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Abstract

Background
Successful embryogenesis relies on the coordinated interaction between genes and tissues. The
transcription factors Pax9 and Msx1 genetically interact during mouse craniofacial morphogenesis, and
mice de�cient for either gene display abnormal tooth and palate development. Pax9 is expressed
speci�cally in the pharyngeal endoderm at mid-embryogenesis, and mice de�cient for Pax9 on a C57Bl/6
genetic background also have cardiovascular defects affecting the out�ow tract and aortic arch arteries
giving double-outlet right ventricle, absent common carotid arteries and interruption of the aortic arch.

Results
In this study we have investigated both the effect of a different genetic background and Msx1
haploinsu�ciency on the presentation of the Pax9-de�cient cardiovascular phenotype. Compared to mice
on a C57Bl/6 background, congenic CD1-Pax9−/− mice displayed a signi�cantly reduced incidence of
out�ow tract defects but aortic arch defects were unchanged. Pax9−/− mice with Msx1 haploinsu�ciency,
however, have a reduced incidence of interrupted aortic arch, but more cases with cervical origins of the
right subclavian artery and aortic arch, than seen in Pax9−/− mice. This alteration in arch artery defects
was accompanied by a rescue in third pharyngeal arch neural crest cell migration and smooth muscle cell
coverage of the third pharyngeal arch arteries. Although this change in phenotype could theoretically be
compatible with post-natal survival, using tissue-speci�c inactivation of Pax9 to maintain correct palate
development whilst inducing the cardiovascular defects was unable to prevent postnatal death in the
mutant mice. Hyoid bone and thyroid cartilage formation were abnormal in Pax9−/− mice.

Conclusions
Msx1 haploinsu�ciency mitigates the arch artery defects in Pax9−/− mice, potentially by maintaining the
survival of the 3rd arch artery through unimpaired migration of neural crest cells to the third pharyngeal
arches. With the neural crest cell derived hyoid bone and thyroid cartilage also being defective in Pax9−/−

mice, we speculate that the pharyngeal endoderm is a key signalling centre that impacts on neural crest
cell behaviour highlighting the ability of cells in different tissues to act synergistically or antagonistically
during embryo development.

Background
Morphogenetic processes rely on tightly regulated gene expression patterns and interactions at critical
time points during development. Certain genes may also be utilised at different time points and in
different tissues for formation of distinct structures [1]. For example, the transcription factor Pax9 is
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required for palate, tooth, taste papillae, thymus, skeletal and cardiovascular development [2–5]. Pax9 is
speci�cally expressed in the pharyngeal endoderm at mid-embryogenesis with wider expression in the
craniofacial region and skeletal precursors later in development [6, 7]. Mice lacking Pax9 die in the
neonatal period with cleft palate, tooth agenesis [4] and cardiovascular defects which are the most likely
cause of death [2, 3]. Cleft palate is among the most common human birth defects [8], and congenital
cardiac anomalies are one of the most frequent disorders associated with cleft lip and palate [9]. Mouse
mutants with complete cleft palate die within 24 hours of birth without having fed, most likely due to a
combination of factors such as the inability to suckle and respiratory distress [10].

Shared speci�c phenotypes in mutant mouse models can be indicators of a genetic interaction between
genes (epistasis) suggesting they are involved in the same gene regulatory network [11]. Pax9 and Msx1,
for example, are co-expressed during craniofacial development, and mice de�cient for Msx1 show similar
phenotypes to Pax9-de�cient mice by exhibiting cleft palate and abnormalities of craniofacial and tooth
development [4, 12]. Protein–protein interactions occur between Pax9 and Msx1 in vitro [13] and Pax9
and Msx1 interact synergistically in vivo throughout lower incisor development and affect multiple
signalling pathways that in�uence incisor size and asymmetry [14]. Whereas cleft lip formation is
incompletely penetrant in Pax9;Msx1 double homozygous mutants, lower incisors are missing in
Pax9;Msx1 double heterozygotes indicating variable gene dosage requirements in different tissues [14,
15]. Pax9 is able to directly regulate Msx1 expression and interact with Msx1 at the protein level to
enhance its ability to transactivate Bmp4 expression during tooth development [16].

Pax9-de�cient mice have cardiovascular defects affecting the out�ow tract and aortic arch arteries, with
double outlet right ventricle (DORV), interrupted aortic arch type B (IAA-B), aberrant right subclavian artery
(A-RSA) and absent common carotid arteries observed at a high penetrance [3]. These defects are
thought to derive from altered signalling processes originating from the pharyngeal endoderm, from a yet
to be identi�ed mechanism, but could potentially involve a pathway linking to neural crest cell (NCC)
migration or differentiation [3]. A pathway that shares Pax9 and Msx1 could be a possibility as the two
proteins are known to interact and Msx1 is expressed in migrating NCC in the pharyngeal arches at E9.5,
and these cells differentiate and contribute to the smooth muscle cells (SMC) coating the great arteries
[17, 18]. Although Msx1-null mice have normal cardiovascular development, Msx1;Msx2 double
homozygous mutant mice die in utero with neural crest, out�ow tract and atrioventricular valve defects
[19, 20]. Mutation of either PAX9 or MSX1 has been implicated in human congenital heart defects [21–
26].

Genetic modi�ers in different strain backgrounds of mouse models of disease play an important role in
phenotype presentation [27], including cardiovascular defects [28, 29]. For example, Msx1-de�cient mice
die more rapidly on a C57Bl/6 background compared to a mixed genetic background [30] and Pax9;Msx1
homozygous mutants present with a cleft lip on a mixed background, but this is completely suppressed
on a CD1 background [14].
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In this study we had two objectives: to investigate the Pax9-de�cient cardiovascular phenotype on a
different genetic background to C57Bl/6, and to identify if there was a genetic interaction between Pax9
and Msx1 in cardiovascular development.

Results
To investigate if the fully penetrant cardiovascular defects seen in mice on a congenic C57Bl/6 genetic
background (B6-Pax9) were recapitulated on a different genetic background we examined Pax9-de�cient
mice (hereafter referred to as Pax9−/−) which had been backcrossed in excess of 20 generations on an
outbred CD1 genetic background (CD1-Pax9). These congenic CD1-Pax9+/− mice were subsequently
intercrossed to produce CD1-Pax9−/− embryos at E15.5 for analysis by MRI, µCT and histology (n = 25). A
further 22 neonates were collected on the day of birth and analysed for aortic arch artery defects by
dissection and direct visualisation. From a subset of these neonates (n = 12), the heart was removed and
further examined for out�ow tract and intracardiac defects by histology (Table 1). This analysis revealed
that all CD1-Pax9−/− embryos and neonates presented with a cleft palate, a severely hypoplastic thymus
absent from the normal position, and a pre-axial digit duplication (Fig. 1A-H) as previously reported [4].
Surprisingly, CD1-Pax9−/− mice had a signi�cantly lower incidence of DORV compared to our published
data for B6-Pax9−/− neonates and embryos [3] (n = 24; 16% versus 79%, p < 0.001; Fig. 2E; Table 1),
although a very similar incidence of VSD and arch artery defects (IAA and A-RSA) was observed (Fig. 1I-Q;
Fig. 2F, G; Table 1). Bicuspid aortic valve, however, was not observed. These data demonstrate that a
change in genetic background affects the penetrance of the out�ow tract defects in CD1-Pax9−/− mice,
although the incidence of arch artery defects was consistent.

Table 1
Cardiovascular defects in Pax9 and Pax9;Msx1 mutant E15.5 embryos and neonates

Genetic background -
genotype

n VSD DORV + 
IVC

cAo IAA

± A-RSA

A-RSA

(w/o
IAA)

Absent
CC

B6-Pax9−/− a 24 3/19
(16%)

15/19
(79%)

0 22/24
(92%)

2/24

(8%)

17/24
(71%)

CD1-Pax9−/− b 47 10/37
(27%)

6/37

(16%) ***

2/47

(4%)

41/47

(87%)

6/47

(13%)

27/47

(57%)

CD1-Pax9−/−;

Msx1+/− c

38 2/29

(7%)

1/29

(3%)

9/38

(24%)*

11/38

(29%)***

19/38

(50%)***

9/38

(24%)*

CD1-Pax9−/−;

Msx1−/− d

7 0 1/7

(14%)

0 2/7

(29%)

0 0
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a Data for Pax9−/− mice on a C57Bl/6J (B6) genetic background have been published [3]. Aortic arch
artery defects for neonates (n = 5) and E14.5-15.5 embryos (n = 19) are pooled. VSD and DORV + IVC data
from embryos only. A-RSA refers to a retro-oesophageal, cervical origin or isolated right subclavian artery.
Absent common carotid artery (CC), resulting in the internal and external carotid arteries arising directly
from the main aortic vessels, either unilaterally or bilaterally. All embryos had cleft palate and an absent
thymus, and all embryos except Pax9−/−;Msx1−/− had a pre-axial digit duplication. b For CD1-Pax9−/−

mice, aortic arch artery defects for neonates (n = 22) and E15.5 embryos (n = 25) are pooled. VSD and
DORV + IVC data are from all embryos and n = 12 neonates (by histology). c For CD1-Pax9−/−;Msx1+/−

mice, aortic arch artery defects for neonates (n = 20) and E15.5 embryos (n = 18) are pooled. VSD and
DORV + IVC data from all embryos and n = 11 neonates (by histology). d CD1-Pax9−/−;Msx1−/− data for
neonates (n = 1) and E15.5 embryos (n = 6) are pooled. All control B6-Pax9+/+ (n = 16) and CD1-Pax9+/+ (n 
= 9) embryos and neonates were normal. CD1-Pax9+/+;Msx1−/− (n = 7) and CD1-Pax9+/−;Msx1−/− (n = 14)
embryos and neonates had normal heart, great arteries and thymus, but all had a cleft palate. ***p < 
0.001; *p < 0.05 (Fisher’s exact test for associations). Abbreviations: Ao, aorta; A-RSA, aberrant right
subclavian artery; DORV + IVC, double outlet right ventricle with interventricular communication; IAA,
interrupted aortic arch; VSD, perimembranous ventricular septal defect.

Pax9 and Msx1 are known to interact in craniofacial development [14]. To explore if Pax9 and Msx1 also
interacted in cardiovascular development, Pax9+/− and Msx1+/− mice, with both lines congenic on a CD1
background, were crossed to produce compound mutant embryos and neonates for analysis. Double
heterozygous mice (i.e. Pax9+/−;Msx1+/−) were viable, fertile, and phenotypically normal except for the
previously recognised absence of the lower teeth [14]. Pax9+/−;Msx1+/− mice were intercrossed to produce
all possible Pax9;Msx1 genotypes. We con�rmed that Msx1−/− mice on a CD1 background have cleft
palate but no cardiovascular defects as previously reported [12, 19], and this was also found for the
Pax9+/−;Msx1−/− genotype (Additional Table 1). For the Pax9−/−;Msx1+/− genotype, 18 embryos at E15.5
and 20 neonates were collected and examined, revealing a highly signi�cant reduction in IAA-B, with or
without A-RSA (p < 0.001) when compared with CD1-Pax9−/− mice (Fig. 2A-D, F; Table 1). There was also a
signi�cant reduction in the incidence of absent common carotid arteries, a hallmark of the B6- Pax9−/−

cardiovascular phenotype (p < 0.05) [3] (Table 1), and a very low incidence of DORV (one case in 29
mutants examined; Fig. 2E). In our initial analysis, A-RSA referred to the right subclavian artery being
retro-esophageal, isolated, or of a cervical origin. When this data was further analysed the incidence of
retro-esophageal right subclavian artery (RE-RSA) was seen to be signi�cantly reduced in Pax9−/−;Msx1+/

− embryos (p < 0.01) (Fig. 2G) and cervical origin of the right subclavian artery (cRSA) was found to be
signi�cantly increased (p < 0.05) (Fig. 2H). Cervical origin of the aorta (cAo) was also increased
signi�cantly (p < 0.05) (Fig. 2I). Wild type (n = 2), Pax9−/− (n = 4) and Pax9−/−;Msx1+/− (n = 6) embryos at
E12.5 were analysed by µCT to assess the remodelling of the aortic arch arteries. This revealed that the
3rd and 4th PAAs were absent or aberrant in all Pax9−/− embryos as expected [3], whereas in Pax9−/

−;Msx1+/− embryos the 3rd and 4th PAAs were maintained in 67% (8/12) and 58% (7/12) of cases,
respectively (p < 0.05; Fig. 2J-M; Table 2).
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It therefore appears that mice de�cient for Pax9 and heterozygous for Msx1 (i.e. Pax9−/−;Msx1+/−)
present with alternative arch artery defects when compared to Pax9−/− mice. These compound mutant
mice, however, did show the other Pax9−/− associated developmental defects affecting the palate, thymus
and digits (as shown in Fig. 1) [4]. Overall, lack of one Msx1 allele in the context of Pax9 de�ciency
appeared to rescue the cardiovascular phenotype to a degree, with the incidence of fatal lesions, such as
IAA-B, reduced and replaced with the potentially non-lethal defect of cervical origin of the aortic arch.

Table 2
Cardiovascular defects in Pax9:Msx1 mutant embryos at E12.5

Genotype n Absent 3rd PAA Absent 4th PAA

Control 2 0/4 0/4

CD1-Pax9−/− 4 7/8 8/8

CD1-Pax9−/−;Msx1+/− 6a 4/12* 5/12*

Embryos were assessed by µCT and the 3rd and 4th PAAs (i.e. two of each per embryo) scored for being
absent in each genotype. PAA defects in CD1-Pax9−/−;Msx1+/− embryos were signi�cantly reduced when
compared to CD1-Pax9−/− embryos. *p < 0.05 (Fisher’s exact test for associations). a Two embryos were
normal with no PAA defects. Abbreviation: PAA, pharyngeal arch artery.

To further examine the effect of genetic background on the Pax9−/− cardiovascular phenotype, and to
also analyse the effect of Msx1 heterozygosity, intra-cardiac ink injections were performed on CD1-Pax9−/

− and CD1-Pax9−/−;Msx1+/− embryos at E10.5 to visualise the patency of the developing PAAs (Fig. 2N).
Data for CD1-Pax9−/− embryos (n = 9) was �rst compared to our published ink injected B6-Pax9−/−

embryos (n = 20) [3]. This analysis revealed that, like B6-Pax9−/− embryos, the 4th PAAs in CD1-Pax9−/−

embryos were bilaterally non-patent to ink and therefore considered to be absent at this stage. The 3rd
PAAs in CD1-Pax9−/− embryos were also similarly affected as B6-Pax9−/− embryos in the majority of
cases (Fig. 2O; Table 3). Approximately half of B6-Pax9−/− embryos also had aberrantly persisting 1st
and/or 2nd PAAs patent to ink, and this increased to 78% (p = 0.41) and 89% (p < 0.05) respectively in
CD1-Pax9−/− embryos. CD1-Pax9−/−;Msx1+/− embryos (n = 16) also displayed bilateral defects of the 4th
PAAs although 37.5% (6/16) embryos had at least one vessel that was hypoplastic rather than absent,
which is signi�cantly different to CD1-Pax9−/− embryos (p < 0.05; Fig. 2P, Q; Table 3; Additional �le 1).
There was a signi�cant reduction in the incidence of 3rd PAA defects seen in CD1-Pax9−/−;Msx1+/−

embryos compared with CD1-Pax9−/− embryos (25% versus 89%; p < 0.005). The reduction in persistent
1st and 2nd PAAs observed, however, was not signi�cant.
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Table 3
Pharyngeal arch artery defects in mutant E10.5 embryos

  Bilateral defects

Genetic
background

n PAA Abnormal Unilateral Bilateral Present Hypo/Int/Abs Absent

B6-Pax9−/−

a
20 1 11 (55%) 1 10 9 1 0

2 8 (40%) 3 5 4 1 0

3 15 (75%) 3 12 - 8 4

4 20
(100%)

1 19 - 3 16

CD1-Pax9−/

−
9 1 7 (78%) 1 6 6 0 0

2 8 (89%) * 1 7 7 0 0

3 8 (89%) 0 8 - 3 5

4 9 (100%) 0 9 - 0 9

CD1-Pax9−/

−;

Msx1+/−

16 1 8 (50%) 0 8 8 0 0

2 8 (50%) 0 8 8 0 0

3 4 (25%)
**

0 4 - 3 1

4 16
(100%)

0 16 - 6 * 10

Embryos were collected at E10.5 and assessed for pharyngeal arch artery (PAA) defects by intracardiac
ink injection. a Data for Pax9−/− embryos on a C57Bl/6J (B6) genetic background have been published
[3]. For Pax9−/− embryos, each left and right PAA 1–4 was scored as having a unilateral or bilateral
defect, and the bilateral defects categorised as either present, a combination of hypoplastic, interrupted
and/or absent (Hypo/Int/Abs), and bilaterally absent. All control B6-Pax9+/+ (n = 18) and CD1-Pax9+/+ (n 
= 12) embryos were normal. CD1-Pax9+/+;Msx1−/− (n = 6) and CD1-Pax9+/−;Msx1−/− (n = 7) embryos were
normal. The increase in abnormal 2nd PAAs in CD1-Pax9−/− compared with B6-Pax9−/− embryos is
signi�cant. The decrease in 3rd PAA defects, and the increase in hypoplastic 4th PAA defects, in CD1-
Pax9−/−;Msx1+/− compared with CD1-Pax9−/− embryos is signi�cant. **p < 0.005, *p < 0.05 (Fisher’s exact
test for associations).

Breeding double heterozygous mice also produced double null (i.e. Pax9−/−;Msx1−/−) embryos (n = 6 at
E15.5, n = 1 at E12.5, n = 2 at E10.5), and one neonate, for analysis (Additional �le 2; Table 1). From the
mutant neonates and embryos at E15.5, two presented with IAA-B and A-RSA (Additional �le 2H), and one
of these also had DORV. Interestingly, Pax9−/−;Msx1−/− mice did not have the pre-axial digit duplication
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seen in Pax9−/− mice (Additional �le 2G). Analysis of the three Pax9−/−;Msx1−/− embryos at E12.5 and
E10.5 by HREM and ink injection showed that the PAA defects were similar to Pax9−/− embryos at these
stages (Additional �le 2L-N). The incidence of IAA-B in Pax9−/−;Msx1−/− neonates and E15.5 embryos was
the same as seen in Pax9−/−;Msx1+/− neonates and E15.5 embryos (Table 1) but the majority of double
nulls (n = 5/7; 71%) had a normal cardiovascular system at these stages.

To investigate if cell fate within the pharyngeal arches was affected in CD1-Pax9;Msx1 mutant embryos,
cell death and proliferation were assessed. There was no signi�cant difference in the levels of apoptosis
and proliferation between the cells of the different pharyngeal tissue layers in control, CD1-Pax9−/− and
CD1-Pax9−/−;Msx1+/− embryos at either E9.5 or E10.5 (n≥3 per genotype and stage) (Additional �le 3). In
B6-Pax9−/− embryos a signi�cantly reduced number of NCC observed in the 3rd and 4th pharyngeal
arches at E10.5 has been described [3]. We �rstly counted the number of cells in the pharyngeal arch
mesenchyme of CD1 congenic mutant mice as this is predominantly comprised of NCC (n≥3 per
genotype and stage; Fig. 3A). This revealed that at E9.5 there was a signi�cant reduction in cell number in
the 3rd pharyngeal arch mesenchyme in Pax9−/− and Pax9−/−;Msx1+/− embryos compared to controls (p 
< 0.05). At E10.5 there was also a signi�cant reduction in the number of mesenchymal cells in the 3rd
pharyngeal arch of Pax9−/− embryos (p < 0.001), but the reduction in cell number in Pax9−/−;Msx1+/−

embryos was not signi�cantly different to controls in this tissue. In the 4th pharyngeal arch, however,
there was a signi�cant reduction in cell number in both Pax9−/− and Pax9−/−;Msx1+/− embryos (p < 0.001;
Fig. 3A). This data, therefore, suggests that there is a reduction in NCC number in the 4th pharyngeal arch
of Pax9−/− and Pax9−/−;Msx1+/− embryos, but the reduction in cell number in the 3rd pharyngeal arch of
Pax9−/−;Msx1+/− embryos at E10.5 is not signi�cantly reduced when compared to controls. To validate
this observation speci�cally for NCC, we immunostained coronal sections of E10.5 embryos (n = 3 per
genotype) with an anti-AP-2α antibody which labels NCC (Fig. 3B). This con�rmed our mesenchymal cell
counting data and demonstrated that the number of NCC in the 3rd pharyngeal arch of Pax9−/−;Msx1+/−

embryos at E10.5 was signi�cantly increased when compared with Pax9−/− embryos (p < 0.001). The
number of NCC in the 4th pharyngeal arch was signi�cantly reduced in both Pax9−/− and Pax9−/−;Msx1+/−

embryos when compared to controls (p < 0.0001; Fig. 3C).

In B6-Pax9−/− embryos the reduction in SMC surrounding the 3rd PAAs was linked to the failure of this
vessel to be maintained resulting in an absent common carotid artery at the foetal stage [3]. To
investigate this in CD1-Pax9−/− and Pax9−/−;Msx1+/− embryos, control and mutants at E10.5 were
immunostained using antibodies raised against ERG1 and smooth muscle actin for endothelium and
SMC respectively (n = 6 of each genotype examined; Fig. 3D-F). This staining revealed that, like B6-Pax9−/

− embryos, SMC recruitment to the 3rd PAA was greatly reduced or absent in CD1-Pax9−/− embryos
(Fig. 3E). In Pax9−/−;Msx1+/− embryos, however, SMC were observed surrounding the 3rd PAAs (Fig. 3F).

Collectively, these data show that the reduced number of NCC in the 3rd pharyngeal arch in Pax9−/−

embryos is rescued to some extent in Pax9−/−;Msx1+/− embryos. Along with the concomitant recruitment
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of SMC to the 3rd PAA, this suggests a developmental mechanism to explain the reduced aortic arch
artery severity in mice with Pax9 de�ciency coupled with Msx1 heterozygosity. Pax9−/− mice die in the
neonatal period, presumably from arterial duct-dependent defects such as IAA-B caused by failure of the
left 4th PAA to form, as well as absent common carotid arteries caused by the collapse of the 3rd PAAs
[3]. Pax9−/−;Msx1+/− mice also died after birth but with a much lower incidence of IAA-B and absent
common carotid arteries, and a higher occurrence of other arch artery defects such as cervical origins of
the aortic arch and right subclavian artery were observed. Analysis at mid-embryogenesis showed that,
although morphogenesis of the 4th PAAs was affected in all Pax9−/−;Msx1+/− embryos, a proportion of
embryos had a mildly affected 4th PAA. Moreover, there were fewer embryos with 3rd PAA defects and
this was linked to the maintenance of the 3rd PAAs which were invested with SMC. We therefore
hypothesised that Msx1 heterozygosity, rather than rescuing arch artery defects, altered the type of defect
to one that is apparently compatible with a functioning systemic circulation. For example, a 3rd PAA in
combination with an absent left 4th PAA and a persistent carotid duct may remodel to a cervical aortic
arch. Pax9−/−;Msx1+/− mice with an apparently intact systemic circulation, however, still died soon after
birth. Pax9−/− and Pax9−/−;Msx1+/− mice also have a cleft secondary palate, and we speculated that this
could theoretically compromise postnatal survival independent of the cardiovascular defects [4, 7]. We
therefore further hypothesised that mutant mice with a normal palate and an intact systemic
cardiovascular system could survive the neonatal period following closure of the arterial duct. To
engineer this con�guration we used Isl1Cre mice [31] in conjunction with a Pax9-�oxed allele [32]. Isl1Cre
causes recombination in the second heart �eld (SHF), encompassing the pharyngeal endoderm, and the
developing limb, two domains where Pax9 is also expressed [31, 33]. We expected that the palate would
not be affected in these mice as the cleft palate observed with Pax9 de�ciency is caused by a lack of
expression in NCC [3, 32], a cell type with only minimal activity of Isl1Cre [34]. The Pax9−/�ox;Isl1Cre
mutant mice, hereafter referred to as Pax9ΔSHF, should therefore develop the typical Pax9−/−

cardiovascular defects but without a cleft palate. Firstly, to demonstrate the e�cacy of deleting Pax9
from the Is1Cre domain, we generated Pax9ΔSHF mutant mice on a C57Bl/6J genetic background. From
nine Pax9ΔSHF embryos at E15.5 examined by MRI, all presented with the typical Pax9−/− phenotype,
affecting the cardiovascular system, thymus and digit formation, although the palate was normal as
predicted (Fig. 4; Table 4). There was no signi�cant difference from the cardiovascular defects observed
in B6-Pax9−/− mice.
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Table 4
Cardiovascular defects in second heart �eld mutant embryos and neonates

Genetic background – genotype &
stage

n VSD DORV + 
IVC

cAo IAA-B
±

A-
RSA

A-
RSA

Absent
CC

B6-Pax9ΔSHF

E15.5

9 1/9

(11%)

5/9

(56%)

1/9

(11%)

8/9

(89%)

1/9

(11%)

9/9

(100%)

CD1-Pax9ΔSHF

Neonate

1 N/A N/A 0 1 0 1

CD1-Pax9ΔSHF;Msx1+/−

Neonate

8 0 0 2/8

(25%)

0 2/8

(25%)

0

All mice with Pax9 conditionally inactivated from the second heart �eld with Isl1Cre (Pax9ΔSHF) had pre-
axial digit duplication, absent thymus and normal palate. N/A, not assessed. Abbreviations: A-RSA,
aberrant right subclavian artery; cAo, cervical aorta; CC, common carotid artery; DORV + IVC, double outlet
right ventricle with interventricular communication; IAA,-B interrupted aortic arch type B; SHF, second heart
�eld; VSD, perimembranous ventricular septal defect.

We next generated Pax9ΔSHF and Pax9ΔSHF;Msx1+/− neonates for analysis on a CD1 genetic background.
Due to the complex mating scheme required to generate mutant mice we only collected neonates so as to
conserve the dams for subsequent breeding. All neonates that were found dead soon after birth were
collected and analysed for arch artery defects, cleft palate and pre-axial digit duplication. All surviving
neonates were culled �ve days after birth and examined the same way. Genotyping revealed that all
neonates found dead on the day of birth had a Pax9−/− genotype. All control genotypes analysed (n = 5)
had a normal palate and arch arteries (Fig. 5A-C). All Pax9−/− neonates (n = 5) presented with IAA-B and A-
RSA as well as a cleft palate and pre-axial digit duplication (Fig. 5D-F). From two Pax9−/−;Msx1+/−

neonates recovered from this cross, both had a cleft palate and pre-axial digit duplication, one had a
cervical right subclavian artery, and the other a cervical aortic arch. Only one Pax9ΔSHF neonate was
recovered, but showed the expected arch artery defects (IAA-B and A-RSA) and pre-axial digit duplication
seen in Pax9−/− mice, although the palate was normal (Fig. 5G-I; Table 4). Eight neonates with the
Pax9ΔSHF;Msx1+/− genotype (i.e. Pax9 deleted from the SHF in conjunction with Msx1 heterozygosity)
were recovered, all found dead on the day of birth. The pre-axial digit duplication was seen, but the palate
was unaffected, and the aorta and right subclavian artery were either normal (n = 6) or of cervical origin
(n = 2; Fig. 5J-L; Table 4). Histology con�rmed that the out�ow tract, arterial valves and ventricular
septum were normal. The cardiovascular system of Pax9ΔSHF;Msx1+/− neonates was therefore normal or
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had a phenotype theoretically compatible with a functioning systemic circulation, and an unaffected
palate, yet these mice died on the day of birth.

As Pax9 de�ciency has been shown to cause bone malformations such as pre-axial digit duplication and
cleft palate [4] we investigated the skeletons of control, Pax9−/− and Pax9ΔSHF;Msx1+/− neonates to see if
any phenotype here could explain the neonatal death. Neonatal skeletons were stained for cartilage and
bone using alcian blue and alizarin red. All control neonates (n = 5) had a normal skeleton (Fig. 6A). The
Pax9−/− (n = 4) and Pax9ΔSHF;Msx1+/− (n = 6) skeletons all presented with a pre-axial digit duplication on
the hind and forelimbs (Fig. 6B,C) as expected. The ulna length for each line was measured and showed
there was little difference in neonate size between the genotypes (Fig. 6G). In control neonates the normal
hyoid bone, which connects to various ligaments and muscles such as the thyrohyoid and stylohyoid
ligaments [35], had a horseshoe-shape, with an elongated and �at body, and two pairs of greater and
lesser horns which projected posteriorly and anteriorly, respectively, from the outer borders of the body
(Fig. 6D). In the Pax9−/− and Pax9ΔSHF;Msx1+/− mutants, the ossi�cation centre of the body of the hyoid
bone was signi�cantly shorter compared to controls (p < 0.0001; Fig. 6E, F, H), the lesser horn extended
laterally and the greater horn was signi�cantly reduced in length (Fig. E, F I). The angle between the
greater and lesser horns was signi�cantly reduced in Pax9−/− and Pax9ΔSHF;Msx1+/− neonates (p < 
0.0001) when compared to controls (Fig. 6E, F, J). Pax9 de�ciency also causes thyroid cartilage
deformities, where the thyroid cartilage is broader and lacks the lateral processes normally connecting the
thyroid and cricoid cartilages [4]. Control neonates showed a normal thyroid cartilage with two laminae
that fused together anteriorly (Fig. 6K, L). The posterior border of each lamina was free and created the
superior and inferior horn projections. In Pax9−/− and Pax9ΔSHF;Msx1+/− neonates the inferior horn of the
thyroid cartilage was signi�cantly shorter compared to controls, and the superior horn was reduced to a
stump (Fig. M-Q). Fused tracheal rings were also observed in Pax9−/− neonates (Fig. 6M, N). The hyoid
bone and thyroid cartilage are both derived from NCC [36, 37] but neonates with a conditional inactivation
of Pax9 from NCC, however, did not have any hyoid bone or thyroid cartilage defects (n = 11; Fig. 6R, S).

Discussion
In this study we have shown that mice de�cient for Pax9 on a congenic CD1 background, compared to
those congenic for C57Bl6/J [3], have a signi�cantly reduced incidence of DORV and do not show
bicuspid aortic valve or hypoplastic aorta. The incidence of aortic arch defects, however, are very similar.
We have also shown that Pax9−/− mice heterozygous for Msx1 have a signi�cantly reduced incidence of
arterial duct-dependent defects but an increase in alternative arch artery defects that could have been
compatible with post-natal life in the absence of a cleft palate. Mice with this phenotype, however, did not
survive after birth and most likely died from Pax9-de�ciency causing non-cell autonomous defects to the
hyoid bone and thyroid cartilage.

It is well known that changing the genetic background in mouse models of disease may in�uence the
presentation of speci�c phenotypes due to strain-speci�c modi�ers [27]. For example, Cited2-de�cient
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mice congenic for C57Bl6/J had left-right patterning defects [29] that were not apparent on a mixed
genetic background [38]. On a Swiss Webster background mice heterozygous for Tbx1 do not show the
typical 4th PAA derived arch artery defects [39], and arch artery defects change according to genetic
background in Ap2a-null embryos [28]. Strain-speci�c modi�ers may, therefore, be contributing to the
severity of the cardiovascular phenotype in the absence of Pax9, where defects of the out�ow tract are
infrequently seen on a CD1 background. Future studies could employ quantitative trait loci analysis to
detect important chromosomal linkage markers to identify modi�er regions that would explain the
genetics underlying these phenotypic changes. Patients with heterozygous frameshifts, nonsense and
missense mutations in PAX9 commonly present with non-syndromic hypodontia or oligodontia [40–44],
but although reports of PAX9 deletions are infrequent, some do include heart defects [23–26]. This
heterogeneity in phenotype presentation may be an example of genetic or environmental modi�ers which
have a detrimental effect on cardiovascular development.

During cardiovascular development the PAAs form symmetrically and rapidly remodel to become the
asymmetric arch arteries seen in the adult. Speci�cally, the 3rd PAAs form the common carotids and the
proximal part of the internal carotid arteries, and the 4th PAAs form the aortic arch on the left and the
proximal part of the subclavian artery on the right [45, 46]. The section of the paired dorsal aorta between
the 3rd and 4th PAAs, the carotid duct, involutes and the dorsal aorta cranial to this becomes the distal
internal carotid artery. In patients, failure of the 3rd PAAs to be maintained results in the absence of the
common carotid arteries and the separate origins of the internal and external carotids [47], a phenotype
seen in Pax9−/− mice [3]. This defect is often seen in conjunction with a cervical aortic arch [48] which is
clinically rare but may be asymptomatic [49], and is associated with 22q11 Deletion Syndrome (DS) [50].
If the right 4th PAA does not form, an A-RSA is seen, which may be retro-esophageal or cervical in origin.
RE-RSA is considered a variant as it is relatively common, seen in ~ 1% of the population [51], but is more
prevalent in Down syndrome [52] and may be asymptomatic or cause di�culties in swallowing [53]. In
mice, heterozygous deletion of Tbx1, the gene associated with the cardiovascular defects in 22q11DS
patients [54–56], predominantly affects development of the 4th PAAs and up to half of these mutants
have RE-RSA but they are viable [55]. If the left 4th PAA fails to form, however, this results in an IAA-B
which is lethal once the arterial duct closes postnatally [53], and half of all cases of IAA-B are found in
22q11DS patients [57–59]. IAA-B is only observed in a minority of mice heterozygous for Tbx1 although
when combined with Pax9 heterozygosity this increases considerably suggesting that Tbx1 and Pax9
functionally interact in 4th PAA morphogenesis [3]. Pax9−/− mice display a high penetrance of IAA-B, but
in Pax9−/−;Msx1+/− mutants the incidence of this defect is signi�cantly reduced and there is an increase
in potentially non-lethal arch artery defects such as cervical origins of the aortic arch and right subclavian
artery. These defects have been reported in a child with IAA in which the explanation for the patient’s
survival was the presence of these cervical vessels that allowed for a complete systemic circulation
through the remodelled 3rd PAAs in combination with the persistence of the carotid ducts [60].

From our data it appears that Msx1 heterozygosity in Pax9-de�cient mice enables the normal
development of the left and right 4th PAAs in a proportion of mutants as shown by a signi�cant reduction
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in the incidence of IAA and RE-RSA, respectively. Immunostaining for SMC, and counting NCC in the
pharyngeal arches, at mid-embryogenesis upholds the idea that the 3rd PAAs are stabilised in Pax9−/

−;Msx1+/− mutants by NCC migration and differentiation into SMC to support the vessels as they morph
into the common carotid arteries. This does not occur in mice de�cient for Pax9 where the 3rd PAAs
collapse leading to absence of the common carotid arteries and an arterial duct-dependent defect [3].
Interestingly, it has recently been shown that Pax9 is expressed in adult aortic vascular SMC, and Pax9
siRNA knockdown in vitro inhibits their phenotypic transformation, proliferation and migration [61]. It is
therefore possible, at least in adult aorta, that PAX9 may have a cell autonomous role in SMC. Ink
injection data at E10.5, and µCT analysis at E12.5, con�rms that the morphogenesis of fewer 3rd and 4th
PAAs are affected in the Pax9−/−;Msx1+/− mutants compared to Pax9−/− mice. It is well recognised,
particularly in Tbx1-heterozygous mice, that the 4th PAAs have the capacity to recover from a hypoplastic
vessel to a normal arch artery during development [3, 62, 63]. As a signi�cantly higher proportion of
hypoplastic 4th PAAs are seen in Pax9−/−;Msx1+/− compared to Pax9−/− mutants, this could lead to more
normal aortic arches or right subclavian arteries being formed in later development. In the absence of 4th
PAA derived aortic arch arteries, and in conjunction with a signi�cantly increased proportion of intact 3rd
PAAs in Pax9−/−;Msx1+/− embryos, we propose that these remodel to form an aorta or right subclavian
artery of cervical origin with persistent carotid ducts. In theory this phenotype should have been
compatible with an intact systemic circulation and neonatal survival, but this was not the case. We
therefore considered that the cleft palate seen in all neonates with a Pax9−/− genotype may be causing
the neonatal lethality as mutant mice with cleft palate die within 24 hours of birth [10]. We used
conditional inactivation of Pax9 in the SHF to engineer mutants which recapitulated the cardiovascular
and limb defects of the Pax9−/− mice but did not affect development of the palate. These mutants,
nevertheless, did not survive long after birth despite the majority having a cardiovascular phenotype that
could theoretically support a systemic circulation. Analysis of the neonatal skeletons, however, revealed
defects of the hyoid bone and thyroid cartilage. The hyoid bone attaches to many muscles and ligaments
associated with the �oor of the mouth, as well as the larynx, pharynx, tongue, and epiglottis. The hyoid
bone is necessary to maintain patency of the airway between the oropharynx and tracheal rings, and also
functions in swallowing and breathing, as well as maintaining the posture of the head [64]. Fracture of
the hyoid bone may severely compromise the upper airway [65]. Pax9 has been shown to functionally
interact with Tbx1 in the pharyngeal endoderm [3] and mutant mice, in which Tbx1 was deleted from the
NCC or bone precursors, were born with hyoid bone abnormalities and died on the day of birth without
feeding [66]. The shortened region of hyoid ossi�cation seen in our study, however, is unlikely to be the
cause of death as a similar phenotype is seen in Runx2 heterozygous mice, and these are viable [67]. The
structural abnormalities seen in the horns of the hyoid and thyroid cartilage in Pax9 mutant mice are
therefore more likely to be the cause of death through breathing and feeding di�culties, as well as
vocalisations, all of which are detrimental to the survival of the neonate [10].

Pax9 is expressed in cranial NCC, and mutants with a conditional inactivation using the Wnt1Cre
transgene develop a cleft palate but they do not have any cardiovascular abnormalities [3, 32]. The lesser
horns of the hyoid are derived from NCC populating the second pharyngeal arch, the greater horns and
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body of the hyoid are from the third, and throat cartilage from the fourth pharyngeal arch NCC [68, 69].
Here we now show that loss of Pax9 from NCC does not affect the hyoid bone or thyroid cartilage
structures. It is therefore likely that the defects of these structures in Pax9−/− and Pax9DSHF mutants
originate from loss of Pax9 expression in the endoderm. This could be analogous to Tbx1 inactivation
from the pharyngeal endoderm which leads to aplasia of the tympanic ring, a structure derived from non-
Tbx1 expressing mesenchyme [70]. Although the mechanism as to how this occurs has not been de�ned,
it is feasible that a non-cell autonomous signalling event from the endoderm, involving Pax9, has been
perturbed. It is known that signals from the endoderm regulate neural crest patterning [71, 72]. A
mechanism such as this could explain why there is a reduction in the number of pharyngeal arch NCC
and a loss of SMC supporting the remodelling 3rd PAAs in Pax9−/− embryos [3]. An alternative
explanation, however, is that a structural defect in the pharyngeal endoderm itself may be affecting NCC
behaviour. The caudal pharyngeal arches of Pax9−/− embryos are smaller than in wild-type embryos [3, 4]
suggesting that the structure of this tissue itself may play a role in the overall phenotype. Studies have
implicated the chicken and zebra�sh endoderm in exhibiting a signalling interaction with NCC to
in�uence their morphogenetic potential in the formation of the hyoid [73, 74]. Furthermore, it has been
shown that Fibroblast Growth Factor-dependent morphogenesis of the pharyngeal endoderm into
pouches in zebra�sh is critical for the later patterning of the hyoid cartilages [75].

The mechanism underlying the effect of Msx1 heterozygosity on the Pax9−/− phenotype still needs to be
deduced but could be related to signalling processes between the Pax9-expressing endoderm and Msx1-
expressing NCC. Furthermore, Pax9−/− mice have a duplicated �rst digit [4], whereas Msx1;Msx2 double
null mutants either lack this digit or form an additional one [76]. In our Pax9−/−;Msx1−/− double knockout
mutants the digits are normal, indicating that complete loss of Msx1 can further modulate the
presentation of a phenotype in tissues other than those that form the cardiovascular system.

Conclusions
Mice de�cient for Pax9 on a CD1 congenic background present with different cardiovascular defects
when compared to mice congenic for C57Bl/6. Although it is well known that genetically altered mice
may present with different phenotypes depending on the genetic background they are bred or maintained
on, this study demonstrates the need to establish the full phenotype on any new genetic background
being used, particularly when making comparisons investigating interactions between two genes where
the mouse strains may be different.

We have shown that Msx1 haploinsu�ciency in Pax9−/− mice changes the arch artery phenotype through
an unknown mechanism which involves the partial rescue of NCC migration to the 3rd pharyngeal arches
and the stabilisation of the 3rd PAAs by investment with SMC. We propose that in the absence of 4th
PAAs, the 3rd PAAs, with persistence of the carotid ducts, are able to remodel into an aortic arch or right
subclavian artery of cervical origin theoretically compatible with a systemic blood circulation. Despite
engineering this phenotype in mice, but without a cleft palate, neonatal death still occurred, and this was
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subsequently found to be possibly caused by defective hyoid bone and thyroid cartilage development via
a putative Pax9 and/or endodermal non-cell autonomous signalling pathway.

Materials And Methods

Mice
The mice used in this study have previously been described elsewhere: Pax9+/− [4], Pax9�ox [32], (both
Pax9 lines created in our laboratories), Msx1+/− [12] (acquired from Richard Maas, Brigham Women’s
Hospital, Boston, MA, USA), Isl1Cre [31] (acquired from Sylvia Evans, University of California San Diego,
CA, USA) and Wnt1Cre [77] (acquired from Andrew McMahon, University of Southern California, CA, USA).
All mice were maintained on a congenic CD1 genetic background unless otherwise stated. All studies
involving animals were performed in accordance with UK Home O�ce Animals (Scienti�c Procedures)
Act 1986 and in compliance with the ARRIVE guidelines.

Breeding
Male and female mice were mated and the detection of a vaginal plug the next morning considered to be
embryonic day (E) 0.5. Pregnant females were either culled on the required day and embryos collected or
allowed to litter for collection of neonates. All mice used in the study were euthanised by cervical
dislocation. Embryos at E9.5-E11.5 were staged by somite counting. All mouse lines and embryos were
genotyped by standard PCR (primer details given in Additional Table 2).

Imaging
Magnetic resonance imaging (MRI), micro-computed tomography (µCT) and high resolution episcopic
microscopy (HREM) techniques were performed as previously described [3, 78–81]. To visualise patency
of pharyngeal arch arteries at E10.5, embryos were injected with India ink via the left ventricle with pulled
Pasteur pipettes [3].

Histology and Immunohistochemistry
Whole embryos and neonate hearts were processed for histology and immunostaining analysis. Brie�y,
samples were �xed in 4% paraformaldehyde, dehydrated in ethanol and embedded in para�n wax blocks
for sectioning at 8µm thickness using a Leica RM 2235 microtome (Leica Biosystems, Milton Keynes,
UK). For histology, slides were dewaxed, rehydrated, and stained with haematoxylin and eosin
(ThermoFisher Scienti�c, Waltham, MA, USA) using a standard protocol, and mounted with histomount
(National Diagnostics, Atlanta, GA, USA). For immunohistochemistry, slides were dewaxed, rehydrated
and immunostained with the primary antibodies shown in Additional Table 3. All stained slides were
examined with a Zeiss Axioplan microscope equipped with Axiovision software (Carl Zeiss, Jena,
Germany). For cell fate analysis, n≥3 embryos for each genotype and stage (n≥3 sections per embryo)
were assessed and the number of positively stained cells divided by the total number of cells to give an
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apoptotic or proliferative index. Cell counting was performed using ImageJ software (National Institutes
of Health, Bethesda, MD, USA) using the cell counter feature.

Bone and cartilage staining
Bone and cartilage staining was performed on the skeletons of postnatal day 0 (P0) neonates found
dead on the day of birth, or euthanised at P5 using 200mg/ml of pentobarbital sodium solution (Euthatal;
Boehringer Ingelheim Animal Health UK Limited, Bracknell, UK). Neonates were incubated at 70ºC for 30
seconds, the skin peeled away and eviscerated, �xed in 95% ethanol overnight at room temperature and
then transferred to acetone at room temperature for 48 hours to remove the fat. The neonates were then
rinsed in water and incubated in 0.01% alcian blue solution (Merck Life Science UK Limited, Gillingham,
UK) for 8 days to stain the cartilage. The neonates were washed with 70% ethanol and incubated in 1%
potassium hydroxide solution until the tissue was visibly cleared. Staining of bone was performed with
0.001% alizarin red solution (Merck Life Science UK Limited) and the tissue further cleared in a 1%
potassium hydroxide/20% glycerol solution, increasing to 100% glycerol. Skeletons were examined and
images captured using a Leica MZ6 stereomicroscope with a Leica DFC295 camera and the Leica
Application Suite software, version 3 (Leica Microsystems UK Ltd, Milton Keynes, UK).

Statistical analysis
Fisher’s exact test was used to compare defect frequencies between different genotypes using IBM SPSS
Statistics for Windows (Version 25.0; IBM Corp., Armonk, NY, USA). Cell counts were analysed using a
one-way ANOVA with Tukey’s multiple comparisons test (Prism 8.01, GraphPad Software, San Diego, CA,
USA). Groups were considered signi�cantly different when p < 0.05.

Abbreviations
AD: arterial duct

Ao: aorta

ANOVA: analysis of variance

cAo: cervical aortic arch

A-RSA: aberrant right subclavian artery

BC: brachiocephalic artery

Bmp4 Bone morphogenetic protein 4

CC: common carotid artery

CP: cleft palate

cRSA: cervical right subclavian artery
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dAo: dorsal aorta

DORV: double outlet right ventricle

E: embryonic day

eLC: external left carotid artery

eRC: external right carotid artery

GH: greater horn (of hyoid)

HREM: high resolution episcopic microscopy

IAA: interrupted aortic arch

IAA-B: interrupted aortic arch, type B

IH: inferior horn (of thyroid cartilage)

IH: inferior horn (of hyoid)

iLC: internal left carotid artery

iRC: internal right carotid artery

Isl1: Islet 1

IVC: interventricular communication

LCC: left common carotid artery

LH: lesser horn (of hyoid)

LSA: left subclavian artery

LV: left ventricle

MRI: magnetic resonance imaging

Msx1: Muscle segment homeobox 1

RCC: right common carotid artery

RE-RSA: retro-esophageal right subclavian artery

RSA: right subclavian artery
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RV: right ventricle

NCC: neural crest cell

P: palate

PA: pharyngeal arch

PAA: pharyngeal arch artery

Pax9: Paired box 9

PSC: primitive subclavian complex

PT: pulmonary trunk

Runx2: Runt-related transcription factor 2

SHF: second heart �eld

SH: superior horn (of thyroid cartilage)

SMC: smooth muscle cells

Tbx1: T-box transcription factor 1

Th: thymus

U: ulna

VSD: ventricular septal defect

Wnt1: Wingless-type MMTV integration site family, member 1
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Figure 1

Defects in Pax9–/– embryos on a congenic CD1 background. Embryos at E15.5 were imaged by MRI (A-
H, I, L, O) and histology (J, K, M, N, P, Q). (A-H) Extracardiac defects in CD1-Pax9–/– embryos. A normal
palate (A, B), thymus (C) and hind limb digit (white arrow; D) are seen in control embryos. CD1-Pax9–/–
embryos display cleft palate (E, F), absent thymus (asterisk; G) and pre-axial digit duplication (red arrows;
H). (I-Q) Cardiovascular defects in CD1-Pax9–/– embryos. Control embryos have normal heart and aortic
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arch artery development (I-K). CD1-Pax9–/– embryos have arch artery defects such as interrupted aortic
arch type B (IAA-B), aberrant right subclavian artery (A-RSA), and absent common carotid arteries
resulting in the internal and external left carotid arteries (iLC, eLC) arising directly from the aorta and
dorsal aorta respectively (L, O). In the majority of CD1-Pax9–/– embryos the out�ow tract was
unaffected (L-N) although double outlet right ventricle (DORV) with interventricular communication (IVC)
was infrequently observed (O-Q). Abbreviations: AD, arterial duct; Ao, aorta; BC, brachiocephalic artery; CP,
cleft palate; LCC/RCC, left/right common carotid artery; LSA/RSA, left/right subclavian artery; LV/RV,
left/right ventricle; P, palate; PT, pulmonary trunk; Th, thymus. Scale bars: 500µm.
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Figure 2

Msx1 haploinsu�ciency modi�es the Pax9–/– cardiovascular phenotype. Embryos were imaged by µCT
at E15.5 (A-D) and E12.5 (J-M), and following intracardiac ink injection at E10.5 (N-Q). (A) Control embryo
with normal heart and aortic arch artery development. (B) CD1-Pax9–/– embryos have defects such as
interrupted aortic arch type B (IAA-B), retro-esophageal right subclavian artery (RE-RSA) and ventricular
septal defect (VSD). A proportion of CD1-Pax9–/–;Msx1+/– embryos had cervical right subclavian artery
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(cRSA; C) or cervical aortic arch (cAo; D). (E-I) Defect frequencies seen in E15.5 embryos and neonates on
C57Bl/6J (B6; data from [2]) and CD1 backgrounds are shown for Pax9–/– (P9) and Pax9–/–;Msx1+/–
(P9;M1) genotypes. CD1-Pax9–/– mice have a signi�cantly reduced penetrance of out�ow tract defects
such as DORV (E) although 4th PAA-derived defects are similar (F, G). IAA-B and RE-RSA are signi�cantly
reduced in CD1-Pax9–/–;Msx1+/– mice compared to CD1-Pax9–/– mice (F, G) and cervical origins of
the RSA (cRSA; H) and aorta (cAo; I) are increased. Fisher’s exact test for associations. ns, not signi�cant;
*p<0.05, **p<0.01, ***p<0.001. (J) At E12.5 the aorta (Ao) and pulmonary trunk (PT) are septated and the
right dorsal aorta (dAo) is regressing. (K) In CD1-Pax9–/– embryos the PAA are abnormal with the 3rd
and 4th PAA bilaterally absent, and the carotid duct (cd) persisting bilaterally. (L, M) In CD1-
Pax9–/–;Msx1+/– embryos the 3rd and 4th PAAs often appear normal. (N) Control E10.5 embryo with
PAAs patent to ink. The PAAs are abnormal in CD1-Pax9–/– (O) and CD1-Pax9–/–;Msx1+/– (P, Q)
embryos. Somite counts (s) are indicated. Abbreviations: AD, arterial duct; LCC/RCC, left/right common
carotid artery; LSA/RSA, left/right subclavian artery; LV/RV, left/right ventricle; PSC, primitive subclavian
complex. Scale bars: 500µm in A-D, 250µm in J-M, 100µm in N-Q.

Figure 3
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Msx1 haploinsu�ciency rescues the 3rd pharyngeal arch artery defect in Pax9–/– embryos. (A) The total
number of cells within the mesenchyme of the 3rd and 4th pharyngeal arches (pa) were counted at E9.5
and E10.5 in control (n≥5), CD1-Pax9–/– (n≥4) and CD1-Pax9–/–;Msx1+/– (n=3) embryos. There were
signi�cantly fewer cells in the 3rd arch in Pax9–/– and Pax9–/–;Msx1+/– embryos at E9.5, and in the
4th arch at E10.5, compared to control. In the 3rd arch at E10.5 there were signi�cantly fewer cells in
Pax9–/– embryos but the reduction in cell number was not signi�cant in Pax9–/–;Msx1+/– embryos.
(B) Immunostaining for neural crest cells (NCC) using an anti-AP-2α antibody was performed at E10.5
(n=3 per genotype). (C) There were signi�cantly fewer NCC in the 3rd arch in Pax9–/– and
Pax9–/–;Msx1+/– embryos when compared to control but the NCC number in Pax9–/–;Msx1+/–
embryos was signi�cantly increased when compared with Pax9–/– embryos. In the 4th arch the
reduction in NCC was signi�cant in both mutant genotypes when compared to control. One-way ANOVA
with Tukey’s multiple comparisons test. ns, not signi�cant; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
(D-F) E11.5 embryo sections (n=6 per genotype) were immunostained using an anti-αSMA antibody for
smooth muscle cells (SMC) and an anti-ERG antibody for endothelium. In all control embryos, SMC
surrounded the 3rd, 4th and 6th PAAs (D). In Pax9–/– embryos the 3rd PAAs had limited recruitment of
SMCs (E) whereas in Pax9–/–;Msx1+/– embryos SMC were seen surrounding the 3rd PAAs (F). There are
no 4th PAAs in Pax9–/– and Pax9–/–;Msx1+/– embryos. Somite counts (s) are indicated. Scale bars:
50µm in B, 100µm in D-F.
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Figure 4

Deletion of Pax9 from the second heart �eld in C57Bl/6 congenic mice recapitulates the Pax9–/–
cardiovascular phenotype. Embryos at E15.5 were imaged by MRI. (A-C) Pax9+/�ox;Isl1Cre control
embryos had normal development of the palate (A), thymus (B) and hind limb digit (white arrow; C). (D-F)
Congenic C57Bl6/J Pax9–/�ox;Isl1Cre embryos with a second heart �eld (SHF) conditional inactivation
of Pax9 (B6-Pax9ΔSHF) display a normal palate (D), absent thymus (asterisk; E) and pre-axial digit
duplication (red arrows; F). (G-I) Cardiovascular defects in B6-Pax9ΔSHF embryos. (G) Control embryos
have normal heart and aortic arch artery development. (H, I) B6-Pax9ΔSHF embryos present with typical
Pax9–/– cardiovascular defects such as double-outlet right ventricle (DORV) with interventricular
communication (IVC), interrupted aortic arch type B (IAA-B), aberrant right subclavian artery (A-RSA), and
absent common carotid arteries resulting in the internal and external carotid arteries (iLC, eLC, iRC, eRC)
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arising directly from the aorta and dorsal aorta respectively. Abbreviations: AD, arterial duct; Ao, aorta; BC,
brachiocephalic artery; LCC/RCC, left/right common carotid artery; LSA/RSA, left/right subclavian artery;
LV/RV, left/right ventricle; P, palate; Th, thymus. Scale bars: 500µm.

Figure 5

Deletion of Pax9 from the second heart �eld in neonates on an enriched CD1 background. (A-C)
Pax9+/�ox;Isl1Cre control neonates had normal hind limb digit (black arrow; A), palate (B) and arch artery
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(C) development. (D-F) Pax9–/– neonates from this cross displayed the typical Pax9–/– phenotype of
pre-axial digit duplication (red arrows; D), cleft palate (black arrows; E) and cardiovascular defects such
as interrupted aortic arch type B (IAA-B; F). (G-I) Only one neonate with Pax9 conditionally inactivated
from the second heart �eld (Pax9ΔSHF) was recovered but showed a pre-axial digit duplication (red
arrows; G), a normal palate (H) and IAA-B (I). (J-L) Pax9ΔSHF;Msx1+/– neonates displayed a pre-axial
digit duplication (red arrows; J), a normal palate (K) and frequently mild arch artery defects such as
cervical aortic arch (cAo) and abnormal external and internal left common carotid artery(eLC, iLC; L).
Abbreviations: Ao, aorta; AoA, aortic arch; CP, cleft palate; LCC/RCC, left/right common carotid artery;
LSA/RSA, left/right subclavian artery. Scale bars: 1mm.
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Figure 6

Skeletal defects in Pax9 mutant mice on an enriched CD1 background. Neonate skeletons were stained
for cartilage (blue) and bone (red). (A-C) Forelimbs in control neonates were normal (A), but a pre-axial
digit duplication was present in Pax9–/– (B) and Pax9ΔSHF;Msx1+/– (C) neonates. (D-F) Skeletons were
disarticulated to isolate the hyoid bone. (G) The ulna of control (n=5), Pax9–/– (n=4) and
Pax9ΔSHF;Msx1+/– (n=6) neonates was measured. There was a small yet signi�cant reduction in the
average length of the ulna in Pax9ΔSHF;Msx1+/– neonates. (H-J) The ossi�cation centre of the hyoid
bone (asterisk), the length of the greater horn (gh) and the angle between the lesser (lh) and greater horns,
were measured. (K-P) The tracheal rings (tr), thyroid (tc) and cricoid cartilages (cc) were examined. The
superior horn (sh) of the thyroid cartilage was greatly reduced in size in Pax9–/– and
Pax9ΔSHF;Msx1+/– neonates and the inferior horn (ih) was signi�cantly reduced in length (Q). Fused
tracheal rings were observed in Pax9–/– neonates (arrows; M, N). (R, S) The hyoid and thyroid cartilage
were normal in neonates with a conditional inactivation of Pax9 from neural crest cells (Pax9DNCC). One-
way ANOVA with Tukey’s multiple comparisons test. ns, not signi�cant; **p<0.01, ****p<0.0001. Scale
bars: 1mm in A-C, 500µm in E-G, J-O, R, S.
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