Developmental Biology 434 (2018) 7-14

DEVELOPMENTAL
Y

Contents lists available at ScienceDirect

Developmental Biology

journal homepage: www.elsevier.com/locate/developmentalbiology

Short Communication

Nr2fla balances atrial chamber and atrioventricular canal size via BMP
signaling-independent and -dependent mechanisms

@ CrossMark

Tiffany B. Duong™‘, Padmapriyadarshini Ravisankar®, Yuntao Charlie Song™*,
Jacob T. Gafranek™*, Ariel B. Rydeen"*, Tracy E. Dohn"*, Lindsey A. Barske®, J. Gage Crump®,
Joshua S. Waxman®®*

2 Molecular and Developmental Biology Master's Program, University of Cincinnati College of Medicine, Cincinnati, OH, United States

b Molecular and Developmental Biology Graduate Program, University of Cincinnati College of Medicine, Cincinnati, OH, United States

¢ The Heart Institute and Molecular Cardiovascular Biology Division, Cincinnati Children's Hospital Medical Center, Cincinnati, OH, United States
4 Developmental Biology Division, Cincinnati Children's Hospital Medical Center, Cincinnati, OH, United States

€ Eli and Edythe Broad Center for Regenerative Medicine and Stem Cell Research, University of Southern California, Los Angeles, CA, United States

ARTICLE INFO ABSTRACT

Keywords: Determination of appropriate chamber size is critical for normal vertebrate heart development. Although Nr2f
Nr2fla transcription factors promote atrial maintenance and differentiation, how they determine atrial size remains
Zebrafish

unclear. Here, we demonstrate that zebrafish Nr2fla is expressed in differentiating atrial cardiomyocytes.
Zebrafish nr2f1a mutants have smaller atria due to a specific reduction in atrial cardiomyocyte (AC) number,
suggesting it has similar requirements to Nr2f2 in mammals. Furthermore, the smaller atria in nr2fla mutants
are derived from distinct mechanisms that perturb AC differentiation at the chamber poles. At the venous pole,
Nr2fla enhances the rate of AC differentiation. Nr2fla also establishes the atrial-atrioventricular canal (AVC)
border through promoting the differentiation of mature ACs. Without Nr2fla, AVC markers are expanded into
the atrium, resulting in enlarged endocardial cushions (ECs). Inhibition of Bmp signaling can restore EC
development, but not AC number, suggesting that Nr2fla concomitantly coordinates atrial and AVC size
through both Bmp-dependent and independent mechanisms. These findings provide insight into conserved
functions of Nr2f proteins and the etiology of atrioventricular septal defects (AVSDs) associated with NR2F2
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mutations in humans.

1. Introduction

The two fundamental subunits of the vertebrate heart, the atrial and
ventricular chambers, receive and propel blood, respectively.
Cardiomyocytes of the chambers differ in gene expression (Barth
et al., 2005; DeLaughter et al., 2016; Li et al., 2016; McGrath and de
Bold, 2009; Tabibiazar et al., 2003), reflecting requisite specialization
in their cellular architecture and electrophysiological properties (Foglia
et al., 2016; Gupta and Poss, 2012; Smyrnias et al., 2010). Mutations in
genes that disrupt chamber development, including the transcription
factors NKX2.5 and NR2F2 (aka Coupt-tfII) are associated with
congenital heart defects in humans (Al Turki et al., 2014; Schott
et al., 1998). Thus, establishment of normal relative chamber propor-
tions is crucial for proper vertebrate heart development and function
within the embryo and postnatally.

Although chamber progenitors distinguish themselves prior to

gastrulation in vertebrate embryos (Abu-Issa and Kirby, 2008;
Devine et al., 2014; Galli et al., 2008; Garcia-Martinez and
Schoenwolf, 1993; Keegan et al., 2004; Stainier and Fishman, 1992;
Waldo et al., 2005), it has become apparent that cardiomyocytes need
to reinforce their chamber identity even after they are overtly differ-
entiated (Bruneau et al.,, 2001; Koibuchi and Chin, 2007; Li et al.,
2016; Pradhan et al., 2017; Targoff et al., 2013; Wu et al., 2013; Xin
et al., 2007). Furthermore, factors that become specifically expressed in
the atrial and ventricular cardiomyocytes (VCs) during development
have been found to maintain chamber identity, rather than directly
promote the specification of their progenitors. Recent work in zebrafish
has indicated that Fgf8, which is specifically expressed in the ventricle
(Reifers et al., 1998), lies at the top of a signaling network that
reinforces ventricular identity upstream of Nkx2.5 (Pradhan et al.,
2017). While Nkx2.5 is initially expressed broadly throughout cardio-
myocyte progenitors and differentiating cardiomyocytes, studies in
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both zebrafish and mice indicate that it has a conserved requirement
maintaining VC identity at the expense of atrial identity through
promoting the expression of the ventricle-specific genes Irx4 and
Hey2 (Bruneau et al., 2001, 2000; Koibuchi and Chin, 2007; Li et al.,
2016; Targoff et al., 2013, 2008; Xin et al., 2007). Conversely, members
of the orphan nuclear hormone transcription factors Nr2fl and Nr2f2
have expression restricted to atrial cardiomyocytes (ACs) in humans
and mice and are required for proper atrial development (Devalla et al.,
2015; Li et al., 2016; Pereira et al., 1999). Global mouse Nr2f2 KOs
have smaller atria and sinus venosus (Pereira et al., 1999). However,
following heart tube formation, conditional Nr2f2 KOs demonstrated
that Nr2f2 is necessary and sufficient for maintaining atrial identity at
the expense of ventricular identity through directly repressing Irx4 and
Hey2 expression (Wu et al., 2013). Similarly, in human embryonic
stem cell (hESC)-derived ACs, both Nr2fl and Nr2f2 are required for
AC differentiation and promote atrial-specific ion channel expression
(Devalla et al., 2015). Importantly, genomic analysis in humans has
associated mutations in NR2F2 with atrioventricular-septal defects
(AVSDs) (Al Turki et al., 2014). However, despite the established
requirements for Nr2f2 in atrial development and identity mainte-
nance, previous studies have not provided insight into the mechanisms
underlying the smaller atria in Nr2f2 mouse mutants or NR2F2-
associated AVSDs in humans.

In contrast to mice, zebrafish nr2f2 mutants do not have early
cardiovascular defects (van Impel et al., 2014), suggesting that other
members of this highly conserved protein family may perform similar
functions in zebrafish. Here, we demonstrate that zebrafish Nr2fla is
expressed specifically in cells adjacent to the venous atrial pole, which
we postulate are putative AC progenitors, and ACs of the nascent heart
tube. Functionally, we find that engineered nr2fla mutants have
smaller atria due to a reduction in the number of ACs, which
differentiate more slowly at the venous pole. However, we also find
that through promoting atrial differentiation at the atrial-atrioventri-
cular canal (AVC) border Nr2fla concomitantly determines the size of
the AVC. Nr2fla mutants have an expansion of AVC markers into the
atrium, which ultimately leads to the differentiation of excess EC cells.
Interestingly, inhibition of BMP signaling, an upstream determinant of
AVC specification, can restore EC cell number, but not AC number.
Thus, our data suggest that proper atrial chamber and AVC size are
coordinated through Nr2fla both promoting accrual of ACs at the
venous pole independent of BMP signaling and establishing the atrial-
AVC border through restricting BMP signaling. Our studies provide
novel insight into the conserved mechanisms by which Nr2f members
determine vertebrate atrial chamber and AVC size.

2. Materials and methods
2.1. Zebrafish line and maintenance

Adult zebrafish were raised and maintained under standard labora-
tory conditions. Transgenic lines used were Tg(-5.1myl7:DsRed-NLS)
(Mably et al., 2003) and Tg(myl7:Kaede) (de Pater et al., 2009).

2.2. Generation of nr2fla mutants

The nr2f1a®*!? mutant allele was generated using TALENS target-
ing the 3’ end of exon 1: nr2fla left TALEN: 5-TGCCAATATTGT
CGGCTGAA-3’, right TALEN: 5’-TATTCACCTTCCCGCCGCAT-3". The
TALEN plasmids were constructed by a PCR-based method (Sanjana
et al., 2012) and linearized with Stul (New England Biolabs). RNAs
were synthesized with the mMessage Machine T7 Ultra kit (Ambion/
ThermoFisher Scientific) and injected at 100 ng/ul into embryos at the
1 cell stage. Injected individuals were outcrossed to wild-type fish as
adults, and the F1 progeny were screened for heterozygous mutations
by restriction fragment length polymorphism assays. Mutant alleles
predicted were identified by sequencing PCR products amplified with
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the following primers: nr2fla F: 5’-CCTGCGAAGGATGCAAAAGT-3’
and nr2fla R: 5-TATATTCACCTTCCCGCCGC-3’. The nr2fla®!?
allele contains an 8-bp deletion resulting in a frameshift at the end of
the DNA binding domain that terminates after the incorporation of 62
incorrect amino acids (Fig. 1D,E,F). The primers nr2fla F1: GAGGA
GTGTCCGAAGGAACTTA and nr2fla R1l: GAGGTCTGCATAAC
CTTGCTTT were used for subsequent genotyping of the nr2fla®*'2
allele.

The nr2f1a®%% allele was made using CRISPR/Cas9. The gene-
specific sequence of the guide RNA (5’-GGCCAGTATGCGCTAACG
AATGG) that targets a 5’ site of the nr2fla 2nd exon was fused with
the common portion using PCR and RNA was made using T7 as
described previously (Talbot and Amacher, 2014). Cas9 mRNA was
made as described (Jao et al., 2013). 50 pg of the nr2fla guide RNA
was co-injected with 300 pg cas9 mRNA. F1 progeny were screened
using PCR for insertion and deletions using the primers nr2fla e2-F1:
5’-TGGATGTACATTTCCTCTCCCT and nr2fla e2-R1: 5’-CTGCA
AGCTCACAGATGTTCTC. Bands predicted to have deletions were
cloned and sequenced. An allele with a 49 bp deletion predicted to
cause a truncation immediately after the ligand binding domain
following 4 incorrect amino acids was found and subsequently recov-
ered in the raised F1 generation (Fig. S2).

2.3. In situ hybridization (ISH) and length measurements

ISH was performed using NBT/BCIP (Roche) as previously re-
ported (Oxtoby and Jowett, 1993). Digoxygenin-labeled anti-sense
RNA probes for amhc (ZDB-GENE-031112-1), vmhc (ZDB-GENE-
991123-5), bmp4 (ZDB-GENE-980528-2059), tbx2b (ZDB-GENE-
990726-27), has2 (ZDB-GENE-020828-1), notchlb (ZDB-GENE-
990415-183), klf2a (ZDB-GENE-011109-1), and sppl (ZDB-GENE-
050706-97) were used. Length measurements of AVC markers were
made using ImageJ by tracing the expression on the inferior side
(adjacent to the outer curvature of the ventricle) and superior side
(adjacent to the inner curvature) in frontal view images.

2.4. Real-time quantitative PCR (RT-qPCR)

Total RNA isolation and RT-qPCR was performed using previously
reported methods (D'Aniello et al., 2013). Briefly, whole embryo RNA
was obtained from groups of 30 embryos using Trizol (Ambion) and
Purelink RNA Microkit (Invitrogen). cDNA was synthesized using 1 pg
total RNA and the ThermoScript Reverse Transcriptase kit
(Invitrogen). RT-qPCR was performed using Power SYBR Green PCR
Master Mix (Applied Biosystems) in a BioRad CFX-96 PCR machine.
Expression levels were standardized to B-actin expression and data
were analyzed using the 22T Livak Method. All experiments were
performed in triplicate. Primer sequences for -actin, amhc, and vmhc
used in RT-qPCR were reported previously (D'Aniello et al., 2013;
Rydeen et al., 2015).

2.5. Nr2fla antibody

An affinity-purified rabbit polyclonal antibody was generated using
a combination approach with the peptides QEDVAGGPPSGP
NPAAQPAREQ (amino acids 12-33 of Nr2fla) and QTPSQPGPP
STPGTAGDKGSQNSGQSQ (amino acids 45—71 of Nr2fla; Fig. S1)
by YenZym Antibodies (www.YenZym.com).

2.6. Western blots

25 embryos per condition were harvested at 24 h post-fertilization
(hpf) and were homogenized in embryo lysis buffer (20 mM Tris - pHS,
50 mM NaCl, 2 mM EDTA, 1% NP-40) with cOmplete™ protease
inhibitor (Roche). Two embryo equivalents were run on a 10%
polyacrylamide gel. Western blotting was performed using standard
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Fig. 1. Nr2fla is expressed in ACs and generation of a nr2f1a mutant allele. (A,B) IHC for MHC (red), AHMC (purple), and Nr2fla (green) at 24 and 48 hpf. Nr2fla* nuclei
in cells at the venous pole adjacent to AMHC" cells (yellow arrowheads), which we propose are putatively atrial progenitors. Expression in nuclei of ACs (white arrows). Blue brackets
indicate AMHC" region devoid of Nr2f1* nuclei. Images are Z-stacks of confocal sections. V indicates ventricle and A indicates atrium in all figures. Scale bar indicates 10 pm in A,B. > 10

hearts were examined at each stage. (C) Schematic of deletion in nr2fIa exon 1 from the TALENS. (D) Sequence of the 8-bp deletion in the nr2fla’

€512 mutant allele. (E) Schematic

indicating the predicted truncation caused by the deletion. Activation domain — AF1 (red), DNA-binding domain — DBD (green), Ligand binding domain — LBD (yellow). Black indicates
amino acids after the protein goes out of frame. (F,G) WT and nr2fla el512-/- mutant embryos at 48 hpf. (H) Western blot indicating that Nr2fla protein is lost in nr2f1a mutants. (I,J)
Confocal images of whole mount IHC indicating Nr2fla protein is expressed in the same anatomical structure as shown previously with ISH (Love and Prince, 2012) and is lost in nr2fla
mutants. Images are the dorsolateral with anterior left. e — eyes, p — pharyngeal (arrow in I), ¢ — cerebellum, hb —hindbrain. > 20 wt sibling and nr2fIa mutant embryos were examined.

methods. Monoclonal anti-a-tubulin (T 6199, Sigma) was used as a
loading control. LI-COR IRDye® 680LT Donkey anti-rabbit secondary
was used for the anti-Nr2fla antibody. LI-COR IRDye® 800CW Donkey
anti-mouse secondary was used for the anti-a-tubulin. Blots were
imaged using an Odyssey CLx LI-COR imager.

2.7. Zebrafish immunohistochemistry (IHC) and cardiomyocyte
counting

IHC of hearts and for counting cardiomyocytes were performed as
previously described (Waxman et al., 2008). Embryos were fixed for 1 h
at room temperature in 1% formaldehyde in PBS, followed by washing
1X in PBS, 2X in 0.2% saponin/1X PBS, and blocking with 0.2%
saponin/10%sheep serum/1X PBS (Saponin blocking solution) for one
hour. AMHC (Atrial myosin heavy chain; S46) and MHC (sarcomeric
myosin heavy chain; MF20) primary antibodies (University of Iowa
Developmental Studies Hybridoma Bank) were incubated at 1:10 in
Saponin blocking solution. Rabbit polyclonal anti-DsRed antibody
(Clontech) was used at a 1:1000 dilution. Nr2fla antibody was used
at 1:100. Secondary antibodies anti-mouse IgG1-FITC (Southern
Biotech), anti-mouse IgG2b-TRITC (Southern Biotech), anti-rabbit
IgG-TRITC (Southern Biotech), anti-rabbit IgG(H+L) Alexa Fluor’
488 (Southern Biotech), and anti-mouse IgGl DyLight™ 405
(BioLegend) were used at dilutions of 1:100. A Zeiss M2BioV12
Stereo microscope was used to image hearts with AHMC/MHC and
DsRed/MHC IHC. A Nikon Al inverted microscope was used to image
Nr2fla/MHC IHC.

For IHC of ECs, embryos were fixed in 4% formaldehyde overnight
at 4 °C, followed by dehydration in a methanol series at —20 °C.
Embryos were washed in 1X PBS/0.1% Tween-20 (PBST) then
PBST/1%DMS0/0.3% Triton-X for 20 min. Embryos were blocked in

PBST/10% sheep serum, followed by washes and application of the
secondary antibody. Alcama/Zn8/DmGrasp (DHSB) was used at 1:10.
Secondary antibody anti-mouse IgGl Alexa Fluor® 488 (Southern
Biotech) was used at 1:100. Embryos were mounted for confocal
imaging by cutting the tail off with forceps, then placing the embryo
downward with the heart facing the coverslip. 0.6% low melting point
agar was placed on top and allowed to solidify before imaging. EC cells
were counted using the cell membrane labeling of Alcama antibody.

2.8. Dorsomorphin and LDN193189 treatments

Embryos from nr2fla*/;myl7: DsRed2-NLS adult crosses were
treated with 10 pyM Dorsomorphin or 10 uM LDN193189 (Sigma)
diluted from a 10 mM stocks in DMSO beginning at the 20 s stage.
Embryos were treated through 72 hpf when they were sorted, processed
for THC, imaged with confocal microscopy, and analyzed as above.

2.9. Kaede photoconversion analysis

Photoconversion of Kaede, imaging, and analysis were performed
as previously reported (Rydeen and Waxman, 2016) with the following
modifications. Embryos from crosses of nr2fla+/-; myl7: kaede
hemizygous fish were collected and transferred to embryo water
(without methylene blue). At 30 hpf, the embryos were exposed to
UV light for 30 min using a DAPI filter on a Zeiss M2BioV12 Stereo
microscope. At 48 hpf, nr2fl1a mutant and their WT sibling embryos
were sorted, anesthetized, and gently compressed between two cover-
slips. The hearts were imaged with a Nikon Al inverted confocal
microscope. The areas of green*/red” cardiomyocytes were determined
by subtracting the amount of red fluorescence (earlier differentiating
cardiomyocytes) from the green fluorescence (later differentiating
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Fig. 2. Nr2fl1a mutants have smaller atria. (A,B) IHC for MHC (red) and AMHC (green). Sharp border between MHC and AMHC in WT embryos (arrowhead in A). Diffuse border
of AMHC expression (arrowheads in B). (C) Number of ACs and VCs in WT sibling (n = 12) and nr2fla mutant (n = 14) embryos. (D,E) ISH for amhc at the 22 s stage. Images are dorsal
views with anterior up. (F,G) ISH for amhc at 48 hpf. Border of expression (arrowheads). (H) RT-qPCR for amhc and vmhe in WT sibling and nr2f1a mutant embryos. (I,J) ISH for
vmhce at 48 hpf. Distinct border of expression (arrowhead in I). Expansion and diffuse border of expression (arrowheads in J). Images in F,G,IJ are frontal views. > 20 embryos per
condition were examined for A,B,D,E,F,G,I,J. (K) Amount of green*/red cells (area) at the venous (atrium) and arterial (ventricular) poles in WT and nr2f1a mutant embryos. (L-M")
Confocal images of hearts depicting the addition of differentiating cells (green”/red" cells) at the venous and arterial poles (yellow and white arrowheads, respectively). Asterisks

indicates significant difference (P < 0.05) in all figures.

cardiomyocytes) in two-color images at both arterial and venous poles
using ImageJ (Schneider et al., 2012).

2.10. Statistical analysis

For comparisons between two conditions (Fig. 2 and Fig. 3)
Student's t-test was used. For comparison between 4 conditions
ANOVA with Tukey's test was used (Fig. 4). P <0.05 was considered
statistically significant for all comparisons.
3. Results

3.1. Nr2fla is expressed in ACs

Nr2f1 is expressed in ACs of humans and mice similar to Nr2f2
(Devalla et al., 2015; Li et al., 2016). However, zebrafish Nr2f2 is not
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required for early heart development (van Impel et al., 2014).
Therefore, we wanted to determine if the paralog nr2fla is expressed
in ACs of zebrafish. We examined Nr2fla protein expression using an
antibody that was generated to peptide fragments within the Nr2fla N-
terminus (Fig. S1 and Section 2). These peptides were used because the
N-terminus has the least amount of conservation between Nr2fla and
other zebrafish Nr2f family members (Fig. S1). Examining Nr2fla in
the nascent heart tube at 24 hpf with IHC and confocal microscopy, we
found that it was already restricted to nuclei of ACs and cells adjacent
to the atrial venous pole that were not expressing the atrial marker
AHMC (Fig. 1A), which we postulate may be atrial progenitors.
Through 48 hpf, Nr2fla maintained expression in ACs (Fig. 1B), but
became progressively less visible in cells adjacent to the venous pole.
Although Nr2f2 has been reported in endocardial cells, we did not
detect Nr2fla within endocardial cells (Fig. 1A,B). Thus, we find that
Nr2fla is specifically expressed within differentiating ACs and cells
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Fig. 3. AVC markers are expanded in nr2f1a mutant hearts. (A-L) ISH for bmp4 (A,B), tbx2b (C,D), has2 (E,F), kif2a (G,H), notch1b (1,J), and sppl (K,L) in WT and nr2fla
mutant embryos. Images are frontal views with dorsal up. The relative position of the ventricle and atrium is the same in all images. Arrowheads indicate the length of expression on the
superior side (s) of the AVC, which is adjacent to the inner curvature of the ventricle. Inferior side (i) of the AVC is adjacent to the outer curvature of the ventricle. (M) Length
measurements of marker expression in the AVC. (WT bmp4n =7, nr2ﬂa'/' bmp4 n =7, WT tbx2b n = 10, nr2ﬂa'/' tbx2bn = 10, WT hasn = 7, nr2ﬂa'/' hasn=7,WT klf2an =6,
nr2fla’” klf2a n = 6, WT notchlb n = 5, nr2fla”” notchlb n = 5, WT sppl n = 9, nr2fla”” klf2a n = 9.).

adjacent to the venous atrium that we postulate are putative AC
progenitors.

3.2. Nr2fla is required for AC differentiation

To determine if Nr2fla is required for proper atrial development in
zebrafish embryos, we generated multiple nr2fIa alleles using TALENs
and CRISPR/Cas9 (Fig. 1C,D and Fig. S2A,B) (Joung and Sander,
2013; Talbot and Amacher, 2014). The alleles examined cause trunca-
tions that eliminate the ligand binding domain (Fig. 1E and Fig. S2C),
gave identical overt phenotypes (Fig. 1F,G and Fig. S2D,E), showed
loss of Nr2fla protein (Fig. 1H-J), and failed to complement each other
(data not shown). Therefore, the nr2fla alleles were used interchange-
ably for experiments and henceforth are referred to as nr2fIa mutants.

Although it was difficult to identify nr2f1a mutants at earlier stages,
we found that they develop overt pericardial edema by 48 hpf
(Fig. 1F,G and Fig. S2D,E). Examination of the hearts from nr2fla
mutants with THC revealed aberrant morphology, with the atria
typically appearing smaller (Fig. 2A,B and Fig. S3A,B). Importantly,
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while these phenotypes are reminiscent of the atria described in global
Nr2f2 KO mice (Pereira et al., 1999), the cause(s) of the dysmorphic,
smaller atria occurring in the Nr2f2 KO mice has not been reported.
Interestingly, counting the cardiomyocytes, using the myl”: DsRed-
NLS transgene (Fig. S3A,B) (Mably et al., 2003), revealed a specific
decrease in ACs of nr2fla mutants, without affecting VC number
(Fig. 2C). Examination of the atrial differentiation marker atrial
myosin heavy chain (amhc aka myh6) at the 22 somite (s) stage via
ISH did not reveal any obvious differences between nr2fla mutants
and their wild-type (WT) siblings (Fig. 2D,E), suggesting early speci-
fication and differentiation of ACs is likely not affected in nr2flia
mutants. However, ISH and RT-qPCR both revealed decreased amhc
expression by 48 hpf relative to WT siblings (Fig. 2F-H), supporting a
requirement for Nr2fla in promoting addition of ACs later and/or
enhancing atrial differentiation. In contrast to counting cardiomyo-
cytes, which differentiates ACs and VCs using AMHC" protein expres-
sion and showed no effect on VC number (Fig. 2A-C and Fig. 3SA,B),
we observed an expansion of the VC differentiation marker ventricular
myosin heavy chain (vmhe) (Fig. 21,J). Although we also did not
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Fig. 4. Nr2fla functions upstream of Bmp signaling to restrict ECs. (A-D) IHC
of hearts from myl7: DsRed-NLS WT, nr2fla mutant, WT DM-treated, and nr2fla
mutant DM-treated embryos for Alcama (green) and DsRed (myocardial nuclei — red).
Images are frontal views of confocal stacks. Length of ECs (arrowheads). Individual EC
cells (asterisks). Scale bar indicates 10 um in A-D. (E) Mean EC number from inferior
and superior valve sides in WT (n = 12), nr2fla mutant (n = 9), WT DM-treated (n = 11),
and nr2fla mutant DM-treated (n = 13) embryos.

observe a quantitative difference in vmhc expression with RT-qPCR at
this stage (Fig. 2H), a caveat of this analysis is that it was performed on
whole embryos and vmhc is also expressed in the somites. However,
because vmhc and amhc expression overlap within cells of the less
differentiated AVC (Auman et al., 2007; Pradhan et al., 2017), we
postulate the expansion of vmhc alone within the heart may not
necessarily reflect an expansion of differentiated VCs into the atrium,
even though it has traditionally been considered solely a marker of VC
differentiation. Cumulatively, these data support that the smaller atria
in nr2fl1a mutants are due to reduced AC number, which is not from a
direct expansion of VCs at the expense of ACs in nr2fla mutants, at
least through 48 hpf.

In mammals, the atria are largely derived from later differentiating,
posterior second heart field (SHF) progenitors (Galli et al., 2008).
While the contribution of later differentiating venous cardiomyocytes is
not as dramatic in zebrafish, there is some accrual of ACs at the venous
pole of the heart (de Pater et al., 2009). Because we observe Nr2fla-
expressing cells adjacent to the venous atrium in the nascent heart
tube, but progressively fewer later, this observation implied that
Nr2fla may be affecting the differentiation of these venous progenitor
cells into ACs. We assessed the temporal differentiation of cardiomyo-
cytes at the venous pole in nr2fla mutants using the myl7: Kaede
transgene (de Pater et al., 2009). Kaede-expressing cardiomyocytes
from adult nr2fla*/~ crosses were converted from green to red in 30
hpf embryos, followed by sorting of nr2fla mutant and WT sibling
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embryos and imaging at 48 hpf. Interestingly, we found that there was
an increased amount of green*/red” cells at the venous pole of nr2fla
mutants compared to their WT siblings (Fig. 2K-M”). In the same
hearts, we did not observe a difference in the amount of green™/red”
VCs adding to the outflow tract (Fig. 2K-M”). Altogether, these results
suggest that reduced and/or delayed rate of differentiation at the
venous pole contributes to the deficit of ACs in nr2f1a mutants.

3.3. Nr2fla is required to restrict AVC markers

The loss of ACs can explain some aspects of the smaller, dys-
morphic atria in nr2fla mutants. However, we also found that the
border between the ACs (AMHC") and VCs (AMHC") cells was more
diffuse in nr2fla mutant hearts (Fig. 2A,B and Fig. 3SA,B). Together
with the observation that there is an expansion of vmhc expression in
nr2fla mutants into the atria (Fig. 2L,J), but not a difference in VC
number (Fig. 2C), we postulated that patterning of the AVC may be
disrupted in nr2f1a mutants. A well-established conserved hierarchy of
signals determine the AVC in vertebrates (reviewed in Haack and
Abdelilah-Seyfried (2016)). In zebrafish, at the border of the atrial and
ventricular chambers, the AVC myocardium is established by Bone
morphogenetic protein 4 (Bmp4) signaling, which lies upstream of the
transcription factor Thx2b and maintains a less-differentiated cardio-
myocyte state (de Pater et al., 2012). Signals from the myocardium are
relayed to the adjacent AVC endocardium, initiating expression of
factors including hyaluronan synthase 2 (has2) and the transcription
factor Kruppel-like factor 2a (klf2a) that ultimately permit expression
of notchlb and valve differentiation, as indicated by the marker
secreted phosphoprotein 1 (sppl). Examining these AVC markers in
nr2fla mutants, we found that all were dramatically expanded into the
atria compared to WT siblings (Fig. 3A-M), which was similar to the
expansion of vmhe expression (Fig. 2I,J). Next, to examine if the
expansion of these AVC markers in nr2fla mutants results in an
expansion of the EC cells, as would be predicted, we used Alcama (aka
Dm-grasp) IHC at 72 hpf (Beis et al., 2005; Smith et al., 2011). Indeed,
we found that the number of EC cells was almost doubled for both the
superior and inferior cushions (Fig. 4A,B,E).

Bmp signaling is required within the AVC myocardium to repress
cardiomyocyte differentiation after its initial role in promoting cardi-
omyocytes specification (de Pater et al., 2012; Haack and Abdelilah-
Seyfried, 2016). We find that AMHC" cells adjacent to the ventricle
appear to lack Nr2fla (Fig. 1A,B), suggesting Nr2fla expression
extends up to the border of the AVC, and that nr2fIa mutants have
an expanded AVC (Fig. 3). Therefore, we posited that Nr2fla lies
upstream of Bmp signaling to restrict valve development. To test this
hypothesis, we treated embryos from nr2fla*/~ crosses with the Bmp
signaling inhibitor Dorsomorphin (DM) (Hao et al., 2008) beginning at
the 20 s stage, since this is when BMP was found to repress cardio-
myocyte differentiation (de Pater et al., 2012). Remarkably, although
the atria of DM-treated nr2fla mutant embryos were still dysmorphic,
we found that inhibition of BMP signaling was able to restore their
number of ECs (Fig. 4C-E). A similar restoration of ECs was observed
in the nr2fla mutants when treating with the BMP signaling inhibitor
LDN193189 (Fig. S4) (Cuny et al., 2008). However, despite the ability
to restore EC number, BMP inhibition did not rescue the number of
ACs in nr2fla mutants (Fig. S3C). Therefore, these data support that
within the atrial myocardium Nr2fla is necessary to limit BMP
signaling and the size of the AVC.

4. Discussion

4.1. Conserved functions of Nr2f factors in vertebrate atrial
development and disease

Recent data has indicated that Nr2f1 is expressed in the atria of
mice and hESC-derived ACs similar to Nr2f2 (Devalla et al., 2015; Li
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et al., 2016). Depletion of Nr2f1 in stem cell-derived human atrial cells
indicated a potentially overlapping function with Nr2f2 promoting
atrial differentiation (Devalla et al., 2015), although the importance of
Nr2fl in mouse atrial development has not been reported. While a
recent study using morpholinos to deplete Nr2fla in zebrafish embryos
suggested that it is required for vascular development (Wu et al., 2014),
similar to the role of Nr2f2 in mammalian endothelial cells (Pereira
et al., 1999; You et al., 2005), that study did not analyze requirements
for Nr2fla in the heart. However, while not the focus of this study, we
do not find overt vascular defects in nr2fla mutants (data not shown).
Our data examining multiple nr2fla mutant alleles support the
hypothesis that Nr2fla functions to promote atrial development and
differentiation in a manner equivalent to Nr2f2 in mammals. Thus, we
surmise that observations from our study represent previously un-
recognized, conserved mechanisms of the Nr2f family that significantly
extend studies of Nr2f2 in atrial development of mammals.

Foremost, the previous study of global Nr2f2 KOs did not reveal the
causes of the morphological smaller atria and sinus venous (Pereira
et al., 1999). Because we find that the smaller atria in zebrafish nr2fla
mutants are partially due to reduced and delayed AC differentiation at
the venous pole, we propose that the smaller atria in Nr2f2 mouse
mutants are also secondary to decreased AC number derived from a
failure of posterior SHF cells to accrue and differentiate. Conditional
KOs using a Myh6-cre to deplete Nr2f2 in cardiomyocytes beginning at
E9.5 demonstrated Nr2f2 promotes the differentiation and mainte-
nance of atrial identity at the expense of ventricular identity upstream
of Irx4 and Hey2 (Wu et al., 2013). In contrast to this observation, our
cardiomyocyte counts and quantitative expression data do not support
that Nr2fla promotes atrial identity at the expense of ventricular
identity, at least during initial stages of cardiac chamber development
in zebrafish. We do observe a visible expansion of vmhe, which
traditionally is thought to mark differentiated VCs, within the hearts
of nr2fla mutants. However, we posit that this expansion reflects a
general expansion of the AVC, since we find a similar expansion of the
other canonical AVC markers examined and do not find an increase in
the AMHC™ VCs that complements the loss of AMHC" cardiomyocytes
in nr2fla mutants. One interpretation of the contrasting observations
reported here and by Wu et al. (2013) is that we each have identified
different temporal requirements of Nr2f factors in vertebrate atrial
development. We propose that our analysis has uncovered a previously
overlooked requirement for Nr2f proteins in establishing fully differ-
entiated ACs at the atria-AVC border, while the conditional mouse
Nr2f2 KO study revealed a later role in maintenance of atrial identity at
the expense of ventricular identity (Wu et al., 2013). Moreover, in
contrast to the global mouse Nr2f2 KOs and the zebrafish nr2fla
mutants, the atrial chambers in the conditional N72f2 KOs were larger,
not smaller, reflecting the later acquisition of VC characteristics and
enhanced proliferation. Thus, the atrial phenotypes in the global vs
conditional Nr2f protein KOs further highlight the different require-
ments of Nr2f transcription factors within atrial development.

Importantly, AVC defects were not reported in the global or
conditional Nr2f2 KOs (Wu et al., 2013). Thus, despite the cardiomyo-
cyte fate transformations and morphological defects observed, these
previous studies did not reveal potential causes for the AVSDs
associated with NR2F2 mutations in humans. Conditional Nr2f2 KO
within the endocardium of mice using the Tiel-cre illustrated endo-
cardial-mesenchymal transition defects within the ECs due to an
expansion of Notch (Lin et al., 2012). However, it is unlikely that the
valve defects from endocardial Nr2f2 depletion can explain AVSDs. Our
data point to a role for Nr2f factors functioning within the differentiat-
ing atrial myocardium at the top of the AVC developmental hierarchy to
restrict Bmp signaling that concomitantly establishes both atrial
chamber and AVC/valve size. Interestingly, even though bmp4 is also
expressed at the venous pole (de Pater et al., 2009), our data suggest
that Nr2fla function at the venous pole is independent of Bmp
signaling. While other factors have been found to restrict AVC
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expansion into the ventricle (Beis et al., 2005; Garrity et al., 2002;
Just et al., 2011; Rutenberg et al., 2006; Smith et al., 2011; Totong
et al., 2011), to our knowledge Nr2fla is the first factor found to
restrict AVC specification within the atrium and lead to differentiation
of the EC cells, as indicated by sppl expression. Therefore, we
speculate that the NR2F2-associated AVSDs in humans may in part
be due to a failure to restrict the size of the AVC. Altogether, our data
indicate that in zebrafish Nr2fla coordinates atrial chamber and AVC
size through both BMP signaling-independent and -dependent me-
chanisms, providing insight into the conserved requirements of Nr2f
transcription factors in vertebrate chamber development and, poten-
tially, unknown etiology of AVSDs associated with NR2F2 mutations in
humans.
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