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santa and valentine pattern concentric growth of cardiac

myocardium in the zebrafish

John D. Mably*, Lesley P. Chuang, Fabrizio C. Serluca®, Manzoor-Ali P. K. Mohideen?*, Jau-Nian Chen$ and

Mark C. Fishman*-

During embryogenesis, the myocardial layer of the primitive heart tube grows outward from the endocardial-lined lumen, with
new cells added to generate concentric thickness to the wall. This is a key evolutionary step, demarcating vertebrates from more
primitive chordates, and is essential for normal cardiac function. Zebrafish embryos with the recessive lethal mutations santa (san)
and valentine (vtn) do not thicken, but do add the proper number of cells to the myocardium. Consequently, the heart chambers
are huge, constituted of a monolayered myocardium lined by endocardium. This phenotype is similar to that of the heart of glass
(heg) mutation, which we described previously as a novel endocardial expressed gene. By positional cloning, we here identify san as
the zebrafish homolog of human CCM1, and vtn as the homolog of human CCM2. Dominant mutations of either in humans cause
vascular anomalies in the brain, known as cerebral cavernous malformations. The synergistic effects of morpholino pairs indicate
that san, vtn and heg are in a genetic pathway, and san and vtn contain protein motifs, NPxY and PTB domain, respectively, known
to interact. This suggests that concentric growth of the myocardium, crucial for blood pressure generation, is dictated by a heg-san-

vtn signaling pathway.
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INTRODUCTION

A central question of developmental biology is how vertebrate
organs acquire their form. For the heart, part of such morphogenesis
reflects control of overall cell number (Rottbauer et al., 2001;
Rottbauer et al., 2002). Others control development of cells along
two axes: anterior-posterior (Stainier and Fishman, 1992) and
concentric (Mably et al., 2003). During the first stage of primitive
heart tube formation the heart grows in essentially an anterior-
posterior direction, with each of the two chambers constituted by a
single-layered myocardium around the single layer of endocardium.
The onset of concentric growth is marked by the addition of new
cells in the myocardium in a direction perpendicular to the lumen,
an outward growth that thickens the wall in a concentric direction,
especially in the ventricle.

We have identified three mutations that block concentric growth
without affecting overall cell number or the organization of
anterior-posterior growth. We recently cloned one of these,
heart of glass (heg), which turned out to be a novel gene,
expressed in the endocardium. Here we focus on the other two
genes, santa (san) and valentine (vtn). By positional cloning, we
identify san as the zebrafish homolog of human CCM1 (KRIT1)
(Laberge-le Couteulx et al., 1999; Sahoo et al., 1999) and vtn, the
zebrafish homolog of human CCM2 (Denier et al., 2004).
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Mutations in these genes in humans have been implicated in the
autosomal dominant disease, cerebral cavernous malformations
(CCM).

Evidence from potential interacting protein motifs, and from
cross-sensitization of phenotype though morpholino injection,
suggests that san, vtn and heg may interact. This suggests that
concentric growth of the ventricle is an essential element of cardiac
patterning, controlled at least in part by signals from the
endocardium, and involving a pathway comprised of san, vtn and
heg.

MATERIALS AND METHODS

Histological sectioning and cell counting

Histology was performed on paraformaldehyde-fixed embryos embedded in
plastic (JB-4, Polysciences, Inc.). Sectioning was performed using a Jung
supercut 2065 at 5 um setting.

The zebrafish cardiac myosin light chain-2 (cmlc2) promoter-DsRed (red
fluorescent protein) line has been described previously (Mably et al., 2003).
Transgenic cmlc2:DsRed2-nuc zebrafish were bred with san heterozygotes.
The progeny were raised and incrossed to identify san heterozygotes
expressing red fluorescent protein (RFP). The embryos from these clutches
were scored for the san phenotype. Wild-type siblings and mutant embryos
were raised at 28.5°C until 48 or 72 hours post fertilization (hpf), at which
time the embryos were flat-mounted and RFP-positive myocardial cells were
counted (Mably et al., 2003; Shu et al., 2003). Morpholino-injected
transgenic cmlc2:DsRed2-nuc embryos were analyzed in a similar manner.
The same flat-mount technique was used to determine endocardial cell
number in morpholino-injected transgenic (fli/:nEGFP)*” embryos (Roman
et al., 2002). The nuclear localization of each fluorescent protein facilitates
easier determination of cell number.

Positional cloning

Embryos were separated into mutant and wild-type pools based on
phenotypic analysis. Genomic DNA was isolated from individual embryos
by incubation in DNA isolation buffer overnight at 50°C (DNA isolation
buffer: 10 mmol/l Tris-HCI, pH 8.3; 50 mmol/l KCI; 0.3% Tween-20; 0.3%
Nonidet P40; 0.5 mg/ml proteinase K). Proteinase K was inactivated before
PCR setup by heating samples to 98°C for 10 minutes. PCR reactions were
performed using diluted genomic DNA as described (Knapik et al., 1996).
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Bulked segregant analysis (Michelmore et al., 1991) and identification of the
critical genetic interval was performed essentially as described previously
(Mably et al., 2003). To identify the san gene, bacterial artificial
chromosome (BAC) clones 92i12 and 184d07 (see Fig. S3 in the
supplementary material) were sequenced by shotgun cloning of partial Alul
and Sau3Al digested fragments subcloned into pBluescript. Sequence
analysis was performed on an ABI3700 to generate approximately fivefold
coverage. The sequence was assembled using the Phred/Phrap/Consed
programs (Ewing and Green, 1998; Ewing et al., 1998; Gordon et al., 1998).
The vin gene was identified through morpholino analysis of genes identified
as candidates by position through synteny with the Takifugu rubripes (fugu)
genome, followed by sequencing of cDNA and genomic DNA from mutant
and wild-type embryos.

RNA isolation and real-time PCR analysis
RNA was isolated using trizol (Invitrogen) or RNeasy columns (Qiagen) as
instructed by the manufacturer. For determination of the mRNA transcript
variants induced by the splice site blocking morpholinos, the QIAGEN
OneStep RT-PCR (reverse transcriptase polymerase chain reaction) kit was
used with primers designed from exons on either side of the morpholino
target. The PCR primers used to detect the splice variants induced by the
various morpholinos are summarized as follows.

san exon 1 donor: san_exon01_F1, 5'-AAAGAGGAGCTGCATGA-
TGG-3'; san_exon02_R1, 5'-ATATGGGCTTGGTGGTTTCA-3’

san exon 14 donor: san_exonl2_F1, 5'-TAGCCTCCTCCTGCAGA-
TCA-3'; san_exonl6_R1, 5'-CTTCATCAGCAGCTTCACGA-3’

vtn exon 2 donor: vtn_exon01_F1, 5'-TGAAGAGCATTTGTACGTA-
GAG-3'; vtn_exon04_R1, 5'-TCTCTGATGTAGGACACAGC-3’

Analysis of mRNA levels in the san wild type and —/— (mutant) embryos
was performed using the Qiagen QuantiTect® SYBR® Green RT-PCR Kkit,
as described by the manufacturer (Qiagen). The primers used for this
analysis were designed to exon 13 (5'-GAGCAAAGCACATCACTGGA-
3") and exon 14 (5'-ATCACCTTGTGTGTGCTGGA-3").

DNA cloning and RNA rescue

For RT-PCR analysis, RNA was isolated (RNeasy columns, Qiagen) from
pools of wild-type and mutant embryos. cDNA was amplified using RACE
(SMART RACE cDNA amplification kit, Clontech). Fragments were then
subcloned into PCRII-TOPO (Invitrogen). The 5’ end of the san cDNA was
amplified by 5" RACE with a primer designed from the full-length cDNA
predicted by Genscan (Burge and Karlin, 1998) (5'-TTCAGCAGGT-
TGGGGTTACAGTTGC-3"). A 3’ RACE product was generated using a
primer (5'-TCTCAGTCAAACAGCTGGACAGCGAC-3") designed to
amplify an overlying fragment of the san cDNA. Both cDNA fragments
were digested with Sphl (a unique restriction site within the overlapping
region) and EcoRI then ligated into EcoRI-digested pCS2 vector (Turner and
Weintraub, 1994) to create the full-length san cDNA construct. Clones with
the correct orientation were identified by sequencing (GenBank Accession
Number DQ677877).

The full-length vin cDNA was amplified using primers designed to the 5’
and 3'UTR sequences within the Genscan predicted cDNA (5'UTR_F1,
AATACAGCGAAAATGAAGAGCA; 3'UTR_R1, CAGCATCCAAAC-
TTTCAGCA). The PCR product was subcloned into pCRII-TOPO
(Invitrogen). The vtn cDNA was excised from pCRII-TOPO by digestion
with EcoRI, and then subcloned into EcoRI-digested pCS2 (Turner and
Weintraub, 1994). Clones with the correct orientation were identified by
sequencing (GenBank Accession Number DQ677878).

Injection RNA was generated from the full-length pCS2 san and vin
constructs using the Ambion mMESSAGE mMACHINE kit (digested with
Notl followed by transcription with SP6 polymerase).

Whole-mount in-situ hybridization and antibody staining

For whole-mount in-situ hybridization and immunohistochemistry, embryos
were fixed in 4% paraformaldehyde in phosphate-buffered saline, and then
stored in 100% methanol at —20°C. Digoxigenin-labeled antisense RNA
probes were generated by in-vitro transcription (Roche), and in-situ
hybridization was carried out as previously described (Jowett and Lettice,
1994; Mably et al., 2003). The san probe used was derived from a partial
EST in pSPORT, fb36f07 (GenBank accession: AI415912, digested with

EcoRI followed by transcription with SP6 polymerase). The vtn probe was
derived from the full-length pCS2 construct described previously (digested
with BamHI followed by transcription with T7 polymerase). Embryos were
allowed to develop in BM purple (Roche) at 28°C, then stopped by several
rinses in 1XPBT and stored at 4°C.

Antibody staining with the S46 and MF20 antibodies (Developmental
Studies Hybridoma Bank, University of lowa) was performed as previously
described (Mably et al., 2003; Yelon et al., 1999).

Morpholino analysis

The antisense morpholino oligonucleotide designed over the san exon 1
donor site [5'-GCTTTATTTCACCTCAC (intron-exon)CTCATAGG-3’,
GeneTools, LLC] was dissolved at a concentration of 200 wmol/l in 1X
Danieau’s buffer [5 mmol/l Hepes pH 7.6, 58 mmol/l NaCl, 0.7 mmol/l KCl,
0.6 mmol/l Ca(NO3),, 0.4 mmol/l MgSO,]. One nanoliter of this solution or
1 X Danieau’s buffer was injected into each 1-4 cell embryo before allowing
the embryos to develop at 28.5°C. The analysis with the san exon 14 donor
site morpholino [5'-TTGAAGTCTCAC (intron-exon) TTTTGTCTCCATG-
3’, GeneTools, LLC] and vtn exon 2 donor site morpholino [5'-
GAAGCTGAGTAATAC (intron-exon)CTTAACTTCC-3’,  GeneTools,
LLC] were performed in the same manner.

RESULTS

santa and valentine exhibit defects of the
myocardium and cardiac cushions

Both santa and valentine were identified from a large-scale zebrafish
genetic screen, as N-ethyl-N-nitrosourea (ENU)-induced recessive
embryonic lethal mutations with massively dilated hearts (Chen et
al., 1996; Driever et al., 1996, Stainier et al., 1996). These mutants
are unable to generate blood circulation, despite the presence of
cardiac contractions. They are distinguishable from their wild-type
siblings by 28-30 hpf on this basis, and later by the onset of chamber
dilation. The cardiac chambers are dramatically enlarged by 48 hpf.

By contrast to the wild type, in which the myocardial wall is 2-3
cells thick (Fig. 1A), san and vtn both had only a single layer, in both
chambers of the heart (Fig. 1C,E). Cells within the myocardium of
both chambers of the heart were differentiated as cardiac cells,
indicated by labeling with molecular markers for the atrium (S46
antibody) and ventricle (ventricular myosin heavy chain, vYMHC;
Fig. 1B,D,F) (Yelon et al., 1999). Both the endocardial and
myocardial layers of the heart were present and individual
myocardial cells were thinner than wild type (Fig. IC',E").

By 48 hpf, wild-type zebrafish embryos develop valvular
precursors, endocardial cushions, at the atrioventricular junction (Hu
et al., 2000). Endocardial cushions were absent in san and vtn mutant
embryos, as determined by neuregulin staining (Milan et al., 2006),
and the myocardial and endocardial layers, which were very thin,
were closely juxtaposed (Fig. 1; see Fig. S1 in the supplementary
material). Electron microscopic (EM) analysis of the structure of
cardiomyocytes within the ventricles of san and vn hearts revealed
the presence of sarcomeres, consistent with the ability of the hearts
to contract (see Fig. S2 in the supplementary material). The absence
of endocardial cushions and the variations in cellular morphology
detected by EM could both be secondary effects of the severe cardiac
dilation.

Myocardial and endocardial cell number is normal
The massive enlargement of the san and vin hearts could be
suggestive of an increase in cell number. To determine cell number,
we specifically labeled cardiomyocytes in vivo, using transgenic
zebrafish with a red fluorescent protein (DsRed2-nuc) expressed
under the control of the cardiac myosin light chain-2 (cmlc2)
promoter (Mably et al., 2003; Rottbauer et al., 2002). This assay
indicated that the number of myocardial cells was indistinguishable
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Table 1. The number of cells in san mutant hearts and vtn
morphants is similar to wild type at day 2 of development.

Myocardial cell
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=

Fig. 1. Morphological analysis of cardiac chambers of san and vtn
mutant embryos. Hematoxylin- and eosin-stained sagittal sections
through 72 hpf hearts were used to assess cardiac histology (A,C,E).
Double-staining using an atrial-specific antibody (546) and an in-situ RNA
probe to the ventricular myosin heavy chain (vMHC) were used to
distinguish the atrial and ventricular chambers (B,D,F). The myocardial
wall (indicated by arrows) in wild-type hearts (A) is several cell layers thick.
However, the myocardium in both san (C’) and vtn (E') mutant hearts
does not thicken and remains a single cell layer. Both mutants are shown
at a reduced magnification in C and E to illustrate the dramatic dilation of
the cardiac chambers. The hearts of (B) wild-type, (D) san™", and (F) vtn™"~
embryos at 48 hpf express markers specific for the two cardiac chambers
although the hearts of both mutants are enlarged. Scale bars: 25 um. a,
atrium; e, endocardium; m, myocardium; v, ventricle.

between wild-type and san mutant embryos and between mock-
injected and vtn morphant embryos at 2 days post fertilization (dpf)
(Table 1). Similarly, we determined the number of endocardial cells
in mock-injected and san and vin morphant embryos at 2 dpf (Table
1). Morpholinos were injected into the progeny of transgenic
(flil :nEGFP)” crossed with transgenic cmic2:DsRed2-nuc zebrafish.
The number of eGFP-expressing cells in the hearts of progeny
expressing both the myocardial RFP and endothelial/endocardial
eGFP were determined. As noted for the myocardial cell counts,
endocardial cell number did not vary from that determined for wild
type. Hence, the dilated heart is not caused by an increase in the
number of cardiac cells but rather in the manner they are assembled.
The myocardial cells stretch in a single layer along the circumference
of the cardiac chambers, rather than intercalating to form a thick
myocardial wall, resulting in the observed chamber dilation.

Characterization of the san and vtn genes

san

We positionally cloned both san and vin (see Fig. S3 in the
supplementary material). The complete san gene is comprised
of 16 coding exons with a deduced amino acid sequence of

n number +s.e.m.
Wild-type siblings 4 296+26
san™" 4 295+21
Mock injected 5 273+18
vtn mo 6 27310
Endocardial cell
number +s.e.m.
Mock injected 4 15122
san mo 4 149+8
vtn mo 4 138+8

The myocardial cell counts were determined from flatmounts of progeny generated
from san/cmic2:DsRed2-nuc transgenic heterozygotes and from cmlc2:DsRed2-nuc
transgenic wild types that were either mock injected or injected with the vtn exon 2
donor morpholino. The number of myocardial cells was based on the number of
RFP-expressing cells present in the hearts of individual animals. (The slight difference
between the san and vtn groups reflect variation in the time during day 2 of
development when the counts were made.) The endocardial cell counts were
determined from flatmounts of progeny generated from (fli1:nEGFP)” crossed with
transgenic cmlc2:DsRed2-nuc that were mock injected or injected with the san exon
1 donor or vtn exon 2 donor morpholinos. The number of endocardial cells was
based on the number of GFP-expressing cells present within the heart domain
outlined by expression of the RFP transgene.

n, number of hearts counted; wild-type sibs, san wild-type siblings; san™", san
mutants; vtn mo, vtn exon 2 donor morpholino injected (200 wM); san mo, san
exon 1 donor morpholino injected (200 pM).

741 amino acids. The human homolog is krit] (CCM1) (Fig. 2A).
The protein is characterized by the presence of several protein
domains, including two NPxY motifs (residues 191-194 and
229-232), three ankyrin repeats (residues 285-317, 318-351 and
352-385), and a C-terminal B41/FERM domain (residues 414-
638).

The N-terminal NPxY motif is conserved in vertebrate species
examined and also in the Caenorhabditis elegans ortholog
(ZK265.1). This motif has been shown to interact with the
phosphotyrosine (PTB)-containing protein ICAP1a (Zawistowski
et al., 2002; Zhang et al., 2001). In C. elegans this sequence is
NPXF (Fig. 2A), similar to the elements within the intracellular
domain of B2-integrins (Calderwood et al., 2003). The Y—F
substitution results in a motif that can still interact with a PTB
domain but is not subject to regulation by phosphorylation state
(Calderwood et al., 2003). The three ankyrin repeats, believed to be
sites of protein-protein interactions (reviewed by Mosavi et al.,
2004), and the FERM domain (reviewed by Bretscher et al., 2002),
implicated in the association of proteins with the cell membrane,
are conserved across species, although the sequence of the FERM
domain in the C. elegans homolog is poorly conserved and
truncated (Fig. 2A).

Sequencing of the m775 (Stainier et al., 1996) san cDNA predicts
a splicing defect with a consequent in-frame deletion of exon 14.
This results from a splice acceptor mutation within the intron at the
start of exon 14 (agAG—aaAG; Fig. 2A). The affect on the level of
full-length san message was confirmed by real-time PCR
amplification of m775 mRNA, showing significantly decreased
levels of RNA transcripts containing exon 14 (Fig. 2B). In addition
we sequenced another san allele, ty219¢ (Chen et al., 1996). This
mutation is a C to A transversion within codon 694 of exon 15
(TAC—>TAA) that predicts a tyrosine change to a stop codon
(Y—stop; Fig. 2A). Both mutations would be predicted to cause loss
of a C-terminal portion of the Santa protein, possibly disrupting
function of the FERM domain.
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Fig. 2. The san and vtn loci
encode the zebrafish
homologs of CCM1 and CCM2.
(A) The zebrafish (Dr) San
(CCM1) protein sequence is
aligned with the C. elegans (Ce),
mouse (Mm) and human (Hs)
homologs, demonstrating strong
identity among the three
vertebrate genes. The N-terminal
NPxY motif indicated by the
single brown line (NPAY, residues
191-194 of the zebrafish protein
and residues 192-195 of the
mouse and human protein) is
altered in the C. elegans homolog
to NPAF. This motif is associated
with interaction of san with both
ICAP1 and vtn (Zawistowski et
al., 2002; Zawistowski et al.,
2005; Zhang et al., 2001). The
other two NPxF/Y motifs,
indicated by brown double lines,
were not required for interaction
of san with vtn (Zawistowski et
al., 2005). The three blue double
lines indicate the location of the
ankyrin repeats and the single
green line denotes the FERM
domain. The red asterisk indicates
the position of the Y—stop
mutation in the zebrafish san
ty219c allele. The protein motifs
are shown schematically below
the sequence. The red asterisk
again denotes the san ty219c
mutation and the region of the
protein shown in red corresponds
to exon 14, deleted in the san
m775 allele. (B) Real-time PCR
analysis was used to examine the
level of san mRNA message
containing exon 14. mRNA
isolated from m775 wild-type
siblings, and both wild-type and
mutant ty219¢ embryos show
levels of exon 14-containing
message 10-fold greater than in
the san m775 mutant embryos
(m775 —/- level set to 1 for
comparison). (C) The Vtn (CCM2)
protein is very well conserved
among vertebrates [the zebrafish
(Dr) Vtn protein sequence is
aligned with the mouse (Mm)
and human (Hs) homologs, no C.
elegans homolog is detectable].
The single blue line indicates the
sequence corresponding to the
PTB domain and the red asterisk
indicates the position of the
Y—stop mutation in the zebrafish
vtn m201 allele. The Vin protein
shown schematically below the
sequence illustrates the position
of the PTB domain and site of the
vtn m201 mutation.
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Fig. 3. In-situ analysis of san mRNA expression. The san mRNA is
expressed in the ventricular zone (black arrow) and diffusely throughout
the brain at 28 hpf (A,B). Expression is also detectable at this stage in
the posterior cardinal vein (green arrow) as illustrated by whole-mount
(€) and in section (D). At 48 hpf, san expression is detectable in the
notochord with patchy expression in the vein (E). The staining in the
vein is clearly visible from sections through the trunk (F). The position of
the dorsal aorta is indicated by the red arrow. The boxed region in C
and E represent the region shown in the sections. nc, notochord; nt,
neural tube.

vtn

The complete vtn gene is comprised of 10 coding exons with a
deduced amino acid sequence of 455 amino acids. The predicted
protein is cytosolic with a molecular weight of 50 kDa. The
protein has one recognizable protein motif, a PTB domain (amino
acids 61-229). The vtn protein is highly conserved across
vertebrates and encodes the zebrafish homolog of the human gene
associated with CCM2 (MGC4607, malcalverin; Fig. 2C). The
m201 allele of vtn (Stainier et al., 1996) is defined by a C to A
transversion within codon 119 of exon 4 (TAC—TAA). This
would cause a tyrosine change to a stop codon (Y—stop, Fig. 2C).
This results in the formation of a truncated protein with an
incomplete PTB domain.

Table 2. Rescue of vtn mutant phenotype by mRNA injection.

Morpholino confirmation and RNA rescue of
genetic lesions

san

We employed an antisense morpholino designed to block splicing
at the donor site at the end of exon 14 of the san mRNA (data not
shown) (Draper et al., 2001; Ekker, 2000; Mably et al., 2003).
Injection of this morpholino at the 1-cell stage resulted in a
complete copy of the mutant phenotype (>95% of embryos show
the phenotype, n>1000). Analysis by RT-PCR using primers
within exons flanking exon 14 revealed a partial in-frame loss of
exon 14 sequence, confirming that loss of part of the FERM
domain is sufficient to reproduce the mutant phenotype (data not
shown). Mock-injected controls reveal no effect on the san PCR
products.

We also designed a morpholino to block splicing of the donor site
at the end of exon 1 in an attempt to create a truncated protein
(through the excision of 5’ exon sequence and disruption of the
reading frame). However, this morpholino caused deletion of 75
base pairs (bp), predicting in-frame loss of 25 amino acids, due to
the recruitment of a splice donor site within exon 1 (data not shown).
Interestingly, loss of these 25 amino acids was sufficient to produce
a complete phenocopy, implicating the N-terminus of the protein as
essential for normal function. Injection of mRNA derived from the
predicted full-length san cDNA was unable to rescue the mutant
phenotype. At high levels, expression of san mRNA in wild-type
embryos impaired early development, probably due to
misexpression of San in all cells.

vtn

A morpholino was designed to the donor site at the end of exon 2 of
the vtn gene. Injection of this morpholino at the 1-cell stage results
in a complete phenocopy of the vtn mutation (>95% phenocopy with
n>1000, data not shown). Analysis by RT-PCR using primers within
exons flanking exon 2 and sequence analysis of the products
revealed transcripts predicting both a partial and complete loss of
exon 2 sequence (data not shown). Injection of predicted vin mRNA
into progeny of vin heterozygote matings rescued embryos
completely (Table 2).

san and vtn mRNA expression

Analysis of san mRNA by whole-mount in-situ hybridization at 28
hpf revealed staining in the ventricular zone of the brain (Fig. 3A,B),
with weaker staining throughout the entire brain, and in the posterior
cardinal vein (Fig. 3C,D). The venous expression was maintained at
48 hpf, although expression was patchy (Fig. 3E,F). At 48 hpf there
was also prominent notochord staining.

Similarly, strong expression of vtn mRNA at 28 hpf was detected
in the brain ventricular zone (Fig. 4A-D) with weaker expression in
the vein (Fig. 4E,G). vtn mRNA was also obvious in the posterior
intermediate cell mass at this stage (Fig. 4A,E,F). By 48 hpf,

Wild type Intermediate Mutant
100 ng/pl wild-type vtn RNA in m201 X m201 455 (92.8%) 40 (8.0%) 1(0.2%)
100 ng/pl wild-type san RNA in m201 X m201 37 (75.5%) 0 (0%) 12 (24.5%)
Mock injected in m201 X m201 142 (74%) 0 (0%) 50 (26%)
100 ng/pl wild-type vtn RNA in m775 X m775 69 (74%) 0 (0%) 24 (26%)
100 ng/pl wild-type san RNA in m775 X m775 183 (75%) 0 (0%) 61 (25%)
Mock injected in m775 X m775 60 (74%) 0 (0%) 19 (26%)

Injection of vtn mRNA, but not san mRNA, into the progeny of m201 heterozygotes is able to rescue the vtn mutant phenotype. Neither san nor vtn mRNA injection is able to

rescue the san mutant phenotype.




3144 RESEARCH ARTICLE

Development 133 (16)

expression of vin was weaker, but was detectable in the vein (Fig.
4H-J). At both 28 and 48 hpf, a low level of vin mRNA was
detectable in a region near the dorsal aorta (Fig. 4G,J).

| il 28 hpf | =~ .

J".K
b ", B 1 S .
s “ o

Fig. 4. In-situ analysis of vtn mRNA expression. The vtn mRNA is
robustly expressed in the ventricular zone (black arrow) at 28 hpf (A-C),
also shown in section in D. Expression is also strong in the intermediate
cell mass (A,E,F, white arrow). Lengthened staining also reveals vtn
message in the vein (E, green arrow) confirmed by sectioning (G). At 48
hpf, vtn is expressed in the brain and diffusely in the branchial arches
(H). Expression in the vein is detectable by whole-mount (I) and from
sections (J), but is weaker than expression of san at this stage. The
position of the dorsal aorta is indicated by the red arrow. The boxed
region in E and | represent the region shown in the sections. nt, neural
tube; nc, notochord.

Co-morpholino evidence of interaction of san, vtn
and heg

The similarity of phenotype between san, vtn and heg, along with
the predicted interactive ability of protein motifs (PTB domain of
vtn and NPxY motif of san/NPxF motif of heg) suggested that
these proteins might be part of a pathway that controls concentric
growth of the heart. To examine this, we lowered amounts of each
protein by morpholino injection to a level at which fewer
than 10% of embryos demonstrated a complete phenocopy.
Combinations of morpholinos were then injected at these doses to
determine if the effects of these morpholinos are additive.
Injection of san and vtn together at these doses resulted in a
dramatic increase in the percentage of embryos exhibiting
complete phenocopy (Fig. 5; see Table S1 in the supplementary
material). When injected together with either the san or vtn
morpholino at low doses, the heg combinations also produce a
significant increase in phenocopy level (Fig. 5). These results
suggest that san, vtn and heg interact.

DISCUSSION

The thickening of the myocardium is essential to generate the higher
blood pressures characteristic of vertebrate physiology. The
primitive heart tube forms before physiological function, suggesting
that the primary determinant of the tube’s initial dimensions are not
dictated by physiological forces. In fact, there is evidence that the
size of the heart correlates with overall body growth (termed
allometry) (Gould, 1966). After transplantation of precardiac
mesoderm between two amphibian species, tissue from the faster
growing Amblystoma tigrinum transferred to Amblystoma
punctatum results in hearts that grow more rapidly than in the native
host (Copenhaver, 1939). Flow and pressure clearly modify
subsequent patterns of growth in the embryonic ventricle, as
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Fig. 5. Morpholino co-injections reveal evidence of interactions
between san, vtn and heg. Injection of low doses (10 and 15 wmol/l)
of each morpholino alone is unable to produce large number of
embryos with the characteristic enlarged heart and thin-walled
myocardium. However, by injection of combinations of any two of the
san, vtn and heg morpholinos, a dramatic increase in the level of
phenocopy is observed (indicated by the increase in the yellow bars)
with a concomitant decrease in the level of wild-type embryos (blue
bars). A number of embryos (indicated by the red bars) display a
phenotype intermediate between wild type and mutant, characterized
by a less dramatic dilation of the heart and some with weak circulation.
heg, heg exon 11 donor morpholino injected; san, san exon 1 donor
morpholino injected; vtn, vtn exon 2 morpholino injected.
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illustrated by the formation of congenital defects in chick embryos
following constriction of the outflow tract during development of the
heart tube (Gessner, 1966).

Through the characterization of two zebrafish mutants, san and
vtn, we introduce here a new genetic pathway, one essential for
myocardial growth and thickening of the ventricular wall in
vertebrates. In the hearts of these mutants, both atrial and
ventricular chambers are correctly specified and hearts possess
myofibrils and are able to contract. Although the number of cells in
the heart muscle wall is normal, there is no concentric growth.
Rather, the cells proliferate along the circumference of the heart,
leading to the formation of a hugely dilated heart consisting of a
single layer of myocardium. The targeted deletion of the homolog
of san in mice also results in an enlargement of the cardiac
chambers, particularly the atrium (Whitehead et al., 2004).
However, the hearts loop normally and develop endocardial
cushions (Whitehead et al., 2004). The absence of looping and the
loss of endocardial cushion formation in the zebrafish mutant may
represent secondary affects on the morphology of the heart resulting
from the severe cardiac dilation observed or possible variations
in timing requirements between species for these genes during
development.

CCM1 (San) interacts with integrin cytoplasmic domain
associated protein-1 (ICAP-1), a modulator of integrin signaling
(Zawistowski et al., 2002; Zhang et al., 2001). Like Vtn (CCM2),
this protein contains a PTB domain. This PTB domain is essential
for the interaction of ICAP-1 with the NPxY motif within the
cytoplasmic tail of B1 integrin (Chang et al., 1997; Zhang and
Hemler, 1999) and with the NPxY domain of CCM1 (amino acids
NPAY, see Fig. 2A). These interactions with CCM1 and/or 31
integrin have been proposed to modulate cell-cell and cell-
extracellular matrix communication, essential for a variety of
processes, including cell migration and maintenance of cellular
morphology.

Consistent with the morpholino data indicating that san, vtn and
heg interact to control myocardial thickening in the zebrafish heart
during development, recent work has demonstrated a physical
interaction between CCMI1 (San) and CCM2 (Vtn) by
immunoprecipitation and FRET analysis (Zawistowski et al., 2005).
Unlike the interaction between ICAP1 and CCMI, binding to
CCM2 was not completely eliminated by mutagenesis of the N-
terminal NPAY motif in CCM1, although this motif was shown to
be involved in CCM2-binding (Zawistowski et al., 2005). These
results suggest that CCM2 can bind to additional motifs in CCM1.
However, mutagenesis of the other two NPxF/Y motifs in CCM1
(indicated in Fig. 2A) revealed that they were not strong sites of
CCM2 interaction (Zawistowski et al., 2005). In addition, the murine
CCM2 homolog (OSM, for osmosensing scaffold for MEKK3)
serves as a scaffold protein for MEKK3-mediated p38 MAPK
phosphorylation during osmotic shock, interacting directly with
Racl, MEKK3 and MKK3 (Uhlik et al., 2003). This complex also
includes CCM1 (San), as demonstrated by co-immunoprecipitation
(Zawistowski et al., 2005).

The results of our co-morpholino experiments also implicate Heg
as another member of this complex interactome. The heg gene has
been shown to be an endocardial signal required for the concentric
thickening of the myocardium. Loss of function of this gene in
zebrafish generates a phenotype indistinguishable from san and vin
(Mably et al., 2003). We have demonstrated that knockdown of
combinations of the three zebrafish genes show synergistic effects,
strengthening the contention that the genes disrupted in human CCM
function through a common molecular pathway.

The phenotype of the san and vtn mutant embryonic heart, like
heg, most closely resembles that of the heart in cloche (clo) mutant
zebrafish, which lack endocardium and other endothelium (Liao et
al., 1997; Parker and Stainier, 1999; Stainier et al., 1996). Based on
the expression pattern of the san and vin genes, it is difficult to
conclude which of the two cell types in the hearts is primarily
affected, although the expression of san and vtn in the vasculature
and heg in the endocardium (Mably et al., 2003), together with the
similarity to the clo phenotype, suggest a role for endocardial cells
in growth of the adjacent myocardium. The dilated cardiac chambers
of the san and vtn mutants exhibit a severe thinning and dilation that
is also reminiscent of the dilated capillary walls observed in PDGF-
B-deficient mice, which exhibit impaired recruitment of pericytes
because of the loss of PDGF-B signaling (Lindahl et al., 1997). It is
postulated that one of the roles of the pericytes is to contribute to the
mechanical stability of the capillary wall, and in their absence
microaneurysms develop. Analogous to these lesions, the enlarged
cardiac chambers of the san and vtn mutants reflects an inability of
the endocardial cell layer to instruct the adjacent layer of myocardial
muscle to thicken.

During the initial stages of embryonic development, the
endocardium may help maintain the structural integrity of the heart
by serving as a framework for the surrounding myocardium.
Furthermore, although the number of endocardial cells in the two
mutants is similar to wild type, a small population of cells may be
recruited to the endocardium from other sites, such as the
intermediate cell mass (ICM), where vin is expressed, and these cells
may migrate through the vasculature to contribute to the maturation
of the endocardium. Indeed, the endocardium has been proposed to
be the site of hematopoiesis before onset of definitive hematopoiesis
in the kidney at 4-5 dpf seeded by cells from the blood islands within
the ICM (Al-Adhami and Kunz, 1977). The expression of both san
and vin in the vein may represent this migrating population of cells
that are essential to maturation of the endocardium and, indirectly,
the adjacent myocardium through the supply of growth signals.

The human homologs of the zebrafish san (CCM1) and vin
(CCM2) genes are disrupted in cerebral cavernous malformations,
a disorder characterized by the formation of enlarged and thin-
walled vascular malformations in the CNS (Gil-Nagel et al., 1995;
Zabramski et al., 1999). The mechanism by which disruptions in
these genes produce these characteristic venous lesions is undefined.
However, a similar process to that proposed to explain the zebrafish
defects might lay at the basis of these vascular anomalies as well as
the defect in the mouse CCM1 (san) knockout, which reveals an
essential role for this gene in vascular development (Whitehead et
al., 2004).

This work reveals the molecular basis for a mechanism of cardiac
growth distinct from those that control cell proliferation. This
process determines the direction of growth and is essential for the
thickening of the ventricular wall. Formation of the myocardium is
contingent on the presence of an intact endocardium and requires
reciprocal signaling between the two cell types, facilitated through
a genetic module consisting of san, vtn and heg.
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Table S1. Morpholino co-injections reveal evidence of interactions between san, vtn and heg

Wild type Intermediate Mutant
10 uM heg_e11i11 94 (92.2%) 6 (5.9%) 2(1.9%)
10 pM san_e1i1 86 (98.9%) 1(1.1%) 0 (0%)
10 pM vtn_e1il 90 (98.9%) 1(1.1%) 0(0%)
10 uM heg_e11i11 + 10 M san_e1i1 46 (38.6%) 22 (18.5%) 51 (42.9%)
10 uM heg_e11i11 + 10 uM vtn_elil 18 (48.7%) 5(13.5%) 14 (37.8%)
10 pM san_e1i1 + 10 uM vtn_elil 8 (25.0%) 11 (34.4%) 13 (40.6%)
15 uM heg_e11i11 97 (98.0%) 2 (2.0%) 0(0%)
15 pM san_e1i1 110 (72.9%) 31 (20.5%) 10 (6.6%)
15 pM vtn_elil 121 (100%) 0(0%) 0 (0%)
15 uM heg_e11i11 + 15 M san_e1i1 18 (17.5%) 25 (24.3%) 60 (58.2%)
15 uM heg_e11i11 + 15 uM vtn_elil 18 (14.0%) 20 (15.5%) 91 (70.5%)
15 uM san_e1i1 + 15 pM vtn_elil 9 (10.7%) 22 (26.2%) 53 (63.1%)

Injection of heg, san or vtn morpholinos alone at 10 wM or 15 wM is unable to produce a complete phenocopy. However, injection of
combinations of any two of these morpholinos produces a dramatic increase in the level of phenocopy. A number of embryos display a
phenotype intermediate between wild type and mutant, characterized by a less dramatic dilation of the heart and some with weak
circulation. These results are displayed graphically in Fig. 5.




