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Abstract

Background—22q11.2 deletion syndrome (22q11DS) is the most common microdeletion

syndrome in humans, characterised by cardiovascular defects such as interrupted aortic arch,

outflow tract defects, thymus and parathyroid hypo- or aplasia and cleft palate. Heterozygosity of

Tbx1, the mouse homologue of the candidate TBX1 gene, results in mild defects dependent on

genetic background, whereas complete inactivation results in severe malformations in multiple

tissues.

Results—The loss of function mutations in two Sprouty genes, which encode feedback

antagonists of receptor tyrosine kinase (RTK) signaling, phenocopy many defects associated with

the syndrome in the mouse. The stepwise reduction of Sprouty gene dosage resulted in different

phenotypes emerging at specific steps, suggesting that the threshold up to which a given

developmental process can tolerate increased RTK signaling is different. Tbx1 heterozygosity

significantly exacerbated the severity of all these defects, which correlated with a substantial

increase in RTK signaling.

Conclusions—Our findings suggest that TBX1 functions as an essential component of a

mechanism that protects the embryo against perturbations in RTK signaling that may lead to

developmental defects characteristic of 22q11.2 deletion syndrome. We propose that genetic

factors that enhance RTK signalling ought to be considered as potential genetic modifiers of this

syndrome.
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Introduction

22q11.2 deletion syndrome (22q11DS), also referred to as DiGeorge syndrome/velocardio-

facial syndrome (DGS/VCFS) is characterized by a range of defects, that include congenital

heart disease, palate anomalies, hypocalcaemia, T cell mediated immunodeficiency,

cognitive difficulties, and dysmorphic faces (Frank et al., 2002). Cardiovascular anomalies

include interrupted aortic arch type B (IAA-B) and other aortic arch defects, persistant

truncus arteriosus, tetralogy of Fallot and ventricular septal defects (VSD). Most 22q11DS

features appear to be due to defects during development of a transient structure in the

midgestation embryo, the pharyngeal apparatus (Baldini, 2005; Wurdak et al., 2006).

Human genetic studies have shown that 22q11DS is most often associated with a 3Mb

microdeletion at chromosome 22q11.2, occurring in approximately 1/4000 births, making it

the most common microdeletion syndrome (Scambler, 2000; Botto et al., 2003; Kobrynski

and Sullivan, 2007). Some 22q11DS patients have a smaller, nested distal deletion endpoint

resulting in a 1.5 Mb deletion (McDermid and Morrow, 2002). Genetic studies in the mouse

have shown that haploinsufficiency or complete loss of Tbx1, within the 1.5 Mb region, can

recapitulate most of the physical anomalies. 22q11DS patients with mutations in TBX1 in

the absence of 22q11 microdeletions have been identified, confirming TBX1 as a prime

candidate gene for the syndrome (Gong et al., 2001; Yagi et al., 2003; Zweier et al., 2007).

Another gene outside the 1.5 Mb interval, Crkl, which encodes an intracellular RTK

signaling adaptor, may modify the phenotype, because inactivation of Crkl results in similar

thymus and cardiovascular anomalies in the mouse. These studies have confirmed that

combined heterozygosity for Tbx1 and Crkl significantly exacerbated the phenotypes

associated with either Tbx1 or Crkl heterozygosity (Guris et al., 2006). These and other

studies have indicated that the level of TBX1 is critical for normal development and factors

that can alter the intensity of signalling pathways sensitive to TBX1 dosage are of particular

interest in understanding the severity of disease.

Indeed, the large clinical variability that typifies this syndrome suggests that factors outside

the typically deleted region may modify the phenotype. In order to fully understand this

disease, it is vital that these modifiers are identified. Potential modifying mechanisms

include differences in breakpoints during deletion, specific modifier genes outside the

critical region, allelic variation of genes within the critical region on the non-deleted

chromosome, epigenetic phenomena and environmental factors (Scambler et al., 1991;

Morrow et al., 1995; Carlson et al., 1997). The search for modifier genes in patients have so

far met with limited success (Driscoll et al., 2006; Goldmuntz et al., 2009). Studies in mouse

embryos have suggested that Tbx1 functions in a genetic pathway upstream of Fibroblast

Growth Factor (FGF) signaling (Abu-Issa et al., 2002; Frank et al., 2002; Vitelli et al., 2002;

Brown et al., 2004; Arnold et al., 2006b; Park et al., 2006). Accordingly, loss of function

mutations in genes encoding FGF ligands can enhance the mild phenotypes in Tbx1+/-

mutants (Vitelli et al., 2002; Aggarwal et al., 2006). Similarly, variants of the Vascular

Endothelial Growth Factor (Vegf) gene have been identified as a potential modifier of the

pharyngeal arch artery phenotype in mice and humans (Stalmans et al., 2003). A number of

other genes have been found to genetically interact with Tbx1 during mouse development,

including the BMP antagonist, Chordin, the cardiac transcription factor Pitx2 and the Chd7
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gene, which is associated with CHARGE syndrome (Nowotschin et al., 2006; Choi and

Klingensmith, 2009; Randall et al., 2009).

The Sprouty genes encode intracellular regulators of RTK signaling and have been shown to

function widely to regulate the levels and extent of signaling during embryonic

development. Although signaling downstream of many growth factors can be regulated by

Sprouty in vitro, in vivo evidence thus far seems to suggest a preference for the FGF and

GDNF/RET pathways during mammalian development (Basson et al., 2005; Shim et al.,

2005; Klein et al., 2006; Taniguchi et al., 2007). The human and mouse genomes contain

four Sprouty genes, Spry1-Spry4. We found that two of these genes, Spry1 and Spry2 were

co-expressed at high levels in all key tissues of the developing pharyngeal apparatus of the

mouse embryo. We hypothesized that Sprouty genes play important roles in the

development of the PA and that these genes may modify the phenotypes in mouse models of

22q11DS. Here we provide experimental evidence in support of this hypothesis, by showing

that Sprouty-deficient embryos have many defects in organs derived from the PA and that

these genes interact with Tbx1 during development.

Results

Sprouty genes are expressed in the developing pharyngeal apparatus

Sprouty genes are feedback antagonists of FGF signalling and previous studies have

reported Sprouty gene expression in the developing pharyngeal region of the mouse embryo

where several FGF ligands are expressed (Minowada et al., 1999). We confirmed that Spry1

and Spry2 were expressed at high levels in the developing pharyngeal apparatus during the

time when the anterior pharyngeal pouches are forming and the otic placode is invaginating

to form the otic vesicle (Fig. 1A,B). We recently reported that these genes are expressed in

the pharyngeal ectoderm, endoderm and mesoderm (Simrick et al., 2011). Sprouty gene

expression is maintained in discrete regions in and around the anterior pharyngeal pouches

after their formation and during the formation of the caudal pouches (Fig. 1D,E). As

expected, Sprouty gene expression significantly overlapped with the expression of Etv5

(Erm), another gene known to be transcriptionally regulated by FGF signaling (Klein et al.,

2008) (Fig. 1C,F).

Spry1-/-;Spry2-/- (Spry1;2dko) embryos present with a range of pharyngeal phenotypes

Given the overlapping expression patterns of Spry1 and Spry2, and the similar activities of

SPRY1 and SPRY2 proteins on RTK signaling (Hanafusa et al., 2002; Iatan et al., 2009), we

predicted that these genes would function redundantly in the pharyngeal apparatus. To

directly test this hypothesis, we produced double Spry1;Spry2 gene knockout embryos

(Spry1;2dko) by crossing males homozygous for βactin-Cre and heterozygous for Spry1 and

Spry2 null alleles (βactin-Cre;Spry1+/-;Spry2+/-) with females homozygous for conditional

(flanked by loxP sites = flox) Spry1 and Spry2 alleles (Spry1flox/flox;Spry2flox/flox) (Basson et

al., 2005; Shim et al., 2005). βactincre;Spry1+/- ;Spry2+/- embryos (hereafter referred to as

Spry1+/-;Spry2+/-) produced in these crosses were phenotypically normal and were used as

littermate controls in all experiments.
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Compound Sprouty gene knockout embryos were screened for the anomalies associated with

22q11DS. Velopharyngeal insufficiency due to cleft palate is a common birth defect

associated with 22q11DS. Micro-MRI scanning of E15.5 embryos (Fig. 2) and direct

examination of E16.5-E18.5 palates revealed severe clefting of the secondary palate in

Spry1;2dko embryos (Fig. 2A, Table 1). Coronal sections through the heads of these

embryos indicated that palatal shelves were present bilaterally, but that the shelves on at

least one side of the embryo failed to elevate above the tongue (Fig. 2B). Spry1+/-;Spry2-/-

(Fig. 2C,D) and Spry1-/-;Spry2+/- (Fig. 2E,F) embryos also presented with cleft palate,

although these clefts were generally smaller, only affecting the posterior half of the palate

(Fig. 2C,E). Interestingly, coronal sections through these embryos revealed palatal shelves

that had elevated above the tongue, but failed to meet at the midline (Fig. 2D,F).

Spry1+/-;Spry2+/- embryos (Fig. 2G,H) did not exhibit cleft palate. These data indicated

that Sprouty genes controlled palatal development in a gene dosage-dependent manner.

Furthermore, we noticed that the incidence of palatal defects did not increase gradually as

Sprouty gene dosage was reduced, but that an apparent threshold was crossed between the

loss of two and three Sprouty alleles, resulting in an increased incidence from 0% in

Spry1+/-;Spry2+/- embryos to 100% in Spry1+/-;Spry2-/- and Spry1-/-;Spry2+/- embryos

(Table 1).

Next we determined the position and size of the thymus, an organ often affected in

DiGeorge syndrome. In Spry1+/-;Spry2+/- control embryos, the thymic lobes had

descended completely to their final position at the mediastinum just cranially and ventrally

to the heart by E15.5 (see Fig. 5B). The Spry1;2dko embryos had two thymus lobes, similar

to controls, but thymi were hypoplastic and located ectopically in the neck of all mutant

embryos analysed (Fig. 5C,D). Thymus abnormalities in Spry1+/-;Spry2+/- and all other

embryos retaining at least one copy of Spry1 or Spry2 were generally mild and occurred at

low frequencies (Table 2).

No defects in the outflow tract or major thoracic vessels were detected in Spry1;2dko

embryos. However, 2/8 embryos had small ventricular septal defects (VSDs) (Table 3, data

not shown).

In addition to the defects described here, we have also noted abnormalities in the

parathyroids (JG, MAB and Nancy Manley, manuscript submitted). Thus, a range of

phenotypes associated with 22q11del syndrome is present in embryos with reduced Spry1

and Spry2 gene dosage. These embryos may therefore represent useful mouse models for

investigating the development of a subset of organs defective in this syndrome.

Pharyngeal arch artery defects in Spry1;2dko embryos

The pharyngeal arch arteries undergo a complex asymmetric remodeling process during

development to form the large thoracic vessels, including the aortic arch. Aberrant loss or

maintenance of segments of the embryonic PAAs is the primary cause of aortic arch defects

(Srivastava and Olson, 2000; Hiruma et al., 2002). For example, the left-sided 4th PAA

contributes to the portion of the descending aorta between the left common carotid (LCC)

and left subclavian arteries (LSA). The absence of this portion of the aortic arch is referred

to as interrupted aortic arch type B (IAA-B) and is a characteristic defect in 22q11del
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syndrome . The pharyngeal arch arteries can be visualized at E10.5 of development by

intracardiac India ink injections, which allowed us to determine the incidence of 4th PAA

abnormalities. Wildtype and Spry1+/-;Spry2+/- embryos had normal pharyngeal arch

arteries (Fig. 3A,B). A significant proportion (n=7/18) of Spry1;2dko embryos exhibited an

abnormal regression of the 4th PAA at E10.5 (Fig. 3Eii, K). 4th PAA defects were also

detected in embryos in which three Sprouty genes had been deleted: Spry1-/-;Spry2+/- and

Spry1+/-;Spry2-/- (Fig. 3C-D, K, Table 3). Defects in other arch arteries were also observed.

By E10.5 of development (35 somite stage), cranial arch arteries (1st and 2nd) had

completely regressed in control embryos (Table 3). Similarly, no significant incidence of

persistent 1st or 2nd arteries were observed in Spry1-/-;Spry2+/-, Spry1+/-;Spry2-/- embryos.

Spry1;2dko embryos did not show a significant 1st PAA phenotype either (Table 3).

However, persistent 2nd PAA defects occurred at high frequency in Spry1;2dko embryos

(Fig. 3Ei, Table 3). Thus, Spry1;2dko embryos exhibited 2nd and 4th PAA defects at E10.5.

Sprouty genes interact with Tbx1 during PA development

Sprouty and Tbx1 genes have been shown to regulate FGF signaling, albeit in apparently

opposite ways, with Tbx1 being required for FGF gene expression and Sprouty inhibiting

FGF signal transduction. The apparent phenotypic similarities between Sprouty and Tbx1

mutant embryos with respect to craniofacial, pharyngeal arch artery and thymus defects,

suggested that Sprouty genes and Tbx1 either affected the FGF (or another) pathway in a

similar way, or that hypo- or hyperactivation of the pathway could result in similar

phenotypes. We generated embryos with different allelic combinations of Spry1, Spry2 and

Tbx1 loss of function alleles and determined their phenotypes in an attempt to distinguish

between these possibilities. We reasoned that a phenotypic rescue would indicate that these

mutations had opposing effects on signaling, whereas an exacerbation in the phenotype,

would indicate that Sprouty and Tbx1 mutation could affect the same pathway in a similar

way.

Tbx1+/- embryos exhibit a low incidence of cardiovascular defects on certain genetic

backgrounds (Merscher et al., 2001). The sensitivity of these defects to genetic background

has also been reported in a mouse model in which the chromosomal region syntenic with the

human critical region was deleted on one chromosome (Taddei et al., 2001). With the

exception of one embryo (n=1/17), no cardiovascular defects were observed in Tbx1+/-

mutants maintained on a mixed genetic background in our colony. This observation is in

agreement with the low incidence of cardiovascular (9%) defects in these mutants reported

previously (Liao et al., 2004). As all four Spry1 and Spry2 alleles had to be deleted before

significant PAA defects were detected (Table 3), we chose to analyse embryos with various

combinations of Spry1, Spry2 and Tbx1 null alleles.

To test for genetic interactions between Sprouty and Tbx1 genes, we first visualised the

PAAs in E10.5 embryos by ink injection. The incidence of 1st PAA persistence in Tbx1+/-

or Spry1;2dko embryos was significantly increased when these mutations were combined in

Spry1;2dko;Tbx1+/- embryos (Fig. 3J, Table 3). The incidence of 2nd and 4th PAA defects

in Spry1;2dko embryos was also significantly increased on a Tbx1+/- background (Fig. 3,

Table 3). First and second PAA defects are not normally observed in Tbx1+/- embryos.
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Importantly, Tbx1 heterozygosity also increased the incidence of 4th PAA defects

significantly in Spry1-/-;Spry2+/-, Spry1+/-;Spry2-/- and even in Spry1+/-;Spry2+/-

embryos (Fig. 3F-I, K, Table 3). These data indicate that Sprouty and Tbx1 genes interacted

during PAA development and that a reduction in gene dosage significantly increased the

incidence of 4th PAA phenotypes. We concluded from these experiments that Sprouty and

Tbx1 loss of function mutations had similar effects on a genetic pathway that regulated PAA

development.

To determine the consequences of these early PAA defects and to provide a more

comprehensive picture of cardiovascular defects, we analysed E15.5-E17.5 embryos by

micro-MRI, India ink injections and histology. The only cardiovascular defect observed in

Sprouty-deficient embryos was ventricular septal defects that occurred at low frequency

(e.g. n=2/8 in Spry1;2dko embryos, Table 3). Despite the clear PAA defects in many

Spry1;2dko embryos at E10.5, no large thoracic vessel phenotypes were observed in Sprouty

mutants at E15.5 (Fig. 4A,E,G,I and Table 3). A similar discrepancy between early

pharyngeal arch artery and later aortic arch defects has been reported previously in Tbx1+/-

mutants. Although defects in PAA development is associated with cardiovascular defects

such as IAA-B, it has been shown that embryos with PAA defects at E10.5 appear to have

the ability to repair/rescue a significant number of these early defects (Lindsay et al., 2001).

These data indicated that Sprouty-deficient embryos could also recover from aortic arch

defects after E10.5.

The increased severity of PAA defects at E10.5 in Sprouty;Tbx1 compound mutants resulted

in severe great vessel defects at E15.5 (Fig. 4, Table 3). The loss of three or four Sprouty

alleles in combination with one Tbx1 allele was associated with clear aortic arch defects at

E15.5. The observed defects included retroesophageal aortic arch (Fig. 4C,H) and

interrupted aortic arch type B (Fig. 4J). Both these defects are caused by the absence of a left

4th arch artery, resulting in an interruption between the left common carotid and left

subclavian arteries. Embryos with vascular rings were also observed (Fig. 4D), a defect that

can arise due to a persistant bilateral 4th aortic arch. The incidence of these defects was

significantly increased compared to Tbx1+/+ embryos of the corresponding Sprouty

genotype (Table 3). Although a few Spry1+/-;Spry2+/-;Tbx1+/- embryos exhibited aortic

arch defects (n=4/38), this low incidence was not statistically different from

Spry1+/-;Spry2+/-;Tbx1+/+ embryos. Mild outflow tract rotation defects were only

observed in a small subset of Spry1-/-;Spry2-/-;Tbx1+/- embryos and not in any other

genotype (Table 3). We concluded from this data that Tbx1 haploinsufficiency significantly

exacerbated PAA defects in Sprouty-deficient embryos and that the exacerbated phenotype

at E10.5 correlated well with an increased incidence of great vessel anomalies by E15.5.

Sprouty and Tbx1 genes interact during thymus organogenesis

A small fraction (n=7/32) of Tbx1+/- embryos analysed had thymus hypoplasia (defined as

<1/3 of the mean of control thymus size) (Fig. 5A, Table 2). A significant incidence of

thymus defects was only observed upon the deletion of both Sprouty genes, and all these

Spry1;2dko embryos exhibited thymus hypoplasia with thymus lobes located ectopically in

the neck (Fig. 5D, Table 2). All of these embryos had two thymus lobes each, although only
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one could be seen in many sections due to variability in their ectopic locations (Fig. 5C). By

contrast, when Tbx1 gene dosage was reduced in Spry1;2dko embryos, a significant number

exhibited thymus aplasia (Fig. 5E,F, Table 2). Tbx1 heterozygosity also had significant

effects on thymus size in other Sprouty-deficient embryos. Spry1+/-;Spry2-/- embryos that

had normal thymus development on a Tbx1+/+ background, showed a significant increase

in the incidence of thymus hypoplasia on a Tbx1+/- background (Table 2).

Sprouty genes interact with Tbx1 during palatogenesis

All embryos in which 3 or 4 Sprouty alleles had been deleted have cleft palate (Fig. 2, Table

1). Tbx1 heterozygosity does not significantly alter the incidence of this phenotype (Table

1). No Spry1+/-;Spry2+/- or Tbx1+/- embryos with palatal defects were observed during the

course of our study (Fig. 5G,H, Table 1). Intriguingly, many Spry1+/-;Spry2+/-;Tbx1+/-

embryos had cleft palate, and the incidence of cleft palate in these mutants was significantly

increased compared to Spry1+/-;Spry2+/- embryos (Fig. 5I,J, Table 1). Thus, it appears that

Tbx1 heterozygosity also sensitized the embryos to palatal defects.

Expanded Tbx1 expression in Spry1;2dko embryos

One possible explanation for the exacerbation of pharyngeal phenotypes by reducing Tbx1

gene dosage in Spry1;2dko embryos, is that Tbx1 gene expression may be downregulated in

Spry1;2dko embryos. An examination of Tbx1 expression in embryos between E9.0 and

E9.5 revealed an expansion of Tbx1 expression in the caudal (II-VI) arches (Fig. 6). The

expansion of Tbx1-expressing core mesoderm in the second arch correlated with the

increased size of this arch in these embryos, suggested that the expansion of Tbx1-

expressing tissue is responsible for this phenotype (Simrick et al., 2011). This observation

argued against a simple model whereby reduced Tbx1 expression could account for the

observed genetic interactions.

Tbx1 protects the embryos against mild perturbations in RTK signaling

As both TBX1 and Sprouty have been associated with the regulation of RTK signaling, in

particular FGF signaling, we investigated to what extent the level of FGF signaling in the

developing pharyngeal apparatus was perturbed in the various mutants. As all previous

studies that concluded that TBX1 was an upstream, positive regulator of FGF signaling, only

reported changes in FGF gene expression in Tbx1 null embryos, we first wanted to

determine whether FGF signaling was downregulated in Tbx1+/- embryos. As both Spry1

(Basson et al., 2008) and Spry2 (Chambers et al., 2000) genes are transcriptional read-outs

of FGF signaling in the embryo, we monitored their expression in wildtype (WT), Tbx1+/-

and Tbx1-/- embryos. Both Spry1 (Fig. 7A-C, n=2/2) and Spry2 (Fig. 7D-F, n=2/2)

expression was downregulated in the pharyngeal apparatus of Tbx1 mutant embryos in a

manner that was clearly proportionate to the Tbx1 gene dosage. Next, we compared the

expression of another FGF read-out, Etv5 (Klein et al., 2006). Etv5 expression appeared

slightly downregulated in Tbx1+/- mutants compared to wild type controls (Fig. 8A,B,

n=4/4), perhaps clearest in the 1st pharyngeal arch (PA1). As expected, the expression levels

of Etv5 was increased in Sprouty mutant embryos, with the extent of upregulation

correlating with the number of Sprouty alleles deleted: slight upregulation in
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Spry1+/-;Spry2+/- (Fig. 8C) and stronger upregulation in Spry1;2dko embryos (Fig. 8E,

n=4/4), consistent with these genes functioning as RTK antagonists. To our surprise, Etv5

expression was drastically upregulated in many Spry1+/-;Spry2+/-;Tbx1+/- (Fig. 8D,

n=2/3) and Spry1;2dko;Tbx1+/- (Fig 8F, n=2/4) embryos compared to stage-matched

Spry1+/-;Spry2+/- and Spry1;2dko embryos. Quantitation of Etv5 mRNA levels in

microdissected pharyngeal tissue by quantitative RT-PCR, confirmed a significant

upregulation of Etv5 expression in Spry1;2dko;Tbx1+/- embryos compared to stage-matched

Spry1;2dko;Tbx1+/+ embryos (Fig. 8G). These observations suggest that the ability of Tbx1

heterozygosity to enhance the phenotypes associated with Sprouty gene deficiency may be

due to a significant upregulation of RTK signalling. To find further evidence for this, we

also quantified the expression of several other genes that are transcriptionally regulated by

RTK signaling. Both Dusp6 and Spry4 were upregulated in Spry1;2dko;Tbx1+/- embryos

compared to Spry1;2dko embryos (Fig. 8G). We also measured Fgfr1 transcript levels and

found a slight, but significant increase, consistent with the observed increased RTK

signaling. By contrast, Fgf8 gene expression was not altered by the loss of one Tbx1 allele,

suggesting that increased Fgf8 expression is unlikely to account for our observations (Fig.

8G).

Discussion

In the present study, we investigated the role of two Sprouty genes in pharyngeal

development. Our data indicate that Spry1 and Spry2 function redundantly during PA

development and that several functions are only revealed when more than one Sprouty gene

is deleted, consistent with observations in other organs (Taniguchi et al., 2007; Klein et al.,

2008). The most intriguing observation reported here is that Tbx1 heterozygosity enhanced

all these phenotypes, indicating that Sprouty and Tbx1 genes functioned in the same or

parallel genetic pathways and that loss of function Sprouty mutations should be considered

as potential genetic modifiers of human phenotypes caused by TBX1 haploinsufficiency.

TBX1 is a prime candidate for DiGeorge syndrome and the observation that Tbx1 null mouse

embryos exhibited severe defects in the formation of the caudal pharyngeal arches provided

strong experimental evidence in support of the idea that Tbx1 is a key player in pharyngeal

apparatus development (Jerome and Papaioannou, 2001; Lindsay et al., 2001). Studies

demonstrating that the expression of several genes encoding FGF ligands in the pharyngeal

apparatus are lost in Tbx1 null embryos placed TBX1 upstream of FGF signaling.

Furthermore, Fgf8 heterozygosity enhances the mild phenotypes present in Tbx1+/-

embryos, in agreement with TBX1 being a positive regulator of FGF signaling (Vitelli et al.,

2002; Aggarwal et al., 2006). The data presented in this manuscript argues against a simple

linear model where TBX1 functions strictly as an upstream, positive regulator of FGF gene

expression in all contexts. Indeed, a previous study reported that Fgf8 overexpression in

Tbx1-expressing cells that were also Tbx1+/-, enhanced the 4th PAA phenotypes (Vitelli et

al., 2006). This observation is consistent with our findings. However, other phenotypes (e.g.

thymus and palate) were not enhanced in this study and the authors concluded that the PAA

phenotype was somehow unique with respect to FGF signalling. Our data now suggests that

this phenomenon is applicable to other organs too and that the effect of TBX1 on FGF

signalling thresholds may be more universal than previously thought.
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A recent study in which the effects of reducing Tbx1 transcript levels by small intervals were

assessed, showed that the appearance of developmental defects did not correlate in a linear

fashion with Tbx1 levels, but rather that it exhibited an abrupt appearance of defects once

Tbx1 levels were reduced below a certain threshold. These results suggested that the

maintenance of Tbx1 levels within a certain range was required for the stability of the

developmental system and that the sensitivity of an embryo to stochastic or environmental

variation may be increased substantially when Tbx1 levels approached this critical threshold.

This interpretation is consistent with a model whereby both genetic and stochastic factors

could contribute to the severity of the disease, as is indeed suggested by observations of

discordant phenotypes in monozygotic twins (Goodship et al., 1995; Yamagishi et al., 1998;

Vincent et al., 1999; Hillebrand et al., 2000), and the variation in phenotypic severity in

inbred mouse strains (Jerome and Papaioannou, 2001; Taddei et al., 2001). TBX1 therefore

appears to function as a central component that is required for the stability of the gene

regulatory network(s) that control pharyngeal development (Baldini, 2005).

Our data appear to be in disagreement with two recent reports of cleft palate in Spry2-

deficient mice on a C57BL/6J genetic background (Welsh et al., 2007; Matsumura et al.,

2011). Mice homozygous for a targeted deletion of the Spry2 open reading frame used in our

experiments do not have cleft palate, even on a C57BL/6J background (Gail Martin,

personal communication). The reason for this discrepancy is unknown, however, our studies

indicate that Sprouty genes are required for normal palatal development, in a dosage-

dependent manner.

Our data suggested that increasing RTK signaling by simultaneously deleting Spry1 and

Spry2 resulted in phenotypes in many of the same organs typically affected by the loss or

gain of Tbx1 function (Funke et al., 2001; Merscher et al., 2001; Liao et al., 2004; Vitelli et

al., 2009). The Tbx1+/- embryos used in the present study were generated from the

Tbx1tm1.2Bem conditional allele (Arnold et al., 2006a). Most of these embryos appeared

phenotypically normal on our mixed genetic background (129Sv;C57BL/6J; FVB/N; CD1),

making it ideal to test for exacerbated phenotypes. The analyses of compound

Spry1;Spry2;Tbx1 mutants revealed a strong interaction between these mutations during PA

development, suggesting that these genes functioned in the same or parallel genetic

pathways.

To understand the reason for these genetic effects, we investigated whether RTK signaling

was deregulated in unexpected ways in compound mutant embryos at a critical time point

for caudal PA development (Xu et al., 2005). To our surprise, we found that the level of

RTK signaling was disproportionally enhanced in Sprouty-deficient embryos on a Tbx1+/-

background. We conclude that Tbx1 heterozygosity “sensitized” the embryo to perturbations

in FGF signaling. Thus, it appears that TBX1 has a crucial role in maintaining the stability

of the developmental system and essentially functioned like a buffer against the perturbation

of RTK signaling (Fig. 9).

The exact molecular mechanism whereby TBX1 might maintain the stability of the

developmental system is not known. One possibility is that TBX1 does so by interacting

with and integrating a large network of signaling pathways. Tbx1 has indeed been shown to
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interact with a number of major signaling pathways, including those regulated by FGF

(Abu-Issa et al., 2002; Vitelli et al., 2002; Aggarwal et al., 2006), VEGF (Stalmans et al.,

2003), Retinoic acid (Guris et al., 2006; Roberts et al., 2006), BMP (Fulcoli et al., 2009),

SHH (Garg et al., 2001; Yamagishi et al., 2003), and Notch (Mitsiadis et al., 2010). The

developing PA is a region in which all these signaling pathways are active and cells

presumably integrate signals from this complex milieu. Thus, TBX1 may stabilise this

system by functioning as an important integrator of many of these pathways. Although

TBX1 may achieve this at the level of transcription, recent studies by the Baldini group have

identified roles for TBX1 that appear distinct from its transcriptional activity. For example,

TBX1 interacts with Serum Response Factor (SRF) and targets it for degradation (Chen et

al., 2009) and interacts with SMAD1 to suppress BMP signaling (Fulcoli et al., 2009).

Future studies are required to identify and characterize the individual interactions further, as

well as integrate these interactions to understand the role of TBX1 at a “systems” level.

Intriguingly, TBX1 has also been shown to be required for a mixed population of embryonic

fibroblasts to respond to FGF8 in vitro, suggesting that TBX1 may have a more direct role in

regulating FGF-responsiveness in cells (Herbst et al., 2010). Whether Sprouty and Tbx1

genes function in the same cell type e.g. the pharyngeal ectoderm to control neural crest

migration will require the systematic analysis of mutants in which all these genes had been

ablated in a cell type-specific manner (Eichenauer et al., 2009).

We found that different organs exhibited different sensitivities to alterations in RTK

signaling and Tbx1 levels. The most sensitive developmental system to Sprouty gene dosage

appears to be the palate, with the arch arteries and thymus being relatively insensitive.

Interestingly, we observed an extremely low incidence of heart (outflow tract and ventricular

septum) defects in the Sprouty mutants and no significant genetic interaction with Tbx1.

Zhang et al. also found that these structures were the least sensitive to the reduction in Tbx1

transcript level (Zhang and Baldini, 2008). Vitelli et al. also found no exacerbation of

outflow tract defects in Tbx1+/- embryos when overexpressing Fgf8 (Vitelli et al., 2006).

Two groups recently reported that the inhibition of FGF signaling in the secondary heart

field by overexpressing Spry1 or Spry2 resulted in OFT defects (Park et al., 2008; Yang et

al., 2010). Our data suggest that increased FGF signaling in the absence of Spry1 and Spry2

is still compatible with normal OFT development.

The observations reported here have important implications for our understanding of the

aetiology underlying 22q11DS. One implication of our findings is that genetic, epigenetic or

environmental factors that perturb RTK signaling during the critical time of development of

the PA may have disproportionally large effects on Tbx1+/- embryos. Our data suggest that

environmental insults enhance RTK signalling, in addition to those that can potentially

reduce Fgf8 expression, are likely to exacerbate phenotypes in Tbx1-deficient embryos

(Vitelli et al., 2002; Sparrow et al., 2012). These interactions may account for the large

clinical variability observed in 22q11DS patients.
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Experimental Procedures

Mouse strains, breeding and genotyping

All mutant lines used in this study have been described previously and were maintained on a

mixed genetic background; βactin-cre (Lewandoski et al., 1997), Spry1 flox/null allele

(Basson et al., 2005), Spry2 flox/null allele (Shim et al., 2005) and Tbx1 flox/null allele

(Arnold et al., 2006a). Mice homozygous for β-actin cre and heterozygous for Spry1 and

Spry2 null alleles (βcre2;Spry1+/-;Spry2+/-) were mated with mice homozygous for Spry1

and Spry2 flox alleles (Spry1flox/flox;Spry2 flox/flox). Sprouty;Tbx1 compound mutants were

generated either by mating βcre2;Spry1+/-;Spry2+/-;Tbx1+/- mice with

Spry1flox/flox;Spry2 flox/flox mice, or by mating βcre2;Spry1+/-;Spry2+/- mice with

Spry1flox/flox;Spry2flox/flox;Tbx1flox/flox mice. Embryos were harvested from timed matings,

where noon on the day of the vaginal plug was taken as E0.5. Harvested embryos were fixed

overnight in 4% paraformaldehyde at 4°C, then either ink injected or dehydrated and stored

in 100% methanol at -20°C for whole mount or section in situ hybridisation. E15.5 embryos

collected for MRI scanning, were bled out into warm Hank's Balanced Salt solution before

fixing in 4% formaldehyde at 4°C. In some cases, the chest cavities of E16.5-E18.5 embryos

were opened and examined for the presence, position and size of thymus lobes and hearts

removed for histological analysis. All experiments involving mice were approved by the

BSU ethical review board, King's College London and were performed as specified by a UK

Home Office Project Licence 70/9904.

Genotypes were determined by PCR amplification using embryonic yolk sac or tail DNA as

appropriate. PCR primers for βactin-cre were CCT GGA AAA TGC TTC TGT CCG and

CAG GGT GTT ATA AGC AAT CCC, which gave a 390bp product in cre positive

embryos and no product in wild type embryos. Spry1 genotyping primers were GGG AAA

ACC GTG TTC TAA GGA GTA GC, GTT CTT TGT GGC AGA CAC TCT TCA TTC

and CTC AAT AGG AGT GGA CTG TGA AAC TGC; which produced a 342bp product

with a flox allele, a 150bp product with a null allele and a 311bp product with a wild type

allele. Genotyping primers for Spry2 were GGA TGG CTC TGA TCT GAT CC, TTG AGA

ACA TGC CTC GAC C and GCA TGG GCT ATT CAC AAA C, resulting in PCR products

of 500bp with a flox allele, a 225bp product with a null allele and a 350bp product with a

wild type allele. Tbx1 genotyping primers were TGA CTG TGC TGA AGT GCA TC, TCT

TCT TGG GGC TGT AGA CT and AGC GCA ATG GCT TTT AAG GG, which generated

a 580bp product with a flox allele, a 415bp product with a null allele and a 532 product with

a wild type allele.

India ink injections

The pharyngeal arch arteries and the great arteries were visualized by Indian ink (Pelikan)

injections into the outflow tract with a glass microinjection needle.

MRI

E15.5 embryos were dissected, exsanguinated and fixed in 4% PFA with Gd-DTPA for at

least three days. Fixed embryos were embedded in agarose, also containing Gd-DTPA and

MRI was performed as previously described in Schneider et al. (Schneider and
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Bhattacharya, 2004). The analysis and 3D reconstructions of MRI data were done using the

Amira® software (Visage Imaging Inc.).

Histology

Embryos were embedded in paraffin and sectioned at 7μm thickness in preparation for

section immunohistochemistry or H&E staining. H&E (hematoxylin and eosin) staining was

performed by Dr. Alasdair Edgar according to standard protocols.

In situ hybridisation

Whole mount RNA in situ hybridisation was performed according to standard protocols.

Spry1 and Spry2 RNA probes were produced from constructs as described by Minowada et

al. (Minowada et al., 1999). The Etv5 (Erm) RNA probe has previously been detailed by

Klein et al. (Klein et al., 2006).

Quantitative RT-PCR

The pharyngeal apparatus from stage-matched embryos (21-23ss) was microdissected and

all adjacent neural and heart tube tissues removed. Total RNA was extracted and genomic

DNA removed using the Absolutely RNA Microprep Kit (Agilent Technologies) . A total of

200ng of RNA was used for first-strand DNA synthesis with nanoScript Precision RT kit

(PrimerDesign Ltd.) according to the manufacturer's specifications. cDNA synthesis

reactions without reverse transcriptase enzyme (no RT) were used as controls for q-RT-

PCR. qRT-PCR was performed on a RotorGene Q cycler (Qiagen) using Precision qPCR

MasterMix kit (PrimerDesign Ltd.). Appropriate normalising genes were detected using

qbasePLUS software (Biogazelle) with geNorm reference kits (PrimerDesign Ltd.) All

reactions were performed twice in duplicate each time and normalised to GAPDH. Cq

threshold values were determined manually and all were at least 5 Cq values below no RT

controls. ΔΔCq values were calculated relative to S12dko samples using Microsoft Excel

software and graphs were produced using GraphPad Prism software. Primers were as

follows: Etv5 (5’-TGCCCACTTCATCGCCTGGAC-3’ and 5’-

TAGCGGAGAGAGCGGCTCAG-3’), Dusp6 (5’- TCTGTTTGAGAATGCGGGCGAG-3’

and 5’- GCCAAGCAATGCACCAGGACAC-3’), Spry4 (5’-

TGCGACTTCAACGGCGACTG-3’ and 5’- ACTGCACCAAGGGACAGGCTTC-3’),

Fgfr1 (5’- GGCAGCGATACCACCTACTTCTCC-3’ and 5’-

GGCCTACGGTTTGGTTTGGTGTTG-3’), Fgf8 (5’-

AGGTCTCTACATCTGCATGAAC-3’ and 5’- TGTTCTCCAGCACGATCTCT-3’), Tbx1

(5’- CGACAAGCTGAACTGACCA-3’ and 5’- CAATCTTAAGCTGCGTGATCC-3’) and

Gapdh as a normaliser (F, 5’-AGGTCGGTGTGAACGGATTTG– 3’ and R, 5’-

TGTAGACCATGTAGTTGAGGTCA-3’).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key findings

• Sprouty gene deletion results in multiple developmental phenotypes

characteristic of 22q11.2 deletion syndrome

• Contrary to expectations, reducing the Tbx1 gene dosage significantly

exacerbates these phenotypes

• Tbx1 haploinsufficiency in the context of Sprouty gene deletion is associated

with increased Receptor Tyrosine Kinase (RTK) signalling, suggesting that

TBX1 can prevent excessive RTK signalling levels during development
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Figure 1. Sprouty and Etv5 gene expression in the developing pharyngeal apparatus of mouse
embryos.
A-C) Spry1, Spry2 and Etv5 gene expression in the developing pharyngeal region (green

brackets) and otic vesicle (asterisk) of mouse embryos at E8.75.

D-F) Gene expression in E9.5 embryos with the pharyngeal pouches (p1-p3) indicated.
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Figure 2. Palatal development is sensitive to Sprouty gene dosage
MRI sections of mutant E15.5 embryos in sagittal (A,C,E,G) or coronal (B,D,F,H) views.

The absence of palatal tissue (P) is indicated by an asterisk and the two palatal shelves by

red arrowheads. T=tongue.
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Figure 3. Examples of pharyngeal arch artery defects in Sprouty-deficient embryos on Tbx1
wildtype or heterozygous backgrounds
Micrographs of right (R) and left (L) sided views of E10.5 embryos with ink-filled aortic

arch arteries are depicted. Examples of embryos with wildtype complement (A,F) or loss of

2-4 Spouty alleles (B-E, G-J) on a Tbx1 wildtype (A-E) or Tbx1+/- (F-J) background are

shown, two for each genotype (i and ii). Persistant arch arteries are labeled in blue and

missing arteries in red.

K) The incidence of 4th PAA defects are indicated for each genotype, note the significant

increase in incidence of this phenotype on a Tbx1+/- background for all four Sprouty-

deficient genotypes.
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Figure 4. Anatomy of the great arteries as determined by micro MRI scans of E14.5 embryos
3D reconstruction of high resolution MRI data from E15.5 embryos (Amira® software,

Visage Imaging Inc.) showing the great arteries. Ventral (left) and dorsal (right) views are

shown for each genotype indicated. Individual structures are coloured as follows: orange for

the aortic arch and descending aorta, purple for the pulmonary artery, the trachea is

highlighted in white and the heart is shaded in brown with the right ventricle in blue and the

left ventricle in red. Where there is a ventricular septal defect (VSD), both ventricles are in

red. Arteries are labelled as LSA: Left Subclavian Artery, LCA: Left Common Carotid
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Artery, RSA: Right Subclavian Artery, RCA: Right Common Carotid Artery and DA:

Descending Aorta.

A) Spry1+/-;Spry2+/- control embryo and (B) Tbx1+/- embryo with normal arteries and

normal heart.

C, D) Examples of Spry1+/-;Spry2+/-;Tbx1+/- embryos with normal vessels (C) or

retroesophageal aortic arch (REAA) and aortic vascular ring (D).

E,G,I) Compound Spry1;Spry2 mutant embryos with normal anatomy.

F) Spry1+/-;Spry2-/-;Tbx1+/- embryo with normal arteries and a ventricular septal defect

(VSD, indicated by an arrow). Both ventricles are coloured in red to indicate mixing of

oxygenated and de-oxygenated blood due to the VSD.

H) Spry1-/-;Spry2+/-;Tbx1+/- embryo with REAA.

J) Spry1-/-;Spry2-/-;Tbx1+/- embryo with interrupted aortic arch type B (IAA-B).
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Figure 5. Genetic interaction between Sprouty and Tbx1 genes during thymus and palatal
development
A-F) MRI sections through the thoracic region of E15.5 embryos with the thymus lobes

outlined in red. Examples of hypoplasia (C,D,E), hypoplasia with ectopia (C,E) and aplasia

(F) can be seen.

G-J) Sagittal (G,I) and frontal (H,J) scans through embryonic heads showing a normal palate

fused at the midline in a Spry1+/-;Spry2+/- embryo (G,H) and a cleft palate in a

Spry1+/-;Spry2+/-;Tbx1+/- embryo (I,J).
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Figure 6. Expanded Tbx1 expression in Sprouty-deficient embryos
In situ hybridisation for Tbx1 mRNA in E9.5 control (A) and Spry1-/-;Spry2-/- (B) embryos

are compared. Note the expanded Tbx1 expression in the second pharyngeal arch (yellow

arrowhead) and caudal arches (yellow bracket) in the mutant embryo.
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Figure 7. Reduced RTK signaling as measured by Sprouty gene expression in Tbx1-deficient
embryos
A-C) Spry1 gene expression in somite stage-matched E9.5 wildtype (WT), Tbx1+/- and

Tbx1-/- embryos. Pharyngeal pouches (p1-p6) and the first pharyngeal arch (PA1) are

labeled.

D-F) Spry2 gene expression in somite stage-matched E9.5 wildtype (WT), Tbx1+/- and

Tbx1-/- embryos.
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Figure 8. Deregulated RTK signaling as measured by Etv5 (Erm) gene expression in Sprouty;
Tbx1 -deficient embryos
Comparative images of the pharyngeal region of somite-matched E9.5 embryos after in situ

hybridization for Etv5. Hybridisations were performed simultaneously under identical

conditions and at least two independent experiments gave similar results. Pharyngeal

pouches (p1-p4) and the first pharyngeal arch (PA1) are labeled. Note the slight reduction in

Etv5 expression in B, compared to A, especially in PA1, the gradual increase in Etv5

expression as more Sprouty alleles are deleted (compare A, with C, with E), and the
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pronounced upregulation in Tbx1+/- embryos (D,F) compared to Tbx1+/+ embryos with the

same Sprouty genotype (C,E).

G) Quantitative RT-PCR analysis of RTK target gene (Etv5, Dusp6 and Spry4) expression in

the pharyngeal apparatus isolated from Spry1-/-;Spry2-/- and Spry1-/-;Spry2-/-;Tbx1+/-

embryos (as in E and F) are shown. Quantitation of Fgfr1 and Fgf8 transcripts are also

shown. Expression levels are represented as relative to those in Spry1-/-;Spry2-/-

(Spry1;2dko) embryos. *p<0.05; **p<0.01; N.S. = no significant difference.
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Figure 9. Diagrammatic representation of the effects of Tbx1 haploinsufficiency on RTK signal
strength as a function of Sprouty gene dosage
In embryos with a wild-type complement of Spry1/2 gene dosage (4 wildtype alleles),

Tbx1+/- embryos show reduced levels of FGF signalling in the pharyngeal apparatus

compared to Tbx1+/+ embryos, presumably due to the downregulation of FGF ligands in

different tissues (A). As Sprouty gene dosage is reduced in Tbx1+/+ embryos, the level of

RTK signalling increases due to the loss of RTK antagonists (black line). The level of RTK

signalling increases disproportionally in Tbx1+/- embryos (red line), suggesting that normal

TBX1 levels is required to buffer or protect the pharyngeal apparatus from increased RTK

signaling (B).
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Table 1

Sprouty/Tbxl interactions during development of the palate

Spry1 Spry2 Tbx1 n Cleft palate

+/+ +/− 3 0

+/− +/− +/+ 2 0

+/− 21
8
*

−/− +/− +/+ 4 4

+/− 16 14

+/− −/− +/+ 6 6

+/− 15 14

−/− −/− +/+ 3 3

+/− 7 7

Shaded cells indicate significant difference between Tbx1 +/+ and Tbx1 +/− embryos:

*
p=0.03
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Table 2

Sprouty/Tbxl interactions during thymus development

Spry1 Spry2 Tbx1 n Normal Hypoplasia Hypoplasia with ectopia Aplasia TOTAL

+/+ +/+ +/− 35 28 7 0 0 7

+/− +/− +/+ 23 23 0 0 0 0

+/− 35 32 3 0 0 3

−/− +/− +/+ 20 18 1 1 0 2

+/− 35 30 2 1 2 5

+/− −/− +/+ 13 13 0 0 0 0

+/− 24 9
9
* 1 5

15
**

−/− −/− +/+ 7 0 0 7 0 7

+/− 16 0 5 0
11

*^ 16

Shaded cells indicate significant difference between Tbx1+/+ and Tbx1+/− embryos:

*
p=0.015

**
p=0.0002

*^
p=0.005
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Table 3

Sprouty/Tbx1 interactions during cardiovascular development

E10.5a E15.5-E17.5b

Spry1 Spry2 Tbx1 n 1st PAA PAA PAA Aortic arch OFT defects VSD

+/+ +/+ +/+ 21 0 0 0 nd nd nd

+/− 17 1 0 0 0/38 0/38 1/17

+/− +/− +/+ 8 0 0 0 0/30 0/30 0/3

+/− 14 1 0
7
* 4/38 0/38 0/19

−/− +/− +/+ 10 0 0 1 0/20 0/20 0/9

+/− 22 1 1
17

**
9/33

** 0/33 0/23

+/− −/− +/+ 10 1 2 0 0/13 0/13 0/10

+/− 14 0 2
7
*

8/29
**^ 0/30 5/19

−/− −/− +/+ 16 0
6
^

5
^^ 0/11 0/11 2/8

+/− 12
5
**

10
*

10
***

12/16
*** 2/16 4/10

Aortic arch defects were scored at E10.5 by India ink injections (a) or at later stages by MRI or histology (b).

Outflow tract (OFT) defects and Ventricular Septal defects (VSD) were also scored in E15.5-E17.5 embryos.

Significant incidence compared to wildtype controls (Fisher's exact test, two tailed):

Shaded cells indicate a significant difference between Tbx1+/+ and Tbx1+/− embryos:

^
p=0.003

^^
p=0.01

*
p=0.02

**
p=0.01

**^
p=0.04

***
p<0.001
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