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Aortic	arch	artery	patterning	defects	account	for	approximately	20%	of	congenital	cardiovascular	malforma-
tions	and	are	observed	frequently	in	velocardiofacial	syndrome	(VCFS).	In	the	current	study,	we	screened	
for	chromosome	rearrangements	in	patients	suspected	of	VCFS,	but	who	lacked	a	22q11	deletion	or	TBX1	
mutation.	One	individual	displayed	hemizygous	CHD7,	which	encodes	a	chromodomain	protein.	CHD7	hap-
loinsufficiency	is	the	major	cause	of	coloboma,	heart	defect,	atresia	choanae,	retarded	growth	and	devel-
opment,	genital	hypoplasia,	and	ear	anomalies/deafness	(CHARGE)	syndrome,	but	this	patient	lacked	the	
major	diagnostic	features	of	coloboma	and	choanal	atresia.	Because	a	subset	of	CHARGE	cases	also	display	
22q11	deletions,	we	explored	the	embryological	relationship	between	CHARGE	and	VCSF	using	mouse	mod-
els.	The	hallmark	of	Tbx1	haploinsufficiency	is	hypo/aplasia	of	the	fourth	pharyngeal	arch	artery	(PAA)	at	
E10.5.	Identical	malformations	were	observed	in	Chd7	heterozygotes,	with	resulting	aortic	arch	interruption	
at	later	stages.	Other	than	Tbx1,	Chd7	is	the	only	gene	reported	to	affect	fourth	PAA	development	by	haplo-
insufficiency.	Moreover,	Tbx1+/–;Chd7+/–	double	heterozygotes	demonstrated	a	synergistic	interaction	during	
fourth	PAA,	thymus,	and	ear	morphogenesis.	We	could	not	rescue	PAA	morphogenesis	by	restoring	neural	
crest	Chd7	expression.	Rather,	biallelic	expression	of	Chd7	and	Tbx1	in	the	pharyngeal	ectoderm	was	required	
for	normal	PAA	development.

Introduction
Velocardiofacial syndrome (VCFS; also referred to as DiGeorge 
syndrome; incidence, 1 in 4,000 live births) is most commonly 
associated  with  an  interstitial  deletion  of  22q11.2.  Frequent 
abnormalities include facial dysmorphism, absent or hypoplastic 
thymus and parathyroids, velopharyngeal insufficiency, behav-
ioral problems, and congenital heart defects (particularly of the 
outflow tract and aortic arch; ref. 1). Most of these features have 
been ascribed to haploinsufficiency of T-box 1 (TBX1), because 
of mutations in rare patients with no 22q11.2 deletion (2–4) and 
the excellent phenocopy observed in Tbx1+/LacZ (i.e., Tbx1+/–) mice 
(5). Tbx1+/– mice display partially penetrant cardiovascular defects 
such as type B interruption of the aortic arch (IAA-B), tetralogy 
of Fallot, absent right subclavian artery (ARS; or, more generally, 
aberrant right subclavian [AbRS]), and ventriculoseptal defects 
(VSDs), with some thymic hypoplasia (5). At E10.5, on a C57BL/6 
background, there is a highly penetrant phenotype of hypoplastic 
fourth pharyngeal arch artery (PAA; ref. 5). Defective remodeling 
of the fourth PAA gives malformations such as IAA-B, double aor-
tic arch, and AbRS, although the frequency of these defects is lower 
than that of the earlier PAA abnormalities, which suggests that 

some recovery takes place (6). Tbx1–/– mice are embryonic lethal 
and have a common arterial trunk, aplastic caudal pharyngeal 
arches, absent thymus, craniofacial malformations, and cleft pal-
ate (5, 7, 8). Tissue-specific conditional mutagenesis of Tbx1 reveals 
a role for the gene in each of the tissues that expresses it: second 
heart field (9), pharyngeal mesoderm (10), pharyngeal endoderm 
(11), pharyngeal epithelia (12), and otic epithelium (13).

CHARGE syndrome (incidence, 1 in 10,000 live births) is the 
nonrandom clustering of coloboma, heart defect, atresia of the 
choanae, retarded growth and development, genital abnormalities, 
and ear anomalies/deafness (14). Deletion or mutation of chro-
modomain helicase DNA-binding protein 7 (CHD7) is the major 
cause of CHARGE association, accounting for approximately 
60% of cases (14). Mutation in SEMA3E has also been reported in 
1 patient (15). Phenotypic overlap between CHARGE and VCFS 
has been remarked upon previously (16–18). Indeed, a number of 
CHARGE cases (i.e., those fulfilling the diagnostic criteria) with 
22q11 deletions have been described (19, 20). A series of N-ethyl-
N-nitrosourea (ENU) mutants characterized by dominant circling 
and hyperactivity provided the first mouse models for CHARGE.

Heterozygous Chd7 ENU mutants, such as whirligig (Whi; refs. 
21–23), provide a good model for many of the aspects of CHARGE, 
in particular eye, inner ear, palatal, choanal, genital, and cardiac 
defects. Whi heterozygotes demonstrated partial perinatal lethal-
ity, which was ascribed to cardiac insufficiency secondary to VSDs. 
A few embryos appeared to have vascular hemorrhage, which sug-
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gests a role for Chd7 in main-
taining  vascular  integrity. 
The wheels (Whl) locus is pre-
sumed to carry a Chd7 muta-
tion on the basis of  linkage 
and phenotype (24). Whl/Whl 
embryos do not survive past 
E11.5. At E9.5, homozygotes 
are growth retarded, but heart 
tube formation and looping 
appear normal.  In addition, 
a gene-trapped allele of Chd7 
has been previously described 
that  similarly  recapitulates 
the  CHARGE  phenotype 
(25). Development of the PAA 
derivatives and thymus were 
not commented upon in these 
prior reports.

Both TBX1 and CHD7 reg-
ulate transcription. TBX1 is 
a member of the T-box DNA 
binding domain–containing 
protein  family.  TBX1  acti-
vates transcription in the sys-
tems studied, and a number 
of genes dysregulated in Tbx1 
mutants have been described. 
TBX1  physically  interacts 
with SMAD1, interfering with 
the ability of SMAD1 to bind 
SMAD4, and thus has effects 
on signal transduction (26). 
CHD7  belongs  to  a  protein 
family of chromodomain heli-
case  DNA-binding  domain 
proteins. Besides  the SNF2-
like ATPase/helicase domain, 
the protein encodes a BRK, a 
SANT, and a DEXc domain. 
It is predicted to be involved 
in ATP-dependent chromatin 
remodeling (27).

In this study, we conducted 
comparative genome hybrid-
ization on a patient referred 
because of a phenotype com-
patible with 22q11 deletion, 
but with no FISH-detectable 
deletion  or  TBX1  mutation. 
Because  this  patient  was 
found to be hemizygous for 
CHD7, our aim was to explore 
the  embryological  basis  for 
the overlap of CHARGE and 
VCFS, particularly with regard 
to great artery development. 
We found the genes haploin-
sufficient in these syndromes 
— Chd7 and Tbx1, respectively 

Figure 1
PAA patterning defects in Chd7+/xk and Chd7+/xk;Tbx1+/– embryos. Black arrows denote absent fourth PAA; 
red arrowheads denote absence of arches; dashed lines denote thymic lobes (t). pa1, pharyngeal arch 1; III, 
third PAA; IV, fourth PAA; VI, sixth PAA; rc, right common carotid; lc, left common carotid; rs, right subclavian; 
ls, left subclavian; ao, aortic arch; h, heart; pt, pulmonary trunk; da, ductus arteriosus. (A–H) Ink-injected 
PAAs at E10.5. (A and B) Right and left lateral views of ink-filled WT PAAs after intracardiac ink injection. (C 
and D) Whi/+ embryos with absence of the fourth PAA (black arrows). (E–H) Chd7+/xk embryos with absent 
fourth PAA. (I–P) Great vessels in WT (I), Chd7+/xk (J–M), and Chd7+/xk;Tbx1+/– (N–P) embryos at E14.5. (J) 
IAA-B with a right-sided pulmonary trunk. (K) Cervical aortic arch and hypoplastic, ectopic thymic lobes. (L) 
ARS with hypoplastic right thymic lobe and left lobe removed to examine the aortic arch. (M) ARS. (N) Right 
brachiocephalic and cervical right subclavian overlying the right thymic lobe, as well as hypoplastic, irregular, 
and ectopic thymic lobes. (O) IAA-B and ARS. (P) IAA-B, right brachiocephalic artery overlying right thymic 
lobe, and cervical right subclavian, as well as hypoplastic, irregular, and ectopic thymic lobes. (Q) WT thymic 
lobes. (R) Chd7+/xk embryo with irregularly shaped thymic lobes. (S and T) Foxn1 in situ hybridization marking 
the E10.5 thymic primordium. (S) WT Foxn1 expression in the third pharyngeal pouch. (T) Chd7+/xk embryo. 
White arrow indicates absent Foxn1 expression. Scale bars: 100 μm (A–H, S, and T); 1 mm (I–R).
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— were in epistasis and that the correct level of their expression 
was required in pharyngeal ectoderm for proper morphogenesis 
of the great arteries.

Results
We previously reported an array-based comparative genome hybrid-
ization screen of a panel of patients referred for TBX1 sequencing 
because they had features suggestive of VCFS in the absence of any 
22q11 deletion (28). In an extension of this work, we identified a 
deletion of 8q12, estimated to be 5 Mb by microsatellite marker 
analysis and FISH, in patient 15 (Supplemental Figure 1; supple-
mental material available online with this article; doi:10.1172/
37561DS1). The region encompassed markers D8S1812–D8S544 
and BACs RP11-414L7 (61.7 Mb) to RP11-115G12 (65.4 
Mb), including CHD7. Moreover, 2 patients with T cell 
immunodeficiencies typical of VCFS were also seen in 
our clinic and reported separately as having CHD7 muta-
tions (29). However, patient 15 did not present with 2 of 
the cardinal diagnostic features of CHARGE, coloboma 
and choanal atresia. Patient 15 had facial dysmorphism 
(Supplemental Figure 1) and several problems often seen 
in VCFS, including learning difficulty with speech delay 
and major feeding difficulties that required nasogastric 
nutrition. An echocardiogram revealed IAA-A, a coarc-
tation of the aorta, a large membranous VSD, a 16-mm 
secundum atrial septal defect, and a bicuspid aortic valve 
(a mild cardiac outflow tract defect). She also had long, 
slender fingers and low-set, overfolded ear helices. The 
IAA seen in VCFS is usually type B, but type A has been 
observed in association with 22q11 deletion (30). Thus, 
although the facial features were not typical for VCFS, 
this phenotypic overlap prompted examination of 22q11, 
and we questioned whether this overlap in genetic etiol-
ogy reflected a common embryological pathway affected 
in the 2 conditions.

We obtained 2 gene-trapped ES lines, XK403 and RRR134, from 
Baygenomics (31), injected them into blastocysts, and obtained 
germline transmissions from the resulting chimeric mice. Both 
lines gave heterozygous mice that were viable and fertile, but dis-
played the typical circling behavior noted in a series of chemically 
induced Chd7 mutations. Both homozygotes displayed embryonic 
lethality by day 11, with the same phenotype previously reported 
for Chd7-homozygous ENU mutants (22). Expression of the β-gal 
reporter was identical for the 2 lines and recapitulated the previ-
ously published gene expression pattern (22), as determined by in 
situ hybridization (Supplemental Figure 2). The majority of the 
work described herein was conducted on the XK403 line, with het-
erozygotes designated Chd7+/xk (heterozygotes of the RRR134 line 
are designated Chd7+/rrr). Given that a haploinsufficiency affecting 
PAA development is the hallmark of Tbx1+/– mice, our analysis con-
centrated on these structures in Chd7 heterozygotes.

At E10.5, we detected defects of PAA development in 54% of 
Chd7+/xk embryos, with the fourth PAA particularly affected (Fig-
ure 1, A–H, and Table 1), and in 33% of Chd7+/rrr embryos. At E14.5, 
4% of Chd7+/xk  embryos showed IAA-B, a  further 2% exhibited 
cervical arch or B-segment coarctation, and 16% had AbRS in 
isolation (Figure 1, I–L, and Table 1), suggestive of some embry-
onic recovery. The patient studied here had IAA-A; however, we 
observed no examples of this type of interruption in our mouse 
models. As far as we are aware, there are no known genetic causes 
of specifically A-type interruptions. The thymus gland was small, 
or ectopically placed, in 11% of Chd7+/xk embryos, similar to abnor-
malities of Tbx1+/– embryos (Figure 1, Q and R). Thymic hypopla-
sia in Chd7 heterozygotes correlated with downregulation of Foxn1 
expression in midgestation embryos (Figure 1, S and T), and this 
dysmorphogenesis presumably underlies the T cell immunodefi-
ciency reported in CHARGE (29). Thus, Chd7 haploinsufficiency 
was very similar to Tbx1 haploinsufficiency at the embryological 
level, especially with regard to structures affected in VCFS. These 
results were confirmed by analyzing the Whi Chd7 mutant (Fig-
ure 1, C and D, and ref. 22). Whereas other homozygous mouse 
mutants display similar phenotypes, Chd7 and Tbx1 are the only 
2 genes reported in which haploinsufficiency is sufficient to pro-

Table 1
PAA dysmorphogenesis in 2 Chd7 gene trap lines at E10.5 
and E14.5

	 Chd7+/xk	 Chd7+/rrr

E10.5
Heterozygote/WT 26/57A 27/61A

PAA hypo/aplasia 14 (54%) 9 (33%)
Fourth PAA defect 12 (46%) 8 (29%)
Left fourth PAA defect 6 (23%) 5 (18%)
Right fourth PAA defect 10 (38%) 5 (18%)
Left sixth PAA defect 2 (8%) 2 (7%)
E14.5
Heterozygote/WT 81/197B 22/40A

Abnormal great vessels 23 (28%) 3 (14%)C

Cervical arch or coarctation 2 (2%) 1 (5%)
IAA-B 3 (4%) 0 (0%)
AbRS 13 (16%) 0 (0%)
Right pulmonary trunk defect 2 (2%) 0 (0%)

Values other than Mendelian ratios denote number (percent) of affected 
embryos with the indicated defect. Departure from the expected Men-
delian ratio was apparent at E14.5 in Chd7+/xk embryos. ANS. BP < 0.05, 
Fisher’s exact test, 1-tailed. COf these, 2 embryos had left common 
carotid defects (third arch derivatives).

Table 2
Epistasis between Tbx1 and Chd7 in arch artery and thymus development 
at E14.5 and E10.5

	 Chd7+/xk	 Tbx1+/–	 Chd7+/xk;Tbx1+/–
E14.5	 (n	=	26)	 	(n	=	25)	 (n	=	17)
Great vessel phenotype
 IAA-B 2 1 10A

 Right aortic arch 0 1 1
 AbRS 3 4 7B

Thymus gland phenotype
 Ectopic RBC over thymic lobe 2 2 7
 Ectopic hypo and irregular shape 0 0 4C

E10.5	 (n	=	6)	 	(n	=	14)	 (n	=	6)
PAA phenotype
 Unilateral left PAA defect, hypo/aplasia 1 2 0
 Unilateral right PAA defect, hypo/aplasia 3 4 0
 Bilateral and complete aplasia 0 3 6D

RBC, right brachiocephalic artery. AP = 0.0005. BP = 0.4. CP = 0.007. DP = 0.002. 
Statistical analyses were done by Fisher’s exact test.
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duce these specific abnormalities in fourth PAA morphogenesis. 
At E10.5, expected Mendelian ratios were observed, but a propor-
tion of Chd7+/xk embryos was lost by E14.5 (Table 1).

It  is  likely  that  the  gene  trap  alleles  represent  loss  of  Chd7 
function. We believe loss of function to be the case because the 
heterozygous phenotype is no more severe than that of Whi (mis-
sense) or other ENU mutants  (22), and a stronger phenotype 
would be expected in a dominant negative. In addition, the XK403 
trap is at the 3′ end of the gene (intron 36 of 37), whereas that of 
RRR136 is at the 5′ (intron 4; Supplemental Figure 5). It would be 
highly unusual for such different interruptions to give the same 
dominant-negative phenotype.

We reasoned that, if Tbx1 and Chd7 were within the same or a con-
vergent developmental pathway, doubly heterozygous mice might 
show epistasis, a synergistic deficiency resulting in more frequent 
or severe effects (e.g., with novel defects and/or increased incidence 
of bilateral defects) than expected. The expected additive effect of 

both mutations was taken to be a simple sum of the frequency of 
abnormalities seen in the respective single mutants. The cardiovas-
cular defect most specific for VCFS is IAA-B. It is estimated that 50% 
(32) to 80% (33) of patients presenting with IAA-B have a 22q11.2 
deletion. To test for epistasis, we examined the frequency of IAA-B 
in Chd7+/xk;Tbx1+/– mice at E14.5 and found a significant increase in 
the incidence of this malformation (Table 2 and Figure 1, M–P). At 
E10.5, all 6 Chd7+/xk;Tbx1+/– mice studied had a complete, bilateral 
fourth PAA aplasia, compared with 1 of 9 single heterozygotes. We 
also found evidence for epistasis with regard to thymus develop-
ment (Table 2) and ear development. We next tested the postnatal 
viability of single and double heterozygotes and found a significant 
reduction of living double heterozygotes compared with single het-
erozygotes (Supplemental Table 1).

Inner-ear malformations, albeit of different types, have been pre-
viously noted in Tbx1-null and Chd7-heterozygous mice (13, 23). 
We examined paint-filled inner ears from E16.5 embryos to assess 
the extent of any malformations of the semicircular canals, which 
have been previously detailed in Chd7+/– mutant mice (21, 23, 24). 
Tbx1+/– mice had normal anterior and posterior canals, but showed 
a lateral canal defect in 56% of the ears (Table 3 and Figure 2). 
The whirligig heterozygote (Whi/+) phenotype was fully penetrant, 
but showed variability with respect to the severity of lateral canal 
truncations and posterior canal shortening (Table 3 and ref. 23). 
In Whi/+;Tbx1+/– mice, the underlying whirligig phenotype was 
enhanced. An interaction was revealed by more severe shortening 
of the posterior canal, leading to more Whi/+;Tbx1+/– than Whi/+ 
mice with posterior canals fused to the crus commune along their 
length (42% versus 7%; P < 0.05, Fisher’s exact test). The lateral 
canal defects were similar in the Whi/+;Tbx1+/– and Whi/+ mice. The 
anterior canal was not affected in any of the genotypes studied.

Tbx1 is thought to have both cell-autonomous and non–cell-
autonomous effects on cardiovascular development. We therefore 
aimed to refine the tissue requirements for these genes during 
development. It has been postulated that CHARGE is secondary 

Table 3
Malformations of the semicircular canals

	 WT	 Tbx1+/–	 Whi/+	 Whi/+;Tbx1+/–	
	 (n	=	5)	 (n	=	9)	 (n	=	8)	 (n	=	7)
No. ears examined 10 18 15A 12B

Anterior	canal
Normal 10 (100%) 18 (100%) 15 (100%) 12 (100%)
Posterior	canal
Normal 10 (100%) 18 (100%) 0 (0%) 0 (0%)
Short 0 (0%) 0 (0%) 14 (93%)C 7 (58%)C

Fused to CC 0 (0%) 0 (0%) 1 (7%)C 5 (42%)C

Lateral	canal
Normal 10 (100%) 8 (45%) 0 (0%) 0 (0%)
Thin 0 (0%) 6 (33%) 0 (0%) 0 (0%)
Truncated 0 (0%) 0 (0%) 3 (20%) 2 (16%)
Ampulla only 0 (0%) 4 (22%) 10 (67%) 8 (67%)
Absent 0 (0%) 0 (0%) 2 (13%) 2 (17%)

Formations are shown in order of severity, from normal to most severe. 
Values denote number (percent) of ears with the indicated formation. At 
least 1 WT littermate control per litter was used. Of the Tbx1+/– mice,  
4 showed a unilateral phenotype of the lateral canal only, 3 were bilater-
ally affected, and 2 were completely normal. All Whi/+ mice examined 
showed bilateral defects of the posterior canal and bilateral defects of 
the lateral canal within the phenotypic range, especially variable short-
ness of the posterior canal. No Whi/+ animals were affected unilaterally. 
All Whi/+;Tbx1+/– mice examined showed bilateral defects of the poste-
rior canal and bilateral defects of the lateral canal. Fusions of the poste-
rior canal to the crus commune (CC) were observed bilaterally in  
2 of 7 Whi/+Tbx1+/– animals, plus 1 animal for which the second ear was 
lost or destroyed. A1 ear lost or destroyed. B2 ears lost or destroyed.  
CP < 0.05, Fisher’s exact test.

Figure 2
Malformations of the semicircular canals in Whi/+, Tbx1+/–, and Whi/+; 
Tbx1+/– mice. (A) Paint-filled semicircular canals of the right ear of 
an E16.5 WT mouse showing normal canal morphology. (B) Tbx1+/– 
mouse displaying normal anterior (AC) and posterior canals (PC), but 
truncation of the lateral canal (arrowhead). (C) Whi/+ mouse showing 
normal morphology of the anterior canal, truncation of the lateral canal, 
and some shortening of the posterior canal. (D) Whi/+;Tbx1+/– mouse 
showing normal anterior canal, fusion of the posterior canal to the crus 
commune (CC), and absence of the lateral canal. Scale bar: 1 mm.
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to a defective neural crest cell contribution during development 
(34–37). Unlike Tbx1, Chd7 is expressed in the CNS, neuroepithe-
lium, and neural crest (38). In Chd7+/xk embryos, we observed some 
structural defects of cranial nerves and subtly altered neural crest 
migration to the caudal pharyngeal region (Figure 3). To test the 
role of Chd7 in neural crest with regard to PAA formation, we used 
a Wnt1Cre transgenic line to rescue Chd7 expression in this lineage 
(39). This is possible because the splice acceptor within the gene 
trap is flanked by loxP sites; thus, active Cre extinguishes β-gal 
expression as endogenous Chd7 is restored. Wnt1Cre gave efficient 
recombination in neural crest–derived tissues, as evidenced by 
the cleared LacZ staining in heterozygous animals (Figure 4, A–I). 
However, we continued to observe fourth PAA hypo/aplasia at the 
expected frequency (Figure 4H and Table 4). The clearance of β-gal 
expression from the neural crest–derived mesenchyme highlighted 
that the Chd7-driven reporter remained in the ectoderm and endo-
derm of E10.5 embryos (Figure 4I). We therefore explored the abil-
ity of a variety of Cre drivers to rescue the fourth PAA phenotype.

Given the epistasis with Tbx1, we expected Cre driven by the 
Tbx1 promoter to rescue the defect. We used a previously reported 
Tbx1 enhancer–driven Cre (Tbx1enCre; ref. 40) in order to avoid the 

complication of having a Tbx1Cre knockin (i.e., haploinsufficient) 
phenotype, but observed no significant rescue (Figure 4, J–M, and 
Table 4). However, examination of ROSA-R26R reporter expres-
sion in crosses with Tbx1enCre mice demonstrated poor recombi-
nation in the pharyngeal ectoderm and mosaic expression in the 
pharyngeal endoderm, but robust mesodermal expression that was 
broader than expression in WT Tbx1 mice (Supplemental Figure 3). 
These data suggest that in pharyngeal epithelia, but not in meso-
derm, expression of Chd7 is required for PAA morphogenesis. Fur-
thermore, no rescue was observed with a Mesp1Cre cross (Table 4),  
which directs recombination in mesodermal lineages (41).

Together, these data suggested that, as for Tbx1 (12), Chd7 is 
required in pharyngeal epithelium for fourth PAA growth and 
remodeling. To test this, we crossed the Chd7 gene trap mice to 
AP2aIRESCre mice.  AP2aIRESCre drives  recombination  in  the 
pharyngeal ectoderm and neural crest (42), which, in conjunc-
tion with the failure of Wnt1Cre to provide any phenotypic rescue, 
tests requirement of Chd7 in the pharyngeal ectoderm for normal 
fourth arch development. Full rescue of the arch artery defects 
was observed with AP2aIRESCre  (Table 4 and Figure 4, N–Q). 
This finding demonstrated an ectodermal requirement for Chd7 
in PAA development; however, because AP2aIRESCre will rescue 
Chd7 expression in both ectoderm and crest, we cannot rule out a 
subsidiary contributory role for neural crest expression of Chd7.

These data suggest that Chd7 and Tbx1 may share transcriptional 
targets, either directly or indirectly. Pharyngeal ectodermal signal-
ing regulates mesenchymal cells populating and migrating through 
the third and fourth pharyngeal arches, and cells respond to a 
number of signaling cues that include FGFs. Tbx1 is known to be 
in epistasis with Fgf8, a growth factor required in the ectoderm for 
PAA morphogenesis and expressed in overlapping domains with 
Tbx1 at E10.5 (43–45). In Chd7+/xk embryos, we found no alteration 
in expression of Fgf8, nor in that of genes whose expression level 
correlates with Fgf signaling, such as Etv5 and Etv4, as assessed by 
in situ hybridization and real-time quantitative PCR (RTQPCR), 
respectively (Supplemental Table 2 and data not shown). More-
over, Fgf8 expression in the pharyngeal ectoderm is unaffected by 
loss of Tbx1 (12), overexpression of Fgf8 in Tbx1-null mice does not 
rescue the PAA phenotype (46), and Tbx1EnCre-induced Fgf8 con-
ditional mutants do not demonstrate IAA (40). Finally, we found 
no epistasis between Chd7 and Fgf8 (Supplemental Table 3).

Figure 3
Neural crest and cranial nerve abnormalities in Chd7+/xk embryos.  
(A–D) In situ hybridization with a Crabp1 probe, a marker of neural 
crest cells, at E10.75. White arrows denote 2 streams of neural crest 
cells populating the fourth and sixth pharyngeal arches. Red arrows 
show a population of cells in the region of the foregut. (A and C) WT 
Crabp1 expression at E10.5 in the pharyngeal region. (B and D) Right 
and left lateral view of Chd7+/xk embryos. The caudal stream of neu-
ral crest cells was reduced or absent. (E–H) Immunohistochemistry 
to detect neurofilaments at E10.5, with complete staining of cranial 
nerves V (trigeminal), VII (facial), VIII (vestibulocochlear), IX (glos-
sopharyngeal), X (vagus), and XI (accessory). (E and G) In WT 
embryos, the trigeminal nerve was properly condensed and made full 
projections into the first branchial arch. (F and H) Chd7+/xk embryos 
showed reduced staining of all the nerves (expected locations indi-
cated by arrows). The trigeminal nerve was not condensed, and the 
projections into the branchial arches were not complete. The vagus 
nerve was reduced and sometimes fused with the glossopharyngeal 
nerve. Scale bars: 200 μm.
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As mentioned above, previously published data point to a require-
ment for Tbx1 in the pharyngeal epithelium on the basis of con-
ditional Tbx1 ablation with Fgf15Cre (12). To explore this further, 
we deleted Tbx1 using AP2aIRESCre and Wnt1Cre. Wnt1Cre dele-
tion of Tbx1 caused no abnormality in conditional heterozygous 
and conditional null mutants (data not shown), consistent with 
the reported lack of Tbx1 expression in neural crest cells (12). We 
concluded that any PAA abnormalities found in AP2aIRESCre-
deleted Tbx1 conditional mutants would be the result of loss of 
ectodermal Tbx1. Intracardiac ink injection of mouse embryos 
at E10.5 revealed fourth PAA hypoplasia in 76% of AP2aIRES
Cre-deleted conditional heterozygotes (n = 17; Figure 5), thereby 
recapitulating  the  fourth PAA defects previously  reported  in 
Tbx1+/– mice (5) and in Fgf15Cre-deleted conditional mutants (10). 

Corresponding great vessel defects were seen at E15.5 (Table 5).  
Surprisingly, AP2aIRESCre conditional null mutants had a broad 
spectrum of 22q11DS-like malformations, including aortic arch 
defects, thymic hypoplasia, and cleft palate. Thymic defects were 
an unexpected finding that, when considered with previously pub-
lished data (10, 11), suggest that all 3 germ layers contribute to 
thymus development. Therefore, although Tbx1 is expressed tran-
siently in pharyngeal ectoderm (10), it plays a critical role in PAA 
development. A single heart defect, namely VSD, was observed in 
E15.5 ectodermal Tbx1 mutants, in an embryo with truncus arte-
riosus communis (Table 5). At E18.5, 1 of 9 Ap2aIRESCre/+;Tbx1fl/– 
embryos had VSD (data not shown). Overall, our results demon-
strated that both Tbx1 and Chd7 are required in the pharyngeal 
ectoderm for normal PAA development.

Figure 4
Effects of Cre-mediated rescue of Chd7 mutation on the arch artery phenotype at E10.5. (A) WT embryo. Inset shows the normal PAA con-
figuration. (B–E) Chd7+/xk embryos. (B) β-geo expression driven by the Chd7 promoter. (C) Magnified view of the pharyngeal region, showing 
ubiquitous expression. (D) Ink-injected Chd7+/xk embryo, revealing hypoplastic right fourth and sixth PAAs. (E) Reporter expression in all pha-
ryngeal tissues (stronger in endoderm and ectoderm; arrows). Dark staining in arteries is India ink. (F–I) Chd7+/xk;Wnt1Cre embryos. (F) Loss of 
reporter expression in neural crest–derived structures. (G) Magnified view of the pharyngeal region, with trap retained in pharyngeal endoderm 
(arrows). (H) Hypoplastic fourth PAA (arrow). (I) Trap expression was lost in the pharyngeal mesenchyme, but remained in epithelia (arrows). 
(J–M) Chd7+/xk;Tbx1enCre embryos. Whole-mount embryo (J) and magnified views (K) of the pharyngeal region showed reduced X-gal staining. 
(L) Hypoplastic right fourth PAA (arrow). (M) Coronal section across pharyngeal region of a Chd7+/xk;Tbx1enCre embryo. Staining was reduced 
in core mesoderm, but was retained in ectoderm (red arrow). (N–Q) Chd7+/xk;AP2aIRESCre embryos. (N) Pharyngeal region, demonstrating loss 
of reporter staining in pharyngeal mesenchyme, but with staining present in pharyngeal endoderm (arrow). (O and P) Normal PAAs. (Q) Pharyn-
geal arch section showing loss of reporter activity in ectoderm and neural crest cell–derived mesenchyme, but maintained activity in pharyngeal 
endoderm (green arrow). dAo, dorsal aorta. Scale bars: 20 mm (A, B, F, and J); 100 μm (C–E, G–I, and K–Q).
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Discussion
The aorta, pulmonary, subclavian, and carotid arteries com-
prise the great vessels. They develop via remodeling of a bilater-
ally symmetrical system of paired PAAs connecting the aortic 
sac with the dorsal aortae. Disturbance of this process results 
in vascular malformations that may be associated with heart 
defects. The genetic networks controlling the formation and 
remodeling processes have been dissected using human genet-
ics and animal models. Here we showed that, in mouse models 
of 2 important syndromes associated with great vessel defects, 
Chd7 and Tbx1 were in epistasis. Although epistasis between dif-
ferent genes mutated in the same human birth defect syndrome 
has been reported in a number of instances (47–49), interaction 
between genes haploinsufficient in distinct syndromes is rarer 
(50).  In addition, both these genes were separately required 
to be expressed at biallelic levels in the embryonic pharyngeal 
ectoderm, emphasizing the importance of this epithelial tissue 
in PAA morphogenesis. Pharyngeal ectoderm has an important 
role in signaling to the neural crest (51, 52). Although FGF8 is 
known to be vital in this regard, it does not appear to be a major 
factor downstream of Chd7. The pharyngeal ectoderm makes 
no direct cellular contribution to the PAAs; thus, the effects of 
Tbx1 and Chd7 will be non–cell-autonomous. The neural crest 
is the most likely target tissue of Tbx1 and Chd7, based on prox-
imity and the effects of Chd on neural crest migration seen in 
Chd7 heterozygotes.

Although small numbers of embryos were examined at E10.5, it 
is interesting that the proportion of PAA defects seen in Chd7+/xk 
embryos dropped from 4 of 6 at E10.5 to 5 of 26 at E14.5. This 
has similarities to the previously reported recovery, or catch-up, in 
PAA morphogenesis observed in Tbx1 heterozygotes (6). Recovery 
appeared attenuated in double-mutant embryos at E14.5, with 1 
of 17 Chd7+/xk;Tbx1+/– embryos having normal great vessels at this 
stage. The basis for the recovery phenomenon is unknown. It is 
possible that reduction of signaling from pharyngeal ectoderm 
to neural crest is an early event, but that the same signal from 
other tissues at later stages of crest contribution can effect recov-
ery. In this regard, the absence of observable great vessel defects 
in Ap2aIRESCre/+;Tbx1fl/+ embryos at E15.5 is interesting in that 
it represents a full rescue, possibly because of the higher levels of 
later signaling from tissues biallelic for Tbx1.

We also observed epistasis with regard to thymus development 
and an overall increase in embryonic and perinatal mortality in 
double  heterozygotes,  which  suggests  that  additional  abnor-
malities remain to be detected in these mice. Previous work has 
demonstrated ingress of inflammatory cells and otitis media in 
Tbx1+/– mice (53), but our data are the first to our knowledge to 
show a structural abnormality — a partially penetrant lateral canal 
hypoplasia — in heterozygotes. This further emphasizes the phe-
notypic overlap between the 2 haploinsufficiencies. Tbx1 and Chd7 
demonstrated epistasis with regard to semicircular canal dysmor-
phogenesis. In particular, bilateral fusion of the posterior canal to 
the crus commune was observed in 2 of 7 embryos.

One obvious explanation for the multiple examples of Tbx1;Chd7 
interaction would be a direct regulatory relationship between Tbx1 
and Chd7. As a putative chromatin remodeler is expressed through-
out development, the most likely scenario would be Chd7 modu-
lating Tbx1 expression. However, testing at a variety of stages by in 
situ hybridization and RTQPCR analysis of each gene in embryos 
heterozygously mutated at the other locus did not demonstrate 
such a relationship between E8.5 and E10.5 (Supplemental Table 2  
and Supplemental Figure 4). It is quite possible that changes in 
expression are too subtle to be detected in heterozygotes and that 
the severe growth delay seen in Chd7-null embryos obviates mean-
ingful intralitter comparisons. We are currently deriving mice 
with a conditional allele of Chd7; it will be interesting to analyze 
the expression of Tbx1 in embryos in which Chd7 has been selec-
tively ablated in ectodermal lineages. Conditional mutants will be 
invaluable in exploring additional tissue-specific roles for Chd7 
— in tissues such as the neural crest and brain — and may therefore 
shed further light on the developmental pathology of CHARGE.

Despite Tbx1;Fgf8 epistasis, expression analysis of Fgf8 and Fgf 
signaling readouts in Chd7 mutants gave no support to the hypoth-
esis that Fgf8 is a common target. Moreover, we failed to detect evi-
dence of epistasis between Chd7 and Fgf8. Together, these data sug-
gest that an Fgf8-independent ectoderm–to–neural crest signaling 
pathway is operative in great vessel development and controlled by 
Tbx1 and Chd7. Candidate downstream signaling molecules include 
Pdgf (54), semaphorins (55), slits and ephrins (56), and Vegf (57).

TBX1 is generally thought to be a transcriptional activator (3, 
9, 58, 59). CHD7 has previously been shown to selectively inter-
act with methylated H3K4 and H3K9, but not with acetylated 

Table 4
Conditional rescue of Chd7 haploinsufficiency at E10.5

Genotype	 n	 Abnormal	 Fourth	PAA	 Sixth	PAA	
	 	 	 defects	 defects
Wnt1Cre;Chd7+/xk 6 5 (83%) 5 (83%) 0 (0%)
Chd7+/xk 6 3 (50%) 3 (50%) 0 (0%)
Tbx1enCre;Chd7+/xk 6 6 (100%) 6 (100%) 1 (17%)
Chd7+/xk 9 6 (67%) 5 (56%) 3 (33%)
Mesp1Cre;Chd7+/xk 8 4 (50%) 4 (50%) 1 (12%)
Chd7+/xk 12 6 (50%) 6 (50%) 1 (8%)
AP2aCre;Chd7+/xk	 10	 0	(0%)A	 0	(0%)	 0	(0%)
Chd7+/xk	 13	 7	(52%)	 5	(38%)	 4	(31%)

The Chd7+/xk row shows the frequency of defect seen in littermates of 
the relevant Cre cross; AP2aCre is shown in bold because this driver 
rescued the phenotype. No defects were observed in any Cre trans-
genic line or WT embryo. AP = 0.007, Fisher’s exact test.

Figure 5
Conditional ablation of Tbx1 in pharyngeal ectoderm results in fourth 
PAA aplasia. (A) Typical fourth PAA morphology in a Tbx1fl/fl control 
embryo at E10.5, revealed by intracardiac ink injection. (B) Hypo-
plasia of the fourth PAA (arrow) in a conditionally heterozygous 
AP2aIRESCre;Tbx1+/fl embryo at E10.5. Scale bar: 100 μm.
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histones, implying a role in transcriptional repression (60). For 
instance, CHD7 can bind phosphorylated SETDB1 and nemo-
like kinase and repress PPARγ transactivation (60). Chromatin 
immunoprecipitation reveals that CHD7 binding correlates with 
a subset of H3K4Me sites, often distal to transcriptional start sites 
and within DNAse hypersensitive sites; binding to these sites can 
enhance transcription (60). Tbx1 was not a major binding site in 
DLD1 or ES cells (27). Although this might imply that Tbx1 and 
Chd7 do not act together at the same promoters, the ideal tissue 
and stage of development have not been examined. Alternatively, 
their downstream pathways may converge at a later point.

In summary, our data provide an embryological basis for the 
phenotypic overlap between the 22q11 deletion and CHARGE syn-
dromes. The major respective genes involved, Tbx1 and Chd7, were 
both required in pharyngeal ectoderm for fourth PAA growth and 
remodeling and were in epistasis in this pathway. As the ectoderm 
makes no direct contribution to the PAAs, Tbx1 and Chd7 presum-
ably regulate signaling from ectoderm to mesenchymal cells popu-
lating the arches, in a pathway in parallel to that involving Fgf8. 
Further dissection of this genetic and signaling network will be 
required for a fuller understanding of aortic arch malformations. 
Similarly, further work is required to investigate potential epistasis 
during development of second heart field structures and noncar-
diovascular structures. It is possible that gene interactions between 
loss-of-function alleles, or partial loss-of-function alleles, similar 
to that observed between Tbx1 and Chd7, underlies or modifies 
congenital heart defects in humans. At the clinical level, examin-
ing 22q11 in CHARGE cases without CHD7 mutation, and CHD7 
in VCFS-like cases without 22q11 deletion or TBX1 mutation, may 
be a useful adjunct to current practice.

Methods
Study approval. All human studies were undertaken with approval of the 
relevant ethical and licensing authorities; in the United Kingdom, this was 
the UCL-ICH/Great Ormond St. Hospital Research Ethics Committee 
(08/H0713/82). All patients provided informed consent for the molecular 
analysis conducted during this work, and separate consent was obtained 
for the patient photograph in Supplemental Figure 1 (OGO32; Ethical 
Committee of University Hospitals, Catholic University of Leuven). Animal 
experiments were conducted with licensing approval from the UK Home 
Office, after having first been approved by University College London’s 
animal ethics committee.

Comparative genome hybridization and FISH. The protocols used have been 
described previously (28).

Mouse mutants, breeding, and genotyping. The 
following mouse lines were obtained from  
A. Baldini (Telethon Institute of Genetics and 
Medicine, Napoli, Italy): AP2aIRESCre (42), 
Tbx1+/LacZ (5), Tbx1+/fl (12), and Tbx1mcm/+ (9).  
J. Epstein (University of Pennsylvania, Phila-
delphia, Pennsylvania, USA) provided Tbx1
enCre (40). A. Moon (University of Utah, Salt 
Lake  City,  Utah,  USA)  provided  AP2aIRE
SCre. M.A. Basson (King’s College London, 
London, United Kingdom) provided Fgf8Δ2,3/+ 
(61). Mesp1Cre  (RBRC011450;  ref. 41) was 
obtained from the RIKEN Bioresource Cen-
ter. Wnt1Cre (39) was from P. Riley (Institute 
of Child Health, London, United Kingdom), 
and Whi (22) was from K.P. Steel (Sanger Cen-

tre, Cambridge, United Kingdom). Mice were maintained on a C57BL/6 or 
CD1 background. The mouse ES cell lines XK403 and RRR136 were obtained 
from Baygenomics, used to establish mouse lines using standard procedures, 
and bred onto a C57BL/6 background; Tbx1 and Chd7 mutants were back-
crossed to this background for at least 5 generations. A schematic of the gene 
trap is given in Supplemental Figure 5. Embryos were harvested from timed 
matings and fixed overnight at room temperature in 4% formaldehyde. Mice 
were genotyped by PCR on yolk sacs or ear biopsies. Cre-expressing mice were 
determined using the following primers: forward, TGGAAAATGCTTCT-
GTCCGTTTGC; reverse, AACGAACCTGGTCGAAATCAGTG. Cre-express-
ing mice gave a product of approximately 300 bp, and wild-type mice no 
product, when visualized by gel electrophoresis. RRR mice were genotyped 
by the following primers: β-Geo forward, GTTTCAATATTGGCTTCATC; 
β-Geo reverse, CGCCGACGGCACGCTGATTG. Mutants gave a product of 
approximately 300 bp, and WT mice had no product. XK403 mice were gen-
otyped using a 3-primer PCR: XKFx36, CAGGAGAAGAAAGGGTTCCTG; 
XKRx37, GGCAGGTCCTTCATTGGA; XKRgt, GTTTTCCCAGTCACGAC-
GTT. Heterozygous mice produced 2 products, of about 1,500 and about 
236 bp; wild-type mice produced the 236-bp product only.

RTQPCR. cDNA was prepared from whole embryos using standard meth-
ods. Whole embryos were homogenized in 600 μl buffer RLT and purified 
using the RNeasy procedure (Qiagen). To avoid contamination with DNA, 
a DNase digestion step was included in the purification process using 
RNase free DNase I (Qiagen). cDNA was synthesized from 1 μg total RNA 
with 3 μl of 100 ng/μl random primers (Promega) and mixed with water to 
a total volume of 37 μl. This mixture was incubated at 65°C for 5 minutes. 
We added 10 μl of 5× reverse transcriptase buffer and 2 μl of 10 mM dNTP 
together with 1 μl 200 U/μl Superscript reverse transcriptase II (Invitrogen) 
to a total volume of 50 μl and incubated at 37°C for 1 hour and 90°C 
for 5 minutes to inactivate the reaction. Quantitative PCR was performed 
with Tbx1 Assay on Demand Mm00448948_m1 (Applied Biosystems) with 
mouse GAPDH used as an endogenous control (Applied Biosystems). Prim-
ers for Chd7 were synthesized by Sigma-Aldrich: forward, GGAGAACCCT-
GAGTTTGCTG; reverse, CCCTGAAGTAGAGGCGACAG. Tubulin was 
used as an endogenous control: forward, TCACTGTGCCTGACTTACC; 
reverse, GGAACATAGCCGTAACTGC. Reactions were performed in qua-
druplicate on a 7900HT Fast Real Time PCR System (Applied Biosystems). 
Relative quantitation was calculated by the ΔΔCt method (62).

Xgal staining, histology, and RNA in situ hybridization. To visualize β-gal activ-
ity, formaldehyde-fixed embryos were stained using X-gal substrate accord-
ing to standard procedures. Stained embryos were photographed as whole-
mount specimens, dehydrated, embedded in paraffin wax, and cut into 6-μm 
histological sections for photography. RNA in situ hybridization experi-
ments were performed according to a previously published protocol (63).

Table 5
Tbx1 expression in pharyngeal ectoderm is required for thymic and great vessel development

	 Ap2aIRESCre/+;Tbx1fl/–	 Ap2aIRESCre/+;Tbx1fl/+	 Tbx1fl/–	 Tbx1fl/+	
	 (n	=	20)	 (n	=	9)	 (n	=	10)	 (n	=	9)
Normal 8 9 7 8
CHD
 Truncus arteriosus communis 1 0 0 0
 AbRS plus abnormal aortic arch 9 0 0 0
 AbRS only 2 0 3 1
Thymus absent/hypoplasia 12 0 3 0
Cleft palate 9 0 0 0

All embryos were phenotyped at E15.5.
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Immunohistochemistry. Formaldehyde-fixed whole embryos were washed 
with PBS plus 1% Tween 20 (PTW) dehydrated through an alcohol/PTW 
series, bleached (10% H2O2 in 80% MeOH/20% DMSO), and washed in block-
ing solution (5% sheep serum with 1 mg/ml BSA). They were then incubated 
in primary antibody (2H3; Developmental Studies Hybridoma Bank, Univer-
sity of Iowa) diluted 1:200 in blocking solution overnight at 4°C. Embryos 
were washed again in blocking solution and then incubated with the sec-
ondary antibody HRP-conjugated anti-IgG (Sigma-Aldrich) diluted 1:200 
in blocking solution overnight at 4°C. Embryos were washed again in PTW. 
The color reaction was developed using liquid DAB (Sigma-Aldrich).

Ink injections and paint filling. To visualize the aortic arch artery system 
at different developmental stages, embryos were injected with India ink 
via the outflow tract of the heart. Inner ears were dissected from E16.5 
embryos, fixed, and cleared in methyl salicylate, and the lumen of each was 
filled with white paint as described previously (21).

Statistics. Intergroup comparisons of mouse embryo phenotypes were made 
using Fisher’s exact test. A P value less than 0.05 was considered significant.
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