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Abstract

Background—The mammalian outflow tract (OFT) and primitive right ventricle arise by

accretion of newly differentiated cells to the arterial pole of the heart tube from multi-potent
progenitor cells of the second heart field (SHF). While mounting evidence suggests that the
genetic pathways regulating SHF development are highly conserved in zebrafish, this topic

remains an active area of investigation.

Results—Here, we extend previous observations demonstrating that zebrafish #bx1 (van gogh,
vgo) mutants show conotruncal defects consistent with a conserved role in SHF-mediated
cardiogenesis. Surprisingly, we reveal through double /n situ analyses that fbxZ transcripts are
excluded from cardiac progenitor cells or differentiated cardiomyocytes, suggesting a non-
autonomous role in SHF development. Further, we find that the diminuitive ventricle in vgo
animals results from a 25% decrease in cardiomyocyte numbers that occurs subsegent to heart
tube stages. Lastly, we report that although SHF progenitors are specified in the absence of Thx1,
they fail to be maintained due to compromised SHF progenitor cell proliferation.

Conclusion—These studies highlight conservation of the Thx1 program in zebrafish SHF
biology.
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Introduction

In higher vertebrates cardiac crescent cells of the first heart field (FHF) generate the
primitive heart tube, which is elongated at both poles by late differentiation of second heart
field (SHF) progenitors in pharyngeal mesoderm (Vincent and Buckingham, 2010). At the
arterial pole, SHF precursors give rise to new myocardial segments that become the future
right ventricle and outflow tract (OFT). Anomolies in OFT development comprise ~30% of
congenital heart defects (Srivastava and Olson, 2000) and often result from hemizygous
microdeletions in a 3 Mb region on chromosome 22q11.2 (Jerome and Papaioannou, 2001;
Lindsay et al., 2001; Merscher et al., 2001). This genomic disruption results in a variable
constellation of congenital malformations and cognitive impairments known collectively as
DiGeorge Syndrome (DGS). Among the most life-threatening phenotypes are cardiovascular
(CV) anomolies, such as Tetralogy of Fallot and Interrupted Aortic Arch, that appear to arise
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from reduced expression of 78X, a gene in the typically deleted region required for cardiac
neural crest and SHF development (Jerome and Papaioannou, 2001; Lindsay et al., 2001,
Merscher et al., 2001; Yagi et al., 2003). Despite the prevalence and severity of CV
malformations in the DGS population, ~20% of genetically affected individuals lack any
detectable cardiovascular pathology (Ryan et al., 1997). This observation underscores the
profound influence of genetic and/or environmental modifiers over the DGS phenotype and
reveals the complexity of the requirement for TBX1 in CV development. As such, a more
detailed understanding of the molecular mechanisms by which TBX1 influences OFT
development are essential.

Much of our understanding of how TBX1 influences CV development comes from gene
expression and inactivation studies in the mouse (Aggarwal and Morrow, 2008; Parisot et
al., 2011; Scambler, 2010). Murine 7bxI is expressed in tissues that form the pharyngeal
system - including pharyngeal surface ectoderm, pharyngeal endoderm, and pharyngeal
mesoderm, which contains SHF progenitors (Chapman et al., 1996; Garg et al., 2001;
Jerome and Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001; Vitelli et al.,
2002a). In regards to the heart, cre/loxP lineage tracing of 7bxZ+ cells showed substantial
contribution to the inferior myocardial wall and endothelium of the OFT and some
contribution to the myocardium at the base outlet of the RV, consistent with 76xZ
expression in a subset of SHF precursors (Huynh et al., 2007; Xu et al., 2004). Loss of
function analyses revealed that homozygous 7bxI neonates die at birth from severe
craniofacial and CV malformations, the latter of which include the loss of the pharyngeal
apparatus (pharyngeal arches, pouches, and clefts), OFT hypoplasia, and ventricular septal
defects (Jerome and Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001). It has
been proposed that TBX1 provides a pro-proliferation signal to SHF progenitors (Chen et
al., 2009; Liao et al., 2008; Xu et al., 2004; Zhang et al., 2006b) that is likely mediated, at
least in part, by FGF8 (Abu-Issa et al., 2002; Brown et al., 2004; Hu et al., 2004; Park et al.,
2006; Vitelli et al., 2010; Vitelli et al., 2002b; Zhang et al., 2006b). This idea is supported
by the ability of TBX1 to activate an Fgf8enhancer in cell culture (Hu et al., 2004) and by
genetic interaction studies between ThxZ and Fgf8for OFT development /n vivo (Brown et
al., 2004, Vitelli et al., 2010; Vitelli et al., 2002b; Zhang et al., 2006b).

Why only a fraction of patients hemizygous for a deletion in the 7BXZ containing region
present with DGS while others have no observable abnormalities is not understood.
Moreover, the spectrum of defects in affected DGS individuals suggests the existence of
genetic or environmental modifiers, most of which are not known. The zebrafish model
organism offers distinct strategies for identifying such modifiers, such as forward genetic or
small molecule based screening. Despite being comprised of only two cardiac chambers, the
zebrafish heart is partially derived from a SHF population (de Pater et al., 2009; Hami et al.,
2011; Lazic and Scott, 2011; Zhou et al., 2011) that expresses nkx2.5 (Lazic and Scott,
2011; Zhou et al., 2011), mef2cb (Hinits et al., 2012; Lazic and Scott, 2011), and /tbp3
(Zhou et al., 2011). Cre/loxP lineage tracing demonstrated that approximately half of the
single ventricular chamber and entire OFT is derived via late differentiation and accretion of
SHF progenitors following heart tube formation (Zhou et al., 2011). Impairment of SHF-
mediated cardiogenesis results in loss of ventricular cardiomyocytes that normally comprise
the distal portion of the chamber and loss or diminution of Elastin2+ (EIn2+) smooth muscle
precursor cells of the OFT.

The genetic programs regulating SHF biology in the zebrafish appear largely conserved with
that of higher vertebrates. Using small molecule, morpholino, or genetic means of inhibition,
FGF (de Pater et al., 2009; Lazic and Scott, 2011; Marques et al., 2008), BMP (Hami et al.,
2011), Hedgehog (Hami et al., 2011), and TGFp (Zhou et al., 2011) signaling have all been
implicated as critical SHF pathways in zebrafish. /s/et1 is arguably the best known SHF
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marker in mice. Despite recent reports suggesting conserved expression of /s/Z in zebrafish
SHF progenitors (Hami et al., 2011; Witzel et al., 2012), /s/Z—/- mutants show normal
arterial pole development (de Pater et al., 2009). Thus, while evidence of gentic
conservation between zebrafish and mammalian SHF-mediated cardiogenesis is mounting,
this topic is still an active area of investigation.

In regards to tbxZ, an initial study in zebrafish showed that tbxZ null embryos (van gogh,
vgo) (Piotrowski et al., 2003) have an undersized ventricle, a small EIn2+ smooth muscle
component of the outflow tract, and impaired migration of dye-labeled pharyngeal cells into
the heart tube (Hami et al., 2011). Taken together, these observations suggest preliminarily
that zebrafish Thx1 is required for SHF development. However, a more comprehensive
characterization of the vgo cardiac phenotype is required to determine the degree to which
Thx1 function is conserved. Thus, we sought to confirm and extend initial observations
suggesting that Thx1 function is required for zebrafish SHF development as in mice and
presumably humans.

Here, we characterized #bx1 expression in relation to cardiac progenitors and differentiated
cardiomyocytes in zebrafish and analyzed tbx1/vgo null embryos for molecular and
morphological evidence of SHF perturbations. Unexpectedly, we found that #6xZ expression
appears non-overlapping with cardiac progenitors cell (CPC) markers of the first or second
heart fields or differentiated cardiomyocytes that comprise the early zebrafish heart tube.
However, vgo mutant ventricles show a clear diminution in size. We discovered that this
reduction in ventricular chamber size is due to an approximately 25% decrease in
cardiomyocyte numbers that occurrs subsequent to linear heart tube establishment. This
finding demonstrates that FHF development occurs normally in the absence of Thx1
function, but that SHF development is specifically disrupted. Further, we discovered that the
SHF defect in vgo mutants is caused by compromised SHF progenitor cell proliferation.
Overall, our data suggest that the tbxZ pathway is conserved in zebrafish for SHF-mediated
cardiogenesis.

Although the developmental expression pattern of zebrafish t6xZ has been reported
previously (Kochilas et al., 2003; Piotrowski et al., 2003; Zhang et al., 2006a), we sought to
characterize the location of #bxZ transcripts relative to cardiac markers during the initial
phases of zebrafish cardiogenesis. First, we performed double /in situ hybridization prior to
early myocardial differentiation with #bxZ and the conserved cardiac progenitor marker,
nkx2.5, which is expressed in both the first and second heart fields. At the 8 somite-stage
[8ss; 13 hours post-fertilization (hpf)], tbxZ transcripts are located medial (Fig. 1A,B) and
dorsal (Fig. 1A,D) to nkx2.5+ CPCs. Interestingly, fgf8atranscripts were reported to have a
similar dorsomedial relationship with nkx2.5 at similar developmental stages (Reifers et al.,
2000). Cross-section analysis provided further evidence that t6xZ expression is non-
overlapping with nkx2.5 (Fig. 1C). Next, we examined the localization of bxI transcripts
relative to a cardiomyocyte marker, cardiac myosin light chain 2 (cmlc2; also called myl7)
(Yelon et al., 1999) and a SHF marker latent TGF-beta binding protein-3 (/16p3). At 16ss
(17hpf), crmicZtranscripts mark FHF-derived myocardial cells in the anterior lateral plate
mesoderm (ALPM) (de Pater et al., 2009; Lazic and Scott, 2011). At this stage, 6x1
transcripts were observed lateral to the medially migrating cm/c2+ cardiomyocytes of the
heart forming region (Fig. 1E). Similarly at 23ss (20.5hpf), #bx1 transcripts were readily
visible in the developing pharyngeal arches (Piotrowski et al., 2003), but absent from
cmic2+ cells that comprise the cardiac cone, a precursor to the linear heart tube in zebrafish
(Fig. 1F). At the same developmental stage, /t6p3 expression commenced in SHF
progenitors adjacent to the cardiac cone, but failed to overlap spatially with #6xZ (Fig. 1G).

Dev Dyn. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nevis et al.

Page 4

Finally, after establishment of the linear heart tube (24hpf), tbxI transcripts were absent
from the heart tube proper (Fig. 1H) and the arterial pole of the heart tube inhabited by SHF
progenitor cells (Fig. 1H, inset) (Hami et al., 2011; Lazic and Scott, 2011; Zhou et al.,
2011). Taken together, these data suggest that zebrafish #bxZ transcripts are non-overlapping
with CPC markers of the first or second heart fields or differentiated cardiomyocytes that
comprise the early zebrafish heart tube.

To determine if zebrafish embryos devoid of tbx display evidence of defective
cardiogenesis, we analyzed embryos homozygous for the tbx null alleles, van goghtv28>
(vg0™285) and van goghtv208 (19a™208) which produce indistinguishable embryonic
phenotypes (Piotrowski et al., 2003; Piotrowski and Nusslein-Volhard, 2000). To visualize
cardiogenesis in absence of tbx1, we crossed the vgo™285 allele with our previously
described Tg(nkx2.5:Zs Yellow)™7 line that reports yellow fluorescence in nkx2.5+ cells
(henceforth called nkx2.5:2ZsY) (Zhou et al., 2011). Consistent with a previous report (Hami
et al., 2011), we observed a diminuitive ventricle in vgo mutants compared to controls at
72hpf (Fig. 2A-D), a timepoint following SHF-mediated myocardial accretion (de Pater et
al., 2009; Lazic and Scott, 2011; Zhou et al., 2011). This size difference could be due to a
decrease in the number of ventricular cardiomyocytes or equivalent numbers of ventricular
cells that are smaller and more densely organized. To distinguish between these alternatives,
we quantified the number of cardiomyocytes in each chamber of control and vgo™28> mutant
embryos at 72hpf using a transgenic strain in which cardiomyocyte nuclei express DsRed2
fluorescent protein (Mably et al., 2003). From this analysis, we learned that vgo embryos
display no alterations in the number of atrial cells but exhibit an approximately 25%
decrease in the number of ventricular cardiomyocytes compared to controls (Fig. 2E-G).
Moreover, OFT smooth muscle precursors that are marked by Elastin2 (EIn2) (Miao et al.,
2007) were severely diminished or absent in vgo embryos compared to control siblings (Fig.
2H-J). Together, these data demonstrate that the small ventricle observed in vgo mutants is
a result of a ventricular cardiomyocyte deficit and suggest that #6xZ is essential to build the
arterial pole of the zebrafish heart.

A decrease in the number of ventricular cardiomyocytes could arise from a defect in FHF-
mediated cardiogenesis. Therefore, we first compared the spatial and temporal expression of
cardiac markers at the cone stage (23ss/20.5hpf), a timepoint prior to SHF-mediated
myocardial accretion, between vgo %285 and sibling embryos. At 23ss, nkx2.5:ZsY reporter
fluorescence (Fig. 3A,B) and ventricular myosin heavy chain (vmhc) transcripts (Fig. 3C,D),
which highlight differentiated FHF-derived ventricular cardiomyocytes and undifferentiated
SHF progenitors (Lazic and Scott, 2011; Zhou et al., 2011), appeared grossly normal in vgo
animals. Next, we quantified the number of cardiomyocytes in the linear heart tube of
control and vgo embryos that derive from early-differentiating FHF cells. We found that
although the heart tube of vgoanimals appeared somewhat misshapen compared to their
sibling controls, the total number of cardiomyocytes was similar (Fig. 3E-G). These data
provide conclusive evidence that FHF-derived cardiogenesis is unaffected in vgo mutants,
formally demonstrating that the ventricular phenotype observed is not due to compromised
FHF development.

Recently, we and others have demonstrated that zebrafish cardiogenesis relies on a second
(or secondary) heart field (SHF) that resides in pharyngeal mesoderm and accretes
myocardium to the arterial pole of the linear heart tube (de Pater et al., 2009; Hami et al.,
2011; Lazic and Scott, 2011; Zhou et al., 2011). The molecular signature of the zebrafish
SHF to date is nkx2.5, mef2ch, and /tbp3. Itbp3 is the most specific marker of the SHF
because it overlaps only partially with differentiated myocardium of the heart tube (Zhou et
al., 2011) whereas nkx2.5 (Lazic and Scott, 2011; Zhou et al., 2011) and mef2cb (Hinits et
al., 2012; Lazic and Scott, 2011) label the SHF and the heart tube. To determine if the
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ventricular deficit in vgo %285 mutants is a result of perturbations in /tbp3expression, we
performed /n situ hybridization using an /thp3riboprobe at progressive developmental
stages. At 23ss (20.5hpf), when /tbp3 transcripts are first visualized by /n situ analyses, we
learned that /tbp3 expression was properly initiated in vgo embryos (Fig. 4A,B). However,
at linear heart tube stages (24hpf), /tbp3transcripts were no longer detected in SHF
progenitors at the arterial pole in vgo mutants (Fig. 4 C,D). We confirmed the absence of
SHF precursors at heart tube stages in vgo %208 embryos using a complementary approach
that relies on the fluorescent reporter transgenic strains 7g(nkx2.5:2ZsY)and
Tg(cmlc2:GFP). To distinguish the two fluorophores by confocal microscopy, double
fluorescent immunohistochemistry was performed to highlight cm/c2+ differentiated
cardiomyocytes in green and nkx2.5+ SHF progenitors and differentiated ventricular
cardiomyocytes in red. Although a distinct nkx2.5+ population of SHF progenitors could be
easily visualized at the arterial pole of the heart tube at 24-26 hpf in control embryos, this
population was absent in vgo mutants (Fig. 4E,F). Together, these data suggest that Thx1 is
required for SHF progenitor cell maintenance, but is dispensible for their initial
specification.

To elucidate the cellular mechanisms underlying the vgo SHF phenotype, we evaluated
mutants soon after cardiac cone stages for cellular defects in the extra-cardiac population of
nkx2.5+ SHF cells at the arterial pole. First, we used TUNEL (terminal deoxynucleotidyl
transferase biotin-dUTP nick end-labeling) labelling to highlight apoptotic cells in control
and vgo™285 mutants carrying the nkx2.5:ZsY transgene. Although TUNEL+ apoptotic cells
were observed throughout the bodies of both control and vgo embryos, no TUNEL+ cells
were detected in the ZsY+ SHF domain (data not shown). Next, we used the thymidine
analog EdU to examine the proliferative state of nkx2.5:ZsY+ SHF cells at the arterial pole.
Specifically, embryos were pulsed with 5-ethynyl-2’deoxyuriding (EdU) at 20ss (19 hpf)
and collected at 26ss (22hpf) for processing using Click-iT Alexa-555 along with antibody
staining for ZsYellow. We detected extensive proliferation throughout the bodies of both
vgo 1265 and sibling controls (Fig. 5A,B). Interestingly, we observed abundant proliferative
ZsY+ cells that predominantly localized to the arterial pole/SHF region of the cardiac cone
(Fig. 5C,E). However, while cardiac development appeared similar between vgo and sibling
controls (Fig 5A,B; insets), a significant decrease in the number of proliferative EdU+ SHF
progenitors was observed in vgo mutants (Fig. 5C—E). These findings support a model in
which Thx1 stimulates proliferation or self-renewal of /{pb3+, nkx2.5+ SHF progenitors to
maintain the CPC pool as new myocardium is accreted to the linear heart tube. Based on this
model, we speculate that loss of Thx1 results in a premature depletion of undifferentiated
CPCs from the SHF.

Discussion

Because SHF perturbations are predicted to be common causes of conotruncal
malformations in patients, studies designed to decipher the molecular regulation of SHF
biology are significant. Specifically, any gene implicated in SHF development becomes a
candidate that, when mutated, may cause OFT-related congenital heart defects. Mounting
evidence suggests that the genetic pathways regulating SHF development are highly
conserved in zebrafish. Here, we extend previous observations showing that zebrafish t6x2
mutants show conotruncal defects consistent with a role in SHF development. These studies
serve to further solidify the use of the zebrafish model organism for discovery based
approaches that may uncover new and potentially clinically relevant genes important for
arterial pole development.

Deciphering the tissue-specific roles of TBX1 in mammalian OFT morphogenesis has been
extremely complex due in part to the high degree of interaction between the 7bx1-
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expressing pharyngeal endoderm and pharyngeal mesoderm, the latter of which contains
SHF progenitors. While conditional loss-of-function studies have yielded valuable
information, the interpretations have been clouded by cre-mediated recombination in both
tissue compartments. For example, although deletion of 7bxZ in the Nkx2.5 expression
domain results in OFT hypoplasia, recombination occurs in the pharyngeal endoderm,
pharyneal mesoderm, and SHF (Xu et al., 2005; Xu et al., 2004). In another study, Arnold et
al. showed that deletion of 7bxZ in the Foxgl+ pharyngeal endoderm results in severe OFT
defects that resemble those occurring in 76xZ—/-nulls (Arnold et al., 2006). Although
Foxgl-mediated recombination was reported to be limited to pharyngeal endoderm in this
study (Arnold et al., 2006), Zhang et al. observed additional FoxgZ-induced cre activity in
pharyngeal mesoderm when examining recombination on a different genetic background
(Zhang et al., 2005). Thus, the specific interplay between the pharyngeal endoderm and
mesoderm in regards to TBX1 function remains unclear.

The most compelling argument that TBX1 functions cell non-autonomously for SHF
development in the mouse was shown through mosaic analyses (Xu et al., 2004).
Specifically, 7bxI-/- cells were mixed with wild-type cells to generate embryos of mixed
genetic origin. In these mice, 7bxI—-/- cells contributed to the SHF, showed no proliferative
disadvantage, and were accreted at the same frequency as wild-type cells to the developing
OFT. Interestingly, inactivation of 7bxZ in MespI+ mesoderm results in severe OFT defects
that can be rescued by mesodermal restoration of 7hxZ (Zhang et al., 2006b). Although
these data show a strict requirement for 7bxZ in the mesoderm, Mesp1 is expressed rather
broadly leaving open the possibility that 76xZ is required in a mesodermal population
distinct from the SHF. Thus, the outcome of these lineage-specific inactivation/reactivation
experiments remains consistent with those from the chimera analyses that demonstrated a
non-autonomous role for TBX1 in SHF-mediated OFT formation.

Our studies in zebrafish show that Thx1 is required for SHF proliferation and, based on its
expression pattern, most likely acts cell non-autonomously. Although our /7 situ analyses
are unable to definitively exclude tbxZ expression in medial 7kx2.5+ cells in the heart
forming region that may represent SHF progenitors, the domains appear separate. Moreover,
we failed to observe transcripts in the region occupied by SHF progenitors at cardiac cone or
heart tube stages. Our observations coupled with previous reports showing tbxZ transcripts
in the pharynx (Piotrowski et al., 2003) makes it tempting to speculate that perhaps the role
of Thx1 in pharyngeal tissues has been conserved in zebrafish for OFT development.
However, chimera analyses to determine autonomy in OFT development and cre/loxP-
mediated genetic lineage tracing of tbxI-expressing cells in zebrafish will be required to
appreciate the complete f6xI expression profile and tissue derivatives during cardiac
development.

Although #bx1 does not appear to be expressed in SHF progenitors in zebrafish, our data and
that of Hami et al. show that Tbx1 is required for SHF development. Experimental evidence
garnered from /thp3 cre/loxP lineage tracing (Zhou et al., 2011) and a photoconversion assay
that measures the timing of cardiomyocyte differentiation (Lazic and Scott, 2011) suggests
that approximately 40-50% of the ventricular chamber is derived from SHF progenitors
following heart tube formation. However, our ventricular cardiomyocyte counts in tbxZ
mutants revealed only a 25% reduction. This outcome could be explained several ways. It is
possible that only 25% of the ventricle is derived from SHF cells and that our previous cre/
loxP lineage tracing overestimated contribution as /tbp3 expression partially overlaps with
differentiated cardiomyocytes at the end of the heart tube. Alternatively, because /tbp3
expression is initiated in tbxZ null animals, it is possible that there is only a partial
myocardial deficit in vgo animals. Another explanation, which is consistent with its role in
the mouse (Parisot et al., 2011), is that Tbx1 is required for proper development of a sub-
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domain within a larger SHF. As new SHF markers and lineage traces emerge in zebrafish, a
better understanding of the full complement of cardiovascular derivatives of the SHF will be
revealed, ultimately aiding our understanding of mutant phenotypes and gene function.

Experimental Procedures

Zebrafish lines and maintenance

Zebrafish embryos, larvae, and adults were produced, grown and maintained according to
standard protocols approved by the Institutional Animal Care and Use Committees of
Massachusetts General Hospital. Ethical approval was obtained from the Institutional
Animal Care and Use Committees of Massachusetts General Hospital. The previously
published (Piotrowski et al., 2003; Piotrowski et al., 1996; Schilling et al., 1996) vgdu285
and vgo™2%8 mutant tbxZ alleles were used in this study. The vgo?6® and vgo?% alleles of
thx1 contain a C -> T and an A-> T transition at nucleotide positions 364 and 879
respectively, each creating premature stop codons. Transgenic strains 7g(cmlc2::DsRed-
nuc) (Mably et al., 2003), 7g(nkx2.5:.ZsYellow) (Zhou et al., 2011) and 7g(cmlc2::GFP)
(Burns et al., 2005) were described previously.

Double in situ hybridization, immunohistochemistry, and cryosectioning

Single and double /n situ hybridization was performed as described (Thisse et al., 1993),
with digoxygenin-labeled antisense RNA probes to /t6p3 (ECORI/Sp6), nkx2.5(EcoRI/TT),
thx1 (EcoRI/T7), vmhc (EcoRI/T3), and fluorescein-labeled antisense RNA probes to crmic2
(Notl/T7) and bx1. For cryo-sections, stained embryos were washed in PBS and embedded
in 1.2% agarose in a 5% sucrose solution. Embedded embryos were placed in 30 % sucrose
solution overnight at 4° C. Agarose blocks were covered with Optimal Cutting Temperature
compound (OCT) (Tissue-Tek) and 50um sections were taken using Leica CM 3050 S
cryostat. Immunohistochemistry was performed as described (Zhou et al., 2011), using
primary antibodies anti-GFP mouse mono-clonal (1:50; Santa Cruz Biotechnology, Santa
Cruz, CA), anti-RCFP rabbit polyclonal pan (1:50; Clontech, Mountain View, CA), anti-
dsRed rabbit polyclonal (1:50; Clontech, Mountain View, CA), muscle-specific MF20 (1:50;
University of lowa, lowa City, IA), Elastin-2 (1:1000; Fred Keeley) and secondary
antibodies Alexa Fluor 555 goat anti-rabbit 1gGp, Alexa Fluor 488 goat anti-mouse 1G5y
and Alexa Fluor 546 goat anti-mouse 1gG,y, (all 1:200; Invitrogen, Carlsbad, CA).

Bright Field, Fluorescence and Confocal microscopy

Confocal imaging was performed as described previously (Zhou et al., 2011) on a LS5
confocal microscope (Zeiss) using a 40x water immersion objective. ImageJ (v1.43U;
National Institute of Health, USA) software was used to count cardiomyocyte (CM) nuclei
in Z-stack confocal images. Statistical significance for CM counts was determined using
unpaired Student’s t-test. Bright field and fluorescent microscopy was performed with a 10x
objective on an Eclipse 80i microscope (Nikon, Melville, NY) using a Retiga 2000R camera
(Q-imaging, Surrey, BC Canada) and NIS-Elements AR 3.00 imaging software (Nikon).

TUNEL and Click-iT EdU staining

TUNEL (terminal deoxynucleotidyl transferase biotin-dUTP nick end-labeling) was
performed as described previously (Zhou et al., 2011). Briefly, Tg(nkx2.5:ZsYellow) vgo?5®
mutant and control embryos were collected at 23ss and fixed overnight at 4°C in 4%
paraformaldehyde before being transferred to 100% methanol and stored at —20°C. Embryos
were rehydrated in methonol/PBST series, permeabilized with proteinase K and subjected to
a TUNEL assay via the /nn Situ Cell Death Detection Kit, TMR red (Roche Applied Science)
according to the manufacturer’s instructions. Proliferation experiments were performed as
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previously described (Mahler et al., 2010) using the Click-iT EdU imaging kit (Invitrogen).
Briefly, embryos were incubated on ice for 30 minutes in 10mM 5-ethynyl-2’deoxyuriding
(EdU), rinsed 3 times in embryo medium, and chased for 3 hours at 28°C.
Immunofluorescent staining with anti-rCFP (Alexa-488) and Click-iT-Alexa-555 was
performed and embryos were analyzed using confocal microscopy.
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Figure 1. tbx1 transcriptsfail to co-localize with cardiac cellsduring heart field or heart tube
stages

Whole-mount double /n situ hybridization. (A-D) tbxZ (red) and nkx2.5 (blue) transcripts
are non-overlapping during heart field stages (8 somite stage). (A) Flat mount, dorsal view,
anterior up, 10X maginification. (B) 20X magnification of the ALPM (boxed region from A)
(C) Transverse cryo-section, 20X magnification of the ALPM (location of section shown by
the solid line in A) (D) Dorso-lateral view showing that fbxZ-expressing cells lie dorsal to
nkx2.5-expressing CPCs at the 12ss. (E,F) toxI" cells are lateral to medially migrating
cmlc2+ cardiomyocytes at 16ss and 23ss. (G) tbxI* cells are lateral to /thp3+ SHF
progenitors at 20.5hpf/23ss. Dorsal view, anterior up. (H) At 24hpf, the linear heart tube lies
dorsal to the #bxZ expression domain. Dorsal view, anterior up. 10X magnification. (inset)
20X magnification of boxed region from F. #bxZ is not expressed at the end of the linear
heart tube where SHF progenitors reside (red arrowhead).
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Figure 2. tbx1 mutants have diminutive ventricles caused by decreased cardiomyocyte numbers
and diminished OFT smooth muscle

(A-D) Fluorescent microscopy images of 7g(nkx2.5.2ZsYellow) control and vgo embryos;
10X magnification. At 72hpf, the ventricular chamber and OFT appears small in vgo (C, D)
compared to control (A,B). A,C; lateral view, anterior right. B,D; ventral view, anterior up.
(E,F) Flattened confocal images of 72hpf cardiomyocyte (CM) nuclei in
Tg(cmic2::DsRed™ ) control (E) and vgo (F) hearts. (G) Graph depicting the average
number of CMs at 72hpf in control (n=4) and vgo (n=4) embryos. Asterisks indicate
statistical significance as determined using unpaired students T-test. Error bars represent +/—
s.e.m. Atrial CM numbers remain unchanged (~=0.47), while ventricular and total CM
numbers are significantly lower in vgo mutants (£=0.00008 and 0.0002, respectively). (H,I)
Flattened confocal images following double immunofluorescence at 72 hpf to visualize OFT
smooth muscle precursors (EIn2; green) and chamber cardiomyocytes (MF20; red) in
control (n=21; H) and vgo (n=20; 1) embryos. (J) Graph depicting the percentage of control
or vgo embryos with normal (n), reduced (r), or absent (a) EIn2 staining.
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Figure 3. Cardiac progenitorswithin the heart forming region are specified in tbx1 mutants and
differentiate appropriately into ventricular cardiomyocytes

(A,B) Flattened confocal images of Tg(nkx2.5::ZsYellow) control (n=37; A) and vgo (n=14;
B) embryos at 20.5hpf/23somite-stage (ss). (C,D) Whole-mount /n situ hybridization of
vmhc at 20.5hpf/23ss in both control (n=16; C) and vgo (n=16; D) embryos. (E,F) Flattened
confocal images following immunofluorescence at 26hpf to visualize DsRed+ nuclei in
control (E) and vgo (F) embryos. Dorsal view, Anterior up in all images. (G) Graph
depicting the average number of CMs at 26hpf in control (n=7) and vgo (n=3) embryos.
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Figure 4. tbx1isrequired for SHF progenitor cell maintenance

(A-B) /thp3was observed via whole-mount /n situ hybridization at 20.5hpf/23ss in control
(A) and vgo (B) embryos (n>12). Dorsal view, anterior down. 20X Magnification. (C, D)
Whole-mount double /n situhybridization at 26 hpf shows /tbp3* (blue) cells at the arterial
pole (arrowhead) of the cm/c2* (red) heart tube in control embryos. /thp3 expression is
drastically reduced (21%) or absent (79%) at the arterial pole of vgo hearts (n=14). Asterisk
indicates /tbp3 expression within the notochord. (E, F) Double transgenic
Tg(nkx2.5::ZsYellow), Tg(cmlc2::GFP) control (E) and vgo (F) embryos co-immunostained
with GFP antibody (anti-GFP, green) and ZsYellow antibody (anti-RCFP, red) at 26 hpf.
The future atrial segment of the linear heart tube (LHT, green arrow) expresses cmlc2 alone
(green), while the future proximal ventricular myocardium co-expresses cmilc2and nkx2.5
(yellow). Non-myocardial nkx2.5+second heart field (SHF) progenitors (red arrow) can be
visualized in control animals (n=8), but are lacking in vgo mutants (n=7).
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Figure 5. SHF progenitor cellsfail to proliferatein the absence of Thx1

(A-D) Click-iT EdU labeling in Tg(nkx2.5:ZsYellow) vgo and control siblings. (A-B)
Flourescent microscopy images of EdU+ cells (red) in control (A) and vgo (B) embryos.
10X maginificaition, anterior up, dorsal right. Insets show flattened confocal images of ZsY
+ cells at the arterial pole (C-D) Composite of two confocal sections showing EdU+ cells
(red) within the ZsYellow+ (green) SHF (white arrowheads). (E) Graph depicting the total
number of EAU+ cells in the entire confocal stack in control (n=4) and vgo (n=4) embryos.
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