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levels of Msx2 transcripts were detected in R6 through R8 of
littermate PbxI~~ embryos (Fig. 6F). RNA in situ hybridization of
tissue sections at the R6 level confirmed enhanced expression of
Msx2 transcripts in the dorsal neural tube in Pbx/”~ embryos (Fig.
6G,H). These results, which mirror those reported in Pax37~
embryos, suggest that decreased Pax3 expression in Pbx]™~
embryos results in derepression of Msx2, which then causes the
observed OFT septation defects.

To assess whether Msx2 misexpression contributes to the
developmental abnormalities in Pbx/”~ embryos, mice with
compound deficiencies of Pbx/ and Msx2 were generated by inter-
breeding. Pbx1~";Msx2”~ embryos (Fig. 7D) were grossly similar
to PbxI”~ embryos (Fig. 7B); they showed edema and did not
survive past E14.5, in contrast to the normal appearance of Msx2~~
embryos (Fig. 7A,C). Thus, increased rhombomeric Msx2
expression resulting from Pbx/ deficiency does not account for the
gross defects observed in PbxI”7~ embryos. Furthermore,
angiography revealed that Pbx/~;Msx2"" and Pbx1~";Msx2™~
embryos exhibited the same spectrum of great-artery malformations
as seen in PhxI~~ embryos, including cervical aortic arch, aberrant
carotid and subclavian arteries (data not shown). This indicates that
Msx2 misexpression is not the main cause of the arterial patterning
defects in PbxI”" mice.

The potential recovery of NCC contributions to OFT septation
in PbxI”~ embryos lacking Msx2 was assessed by examining
consecutive histologic sections through the cardiac OFT. This
revealed significant rescue of septation of the distal (truncal)
portion of the OFT in Pbx1~~;Msx2"/~ embryos (Fig. 7H,K) (4/6
embryos; mean length of septation, 75.8 um) and Pbx1~";Msx27~

Fig. 7. Msx2 deficiency rescues the truncal
septation defect of Pbx1/~ embryos. (A-D) Gross
morphology of E14.5 mouse embryos of the
indicated genotypes with Pbx7 and Msx2 loss-of-
function alleles. Arrows indicate generalized edema.
(E-M) Hematoxylin and Eosin-stained transverse
sections through E14.5 embryos of the indicated
genotypes showing that loss of one allele of Msx2
rescues truncal but not conal septation in Pbx717
embryos. Ao, aorta; DA, ductus arteriosus; MPA,
main pulmonary artery; RV, right ventricle; RVOT and
LVOT, right and left ventricular OFTs; LV, left ventricle;
PTA, persistent truncus arteriosus; VSD, ventricular
septal defect.

embryos (data not shown) (3/4; mean, 47.5 wm), as compared with
littermate Pbx1~~ embryos (0/3; mean, 6.7 um) (P<0.015). Since
rescue did not extend to the proximal (conal) region of the OFT
(Fig. 7LJ,L,M), these Pbx17;Msx2™"~ embryos had a milder form
of PTA, arising from the right ventricle with an associated
ventricular septal defect. By comparison, Msx2”~ embryos had no
defects in OFT septation (Fig. 7E-G). Septation of the distal truncal
region of the OFT 1is provided by the NCC-derived
aorticopulmonary septal complex (Hutson and Kirby, 2007). Thus,
PbxI”~ embryos deficient for one or both Msx2 alleles had
significant recovery of NCC function, with septation of the truncal,
but not conal, region. These results demonstrate that dysfunction of
the Pax3-Msx2 transcriptional hierarchy contributes to septation
defects in Phx~~ embryos, although it does not entirely account
for the role of Pbxl, suggesting that Pbx1 impacts additional
pathways to regulate cardiac NCCs or other tissues contributing to
OFT development.

DISCUSSION

Pbx1 is a global developmental regulator implicated in the formation
of many organ systems (Brendolan et al., 2005; DiMartino et al.,
2001; Manley et al., 2004; Schnabel et al., 2003a; Schnabel et al.,
2003b; Zhang et al., 2006). However, the specific subordinate
pathways that mediate its developmental contributions have not
been extensively characterized. Our current studies extend the roles
of Pbx1 to major morphogenetic events underlying the patterning of
branchial arch arteries and formation of the cardiac OFT (Fig. 8).
Vascular abnormalities in Pbx/~~ embryos include cervical aortic
arch, right-sided aortic arch, and retroesophageal vascular ring, each
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Fig. 8. A working model of Pbx1 function during branchial arch
artery and conotruncal development in the mouse. In the absence
of Pbx1, the right and left internal and external carotid arteries branch
directly off the aortic arch, the brachiocephalic artery is missing, and
the right and left subclavian arteries have aberrant origins from the
descending aorta. These defects originate in a failure to establish the
fourth and sixth aortic arches owing to small or absent fourth and sixth
branchial arches. In premigratory NCCs, Pbx1-Meis and/or Pbx1-Hox
transcriptional complexes activate a transient but robust Pax3
expression that is seen on E8. This induction is required to repress Msx2
and ultimately guide establishment of the aorticopulmonary septum by
cardiac NCCs. Pbx1 complexes have additional, uncharacterized
functions within NCCs or other cells in which Pbx1 is expressed,
including those of the secondary heart field, to regulate conotruncal
septation at the base of the great arteries (aorta and main pulmonary
artery) and conal region of the heart. APS, aorticopulmonary septum;
DA, ductus arteriosus; T, truncus; C, conus; TA, truncus arteriosus;
RBCA, right brachiocephalic artery; LCCA, left common carotid artery;
LSCA, left subclavian artery; Desc.A. descending aorta; LICA and RICA,
left and right internal carotid arteries; LECA and RECA, left and right
external carotid arteries.

of which is frequently encountered in human patients (De la Cruz
and Markwald, 1998; Sandler, 2004). The absence of cardiac OFT
septation in Phx/”~ embryos, resulting in PTA, is partially
accounted for by loss of Pax3 expression in premigratory NCCs,
culminating in a failure of aorticopulmonary septation. Interestingly,
the cardiovascular defects in Phx/”~ embryos, combined with
craniofacial abnormalities (Selleri et al., 2001) and hypoplastic
thymus, thyroid and parathyroid glands (Manley et al., 2004),
resemble the anomalies observed in patients with DiGeorge
syndrome (Epstein, 2001), which results from a deletion of
chromosome 22ql1 that includes 7BXI, CRKL and other genes
(Merscher et al.,, 2001; Moon et al., 2006). These features

underscore the contributions of Pbx1 to the development of the
caudal branchial arches and their derived organs, in addition to the
cardiac OFT.

Failure of Pbx]~~ embryos to establish the caudal branchial
arches might result in the absence of the fourth and sixth arch
arteries, eventually producing an abnormal great-artery pattern.
Loss of the fourth and sixth arch arteries in PbxI~~ embryos
accounts for the anomalous derivation of the aortic arch from the
third branchial arch and for the absence of the ductus arteriosus,
which is normally derived from the sixth arch artery. The
consequently more-rostral location of the aortic arch prevents the
heart from descending into the thoracic cavity, resulting in a
cervical position of the aortic arch and the heart. The third branchial
arch artery might not remodel as normal, owing to increased blood
flow in the absence of the fourth arch artery, as hemodynamics have
recently been shown to cooperate in branchial arch artery
remodeling (Yashiro et al., 2007). The anomalous aortic arch
derived from the third arch artery lies at the position where the ICA
and ECA normally branch from the CCA, resulting in all four
carotid arteries emerging from the aortic arch. The change in
position of the RSA to an origin off the descending aorta is likewise
explained by the absence of the right fourth arch artery, which
normally connects the RSA to the BCA. The LSA appears more
caudal in origin because the heart has moved rostrally to a cervical
location in PhxI~~ embryos.

Misregulation of Hox activity, which depends on Pbx function,
might contribute to the arch artery defects in Pbx/~~ embryos as
Hox genes are known to regulate branchial arch artery patterning.
Hoxa3-null mice exhibit regression of the third arch artery (Kameda
et al., 2003), and antisense targeted to Hox transcripts causes
aberrant arch arteries in chick embryos (Kirby et al., 1997). Despite
the evidence for a role of Pbx/Hox genes in branchial artery
development, chemical targeting of Hox mRNAs in the chick was
not accompanied by cardiac OFT defects (Kirby et al., 1997). Nor
have studies of Hox-deficient mice shown cardiac malformations,
as seen in Pbx/-deficient embryos. This is likely to reflect
redundancy in the contributions of Hox genes, which is
circumvented by the broader Hox compromise induced by Pbx/
deficiency. Further studies of Pbx/-deficient mice are likely to yield
novel insights into the contributions of Pbhx/ and Hox genes to
various regulatory pathways in cardiac development that might not
be apparent from studies of Hox-deficient mice.

Our studies showing the requirement of a Pbx1-Pax3-Msx2
pathway in cardiac development provide an additional example
that Pbx and Pax genes act together to regulate organ
development. Pbx proteins are known to regulate the expression
of Pax6 during pancreatic development (Zhang et al., 2006).
Here, we demonstrate that Pbx1 regulates Pax3 expression to
control development of the cardiac OFT and involving the
function of NCCs. Besides OFT defects, Splotch mice, which are
deficient for Pax3, exhibit defects in thymus, thyroid, parathyroid
and branchial arch artery development, resembling the
malformations observed in PbxI~~ embryos and chicks ablated
for NCCs (Conway et al., 1997; Epstein, 1996; Franz, 1989;
Kirby et al., 1983; Kwang et al., 2002; Li et al., 1999). Similarities
in these NCC-derived organ defects between Splotch and Pbx1~~
mice suggest that Pax3 misregulation might underlie the
phenotypes observed in Pbx/~~ embryos, including branchial
arch artery defects. The arch artery defects, however, do not
involve Msx2 because Msx2~'~ mutations fail to rescue the great-
artery malformations of the PhxI~~ embryos, despite the rescue
of cardiac OFT development.
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Cardiac OFT defects seen in Pax3 mutants arise from
derepression of its downstream target gene, Msx2, in thombomeres
where cardiac NCCs originate. This was demonstrated by rescue of
PTA in Pax3™;Msx2”~ embryos (Kwang et al., 2002). In Pbx] ™~
embryos, we observed a significant reduction of Pax3 and
enhancement of Msx2 gene expression in thombomeres contributing
to cardiac NCCs. These observations, together with DNA-binding,
cellular transactivation and transgenic reporter assays, indicate that
Pax3 is a direct in vivo transcriptional target of Pbx1, and establish
a Pbx1-Pax3-Msx2 transcriptional cascade in heart development.
Genetic support for this conclusion is provided by a significant
rescue of aorticopulmonary septation in 70% of embryos containing
both Pbx1 and Msx2 mutations (n=10), as evidenced by reduction of
the PTA to milder conal defects, which we have never observed in
Pbx17~ embryos (n=28). Given that Pax3 and Msx2 function cell-
autonomously in NCCs to regulate cardiac OFT development
(Kwang et al., 2002; Li et al., 1999), our rescue experiments suggest
that misregulation of the Pbx1-Pax3-Msx2 pathway in NCCs
contributes to cardiac defects in Phx/”~ embryos.

Although the partial rescue of PTA in PhxI~~ embryos by Msx2
deficiency points to Pax3 misexpression within premigratory NCCs
as underlying the truncal septation defects, we did not observe a
widespread change in Pax3 expression within the neural tube.
Rather, PbxI-null embryos lack a transient ‘burst’ of Pax3 in
premigratory NCCs prior to their delamination. By contrast, the
newly emigrated NCCs retain normal Pax3 levels in the absence of
Pbx1. This is consistent with a lack of NCC emigration defects
from the neural tube in both Pbx/- and Pax3-null embryos
(Conway et al., 1997; Epstein et al., 2000). We propose that the
PbxI-dependent Pax3 expression in premigratory NCCs confers a
cellular identity to R6-derived cardiac NCCs that does not affect
their migration, but specifies their ability to participate in OFT
septation. BMP and FGF signaling pathways might cooperate with
Pbx1 to induce the transient expression of Pax3 in premigratory
NCCs, given their roles in regulating Pax3 expression in the dorsal
neural tube of Xenopus embryos (Monsoro-Burq et al., 2005; Sato
etal., 2005). It will be of interest to test these possibilities by early-
targeted deletion of Phx/ and Pax3 in NCCs prior to their
emigration from the neural tube.

The rescue of truncal, but not conal, septation in Pbx/ “-Msx2"
embryos indicates that Pbx 1 might regulate other, unidentified genes
in NCCs independent of the Pax3-Msx2 pathway (Fig. 7).
Alternatively, Pbx1 might be required in other cell types that
regulate OFT development and in which it is expressed, including
SHF cells that provide the smooth muscle, endocardium and
myocardium of the cardiac OFT (Kelly et al., 2001; Mjaatvedt et al.,
2001; Verzi et al., 2005; Waldo et al., 2005). An additional
possibility is the pharyngeal endoderm, where both Fgf8 and Tbxl1,
the null phenotypes of which resemble that of PbhxI~~ embryos
(Abu-Issa et al., 2002; Frank et al., 2002; Jerome and Papaioannou,
2001; Lindsay et al., 2001; Merscher et al., 2001), have been
proposed to be required for OFT septation (Arnold et al., 2006;
Brown et al., 2004; Park et al., 2006; Zhang et al., 2005). These
potential non-NCC functions of Pbx 1 require further investigations
that will involve its tissue-specific deletion in the mesoderm,
endoderm or SHF cells that express Pbx/ and contribute to the
development of the cardiac OFT.
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