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Abstract

Hereditary hemorrhagic telangiectasia (HHT) is an autosomal dominant vascular disorder
characterized by development of high-flow arteriovenous malformations (AVMs) that can lead to
stroke or high-output heart failure. HHT2 is caused by heterozygous mutations in ACV/RL 1, which
encodes an endothelial cell bone morphogenetic protein (BMP) receptor, ALK1. BMP9 and
BMP10 are established ALK1 ligands. However, the unique and overlapping roles of these ligands
remain poorly understood. To define the physiologically relevant ALK1 ligand(s) required for
vascular development and maintenance, we generated zebrafish harboring mutations in bmp9and
duplicate BMP10 paralogs, bmp10and bmp10-like. brmp9 mutants survive to adulthood with no
overt phenotype. In contrast, combined loss of bmp10and bmp10-like results in embryonic lethal
cranial AVMs indistinguishable from acvr/1 mutants. However, despite embryonic functional
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redundancy of bmp10and bmpl0-like, bmpl0encodes the only required Alk1 ligand in the
juvenile-to-adult period. brmp10 mutants exhibit blood vessel abnormalities in anterior skin and
liver, heart dysmorphology, and premature death, and vascular defects correlate with increased
cardiac output. Together, our findings support a unique role for Bmp10 as a non-redundant Alk1
ligand required to maintain the post-embryonic vasculature and establish zebrafish 6mpZ0 mutants
as a model for AVM-associated high-output heart failure, which is an increasingly recognized
complication of severe liver involvement in HHT2.
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hereditary hemorrhagic telangiectasia; bone morphogenetic protein; vascular development;
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Introduction

Hereditary hemorrhagic telangiectasia (HHT) is an autosomal dominant vascular disorder
that presents with variable age of onset and expressivity. The disease phenotype is
characterized by development of arteriovenous malformations (AVMs), which are direct
connections between arteries and veins that bypass the capillary bed [1]. Because capillaries
are required for gas exchange and to slow blood flow as it travels from arteries to veins,
AVMs may lead to tissue hypoxia and hemorrhage.

HHT is associated with decreased quality of life and may be associated with decreased life
expectancy [2-4]. In HHT patients, AVMs in small caliber vessels (telangiectasias) in the
nose and gastrointestinal tract may lead to hemorrhage and anemia. Pulmonary AVMs may
lead to dyspnea, brain abscess, or embolic stroke, whereas liver AVMs may lead to
decreased systemic vascular resistance and high-output heart failure (HOHF). While cautery,
resection, or embolization can be effective treatments for telangiectasias or pulmonary
AVMs, the primary treatment option for HHT patients with severe liver involvement and
HOHF is liver transplantation [5]. Intravenous administration of antiangiogenics has shown
some therapeutic value in HHT patients [6-8], but these therapies globally depress
angiogenesis. As such, there is an unmet need for therapeutics that directly target the
molecular defect that underlies HHT-associated AVMs.

HHT is caused by defects in bone morphogenetic protein (BMP) signaling in endothelial
cells. In BMP signaling [9], extracellular ligands bind with the aid of non-signaling type 111
receptors to a complex of type Il and type | transmembrane receptor serine/threonine
kinases. The type Il receptors phosphorylate and activate the type | receptors, which
phosphorylate SMAD proteins (SMAD1, SMADS5, SMADS). Phosphorylated SMADs
(pPSMADSs) complex with SMADA4, enter the nucleus, bind to DNA, and regulate gene
expression. Mutations in endoglin (ENG, type Il receptor), ACVRL1 (or ALK, type |
receptor), and SMAD4 cause HHT1, HHT2, and juvenile polyposis with HHT, respectively
[10-12]. ENG and ACVRL1 mutations account for 85-96% of HHT [13].

BMP9 and BMP10 are high affinity ligands for ALK1 and ENG that similarly induce
expression of downstream target genes [14-19]. In mice, Bmp9is synthesized in the liver by
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embryonic day (E) 9.75-10, with expression localized to stellate cells in the adult [20-24].
Bmp10predominates in the heart, with expression restricted to ventricular trabecular
myocardium at E8.0, atrial myocardium by E16.5, and right atrial myocardium in adults [25,
26]. Both proteins are detected in mouse and human peripheral blood [21, 23, 27-29],
suggesting that they might act redundantly as endocrine ligands for endothelial ALK1. Yet,
whereas Bmp9 null mice have no overt embryonic blood vessel phenotype and live to
adulthood [23, 27], Bmp10nulls develop embryonic lethal AVMs, phenocopying Acvr/1
mutants [23], These observations suggest a unique embryonic requirement for Bmp10 as the
critical Alk1 ligand. However, there is a short developmental window (E8.0-E9.75) during
which only Bmpl0and not Bmp9dis expressed, which could mask functional redundancy. In
fact, functional redundancy is supported by observations that embryonic AVMs in Bmp10
nulls are rescued by inserting Bmp9 into the Bmp10locus [23], and that neonatal retinal
AVMs develop upon simultaneous blockade of Bmp9 and Bmp10 [30-32]. However, post-
embryonic ligand requirements outside of the retina have not been explored.

Because HHT is a heterozygous condition, ligand-based therapeutics that increase signaling
through wild type receptors may ameliorate disease phenotype. The utility of this approach
is predicated on understanding ALK1 ligand requirements in different vascular beds
throughout life. To this end, we took advantage of the embryonic redundancy of zebrafish
duplicate paralogs of BMP10—bmpl0and bmpl0-like—to explore Alk1 ligand
requirements through adulthood. Zebrafish acvr/Z mutants develop embryonic lethal AVMs,
and simultaneous knockdown of bmpI0and bmpl0-like, but not bmp9, phenocopies acvr/l
mutants [33-35]. In this work, we generated zebrafish bmp9, bmp10, and bmpl0-like
mutants, all of which are viable. Although bmp9 or bmp10-like mutants develop no
phenotype, brmpl0mutants develop external vascular lesions at similar sites to HHT
patients, with variable age of onset and expressivity. Moreover, bmp10 mutants display liver
vascular malformations, ventricular enlargement, and functional evidence of high-output
heart failure, reminiscent of HHT patients. Taken together, our results support a unique and
unexpected requirement for Bmp10 in endocrine activation of endothelial Alk1 throughout
life, a requirement that must be considered in development of ligand-based therapy for HHT.

Materials and Methods

Zebrafish maintenance

All zebrafish (Danio rerio) experiments conformed to NIH guidelines and were approved by
the University of Pittsburgh Institutional Animal Care and Use Committee. Adults were
maintained and bred and embryos reared according to standard protocols [36]. For
experiments requiring analysis of adult phenotypes, we reared fish at a density of 40 fish/2.8
L tank from 5 days post-fertilization (dpf) until 5-6 weeks, then decreased density to 20 fish/
2.8L tank, or ~7 fish/L. To monitor phenotype progression, we transferred phenotypic fish to
a new tank upon onset of phenotype and supplemented with fluorescent age-matched
“Starfire Red” fish to maintain density at 7 fish/L.
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Zebrafish lines

Mutant lines acvr/170% and acvr/17¥6 [33] and transgenic lines Tg(kadrl:GFP)/a116
(endothelial cells) [37]; Tg(acta2-mCherry)°@ (smooth muscle cells) [38];
To(flt1 :td Tomato)™5333 (arterial endothelial cells) [39]; Tg(flt4-Citrine)™ 7135 (venous
endothelial cells) [40]; Tg(my/7:actn3b-EGFP)*0 (a-actinin 3B-EGFP fusion; marks
sarcomeric Z-discs) and Tg(myl7-Mkate-CAAX)*®11 (cardiomyocyte membranes) [41];
To(myl7-EGFP)"u34 (cardiomyocytes) [42]; and Tg(myl7:DsRed2-NLS)? (cardiomyocyte
nuclei) [43] have been described. bmp10-likes?11654 was obtained from the Sanger Institute
Zebrafish Mutation Project [44].

We used genome editing to target bmp9 [also known as gdf2; chromosome 12;
ENSDARG00000059173; ENSDART00000082220.5/NM_01171586 (1170 bp); F1QWZ4/
NP_001165057 (389 amino acids)], 6mp10[chromosome 5; ENSDARG00000061769;
ENSDART00000088492.5/NM_001130600 (1458 bp); A2BGK2/NP_001124072 (485
amino acids)], and bmp10-like [chromosome 10; ENSDARG00000109233,
ENSDART00000192123.1 (1221 bp), AOA2R8RLC3 (406 amino acids]). To generate
bmp9/gdf2 (pt533, pt536) and bmpl0 (pt527, pt543) mutants, we injected into 1-celll stage
embryos 250 pg capped, polyadenylated synthetic mRNA (mMessage mMachine T7 Ultra,
Thermo Fisher, Waltham, MA USA) synthesized from pairs of TALEN-encoding plasmids,
following established protocols [45]. Plasmids were designed and generated by Dr. Keith
Joung (Harvard, Cambridge, MA USA) and deposited at Addgene (Watertown, MA USA;
Supplementary Table 1). To generate additional bmp10-like mutant alleles (pt544, pt545),
we synthesized a CRISPR single guide RNA (MegashortScript, Thermo Fisher) from a
synthetic DNA template (Supplementary Table 1) inserted into plasmid DR274 (Addgene)
along with 600 ng Cas9 mRNA (mMessage mMachine T7 Ultra, Thermo Fisher) generated
from plasmid MLM3613 (Addgene). In all cases, we identified PO founders by outcrossing
and genotyping offspring by PCR and restriction digest and/or sequencing. F1 generations
were outcrossed to isolate single alleles. All genotypes were confirmed using assays
provided in Supplementary Table 2. Mutation nomenclature is consistent with the
recommendations of the Human Genome Variation Society [46].

For bmp9, we used TALENS targeting coding nucleotides 122-180 (exon 1) and propagated
two mutant lines (Fig. 1a). Allele pr533 harbors a 9-bp deletion/1-bp insertion, generating a
frameshift at amino acid 52 and premature termination codon within the prodomain at amino
acid 84 (c.155_163delinsC p.Phe52Serfs*33). Allele pr536 harbors a 7-bp deletion,
generating a premature termination codon within the prodomain at amino acid 54
(c.159_165del p.Gly54*). To confirm the predicted effects of these mutations and assess
nonsense-mediated decay (NMD), we synthesized cDNA from pooled embryos from
heterozygous incrosses, PCR amplified across the mutation, and cloned and sequenced the
PCR product. Sequencing confirmed the presence of the predicted mutant transcripts in 4/6
(pr533) and 5/6 (pt536) cDNA clones, providing no evidence of NMD.

For bmp10, we used TALENS targeting coding nucleotides 110-162 (exon 1) and
propagated two mutant lines (Fig. 1a). Allele pt527harbors an 8-bp deletion, generating a
frameshift at amino acid 45 and premature stop codon within the prodomain at amino acid
48 (c.132_139del p.Thra5Argfs*4). Allele pt543 harbors a 7-bp deletion, generating a
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frameshift at amino acid 45 and a premature stop codon within the prodomain at amino acid
71 (c.131_137del p.Thr45Metfs*27). We confirmed the presence of the predicted mutant
transcripts in 6/11 (pr527) and 7/14 (pt543) cDNA clones as described above, providing no
evidence for NMD.

For bmp10-like, we obtained an ethylnitrosourea-induced mutant allele, saZ1654 [44], which
harbors a point mutation in exon 2 that generates a premature stop codon within the
prodomain at amino acid 180 (c.538C>T p.R180%*) (Fig. 1a). We generated additional
bmp10-like alleles using CRISPR/Cas9 to target coding nucleotides 900-919 within exon 2
(Fig. 1a). Allele pt544 harbors an 18-bp in-frame deletion within the growth factor domain
(c.907_924del p.Asp303-Glu308del) that included cysteine 304, which is required for
intramolecular disulfide bonding. Allele pt545 harbors an 8-bp deletion, generating a
frameshift at amino acid 306 and premature stop codon within the growth factor domain at
amino acid 311 (c.916_923del p.lle306 Aspfs*6). Sequencing of RT-PCR products generated
from heterozygous incrosses confirmed the presence of all predicted mutant transcripts.
Because all mutations are in exon 2 of this two-exon gene, we did not evaluate NMD.

Histology and Imaging

Adult fish and whole heart imaging and measurements—We imaged adult fish and
whole hearts using an MV X-10 MacroView microscope and DP71 camera (Olympus
America, Center Valley, PA, USA). We measured fish length (nose to base of fin) using
hand-held calipers. We measured ventricle cross-sectional area by tracing the maximal
ventricle outline from images of ventricles (atrium removed) positioned in 5%
methylcellulose with bulbus arteriosus to the right.

Histological staining and imaging—We stained 5 pm sections of Bouin’s fixed (4°C
overnight), paraffin embedded hearts with Acid Fuchsin-Orange G (AFOG), Hart’s elastin,
and Movat’s pentachrome stain, using standard protocols. We imaged stained sections using
a BX51 upright compound microscope (Olympus America) and DP71 camera.

Confocal imaging, live embryos—To prevent pigmentation, we transferred zebrafish
embryos to 30% Danieau [17 mmol/L NaCl, 2 mmol/L KCI, 0.12 mmol/L MgSQOy, 1.8
mmol/L Ca(NO3),, 1.5 mmol/L HEPES] containing 0.003% phenylthiourea (PTU; Sigma,
St. Louis, MO, USA) at ~23 hours post-fertilization (hpf). Just prior to imaging, we
anesthetized embryos in 30% Danieau/0.003% PTU containing 0.16 g/L tricaine
methanesulfonate (Pentair, Cary, North Carolina, USA) (to arrest movement) or 0.8 g/ L
tricaine (to stop heartbeat) and mounted them in 1% SeaPlaque low melting temperature
agarose (Lonza, Walkersville, MD USA). We collected Z-series (3 pm steps) using a TCS
SP5 or TCS SP8 upright confocal microscope (Leica Microsystems, Wetzlar, Germany)
outfitted a multi-line argon laser (488 nm for EGFP; 514 nm for citrine) and 561 nm diode
(for dsRed, dsRed2, mCherry, tdTomato; mKATE); an HCX IRAPO L 25x/0.95 water-
dipping objective; and spectral detectors. We scanned embryos at 400 Hz with 3x line
averaging or 8000 Hz with 16x line averaging.
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Confocal imaging, adults—For skin vessel imaging, we fixed fish in 4%
paraformaldehyde overnight at 4°C and imaged the skin without dissection, securing the tail
in 1% low-melt agarose. For liver vessel imaging, we dissected the entire gut and liver as a
single entity, fixed the tissue overnight at 4°C in 4% paraformaldehyde, then dissected the
liver away from the gut. We mounted the right liver lobe in 1% low-melt agarose and imaged
the lateral face. For all imaging, we collected Z-series (3 pum steps) as described above using
a Leica TCS SP5.

Image Analysis

RT-PCR

Using the “measure” tool in Fiji (version: 2.0.0-rc-65/1.51u; build: 961c5f1b7f, National
Institutes of Health, Bethesda, MD USA), we measured basal communicating artery (BCA)
diameters on 2D confocal projections at three sites, between and on either side of the paired
middle mesencephalic central arteries [47]. Each data point represents an average value from
a single embryo. For trabeculation measurements, we identified a single 3-um optical section
at the level of the AV canal, and used the “polygon selections” tool and “perimeter
measurement” in Fiji to trace both the convoluted trabecular surface (T) and the minimal
chamber delineated by the tips of the trabeculae (C). From these data, we calculated
trabeculation as (T-C)/C, with higher values indicating more trabeculation. For
cardiomyocyte cell counts, we used Imaris (x64 version 9.1.2, Bitplane, Berlin, Germany) to
generate 3D projections and applied the spot tool, with manual correction.

We isolated total RNA from pooled zebrafish hearts or livers (RNeasy mini kit, Qiagen,
Germantown, MD, USA), generated cDNA (SuperScript 1V, ThermoFisher), and performed
PCR with gene-specific primers (Supplementary Table 3) using Amplitag Gold (Thermo
Fisher). For quantitative RT-PCR, we ran TagMan assays (Thermo Fisher) on a QuantStudio
12k Flex Real Time PCR System (Thermo Fisher). We validated all TagMan assays using a
dilution series of cDNA, according to manufacturer recommendations (amplification
efficiency, 1.8-2.2). Zebrafish assays included inventoried eeflal/1 (Dr03432748 m1l) and
acvrll (Dr03144495 m1), and custom assays designed to target exon-exon boundaries in
bmp%/gadf2 (ARKA3UA), bmp10 (ARMFXD9), brmp10-like (ARMFXD7Y), nppa
(ARKA3UF), and nppb (APRWFMN). We analyzed data using the AAC; method and
present results as expression normalized to eeflal/1.

In situ hybridization

We synthesized antisense riboprobes from T7-containing, PCR-generated templates using a
DIG RNA labeling kit (Sigma-Aldrich, St. Louis, MO USA). Primers for /tbp3, nkx2.5, and
thx20templates are listed in Supplementary Table 4. The cxcr4a riboprobe has been
described [34].

Ultrasound imaging and analysis

We anesthetized zebrafish in 0.12 g/L tricaine for 2 minutes, then placed the fish in a supine
position in a groove cut into a sponge saturated with 0.096 g/L tricaine and waited 2 minutes
before scanning. We performed ultrasound echocardiography using a high-frequency
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ultrasound small animal imaging system (Mevo 2100, FujiFilm VisualSonics, Toronto,
Canada) outfitted with a high frequency linear array transducer, MS 700 (bandwidth 30-70
MHz; centered at 50 MHz operating frequency). We acquired images in two planes: the
longitudinal (long) axis view, with the transducer positioned parallel to the long axis of the
fish, and the short axis view, with the transducer positioned across the gills and heart
orthogonally to the long axis. In each view, we acquired B-mode, color Doppler and pulsed-
wave Doppler images. Image acquisition time averaged approximately 5 minutes, after
which we transferred the fish to fresh water to allow recovery. All fish maintained heart rate
over the course of scanning.

We performed image analysis using the manufacturer-provided software package, Vevo LAB
(FujiFilm VisualSonics). We used color Doppler images to locate the valve between the
ventricle and bulbus arteriosus [ventriculobulbar (VB) valve], acquired long axis B-mode
images at this location, and measured the diameter of the VB valve region. We used VB
valve diameter to calculate the cross-sectional area of the VB valve region, assuming
circularity. Along the long axis, we used pulsed-wave Doppler to record heart rate and the
ventricular outflow signal, and color Doppler to aid in determining the location of maximal
blood flow. We computed the velocity-time integral (VTI) at the VB valve and averaged VTI
over 3 cardiac cycles. We then calculated stroke volume as the VTI at the VB valve
multiplied by the cross-sectional area of the VB valve, and cardiac output as stroke volume
multiplied by heart rate. We normalized stroke volume and cardiac output to weight and
combined data from males and females [48].

Analysis of single cell RNAseq data from adult zebrafish heart

Cell Ranger outputs (matrix.tsv, barcodes.tsv and genes.tsv) from three adult zebrafish
hearts [49] were downloaded from Gene Expression Omnibus (GSE106121). We used the R
package Seurat (v3.1.1) for clustering and cell type identification [50-52] . We excluded
genes found in fewer than three cells, and removed cells that had fewer than 200 or greater
than 4000 genes or more than 25% mitochondrial content. The latter cut-off was not
stringent because cardiomyocytes express a high percentage of mitochondrial genes. We
followed the standard workflow for integration as recommended in the Seurat vignette
(https://satijalab.org/seurat/v3.1/integration.html). We independently preprocessed each
heart dataset using log-normalization, identified variable genes based on a variance
stabilizing transformation (vst), and identified anchors. We integrated the data from the three
hearts using 4000 anchor genes, producing an expression matrix for all cells (n=14,472). We
then scaled the data and performed a principal component analysis using the first 30
components. We used UMAP dimensionality reduction [53] to cluster and visualize the data.
Using differential gene expression results from a likelihood-ratio test (Seurat
FindAllMarkers function), we identified broad cell types using gene expression data from
the ZFIN database (https://zfin.org/) (Supplementary Fig. 1, Supplementary Dataset 1). We
exported UMAP coordinates, expression values from the integrated assay “data” slot, and
metadata from the Seurat data object, and used data.table [54] and ggplot2 [55] to create
UMAP figures demonstrating cluster identities. We used Seurat DotPlot function to display
markers used for cluster identification and FeaturePlot to display expression values of
bmpi0and bmp10/on UMAP plots, with expressing cells in the foreground.
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Statistical analysis

Results

We analyzed all data and graphs using Prism (version 8.0.1, GraphPad, San Diego, CA
USA). Sample sizes, experimental repeats, and statistical tests are indicated in figure
legends. To avoid bias, all subjective analyses and image analyses were either performed
prior to genotyping or by a blinded observer. All data presented are genotypic wild type
versus genotypic mutant siblings unless otherwise stated. We generated all figures using
Photoshop CC 2017.1.0 release (Adobe, San Jose, CA USA). We applied exposure
correction to some images for presentation purposes only.

Generation of zebrafish Alkl ligand mutants

To explore the unique and overlapping roles of Alk1 ligands in development and disease, we
used genome editing to generate mutations in zebrafish bmp9 (also known as gaf2), bmp10,
and bmp10-Iike. These two-exon genes encode ligands that are generated as proproteins
(Fig. 1a), with a furin cleavage site separating the N-terminal prodomain from the C-
terminal growth factor domain [56]. The released disulphide-bonded growth factor domain
dimers are the active ligands in BMP signaling [57]. For each ligand-encoding gene, we
assessed two or three mutant alleles, most of which generated frame shifts and/or premature
termination codons that truncated proteins within the prodomain or the N-terminus of the
growth factor domain (Fig. 1a). Additional details on allele identity and verification are
provided in Materials and Methods.

bmp10;bmp10-like mutants phenocopy acvrll mutants

Zebrafish acvrl1 mutants develop cranial AVMs connecting the basal communicating artery
(BCA) or basilar artery to neighboring veins [33, 34, 58]. This larval lethal phenotype is
detectable by 40-48 hpf and is 100% penetrant. Using morpholinos, we previously
demonstrated that the Alk1 ligands Bmp10 and Bmp10-like are redundant with respect to
Alk1 signaling in embryonic vascular development, with concomitant knockdown
phenocopying acvr/I mutants [35]. Analysis of blood flow in ligand mutants confirms these
results: whereas bmp9, bmp10, and bmp10-like single mutants do not develop AVMs (data
not shown), bmp10;bmp10-like double mutants develop high-flow shunts in cranial vessels
(from bmp10°P27/% :bmp10-1ikes?1165%/* incrosses, shunts scored in 43/45 double mutants
and 1/575 non-double mutants, over 2 experiments). Via confocal microscopy, we confirmed
that these shunts represent AVMs between the BCA or basilar artery and flanking veins
(primordial midbrain or hindbrain channel), which are indistinguishable from AVMs in
acvrl/1 mutants (Fig. 1b). As in acvrl1 mutants, this phenotype is fully penetrant and larval
lethal. In contrast, we identified no shunts in embryos from bmp9°35/* bmp10Pt527/*
incrosses (N = 255 embryos, 2 experiments), a bmpP536"* -bmp10-1ikes3 11654+ incross (N =
630 embryos, 1 experiment), or a bmp P65 -bmp10-1ikesa1 1654+ x bmpgPt536/* bmp10-
Jikes311654/5a11654 cross (N = 54 embryos, 1 experiment). These data confirm that bmpZ0and
bmp10-like encode functionally redundant embryonic Alk1 ligands, with no embryonic
requirement for 6mp9.
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bmp10 mutants die prematurely

To examine Alk1 ligand requirements post-embryonically, we monitored single-mutants
through adulthood. 6mp9and bmp10-like mutants develop no overt phenotype and all alleles
show expected genotype ratios as adults (Fig. 1c). In contrast, we recovered significantly
fewer 6mp10 mutant adults than expected (Fig. 1c). The lack of compensation for bmp10
loss by other Alk1 ligands is not caused by postembryonic silencing of these genes: at 6
months, we detected bmp9in the liver, bmp10-like in the heart, and bmp10and acvr/Iin
both heart and liver (Fig. 1d). These expression patterns concur with those of mouse Bmp9
and Bmp10[20-26]. Quantitative measurement of gene expression in adult heart and liver
demonstrated no upregulation or ectopic expression of bmp9 or bmp10-like and no change
in acvr/1 expression in bmp10mutants (Fig. 1e,f), suggesting no transcriptional adaptation
or genetic compensation [59]. Analysis of published single-cell RNAseq data from adult
zebrafish hearts [49] revealed expression of 6mp10predominantly in endocardium/
endothelium and bmp10-like predominantly in cardiomyocytes (Fig. 1g), similar to
observations in embryonic zebrafish [35]. Together, these results demonstrate distinct
cellular localization and subfunctionalization of zebrafish BMP10 paralogs in the post-
embryonic period and a unique requirement only for bmp10. Because all brmpI0alleles
showed similar adult phenotypes, hereafter, all mutant data represent bmp10°®27.

Embryonic cranial vessels are transiently enlarged in bmp10 mutants

To understand the cause of premature death in bmpZ0mutants, we first focused on the
embryonic vasculature. Although we did not detect cranial shunts in 6mp10 mutants,
confocal imaging revealed enlargement of the acvr/I-positive BCA at 2 days post-
fertilization (dpf) (Fig. 2a,b), a phenotype reminiscent of but less severe than bmp10/bmp10-
like double mutants (Fig. 1b) and acvr/I mutants [33, 34]. The 2 dpf BCA enlargement in
bmpl0mutants correlated with increased cxcr4a staining in the caudal divisions of the
internal carotid arteries (CaDl), which lead directly into the BCA (Fig. 2c—€). This increase
in cxcrdaexpression, characteristic of acvr/Z mutants [60], suggests decreased Alk1 activity.
However, the bmpI0 mutant cranial vascular phenotype is transient: longitudinal
measurements revealed normal BCA diameter (Fig. 2a,b) and smooth muscle cell investment
(Supplementary Fig. 2) of the BCA at 5 dpf. We speculate that the transient increase in
arterial caliber stems from the later onset of bmp10-/ike expression [35], leaving a short
window of time (~28-36 hpf) during which Alk1 signaling is inactive in bmpI0mutants.
Based on our findings in acvr/I mutants [58], this transient loss of Alk1 activity may allow
limited migration of endothelial cells in the direction of blood flow and modest enlargement
of distal arteries in bmp10mutants.

Embryonic ventricular myocardium development is normal in bmp10 mutants

Because BmpI10reportedly plays independent roles in embryonic heart and blood vessel
development in mice [23], we next asked whether 6mp10 mutants display embryonic heart
defects that might contribute to post-embryonic lethality. In 6mp10mutants, early cardiac
markers and putative downstream targets of Bmp10, tbx20and nkx2.5[23, 61, 62], are
unaffected at 2 dpf (Fig. 3a). The second heart field marker, /thp3[63], is also unaffected
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(Fig. 3a). These observations, together with measurement of normal heart rate at 2 dpf (data
not shown), suggest that the primitive heart forms and functions normally in 6mpZ0mutants.

Trabeculation is the embryonic process by which the smooth heart wall generates folds that
extend into the ventricle lumen and is required to generate a functionally competent,
thickened ventricular wall [64]. Because mouse Bmp10 mutants develop hypoplastic
ventricular myocardium that lacks trabeculae [25, 61, 65], we asked whether trabeculation
defects might contribute to lethality in zebrafish bmp10mutants. Zebrafish myocardium
begins to trabeculate around 2.5 dpf at the outer curvature of the ventricle and by 5 dpf, a
complex trabecular network is evident throughout the ventricle [66, 67]. However, we found
no trabeculation defect in bmp10mutant zebrafish at 5 dpf (Fig. 3b, ). Sarcomeric structure,
as measured by distance between Z-disks (Fig. 3b, d), and cardiomyocyte number (Fig. 3b,
e) were also unaffected, whereas ventricular outer perimeter (Fig. 3b, f) was slightly
increased. Together, these data suggest that zebrafish bmp10is not required for normal
ventricular cardiomyocyte differentiation, proliferation, or trabeculation, possibly due to
redundancy with bmp10-like.

bmp10 mutants develop external vascular phenotype with variable age of onset and

expressivity
Next, we monitored bmp10mutants for external phenotype and survival beginning at 6
weeks (juvenile period), prior to significant loss of bmp10mutants. Earlier onset external
phenotype (6-14 weeks) is characterized by abdominal edema and enlarged and/or
hemorrhagic blood vessels in skin (Fig. 4a). Later onset external phenotype (15 weeks or
later) is similar, but with less edema (Fig. 4a). The external vascular phenotype in bmp10
mutants predominates in anterior and ventral regions, including the face, gills, and pectoral
fins (Fig. 4a,b). This phenotype is reminiscent of HHT patients, who present with
telangiectasias in anterior skin and mucosal membranes and on the palmar surface of the
hands, with variable age of onset and expressivity [68]. 6mp10 mutants are smaller than
their wild type siblings, particularly with earlier onset phenotype (Fig. 4a, c).

To characterize variability in age of onset and expressivity, we tracked phenotype and
survival in bmpi0mutant and wild type siblings from 6 until 22 weeks of age. We first
observed external phenotype in mutants at 6 weeks and identified on average approximately
2 newly phenotypic fish per week, with 7/30 fish (23.3%) remaining non-phenotypic at 22
weeks (Fig. 4d). Only 37% of bmp10 mutants survived until 22 weeks compared to 100% of
their wild type siblings (Fig. 4e). During the course of this study, we identified three
acvrl179% heterozygous adult zebrafish that phenocopied 4mp10mutants, with enlarged and
hemorrhagic vasculature in anterior and ventral skin and gills (Supplementary Fig. 3). We
speculate that the low penetrance of this acvr/1 heterozygous phenotype (ascertained
anecdotally) may reflect the rare acquisition of second somatic hits that drive lesion
development, as recently observed in HHT patient telangiectasias [69]. In sum, our data
support the assertion that bmp10encodes an Alk1 ligand that is required for vessel
maintenance throughout life.
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bmp10 mutants develop skin and liver vascular abnormalities

To further probe the architecture and location of vascular malformations in 6mp0mutants,
we used confocal microscopy to image blood vessels in a double transgenic line that
differentially marks arterial and venous endothelium. Although Tg(f/t1.td Tomato)">333 has
been used primarily to mark arterial endothelial cells and Tg(f/t4-Citrine)™725% to mark
venous and lymphatic endothelial cells in embryos [70-72], these transgenes also mark
heart, skin, and fin arterial endothelium and fin venous endothelium, respectively, in adults
[73-75]. In wild type adult skin, we found that both transgenes are expressed, revealing an
interconnected network of thin, elongated arteries and veins that meander through the tissue
in a somewhat stochastic pattern (Fig. 5). In contrast, in mp10mutants, blood-filled
vascular malformations that were visible upon gross examination manifested as enlarged
arteries and plexus-like veins (Fig. 5). Liver vasculature in phenotypic 6mp10 mutants was
also abnormal. In wild type adults, well separated clusters of small, branching arterial
vessels connect to similarly sized straight sinusoids of venous character, which then drain
into a large central vein (Fig. 5 and data not shown). In 6mp10 mutants with external
vascular phenotype, the liver vasculature was markedly less organized, with elongated,
branching arteries and large swaths of plexus-like sinusoids (Fig. 5). Although we could not
define liver AVMs per se, possibly because of the profoundly different, non-lobular
architecture of the zebrafish liver [76, 77], this vascular phenotype is reminiscent of enlarged
arteries and ectatic sinusoids that have been described in HHT patients [78, 79]. Based on a
report of tortuous brain vessels in zebrafish adult eng mutants [80], we also examined the
superficial brain vasculature in 6mp10 mutants. However, we detected no brain vessel
abnormalities using bright field (N = 11; 3 experiments) or confocal (N = 8; 2 experiments)
microscopy. In sum, bmp10mutants develop vascular malformations in skin and liver, two
primary sites of AVM development in HHT. We hypothesize that the abdominal edema and
ascites fluid in bmp10mutants is related to liver vascular malformations and consequent
liver dysfunction, as this is a common presentation of HHT with symptomatic liver
involvement [81]. However, lymphatic defects may also cause edema, and we acknowledge
reports of a role for Alk1 signaling in lymphatic vessel development and function [82-84].
Evaluation of effects of 6mp10mutation on the lymphatic vasculature will require further
studies.

Vascular defects are associated with high output heart failure in bmp10

mutants

Because embryonic ventricular myocardium development is normal in 6mp10 mutants and
liver AVMs in HHT patients are associated with low vascular resistance, volume overload,
and HOHF [85], we reasoned that early lethality in bmp20mutants may be caused by
HOHF. To test this hypothesis, we used echocardiography to assess heart function. At 3 and
5 months, externally phenotypic mutants exhibited significantly increased normalized stroke
volume and cardiac index compared to wild type siblings (Fig. 6a,b), consistent with a high-
output state. Additionally, mutant hearts expressed increased levels of nppa and nppb (Fig.
6¢), both of which are elevated in high-output heart failure [86, 87]. Dissection of externally
phenotypic 6mp10 mutants at 3 months (Supplementary Fig. 4) and 5 months (Fig. 6d,e)
revealed an enlarged heart with rounded ventricle. Qualitatively, the severity of the cardiac
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phenotype correlated with the severity of the external vascular phenotype. However, despite
these obvious shape, size, and tissue integrity abnormalities, we failed to detect extracellular
matrix remodeling or fibrosis, and elastin staining indicated normal development of the
bulbus arteriosus (outflow tract) and atrioventricular valves (Fig. 6e—f; Supplementary Fig.
4). In sum, these data support the hypothesis that adult 677010 mutants develop vascular
malformations in skin and liver that lead to low systemic vascular resistance and volume
overload, precipitating HOHF without fibrosis.

In conclusion, our data demonstrate that Bmp10 is the only Alk1 ligand that is required for
maintenance of the post-embryonic vasculature, a finding that should be taken into
consideration in development of ligand-based therapies for HHT. In addition, we present
zebrafish bmp10mutants as a valuable model to investigate cardiac adaptation and the
progression to heart failure in conditions of volume overload, especially in HHT2.

Discussion

The striking vascular phenotype in juvenile-to-adult 6mp10mutants and, rarely, acvri1
heterozygotes, combined with the lack of phenotype in bmp9and bmp10-like mutants,
suggests that Bmp10 is the only required Alk1 ligand in post-embryonic zebrafish. The
unique requirement for bmp10was unexpected given the embryonic redundancy of bmp10
and bmp10-like [35] and the continued expression of bmp10-like in the adult heart. We
speculate that these duplicate paralogs of mammalian BMP10 may have subfunctionalized
in zebrafish, with endocardial- or liver-derived Bmp10 predominating over cardiomyocyte-
derived Bmp10-like in circulation. We hypothesize that cardiomyocyte-derived Bmp10-like
may act primarily at close range, with diminishing contribution to circulating Alk1 ligand
concentration with increasing age. This explanation could account for the ability of bmp10-
like to compensate for 6mp10during the embryonic period but not at later times. Further
studies are required to confirm this hypothesis and to understand whether differential cell
type of origin influences disposition and function of these Bmp10 paralogs.

The presence of post-embryonic phenotype in bmpZ0mutants was also surprising given the
continued expression of mpdin adult liver and the consensus that BMP9 and BMP10 are
redundant ALK1 ligands. The notion of redundancy was initially derived from observations
in mice showing that 1) Bmp9nulls live to adulthood and do not develop AVMs; 2) Bmp10
nulls develop embryonic lethal AVMs at E9.5, similar to acvr/ nulls; and 3) insertion of
Bmpg9into the Bmpl0locus rescues embryonic AVMs in Bmpl0mutants [23, 27]. These
data, combined with the fact that Bmp9expression in liver begins at E9.75-E10, imply
functional redundancy of BMP9 and BMP10, with respect to vascular requirements, at time
points when both are expressed [23]. However, careful examination of this work reveals that
rescued mice develop enlarged, hemorrhagic vessels by E17.5 [23], a phenotype that is
remarkably similar to zebrafish bmp10mutants, albeit at a much younger age. Additional
support for redundancy of BMP9 and BMP10 derives from data showing that simultaneous
depletion of these ligands in neonatal mice results in vascular dysplasia and/or AVMs [23,
27, 30-32]. However, these studies focused almost exclusively on the retinal vasculature,
and the few studies that presented true retinal AVMs utilized combined but not independent
BMP9/BMP10 antibody blockade [30-32]. In light of our zebrafish results, conditional
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knockout of Bmp10at later developmental stages in mice might reveal unique requirements
for Bmp10 in specific vascular beds.

The requirement for bmp10but not bmpgin vascular homeostasis in zebrafish is also
surprising because heterozygous mutations in BAMMP9are associated with an HHT-like
syndrome: BMPZ patients do not develop AVMs but do develop telangiectasias, although the
latter occur at sites that are not characteristic of HHT [88]. In contrast, there is no evidence
linking mutations in BMP10to HHT. Interestingly, the EXAC browser
(exac.broadinstitute.org) calculates a probability of loss-of-function intolerance (pLI) of 0.72
for BMP10and 0.09 for BMPY. The high pLI for BMP10suggests that it is approaching
intolerance to loss-of-function with a high likelihood of haploinsufficiency, whereas the low
pLI for BMP9suggests that the null state may be tolerated [89]. The association between
heterozygous BMPI mutations and pulmonary arterial hypertension (PAH) [90] contradicts
the latter prediction, although the rarity and reduced penetrance of causal BMPI mutations
in PAH suggest that they are not a major contributor to disease.

Because HHT is an autosomal dominant disorder, ligand-based therapies may overcome
haploinsufficiency. As proof of principle, administration of recombinant BMP9 in rodent
models of PAH, which is primarily caused by BMP receptor 2 (BMPR2) heterozygous
mutation or deficiency, enhances pPSMAD1/5 and improves disease phenotype [91]. Our data
suggest that BMP10, which is required for ALK1 signaling and, unlike BMP9, does not
have strong osteogenic activity [92], may be the best choice for ligand-based therapy for
HHT. Although we acknowledge a recent report identifying somatic second hits in some
HHT telangiectasias [69], regardless of genetic mechanism of disease, this BMP10-based
approach to therapy should remain a viable option for HHT1/ENG patients with intact
ALKL

The active form of TGF-p family ligands was originally described as disulfide-bonded
homodimers, but developmental requirements for heterodimers (Bmp2/Bmp7; Ggf3/Nodal)
have been reported [93, 94]. Notably, BMP9 and BMP10 can form biologically active
heterodimers when co-expressed in vitro, and heterodimers, speculated to be produced by
liver stellate cells, reportedly account for the large majority of ALK1-activating activity in
mouse and human plasma [22]. However, BMP9/BMP10 heterodimers activate signaling
with similar potency to homodimers [22], providing no clear biochemical advantage.
Moreover, given the lack of a requirement for Bmp9in AVM prevention in both mouse [27]
and zebrafish, it is unlikely that the ALK1 ligand is an obligate BMP9/BMP10 heterodimer.
Parsing out the differential functions of BMP10 homodimers versus BMP9/BMP10
heterodimers will require further investigation.

In mice, Bmpl0acts directly on embryonic ventricular cardiomyocytes to induce
proliferation and trabeculation [23, 25, 61, 65, 95, 96]. However, we detected no changes in
ventricular cardiomyocyte number or trabeculation in bmpZ0 mutant zebrafish embryos. It is
possible that bmp10-like may compensate for the loss of bmp10in zebrafish heart
development. Alternatively, effects of Bmp10loss on trabeculation in mice may be, at least
in part, secondary to AVM development: AVMs disrupt flow patterns, and normal heartbeat
and shear stress are required for proper trabeculation [66, 97]. In zebrafish, the progressive
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loss of blood flow subsequent to AVM development in acvr/1 [34] and bmp10;bmpl0-like
double mutants makes it difficult to distinguish between these two possibilities.

The zebrafish 6mp10 mutant phenotype is reminiscent of the HHT patient phenotype, with
variable age of onset and expressivity of vascular lesions concentrated in anterior skin (face),
gill vessels (developmental origin of pulmonary arteries), pectoral fins (analogous to hands),
and liver. Moreover, lesion development closely correlates with an enlarged heart and HOHF
without maladaptive remodeling, similar to that reported in acvr/1 conditional knockout
mice [98]. HOHF is increasingly recognized as a complication of HHT in aging patients and
correlates with severe liver involvement [99]. There is little information regarding the
progression of HOHF in humans and no therapy for this disease short of elimination of the
underlying vascular problem [100]. In the case of HHT patients, this means liver
transplantation. However, even liver transplantation is not a cure, as vascular malformations
reappear in transplanted HHT patients with a cumulative risk of 48% over 15 years [101]. As
such, bmp10mutants afford us an opportunity to study the progression of HOHF and to gain
mechanistic insight into the factors that tip the trajectory from compensation to failure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Duplicate bmp10 paralogs are redundant during embryogenesis but not in adulthood
a Schematics indicating zebrafish wild type Bmp9, Bmp10, and Bmp10-like protein

structures and mutant alleles. For each schematic, mutation nomenclature is indicated to the
left (following conventions of the Human Genome Variation Society), allele name is
indicated within the shaded region, and truncation or deletion is indicated by the unshaded
region. PD, prodomain; GFD, growth factor domain; fs, frame shift; *, premature
termination codon; del, deletion. b Cranial vasculature in 48 hpf Tg(kdrl:GFP)'3116 embryos
from a bmp10°527/* bmp10-1ikes31 1654+ incross. “Normal” is bmp10°27/* and
representative of all genotypes except double mutants. Asterisks denote AVMSs in
bmp10PB27IP527 - pmp10-1ikese11654/5211654 doyble mutants and acvr/2Y6Y6 mutants.
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Endothelial cells are green. 2D confocal projections, dorsal views, anterior up. Scale bar: 50
um. Confocal images representative of 6 non-double mutants and 2 double mutants from a
bmp10,bmp10-like double heterozygous incross. ¢ Genotypes in adult offspring from bmp9,
bmp10, and bmp10-like heterozygous incrosses. Data aggregated across all alleles within a
single gene. bmp9.: N = 4 clutches, 144 fish; bmp10. N = 25 clutches, 952 fish; bmp10-like.
N = 6 clutches, 197 fish. Chi-squared test, ****£<0.0001. d RT-PCR from 6-month pooled
wild type hearts and livers. NTC, no template control. e,f gRT-PCR, 3-month hearts (e) and
livers (f), showing no transcriptional adaptation of 6mp9, bmp10-like, or acvrllin bmpl0
mutants. N = 3—4 pools of tissue from 4-10 fish. WT, wild type. Bars represent mean £ SD.
Not significant by unpaired ftest. ND, not detected. g UMAP analysis plots of single cell
transcriptome of three adult zebrafish hearts (n=14,472 cells), from published data
(GSE106121). Left, cell types are annotated and subclusters within cell types are indicated
by shades of the same color. Middle and right, feature plots demonstrating scaled expression
values of bmpi0and bmpl0-like projected on the UMAP plot. 6mp10predominates in
endocardium/endothelium, and bmp10-/ike in cardiomyocytes.
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Fig. 2. bmp10 mutant embryos develop transiently enlarged cranial vessels

a Repeated imaging of cranial vessels in bmp10°%27: Tg(kdrl-:GFP)?116 mutant and wild
type siblings, 2 and 5 dpf. Endothelial cells are green. Arrows delineate width of basal
communicating artery (BCA). 2D confocal projections, dorsal views, anterior up. Scale bar:
50 pm. b Quantification of BCA diameters. Blue dot, wild type embryo shown in a; red dot,
mutant embryo shown in a. N = 46 non-mutant sibs, 25 mutants over 5 experiments. Bars
represent mean = SD. Repeated measures two-way ANOVA followed by Sidak’s multiple
comparisons test, **£<0.0001. ¢ Wiring diagrams of cranial vessels, dorsal and frontal
views, showing acvr/I-positive vessels in purple. AA1, first aortic arch; ICA, internal carotid
artery; CaDl, caudal division of internal carotid artery; PCS, posterior communicating
segments. d Whole-mount in situ hybridization for cxcr4aat 2 dpf, wild type and
bmp10P27 mutant. Arrows: CaDI. Frontal views, anterior top. Scale bar: 50 um. e
Qualitative evaluation of cxcr4a expression intensity in CaDI. WT, wild type. Fisher’s exact

*kKk

test,  A<0.001.
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Fig. 3. Embryonic ventricular myocardium development is unaffected bmp10 mutants
a Whole-mount in situ hybridization for 16x20, nkx2.5, and ltbp3 at 2 dpf, wild type and

bmp10P27 mutant siblings. Ventral views, anterior top. Numbers in left-hand corner show
number of embryos with shown phenotype over total number of embryos imaged over 3
experiments. Scale bar: 100 um. b Ventricle morphology at 5 dpf in wild type and
bmp10°27 mutant siblings. Left panels, trabeculation: Tg(flila.ep:mRFP-
CAAXPE05 - To(myl7:EGFP)"U34 endocardial cell (EcC) membranes magenta,
cardiomyocyte (CM) cytoplasm green. Middle panels, sarcomeric architecture:
To(myl7:mKATE-CAAX)L: To(myl7-actn3b-EGFP)*?10. CM membranes magenta,
Actn3b (Z-disks) green. Right panels, CM number: 7g(my!7-dsRed2-NLS)Z: CM nuclei
magenta. Confocal images, single planes (left, middle) or 2D projections (right). Scale bars:
25 pm. ¢ Trabeculation [(trabecular trace-central chamber trace)/central chamber trace)] at 5
dpf, N = 11 wild types, 14 mutants over 4 experiments. d Z-disk separation, N = 17 wild
types, 8 mutants over 5 experiments. e Number of CM nuclei, N = 13 wild types, 13 mutants
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over 4 experiments. f Ventricle outer perimeter, N = 24 wild type, 22 mutants over 8
experiments. Bars represent mean + SD. Unpaired #test, *£< 0.05, NS = not significant.
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Fig. 4. bmp10 mutants develop external phenotype with variable age of onset and expressivity
a Representative examples of early-onset (6—-14 weeks; left) and later-onset (= 15 weeks;

right) external phenotype in bmp10°%27 mutants, compared to wild type siblings. Lateral
views, anterior left. Scale bars: 2 mm. b Dilated vessels and hemorrhages in pharyngeal arch
arteries (top left), anterior abdomen (top right), and pectoral fins (bottom). Ventral views,
anterior left. Scale bar: 1 mm. ¢ Fish lengths at 3 months (N = 28 wild types, 29 mutants
from 7 independent lines) and 5 months (N = 28 wild types, 32 mutants from 6 independent
lines). Data include phenotypic and non-phenotypic mutants. Bars represent mean + SD.
Unpaired ftest,” P < 0.01; P < 0.0001. d-e Phenotype onset and survival in 1 clutch
containing 30 bmp10°%27 mutants and 33 wild type siblings. d Age at onset of external
phenotype. Numbers within chart indicate number of fish that became phenotypic during the
indicated week, or remained non-phenotypic at 22 weeks. e Survival in bmpl0mutants and
sibling wild types. Log-rank (Mantel-Cox) test, ™"/~ < 0.0001.
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Fig. 5. bmp10 mutants develop skin and liver vascular malformations
a Venous (green) and arterial (magenta) vasculature in anterior ventral skin, adult

To(flt4:citrine) 7135 - To(fit1 :td Tomato) 333 wild type and bmp10P®527 mutant siblings.
Images are from 23-month fish and representative of N = 7 wild types and 8 phenotypic
mutants from 2 independent lines, ages 3—23 months. Siblings were randomly paired to
match imaging site in wild types to lesion site in mutants. 2D confocal projections. Scale
bar: 50 um. b Venous (green) and arterial (magenta) vasculature in distal tip of right liver
lobe from adult 7g(flt4:citrine)™ 7135, Tg(fit1.td Tomato)">333 wild type and bmp10°527
mutant siblings. Images representative of N = 12 wild types and 9 phenotypic mutants from
2 independent lines, age 5 months. 2D confocal projections. Arrow, enlarged artery. Scale
bar: 100 pm.
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Fig. 6. bmp10 mutants develop high-output heart failure
a,b Normalized stroke volume (a) and cardiac index (b) at 3 months [N = 21 wild types (16

males, 5 females), 28 bmp10°%27 mutants (25 males, 3 females) over 3 experiments] and 5
months [N = 13 wild types (11 males, 2 females), 16 bmp10°®2” mutants (13 males, 3
females) over 2 experiments]. ¢ qRT-PCR quantification of ngpaand nppb in the heart at 3
months (wild type, N= 4 pools, 6-10 hearts per pool; phenotypic bmp10°®27 mutants™, N =
3 pools, 4-10 hearts per pool) or 5 months (N= 3 pools, 10 hearts per pool, for both wild
type and phenotypic bmp10°%27 mutants). d Relative ventricle size at 5 months, measured as
maximal cross-sectional ventricle area/body length. N = 9 hearts (3 males, 6 females) per
genotype, 1 experiment. Bars represent mean = SD. Welch’s #test (a,b) or unpaired
Student’s #test (c,d), *£<0.05,**£<0.01, ***/~<0.001. NS = not significant. e Hearts from
5-month wild type and mp10°%27 mutant siblings, whole mount or sections stained with
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acid fuchsin orange G (AFOG) for collagen (blue) and fibrin (red); Hart’s elastin stain
(purple); or Movat’s pentachrome stain for muscle (red), collagen (yellow), elastin (blue-
black), and ground substance (light blue). A, atrium; V, ventricle; BA, bulbus arteriosus;
asterisks, atrioventricular valves. Scale bar: 200 um. Images representative of N = 3 hearts
per genotype, males from 2 independent lines. f Atrioventricular valves, 5-month wild type
and bmp0P527 mutant siblings, Hart’s elastin stain. A, atrium; V, ventricle; AV,
atrioventricular. High magnification of different section of hearts shown in e. Scale bar: 20
um.
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