ATPase also regulates the morphogenesis of
the embryonic zebrafish heart via an as yet unknown mechanism. Here, we describe a novel non-
cell autonomous function of Na*,K* ATPase/Atplal in the elongation of the zebrafish heart tube.
Embryos lacking Atplal function exhibit abnormal migration behavior of cardiac precursors,
defects in the elongation of the heart tube, and a severe reduction in ECM/Fibronectin deposition
around the myocardium, despite the presence of normal cell polarity and junctions in the
myocardial epithelium prior to the timeframe of heart tube elongation. Interestingly, we found that
Atplal is not present in the myocardium at the time when cardiac morphogenesis defects first
become apparent, but is expressed in an extraembryonic tissue, the yolk syncytial layer (YSL), at
earlier stages. Knockdown of Atplal activity specifically in the YSL using morpholino
oligonucleotides produced heart tube elongation defects like those found in atplal mutants,
indicating that Atplal function in the YSL is necessary for heart tube elongation. Furthermore,
atplal expression in the YSL was regulated by the homeobox transcription factor mxtx1.
Together, these data reveal a new non-cell autonomous role for Atplal in cardiac morphogenesis
and establish Na*,K* ATPase as a major player in the genetic pathway by which the YSL
regulates embryonic ECM deposition.
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Introduction

The vertebrate heart forms from two populations of progenitor cells in the anterior lateral
plate mesoderm. These cardiac progenitors first migrate medially to fuse at the midline, and
then rearrange to form a simple, linear heart tube. In zebrafish, the migration of cardiac
progenitors to the midline results in the formation of the cardiac cone. The cardiac cone is
essentially a flattened version of the primitive heart tube with the ventricular and atrial cells
arranged along the dorsoventral axis (Glickman and Yelon, 2002). In roughly a five hour
window, the cardiac cone elongates anteriorly and leftward, generating a primitive heart
tube with ventricular and atrial cells arranged along the anteroposterior axis.

Recent studies in zebrafish have greatly expanded our understanding of the molecular
mechanisms governing primitive heart tube elongation. While migrating to the midline,
cardiomyocyte progenitors epithelialize, establishing clear apicobasal polarity upon
formation of the cardiac cone (Trinh and Stainier, 2004). The cardiomyocytes of the cardiac
cone also display basolateral ZO1-positive cell-cell junctions (Trinh and Stainier, 2004).
Disruption of cardiomyocyte apicobasal polarity by mutation of atypical protein kinase C
(aPKC) prevents heart tube elongation, resulting in an extremely abnormal heart in which
the ventricular cells are engulfed by the cells of the atrium (Horne-Badovinac et al., 2001;
Peterson et al., 2001). Loss of function of another important regulator of cell polarity,
MAGUK p55 subfamily member 5 (Mpp5), also compromises the polarity and junctions of
cardiomyocytes and disrupts heart tube elongation in zebrafish (Cibrian-Uhalte et al., 2007;
Rohr et al., 2006).

Cardiac cell polarity and junctions during heart tube morphogenesis are also regulated by the
presence of extracellular matrix (ECM) proteins. Migrating cardiomyocytes travel on a
basement membrane containing the ECM proteins Fibronectin and Laminin (Sakaguchi et
al., 2006; Trinh and Stainier, 2004). Absence of Fibronectin protein in the zebrafish natter
mutant prevents the complete medial migration of cardiomyocytes, indicating the important
role of ECM in cardiac morphogenesis (Trinh and Stainier, 2004).

Recent studies have revealed that expression of ECM proteins in the embryo is regulated by
the yolk syncytial layer (YSL), an extra-embryonic tissue consisting of a syncytium of
nuclei near the surface of the yolk (Kimmel and Law, 1985). Y SL-specific knockdown of
mxtx1 in zebrafish demonstrates that this mix-type homeobox transcription factor is required
for Fibronectin protein expression, ECM assembly, and myocardial migration (Sakaguchi et
al., 2006). Syndecan 2, a transmembrane heparin sulfate proteoglycan, also functions in the
YSL to regulate ECM deposition and cardiac development (Arrington and Yost, 2009).
ECM deposition and heart morphogenesis are similarly defective when the activity of the
sphingosine-1-phosphate transporter Spinster is eliminated by morpholino knockdown
(Oshorne et al., 2008). Spinster is primarily expressed in the YSL during early development,
and knockdown of spinster specifically in the YSL disrupts the migration of the
cardiomyocyte precursors to the midline (Kawahara et al., 2009; Osborne et al., 2008).
Interestingly, knockdown of Retinol binding protein 4 (Rbp4) in the YSL causes a reduction
in the posterior expression of fibronectin 1 without affecting its anterior expression level or
myocardial migration, suggesting that signals from the YSL can regulate anterior and
posterior ECM deposition independently (Li et al., 2007).

Another critical regulator of heart tube morphogenesis is Nat,K* ATPase. Na*,K* ATPase
is a pump that generates the Na* and K* gradients necessary for the physiology of living
cells and has well characterized roles in excitatory cells of the heart, skeletal muscle, and
nervous system (Therien and Blostein, 2000). By maintaining the Na* gradient, Na*,K*
ATPase also indirectly regulates intracellular Ca2* levels (McDonough et al., 2002; Therien
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and Blostein, 2000; Tian and Xie, 2008). Mutation in atplal, an isoform of the Na*,K*
ATPase alpha subunit, results in a severe delay in heart tube elongation in zebrafish (Shu et
al., 2003). Atplal mutants exhibit a small heart positioned at the midline. The small size of
the atplal mutant heart is not a result of decreased cardiomyocyte number, but instead a
failure of these cells to spread out as they normally would do during heart tube elongation.
Later, atplal mutants do generate a shortened heart tube, but display functional defects
including reduced heart rate and contractility (Shu et al., 2003). Atplal also regulates the
maintenance of myocardial tight junctions via a genetic interaction with the cell polarity
protein Mpp5 (Cibrian-Uhalte et al., 2007). While the physiological role of the sodium
pump in the heart has been explored extensively, the mechanisms underlying the
requirement of atplal in cardiac morphogenesis have not previously been elucidated.

Here, we report a novel non-cell autonomous role for Atplal in cardiac morphogenesis. Our
data demonstrate that Atplal activity in the YSL regulates the elongation of the zebrafish
heart tube, and that loss of Atplal function results in a profound reduction in ECM
deposition around the zebrafish heart. Furthermore, atplal expression in the YSL is
regulated by the homeobox transcription factor mxtx1. These findings highlight a new
function for Na*,K* ATPase in cardiac development that is separate from its cell
autonomous role in cardiac function.

Materials and Methods

Zebrafish lines and husbandry

Zebrafish colonies were cared for and bred under standard conditions (Westerfield, 2000).
Developmental stages of zebrafish embryos were determined using standard morphological
features of fish raised at 28.5°C (Westerfield, 2000). The atp1a1™M883 allele (Ellertsdottir et
al., 2006) was crossed into the Tg(myl7:EGFP) transgenic background (Huang et al., 2003)
to fluorescently label cardiomyocytes. The Tg(myl7:mCherry)"b1 transgenic line (from J.
Mably) was used when injecting fluorescein-labeled morpholino oligonucleotides.

Time-lapse confocal microscopy

Tg(myl7:EGFP) transgenic (Huang et al., 2003) wild type and atp1a1M883 mutant embryos
were embedded in 1% low melt agarose at 18.5 hpf and confocal z-stack images were
acquired every 5 minutes using a Zeiss LSM 510 confocal microscope equipped with a
heated stage. Zeiss LSM 510 imaging software was used to acquire time-lapse movies and
generate zstack projections. Manual tracking of cardiomyocyte migration was performed
using ImageJ software (http://rsbweb.nih.gov/ij/).

Transfection and Western blotting

HEK293T cells were transfected with HisMyc-Atplal (Cibrian-Uhalte et al., 2007) and
Flag-Atpla2a expression vectors using Lipofectamine 2000 reagent (Invitrogen). After 24
hours, cells were lysed in RIPA lysis buffer and total protein concentrations were obtained
by DC Protein assay (Bio-Rad). 20 ug of protein lysate per lane was separated on a 10%
polyacrylamide gel and transferred to a nitrocellulose membrane for Western analysis.

Atplal-specific antibody was produced by BioSource and raised against the following
peptide: Ac-GKKSKSKGKKEKDKDMC-amide. Rabbit polyclonal anti-Atplal was used
at a concentration of 1:20,000, and was detected with an HRP-conjugated secondary
antibody (1:50,000, 81-6120, Zymed). Mouse anti-Myc 9E10 (1:10,000, 05-419, Upstate),
mouse anti-FLAG M2 (1:10,000, F1804, Sigma), and mouse anti-p-Actin were used to
detect Myc-tagged, Flag-tagged, and B-Actin proteins, respectively. HRP-conjugated rabbit
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anti-mouse secondary antibody (1:20,000, 61-6020, Invitrogen) was used to detect Myc,
Flag, and B-Actin primary antibodies.

Vibratome Sectioning and Antibody Staining

Histology

Embryos were fixed in 2% PFA/PBS overnight at 4 °C, embedded in 4% low melt agarose,
and sectioned at 200 um using a Vibratome 1000 Plus. Sections were stained for B-catenin,
aPKC, ZO-1, Fibronectin, and Actin as previously described (Trinh and Stainier, 2004).
Anti-Atplal (BioSource) was used at a concentration of 1:200. Fluorescent secondary
antibodies were used at a concentration of 1:200 and include anti-mouse 1gG1-R (sc-2084,
Santa Cruz Biotechnology) and anti-rabbit 1IgG-Cy5 (81-6116, Invitrogen). Confocal images
were acquired with a Zeiss LSM 510 confocal microscope.

Fixed embryos were dehydrated, embedded in plastic blocks (JB-4, Polysciences), sectioned
at 8-12.5 um on a Leica RM 2065 microtome, and stained with 0.1% methylene blue as
previously described (Chen and Fishman, 1996) or with 0.1% neutral red in 7.7 mM sodium
acetate solution at pH 4.8. Sections were imaged on a Zeiss Axioplan 2 microscope
equipped with a Zeiss Axiocam camera.

Morpholino injections to yolk syncytial layer

Fluorescein-tagged atplal morpholinos (8 ng atplalMO1, 5’-
CTGCCAGCTCATATTGTTCTCGGCC-3’; 2 ng atplalMO2, 5’-
GCCTTCTCCTCGTCCCATTTTGCTG-3’) (Blasiole et al., 2006; Shu et al., 2003) were
coinjected with p53 morpholino (8 ng or 2 ng, 5’- GCGCCATTGCTTTGCAAGAATTG
-3’) into the yolks of 1000-cell stage embryos. 8 ng of standard control morpholino oligo
(5’-CCTCTTACCTCAGTTACAATTTATA-3’) or slc8ala morpholino (5’-
GATGAAGTCCCAGATTGGCCCATGT-3%) (Langenbacher et al., 2005) was coinjected
with rhodamine-dextran into the yolks of 1000-cell stage embryos as negative controls.
Injection of mxtx1 morpholino was performed as described previously (Sakaguchi et al.,
2006). During gastrulation, embryos with successful uptake of morpholino to the yolk
syncytial layer were selected based on fluorescence and grown until the appropriate stages
for in situ hybridization analysis.

Whole-mount in situ hybridization and antibody staining

Results

Embryos for in situ hybridization or antibody staining were raised in embryo medium
supplemented with 0.2 mM 1-phenyl-2-thiourea to maintain optical transparency
(Westerfield, 2000). Whole-mount in situ hybridization was performed as described
previously (Chen and Fishman, 1996). The antisense RNA probes used in this study include
cmic2 (myl7), atplal, and fnl (Trinh and Stainier, 2004). Whole-mount antibody staining
was performed using anti-Atplal antibody (1:200, BioSource) followed by incubation with
anti-rabbit HRP-conjugated secondary antibody (Zymed) and detection with 3,3'-
Diaminobenzidine (Sigma).

Atplal regulates cardiomyocyte migration during heart tube elongation

In wild type zebrafish embryos, the cardiac cone elongates into the primitive heart tube
within a 5 hour window from 19 — 24 hours post fertilization (hpf). Heart tube elongation is
severely delayed in atplal mutants, resulting in a clump of cells at the midline at 24 hpf.
Despite this severe defect in morphogenesis, atplal mutants have a normal number of
cardiomyocytes at 24 hpf (Shu et al., 2003).
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To better characterize the cellular mechanism underlying the atplal heart tube elongation
defect, we used time-lapse confocal microscopy to track cardiomyocyte migration beginning
at 18.5 hpf (prior to heart tube elongation) in wild type and atp1a1M883 mutant embryos.
Wild type cardiomyocytes exhibit dramatic migration between 18.5 hpf and 26 hpf (Figure
1A-D). Notably, between 18.5 and 23.5 hpf, cardiomyocytes in the posterior portion of the
wild type heart field rapidly migrate anteriorly in order to assume a similar anteroposterior
position to cardiomyocytes that originated in the anterior portion of the heart field (Figure
1A-C, Movie S1). Conversely, atp1a1™883 cardiomyocytes exhibit limited migration.
Cardiomyocytes in the posterior portion of the atp1a1M883 heart field migrate anteriorly, but
fail to reach the same anteroposterior position as cells that originated in the anterior region
of the heart field. Furthermore, cardiomyocytes of the anterior heart field exhibit no net
anterior migration (Figure 1E—H). Instead of elongating into a tube, this limited anterior
migration of cardiomyocytes causes the atp1a1M883 heart to become increasingly clump-like
(Figure 1F-H, Movie S2), suggesting that a defect in migration behavior is the underlying
cellular cause of the atplal mutant phenotype.

Initial establishment of myocardial cell polarity and junctions does not require Atplal

function

The migration of cardiomyocytes, in particular their medial migration prior to cardiac cone
formation, requires the establishment of cell-cell junctions and apicobasal polarity (Cibrian-
Uhalte et al., 2007; Rohr et al., 2006; Trinh and Stainier, 2004). To determine if the
migration defect in atplal mutants was caused by a defect in cell polarity or junctions, we
examined the distribution of proteins known to localize to junctions or specific apicobasal
membrane domains.

Myocardial cells in wild type embryos are well polarized at the 20 somite (20S) stage with
basal/basolateral B-catenin and apical/apicolateral aPKC protein distributions (Figure 2A).
Furthermore, basolateral Zona occludens-1 (ZO-1) positive junctions are present at the
boundaries between individual wild type myocardial cells (Figure 2B). In atplal mutants, -
catenin and aPKC proteins are localized to the appropriate membrane domains, and ZO-1
positive junctions are present between cells of the myocardium (Figure 2C,D). These data
suggest that atplal function is not required for the establishment of cell-cell junctions or
cell polarity in the heart, and that the cardiomyocyte migration defects in atplal mutants are
not a result of disrupted cell polarity or junctions.

Atplal is required for ECM deposition around the myocardium of the cardiac cone

Another factor that is critical for cardiomyocyte migration is ECM deposition. Wild type
embryos display thickened ECM between the myocardium and neighboring cells at the 20S
stage (Figure 3A). This thickened matrix stains pink with methylene blue dye, indicating the
presence of negatively charged moieties such as the sulfated proteoglycans typically found
in ECM (Walsh and Stainier, 2001). Remarkably, in atplal mutants, this thickened ECM is
strongly reduced and the myocardium is almost in direct contact with the neighboring cells
(Figure 3B).

Fibronectin protein is one important component of the ECM surrounding the myocardium
(Trinh and Stainier, 2004). Wild type embryos exhibit strong Fibronectin protein
localization (100%, n=13) to the basal surface of cardiomyocytes at the 20S stage (Figure
3C). On the other hand, most atplal mutants (79%, n=14) exhibited a reduction in
Fibronectin deposition (Figure 3D). A reduction in Fibronectin deposition was detected in
the hypomorphic atplal allele atplal'@! as well (52%, n=21) (Figure S1). We also
examined the expression of fnl, the gene encoding the predominant isoform of Fibronectin
expressed in the cardiac region. At the 20S stage, fnl expression was reduced in the atplal
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mutant cardiac mesoderm (Figure 3E,F), indicating that atplal regulates Fibronectin
production at the transcriptional level. Interestingly, the posterior expression domain of fnl
was maintained in atplal mutants (Figure 3G,H), indicating that loss of Atplal activity
does not cause a general shutdown in embryonic production of Fnl. These data show that
atplal is critical for deposition of significant amounts of ECM proteins, specifically
Fibronectin, around the developing myocardium.

Atplal protein is not present in the myocardial membrane prior to formation of the heart

tube

To better analyze the function of atplal during cardiac development, we generated an
antibody that recognizes a unique sequence in the N-terminal intracellular domain of the
Atplal protein. By Western blotting, we found that this anti-Atplal antibody specifically
recognizes zebrafish Atplal protein and does not cross react with another highly
homologous zebrafish Nat,K* ATPase o subunit isoform, Atpla2a (Figure 4A). At 2 days
post fertilization (dpf), whole mount staining using the anti-Atplal antibody detected
abundant protein in the heart (Figure 4B), brain, and pronephros (Figure S2). This
expression domain is identical to the expression pattern of atplal detected by in situ
hybridization (Canfield et al., 2002; Serluca et al., 2001).

We used the anti-Atplal antibody to analyze the distribution of Atplal protein at the 20S
stage, immediately before the onset of the atplal mutant heart tube elongation phenotype.
In contrast to what we observed at 2 dpf, no Atplal protein was detectable in
cardiomyocytes at the 20S stage (Figure 4C). However, by 24 hpf, when the heart tube
begins to contract, Atplal was easily detectable in the membrane of cardiomyocytes (Figure
4D). These data suggest that heart tube elongation is unlikely to depend on a function of
Atplal in cardiomyocytes.

Yolk syncytial layer activity of Atplal regulates heart tube elongation in zebrafish

During the gastrula period, at 90% epiboly, we found that atplal is strongly expressed
throughout the embryo (Figure 4E). Interestingly, this strong level of expression is also
present in an extra-embryonic layer of the embryo, the yolk syncytial layer (YSL). We
found that nuclei of the YSL were surrounded by atplal transcripts (Figure 4F).

Because the YSL plays an important role in embryonic ECM deposition (Arrington and
Yost, 2009; Kawahara et al., 2009; Li et al., 2007; Sakaguchi et al., 2006), we decided to test
whether Atplal function in the YSL regulated heart tube elongation in zebrafish. In
zebrafish, knockdown of gene expression specifically in the YSL is possible by injecting
morpholino oligonucleotides into the yolk at the 1000-cell stage, when the marginal
blastomeres fuse with the yolk and generate the YSL (Sakaguchi et al., 2006; Sakaguchi et
al., 2001). We chose to analyze the YSL requirement of atplal using two independent and
previously characterized translation blocking morpholinos, atplalMOL1 (Shu et al., 2003)
and atp1alMO2 (Blasiole et al., 2006), which are known to phenocopy the atplal mutant
phenotype (atplalMO1 and atplalMO2) and reduce the endogenous levels of Atplal
protein (atplalMO2). When a fluorescently tagged atplal morpholino was injected into the
yolk at the 1000-cell stage, fluorescent signal was present in the yolk and was excluded from
the body of the embryo at 24 hpf (Figure 5A). Furthermore, embryos in which atplal
morpholino was targeted to the YSL exhibited a strong reduction in YSL expression of
atplal without a reduction in embryonic expression (Figure 5B,C), indicating that this
morpholino modulates YSL gene expression without directly affecting the expression of
genes in the embryo.
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The majority of uninjected control embryos generate an elongated heart tube by 24 hpf
(81%, n=132; Figure 5D, Table S1). Most embryos in which 8 ng of atp1alMO1 was
injected into the YSL (atp1alMOYSL) were not able to generate an elongated heart tube
(12% with elongated tube, n=42), but instead exhibited a clump of cardiomyocytes at the
midline reminiscent of the atplal mutant phenotype (60%, n=42; Figure 5E, Table S1).
Similarly, most embryos in which 2 ng of atp1lalMO2 was injected into the YSL
(atplalMO2Y5SL) had defective heart tube elongation (89%, n=79; Figure 5G, Table S1). As
a negative control, we injected 8 ng of a standard negative control morpholino (std ctrl MO)
targeting the human B-globin pre-mRNA (Eisen and Smith, 2008) or 8ng of a morpholino
targeting slc8ala, a zebrafish gene not expressed at detectable levels in the YSL
(Langenbacher et al., 2005). Injection of these negative control morpholinos at the 1000-cell
stage to target them to the YSL did not alter the process of heart tube formation, and the
majority of injected embryos were able to generate normal elongated heart tubes by 24 hpf
(81% of std ctrl MO injected, n=99; 78% of slc8ala MO injected, n=79; Figure 5F, Table
S1). These data indicate that the heart tube elongation defect induced by injection of atplal
morpholinos into the YSL is a specific result of Atplal deficiency and is not likely to be a
general defect caused by injection of morpholinos into the yolk.

We next tested if loss of Atplal function specifically in the YSL could replicate the ECM
defects that we identified in atp1a1M883 mutants. We found that fnl expression was reduced
in the cardiac region of atplalMO1YSk embryos (Figure 51) compared to wild type
uninjected controls (Figure 5H), suggesting that the deposition of Fibronectin around the
developing heart depends on expression of atplal in the extra-embryonic YSL.
Interestingly, we found that Atplal function in the YSL was not required for contraction of
the heart. Embryos in which atplal was knocked down in the YSL, like atp1a1m883
mutants, have a shortened heart tube at 32 hpf. However, unlike atp1a1™83 mutants, the
hearts of atp1lalMO1YSL embryos were able to contract (Movies S3-S6). These data
indicate that atplal plays a dual role during cardiac development, functioning non-cell
autonomously to regulate heart tube elongation and cell autonomously to control cardiac
contraction.

Expression of atplal in the YSL is regulated by mxtx1

One critical YSL-specific transcription factor that regulates the embryonic deposition of
ECM is mxtx1 (Sakaguchi et al., 2006). Downstream targets of mxtx1 that directly regulate
the expression of fnl and other ECM genes have not yet been identified. Phenotypes
characteristic of atplal mutants and morphants, including a flattened hindbrain, cardiac
defects, and a loss of ECM deposition around the developing heart are also present in mxtx1
YSL-morphant (mxtx1MOYSL) embryos (Sakaguchi et al., 2006). Because of these
phenotypic similarities, we questioned whether atplal might be one of the transcriptional
targets of mxtx1.

To test this, we examined the expression of atplal in wild type and mxtx1MOYSL embryos.
In wild type embryos, atplal expression can be detected adjacent to YSL nuclei during both
epiboly and somitogenesis (Figure 6A,C). YSL nuclei were visible in mxtx1MOYSL
embryos, but expression of atplal in the YSL was dramatically reduced throughout
development (Figure 6B,D). This indicates that extra-embryonic expression of atplal
depends on Mxtx1 activity, and that atplal may be one of the downstream effectors of
Mxtx1 during embryonic ECM deposition.

Discussion

The hearts of zebrafish atplal mutants exhibit severe defects in primitive heart tube
elongation (Shu et al., 2003), indicating that Na*,K* ATPase is required for cardiac
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morphogenesis in addition to its well-defined role in cardiac function. The cellular and
molecular mechanisms by which Na*,K* ATPase regulates cardiac morphogenesis were
previously unknown. In this study, we demonstrate a novel non-cell autonomous function of
Na* K* ATPase in heart tube elongation. We found that knockdown of Atplal function in
the extra-embryonic yolk syncytial layer interferes with the deposition of ECM in the heart
field and disrupts heart tube elongation, suggesting that the atplal mutant heart phenotype
may be the result of loss of Atplal activity in the YSL.

From this study and previous studies by our lab (Shu et al., 2003), we propose that Atplal
regulates at least two aspects of cardiac development in zebrafish (Figure 6E). Prior to the
formation of a functioning heart, Atplal activity in the YSL is required for the deposition of
ECM in the heart field, providing a substrate for the myocardial migration that drives
elongation of the primitive heart tube. Upon formation of the primitive heart tube, Atplal is
expressed in cardiomyocytes and is required for maintaining cardiac function in a cell
autonomous manner. Embryos lacking Atplal activity have no heart beat at 24 hpf and
exhibit a slow heart beat, reduced ventricular contractility, and cardiac arrhythmia at 2 dpf
(Shu et al., 2003). We have also previously identified a genetic interaction with mpp5 by
which atplal regulates the maintenance of ZO-1 positive cell-cell junctions. Simultaneous
loss of mpp5 and atplal causes a disruption of ZO-1 junctions at 36 hpf, a later
developmental stage than was examined in this study (Cibrian-Uhalte et al., 2007). Future
studies analyzing the cellular requirements of atplal and mpp5 will reveal whether this
genetic interaction depends upon the role of atplal in ECM deposition or another yet
undiscovered cell autonomous function.

Loss of ECM deposition in several previous zebrafish studies resulted in defective medial
migration of cardiomyocytes and cardia bifida at 24 hpf (Arrington and Yost, 2009; Osborne
et al., 2008; Sakaguchi et al., 2006; Trinh and Stainier, 2004). However, we have not
detected cardia bifida in atp1a1™883 mutants and have only observed a small percentage of
embryos with cardia bifida in another atplal mutant allele, atplal'al. Based on
immunostaining, low levels of Fibronectin protein are present in atp1a1™883 mutants, while
fnl mutants and mxtx1 YSL-morphants have a much more dramatic loss of Fibronectin
deposition (Sakaguchi et al., 2006; Trinh and Stainier, 2004). This suggests that cardiac
morphogenesis may be sensitive to the dosage of Fibronectin. A reduced level of
Fibronectin/ECM may still permit robust migration of the cardiomyocytes to the midline,
but be insufficient for heart tube elongation. In agreement with this hypothesis are the
findings that excessive Fibronectin deposition in the zebrafish hand2 mutant blocks the
medial migration of cardiac progenitors and that this migration can be rescued by genetically
reducing Fibronectin levels (Garavito-Aguilar et al., 2010). Thus the migration of
cardiomyocytes during zebrafish cardiac development is highly sensitive to Fibronectin
levels and may occur in two phases: migration to the midline requiring at least some, but not
excessive, Fibronectin/ECM deposition and migration to form the primitive heart tube
requiring normal levels of Fibronectin/ECM deposition.

Our data reveals that atplal mutants have a thinning of the ECM between the cardiac cone
and surrounding tissues, suggesting that multiple ECM components are reduced upon loss of
Atplal function. In this study we examined the deposition of Fibronectin, a critical
modulator of cardiomyocyte migration (Arrington and Yost, 2009; Osborne et al., 2008;
Sakaguchi et al., 2006; Trinh and Stainier, 2004), but a combinatorial loss of multiple ECM
components may result in an array of cardiac migration defects in zebrafish. Laminin protein
is also present around the cardiac cone in zebrafish (Arrington and Yost, 2009; Sakaguchi et
al., 2006). Although loss of function of any single laminin gene product does not induce
significant cardiac migration or tube elongation defects in zebrafish, simultaneous loss of
laminin c1 and fibronectin 1 produces a severely enhanced phenotype (Sakaguchi et al.,
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2006), suggesting that interactions between individual ECM components are important for
cardiac morphogenesis.

Regulation of heart tube elongation by Atplal activity in the YSL highlights the important
roles played by extra-embryonic signals during zebrafish development. The YSL signal or
signals that directly modulate embryonic ECM deposition have not yet been elucidated.
Based on YSL knockdown experiments, some potential regulators may include
sphingosine-1-phosphate signaling, retinoid signaling, and the ECM-interacting
transmembrane protein syndecan (Arrington and Yost, 2009; Li et al., 2007; Osborne et al.,
2008). The dramatic reduction of ECM deposition in mxtx1 YSL-morphants suggests that
this transcription factor is likely to regulate a number of genes that are critical for embryonic
ECM deposition (Sakaguchi et al., 2006). Our study indicates that atplal is one such gene.
Identifying more targets of Mxtx1 will undoubtedly reveal additional members of the
genetic pathway controlling embryonic ECM deposition.

Loss of Atplal activity results in a strong reduction in anterior, but not posterior,
Fibronectin expression, suggesting that the YSL regulates anterior and posterior deposition
of Fibronectin/ECM independently. Retinoid signaling appears to play a critical role in
posterior ECM deposition, since only posterior Fibronectin expression is affected by loss of
Rbp4 (Li et al., 2007). In the case of rbp4, spatially restricted gene expression may be
responsible for this posterior-specific effect (Li et al., 2007). However, atplal expression is
not anteriorly-biased. Functional redundancies in the posterior YSL or anteriorly localized
downstream effectors may be responsible for the anterior-specific effect of Atplal on
Fibronectin expression.

Further studies are required to determine how Atplal influences Fibronectin/ECM
production and deposition. Na*,K* ATPase is known to possess structural and signaling
roles in addition to its pump function. In some cell types, Na*,K* ATPase can regulate
MAPK and PKC signaling via interaction with Src (Xie and Cai, 2003). However, since
cardiac development in atplal mutants can be rescued with wild type Atplal but not with a
catalytically inactive form of Atplal (Cibrian-Uhalte et al., 2007), the pump function and
not a structural or signaling function of Atplal is likely to be necessary in the YSL. Na*,K*
ATPase directly regulates the concentration of Na* and K* in the cytosol, and indirectly
modulates Ca2* levels and pH (Casey et al., 2010; McDonough et al., 2002; Swift et al.,
2010; Therien and Blostein, 2000; Tian and Xie, 2008). This regulation of ion homeostasis
by Atplal may serve as a critical permissive factor for signaling from the extra-embryonic
YSL to the embryo.

Research Highlights

> Zebrafish atplal mutants exhibit defects in cardiomyocyte migration.
> Abnormal cardiomyocyte migration in atplal is caused by a loss of ECM/
Fibronectin.

> Atplal is expressed in the extra-embryonic yolk syncytial layer (YSL).

> Loss of Atplal function in the YSL phenocopies the atplal heart
morphogenesis defect.

> Atplal functions cell autonomously and non-cell autonomously in cardiac
development.
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18.5 hpf

Figure 1. Sodium pump function is important for cardiomyocyte migration and heart tube
elongation

(A-D) Time-lapse images showing a dorsal view (anterior to top) of heart morphogenesis in
a wild type Tg(myl7:EGFP) embryo. After arriving at the midline, wild type cardiomyocytes
rapidly migrate anteriorly and leftward between 18.5 and 26 hpf, generating the heart tube.
(E-H) Time-lapse images showing a dorsal view (anterior to top) of heart morphogenesis in
a atp1a1™883 mutant Tg(myl7:EGFP) embryo. Cardiomyocytes migrate to the midline
normally in the majority of atp1a1™883 mutants (E), but only exhibit limited migration from
18.5 to 26 hpf. At 26 hpf, atp1a1™883 mutants have a clump of cardiomyocytes at the
midline (H).
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atp1a1mss3

Figure 2. Cell polarity and tight junctions are not disrupted by loss of Atplal function

(A-D) Transverse vibratome sections of 20S stage wild type and atp1a1m883
Tg(myl7:EGFP) embryos. (A,C) The polarized localizations of B-catenin (red, basolateral)
and aPKC (green, apicolateral) are indistinguishable between wild type (A) and atpla1™883
mutant (C) embryos at the 20S stage. (B,D) Tight junctions are present basolaterally in both
wild type (B) and atp1a1™83 mutant (D) embryos based on the localization of the tight
junction protein ZO-1 (green) at the 20S stage.
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Figure 3. Sodium pump activity is required for extracellular matrix deposition around the
cardiac cone

(A,B) Transverse microtome sections of 20S stage wild type and atp1a1M883 embryos
stained with methylene blue. In wild type embryos, sulfated proteoglycans are stained pink
by methylene blue, allowing visualization of the abundant extracellular matrix present
around the cardiomyocytes of the cardiac cone (*) at the 20S stage (A). In atpla1™883
mutants, the cardiac cone forms normally (*), but thickened extracellular matrix is
completely absent (B). (C,D) Transverse vibratome sections of 20S stage wild type and
atp1almM883 Tg(myl7:EGFP) embryos. Wild type embryos (C) have Fibronectin protein
(green) surrounding the cardiomyocytes of the cardiac cone (blue), while atp1a1m883
mutants (D) have extremely reduced Fibronectin protein deposition. (E,F) Dorsal views of
fn1 expression in 20S stage wild type and atp1a1M883 embryos. Fn1 is expressed in the
cardiac region of wild type embryos (E), but is dramatically reduced in atp1a1™883 mutants
(F). (G,H) Lateral views of fnl expression in 20S stage wild type and atp1a1M883 embryos.
Both wild type (G) and atp1a1™M883 mutant (H) embryos exhibit fnl expression in posterior
structures including the yolk extension and tail.
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Figure 4. Endogenous Atplal protein is not detected in the heart at stages when morphogenesis
defects are first observed in atplal mutants

(A) Western blot visualizing Myc-tagged, Flag-tagged, Atplal, and p-Actin proteins in
HEK293T cell lysates. Mock transfected cell lysates have no reactivity with Myc, Flag, or
Atplal antibodies. Lysates from cells transfected with a Myc-tagged zebrafish Atplal
construct contain a protein that reacts with both Myc and Atpala antibodies. Lysates from
cells transfected with a Flag-tagged zebrafish Atpla2a construct contain a protein that reacts
only with the Flag antibody. The presence of B-Actin protein in mock, Myc-Atplal, and
Flag-Atpla2a lysates demonstrates equal loading of total protein. (B) Ventral view of
Atplal antibody staining on 48 hpf wild type embryo. Atplal protein is strongly detected in
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the heart. (C,D) Transverse vibratome sections of 20S stage (C) and 24 hpf (D) wild type
embryos. At the 20S stage (C), Actin (red) is primarily basolateral around the
cardiomyocytes of the cardiac cone (blue), whereas Atplal protein (green) is not detectable
in the cardiomyocyte membranes. By 24 hpf (D), polymerized Actin (red) is present on the
ventral and lumenal surfaces of the primitive heart tube. Atplal protein (green) is strongly
localized to the membrane of cardiomyocytes in a punctate manner by this stage. (E,F)
Microtome section of atplal expression in 90% epiboly wild type embryo. (E) At 90%
epiboly, atplal is expressed ubiquitously. (F) Magnified portion of image in (E) shows that
yolk syncytial layer nuclei strongly express atplal (arrows).
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Figure 5. Atplal is required in the yolk syncytial layer for heart tube elongation

(A) Embryos injected at the 512 to 1000-cell stage with fluorescein-tagged atplalMO1
exhibit a yolk-specific fluorescence pattern at 24 hpf, indicating that the morpholino’s
effects are restricted to the yolk syncytial layer. (B,C) Microtome sections of atplal
expression in 12S stage wild type and atplalMO1YSk embryos. Strong expression of atplal
is visible in the YSL of wild type embryos (arrowheads, B), whereas atplalMO1YSk
embryos display a specific loss of YSL expression of atplal while maintaining normal
embryonic expression (C). (D-G) Dorsal views of cmlc2 expression in 24 hpf uninjected
and YSL-morphant embryos. Uninjected and standard control oligo YSL-injected (std ctrl
MOYSL) embryos have an elongated heart tube at 24 hpf visualized by cmlc2 expression
(D,F) whereas most atp1alMO1YSt and atplalMO2YSk embryos have a clump of
cardiomyocytes at the midline at 24 hpf (E,G). (H,l) Dorsal views of fnl expression in the
cardiac region of 15S stage wild type and Y SL-morphant embryos. Expression of fnl is
reduced in atplalMO1YSt embryos (1) compared to wild type embryos (H).
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Figure 6. Atplal expression by the YSL is regulated by mxtx1

(A-D) Microtome sections of atplal expression in 95% epiboly (A,B) and 19S stage (C,D)
wild type and mxtx1IMOYSL embryos. Nuclei are labeled red by neutral red staining.
Expression of atplal (purple staining, arrowheads) is present in the YSL of wild type
embryos at 95% epiboly (A) and the 19S stage (C). The expression of atplal in the YSL is
strongly reduced in mxtx1MOYSE embryos at the same stages (B,D). (G) Summary of
Atplal function. Atplal expression in the YSL is regulated by mxtx1, and is required for the
deposition of Fn/ECM around the developing heart. This ECM deposition is critical for
normal heart tube elongation. Atplal also has a cell autonomous role within cardiomyocytes
to regulate the contractility of the heart.
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