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Abstract
A radiation-induced mouse mutant, Brachyrrhine (Br), exhibits frontonasal dysplasia and renal
hypoplasia, two malformations associated with deficiencies in mesenchymal condensation. The
purpose of this study was to resolve the Br locus, evaluate possible candidate genes, and identify
developmental defects in the mutant chondrocranium. Linkage analysis mapped the Br mutation to
a critical region distal to D17Mit76 which contains only one gene, the transcription factor Six2.
Sequence analysis of the Six2 gene, including 1.5 kb of the promoter, failed to reveal the Br
mutation. However, homozygous Br/Br embryos showed almost complete absence of Six2 mRNA
and protein in craniofacial and renal tissues while heterozygous Br/+ embryos displayed
intermediate Six2 levels. Mutant embryos displayed malformations of neural crest-derived
structures of the anterior cranium where Six2 is normally expressed. These data suggest a mutation
in a novel cis-acting regulatory region inhibits Six2 expression and is associated with frontonasal
dysplasia and renal hypoplasia.

Keywords
Six2; frontonasal dysplasia; renal hypoplasia; chondrocranium; Br

INTRODUCTION
Craniofacial deformations including ocular hypertelorism, broad nasal root, cleft nose and
lip, absence of a nasal tip, and cranium bifidum, have long been recognized as occurring in
conjunction (Lehmann-Nitsche, 1901; Gorlin et al., 2001). DeMeyer (1967) was the first to
categorize these concomitant features and apply the diagnostic phrase ‘Median Cleft
Syndrome.’ Sedano et al. (1970) subsequently formalized the diagnostic process by
recognizing four subclassifications among those patients diagnosed with Median Cleft
Syndrome and applied the phrase ‘Frontonasal Dysplasia’ (FND) since the authors believed
that the primary defect occurred early in morphogenesis affecting the frontonasal
prominence. FND occurring alone has a sporadic incidence in humans and reported at 0.43–
0.73% (Apesos and Anigian, 1993), but few epidemiological studies exist. Developmental
mechanisms responsible for FND remain unclear, but disregulation of median facial
prominence fusion must be considered a prominent feature of the disease.
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FND is generally considered to be a heritable malformation in humans (DeMyer, 1967;
Warkany et al., 1973; Bakken and Aabyholm, 1976; Moreno Fuenmayor, 1980; Fryburg et
al., 1993), although various modes of inheritance have been identified. Early studies by
Cohen et al. (1971) and Reich et al. (1977) suggested an autosomal dominance pattern of
inheritance while Moreno Fuenmayor (1980) reported an autosomal recessive inheritance
based on inbred kin. Other studies have suggested the possibility of an X-linked pattern of
inheritance (Fryburg et al., 1993; Nevin et al., 1999). De Moor et al. (1987) reported three
unrelated children showing a consistent phenotype including hypertelorism, median cleft lip
and the absence of a nasal tip and concluded that FND displays a multifactorial inheritance
mode. Similarly, penetrance and expression of FND remains problematic. Moreno
Fuenmayor (1980) showed that bifid nose had the highest inbreeding coefficient in an inbred
pedigree while hypertelorism was less certain, concluding that FND is a genetic disorder
with variability of expression. FND also occurs in conjunction with numerous other
malformations in syndromic diseases such as trisomy 13, branchio-oto-renal (BOR)
syndrome, acromely and others (Guion-Almeida et al., 1996; Gorlin et al., 2001). Specific
defects occurring with FND also include defects in eyes (Temple et al., 1990), limbs
(Fragoso et al., 1982; Kwee and Lindhout, 1983; Verloes et al., 1992; Slaney et al., 1999),
cardiovascular system (De Moor et al., 1987; Meinecke and Blunck, 1989), and kidneys
(Roizenblatt et al., 1979). Patterns of inheritance suggest that FND is an inherited
phenotypic outcome resulting from numerous potential genetic mutations affecting multiple
morphogenetic pathways.

Recent advances in human and experimental teratology have underscored the importance of
disturbances in developmental cassettes that result in phenotypic malformations (Jan and
Jan, 1993; Epstein et al., 2004). Many of these critical pathways involve transcription factors
that can affect development in anatomically remote areas typical of syndromic diseases
(Fisher and Scambler, 1994; Seidman and Seidman, 2002). Of particular interest is the co-
occurrence of FND in patients with renal hypoplasia (RH) that is characterized by
abnormally small kidneys resulting from abnormal morphogenesis (Glassberg et al., 1987).
Typically, the hypoplastic kidney is associated with chronic renal failure since an
insufficient number of nephrons cannot filter adequately (Brenner and Mackenzie, 1997;
Pope et al., 1999; Terzi et al., 2000; Kemper and Muller-Wiefel, 2001; Douglas-Denton et
al., 2006). The kidney eventually fails since it becomes unable to excrete wastes, retain
electrolytes, and concentrate urine normally. Although numerous molecules are involved in
the development of the kidney (Dressler, 2006), specific cellular and genetic defects causing
RH remain poorly understood.

We have characterized a mouse mutant, called Brachyrrhine (Br), which arose from X-ray
irradiation of the 3H1 strain and carries a semidominant mutation that results in FND and
RH (Lozanoff, 1993; Ma and Lozanoff, 1993; Lozanoff et al., 2001). The homozygous
mutant mouse (Br/Br) dies at birth due to severely disrupted nephrogenesis and large median
facial cleft. The heterozygote mutant (Br/+) survives to adulthood and is fertile, but displays
small kidneys and midface retrusion. Previous studies have shown the Br/Br mutant mice
demonstrated an absence of major midline internal features of the anterior cranial base,
including the nasal septum, presphenoid, and presphenoidal synchondrosis, while the
basisphenoid was malformed rostrally. Also in these Br/Br mice, primary and secondary
palates failed to form (Singh et al., 1998; McBratney et al., 2003). Although the presphenoid
and nasal septum were present in Br/+ mice, both were malformed, and ectopic cartilage
was detected in the surrounding regions (Lozanoff, 1993; Lozanoff et al., 1994; Ma and
Lozanoff, 1996; McBratney et al., 2003). Experimental evidence suggested that these
defects were a result of decreased mesenchymal cellular proliferation during development of
these cranial base regions (Lozanoff, 1999; Ma and Lozanoff, 1999; Ma and Lozanoff,
2002). During embryonic kidney development in Br/Br mutant mice, we have shown
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successful induction of the UB and initial MM condensation (gestational day 11.5, i.e.,
E11.5), but severe disruption of nephrogenesis shortly afterward (Lozanoff et al., 2001). At
E12.0 and E12.5, a greater number of renal vesicles appear in the Br/Br kidney than in the +/
+ kidney, but MM condensation around the UB tips can no longer be observed in the Br/Br
mice. By E15.0, the +/+ kidney has a clearly defined medulla and cortex, but the Br/Br
kidney remains very small and disorganized (Lozanoff et al., 2001). Thus, the Br mutation
appears to allow for the initiation of kidney development, but then impedes the process of
nephrogenesis, resulting in RH.

Previously, the Br mutation was mapped to an area of distal chromosome 17, but candidate
genes for the mutation had not been identified (McBratney et al., 2003). In the current study,
we further resolved the physical mapping of the Br locus to a 171 kb critical region on
chromosome 17, within which the only gene is Six2. Although extensive sequencing of Six2
gene and immediate promoter region did not reveal any mutations in Br mice, when Six2
mRNA expression during embryonic development was analyzed, we found it greatly
downregulated in the mutant mice. Protein analysis confirmed the near absence of Six2 in
Br/Br mutant facial prominences, and metanephric mesenchyme in the developing kidney.
We also found that the characteristics of FND in postnatal Br mice originate from defects in
embryonic chondrocranial morphogenesis, possibly due to fewer mesenchymal cells in the
developing craniofacial region. We can conclude that misexpression of Six2 in the Br mouse
is associated with mesenchymal defects leading to FND and RH.

RESULTS
Br Outcrosses Display FND and RH

Outbreeding of 3H1-Br/+ mice to Balb and Castaneous (Cast) lines resulted in homozygous
dominant mice (Br/Br) with midfacial clefting and renal hypoplasia (Fig. 1) similar to those
previously described for the 3H1-Br/Br mice (Ma and Lozanoff, 1993;McBratney et al.,
2003). Segregation analysis was performed on outbred lines based on genotypes and
phenotypes to ensure that the mutation was inherited as a semidominant lethal mutation.
Results showed that offspring from reciprocal 3H1 x Balb F1 heterozygote (Br/+) crosses
separated into three groups based on craniofacial morphology with a ratio of 24:51:18 (+/
+:Br/+:Br/Br; n=93) that was not significantly different from the expected 1:2:1 ratio (χ2 =
1.65; d.f. = 2; p<0.44). A similar relationship occurred from reciprocal crossings of 3H1 x
Cast F1 heterozygote mutant (Br/+) mice, with a ratio of 22:46:20 (+/+:Br/+:Br/Br; n=88)
that was not significantly different from the expected relationship (χ2 = 0.27; d.f. = 2, p <
0.87).

Segregation analysis of offspring from F1 3H1 x Balb heterozygote mutants (Br/+)
backcrossed to inbred 3H1 mice showed that fetuses segregated into two groups (Br/+:+/+)
based on phenotypes and corresponding genotypes with a ratio of 58:54 (n = 112) that did
not differ significantly from an expected ratio of 1:1 (χ2 = 1.43, d.f.= 1, p < 0.71). Similar
results were obtained with offspring from F1 3H1 x Cast heterozygote mutants (Br/+)
backcrossed to inbred Cast mice yielding a ratio of (105:98, n = 203) that was not
significantly different from the expected 1:1 ratio (χ2 = 0.24, d.f. = 1, p < 0.62).

Chondrocranial Morphology is Defective in Br Mice
Embryonic heads were fixed, stained with Alcian blue, and cleared to characterize abnormal
patterns of chondrocranial development at post-conception day 16 (TS24). Wild type crania
showed complete and normal chondrocranium morphology (Fig. 2A). The orbitonasal
laminae met the central stem in the midline normally, and the central stem was completed by
fusion of the trabecular cartilage with the hypophyseal cartilage. The trabecular cartilage
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increased in width caudally in the region of the presumptive presphenoid bone, fusing
laterally with the hypochiasmatic cartilages. The orbital cartilages formed cartilaginous
plates adjacent to the eyes, with preoptic and postoptic roots extending towards the central
stem and enclosing the optic foramina. (Fig. 2D). The nasal capsule was wider in the Br/+
cranium, which appeared to increase midfacial width (Fig. 2B). The central chondrocranial
stem was not fused at the junction of the trabecular and hypophyseal cartilages, while lack
of lateral chondrification of the caudal trabecular cartilage left the hypochiasmatic cartilages
unfused and isolated. Furthermore, the orbitonasal laminae did not meet the central stem in
the midline, and the orbital cartilages were absent resulting in orbitonasal laminae that abut
the hypochiasmatic cartilages abnormally due to loss of the preoptic roots (Fig. 2E). The Br/
Br cranium had a truncated snout, an underlying wide nasal capsule with a midline cleft, and
an incompletely developed anterior cranial base (Fig. 2C). The mutant chondrocranium
displayed a severe loss of anterior structures (Fig. 2F). The trabecular cartilages did not fuse
in the midline nor did they project caudally into the presumptive presphenoid region
resulting in an incomplete central cartilaginous stem. The hypophyseal cartilage projected
rostrally as a free spicule. The orbitonasal laminae were laterally displaced and met the
hypochiasmatic cartilages abnormally, with the orbital cartilages missing altogether. These
features are all consistent with FND.

High resolution linkage analysis
To narrow the critical region for the Br mutation, a total of 720 3H1 x Cast and 250 3H1 x
Balb backcross hybrids were analyzed for recombination events occurring in distal
chromosome 17. Of the microsatellite markers analyzed, D17Mit76 and D17Mit56 both had
only 1 recombination out of 720 mice (LOD score of 213), thereby placing the Br mutation
distal to D17Mit76 (Table 1; Fig. 3). Due to an absence of reported microsatellites between
D17Mit76 and D17Mit123, we scanned the genomic sequence of this interval for small
dinucleotide repeats that could be heterogeneous between 3H1 and Cast mice and identified
four novel microsatellites abbreviated as MS3, MS34, MS25, and MS6, located at 86.16 Mb,
86.21 Mb, 86.57 Mb and 86.89 Mb along mouse chromosome 17, respectively (Ensembl
genome database, based on NCBI m37 mouse assembly). PCR amplification of each of
these novel microsatellites resulted in a size difference between 3H1 and Cast mice large
enough to resolve by agarose gel electrophoresis, but not a significant size difference
between 3H1 and Balb mice. At MS34, 4 recombinants out of 720 mice were found (LOD
score of 206), with zero recombinants for MS3 from the sample out 720 mice (Table 1; Fig.
3). These recombination events define a 171 kb Br critical region between D17Mit76 and
MS34. Based on the Ensembl assembly, only one gene exists in this genomic interval, the
homeobox transcription factor, Six2 (Accession # NM_011380; MGI # 102778).

To test if the Br mutation is located in the Six2 gene, PCR primers were designed to amplify
the Six2 sequences from genomic DNA for direct sequencing. Sequence analysis was
conducted for the entire Six2 coding region (2 exons), the complete sole intron (1.8 kb), the
5′ and 3′ untranslated region, and 1.8 kb upstream from the start codon, which includes the
predicted transcription start sites and both of the demonstrated promoter binding sites
(Boucher et al., 2000; Brodbeck et al., 2004; Kutejova et al., 2005). However, after
comparison of sequences from multiple Br/Br mice and +/+ control mice of the 3H1 strain,
no mutation was found in the Six2 gene. Mutations further away from the gene, perhaps in
novel cis-acting regulatory regions, were not ruled out by this methodology.

Six2 is Misexpressed in Br embryos
Whole-mount in situ hybridizations with a Six2 cRNA probe showed qualitative differences
in expression between +/+, Br/+, and Br/Br mice at various stages of embryonic
development (Fig. 4). At day E8.5, which is the earliest point that Six2 expression has been
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previously detected (Oliver et al., 1995b), wild type mice showed intense staining around
the first brachial arch (Fig. 4A), while in Br mutant mice there was an obvious decrease in
expression (Fig. 4B,C). Although dramatically decreased at E8.5 in Br/Br mice, Six2
expression did not appear to be completely absent at this point (Fig. 4C). At E11.5, wild
type mice displayed a band of expression in the craniofacial region in the area of the
forebrain and facial prominences. Staining also was present in the developing axial skeleton
and limbs extending caudally to the urogenital region (Fig. 4D). However, Br/+ mice had
reduced expression in the same regions relative to the wildtype, while the Br/Br mouse
showed an apparent loss of expression of Six2 (Fig. 4E,F). From Six2 in situ hybridizations
of E12.5 heads (Fig. 4G-I), the loss of Six2 expression in the Br mutant facial prominences
and midface was clearly visible. Similarly, in E12.5 kidneys (Fig. 4J-L), Six2 expression
was significantly decreased in Br/+ animals and totally absent in Br/Br mutants.
Unexpectedly, we noted that the Br mutant embryos consistently demonstrated activation of
Six2 mRNA expression in the lens, which was not observed in wild type embryos. This was
the only tissue that demonstrated such activation, which supports the conclusion that the Br
mutation alters the transcriptional regulation of the Six2 gene.

Histological tissue sections made from E11.5 whole mount in situ hybridizations revealed
Six2 expression in the mesenchyme of the medial nasal prominence and mesenchyme dorsal
and ventral to the eye of +/+ embryos (Fig. 5A,D). Six2 expression was greatly decreased in
these same regions in Br/+ mice and completely lacking in Br/Br mice (Fig. 5B,C; E,F).
Six2 was not present in the lens of the +/+ craniofacial tissue (Fig. 5D) but slight expression
was detected in the lens of Br/+ mice and strong expression in Br/Br (Fig. 5E,F).

Results from quantitative real time RT-PCR (qPCR) performed on RNA extracted from
E10.5–E11.0 embryos revealed decreased levels of Six2 expression in all Br/+ and Br/Br
mice (Fig. 6A). Relative to normalized Six2 expression in wild type embryos, Br/+ heads
demonstrated a 55% reduction in Six2 expression and Br/Br heads showed a 92% reduction
in expression. The torso also showed reduced Six2 expression with a 40% reduction in Br/+
mice and an 88% reduction in Br/Br mice relative to the normalized wild type mice.
Western blot analysis showed that Six2 protein content in E13.5 Br/+ head extracts was
approximately 50% of that displayed in wild type samples while Six2 levels in Br/Br head
extracts was virtually absent (Fig. 6B). In E13.5 kidney extracts, overall Six2 levels were
more variable within each genotype but showed the same pattern of downregulation in Br/+,
while Six2 was undetectable in Br/Br kidneys (Fig. 6B). The multiple bands observed on the
Western blot for Six2 was possibly due to phosphorylation, since closely related family
member Six1 has been shown to be phosphorylated and hyperphosphorylated (Ford et al.,
2000). For each sample, Six2 band intensities were quantitated and normalized against β-
actin levels (Fig. 6C). In E13.5 head extracts, Six2 protein levels were decreased 53% in Br/
+ samples and 96% in Br/Br samples. In E13.5 kidney extracts, Six2 proteins levels were
decreased 93% in Br/+ samples, and 100% in Br/Br samples. It is possible that the small, but
detectable, level of Six2 in the Br/Br head extracts was associated with the Six2 mRNA
expression detected in the lens of Br mutant mice (Figs. 4,5). To test if the Br mutation
influences the expression of the Six3 gene, which is located 3.3 kb outside of the Br critical
domain (Fig. 3), we used qPCR to measure Six3 expression levels in E11.5 embryonic heads
of Br mutant mice. RNA was isolated from three samples from each genotype, and qPCR
revealed no significance differences in Six3 expression levels between wild type, Br/+, and
Br/Br embryos (Fig. 6D).

To verify the absence of Six2 protein in the Br/Br embryos, immunostaining was performed
on cryosections from embryos collected at E11.5 and E14.5 (Fig. 7). In the craniofacial
region of the E11.5 embryos, Six2 was detected primarily in the mesenchymal cells
throughout the medial nasal prominences and a small aggregation of subepithelial cells in
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the rostral tip of the lateral nasal prominence, as well as in cranial neural crest cells and
developing cranial base (Fig. 7A,C). In addition, Six2 was detected in the olfactory
epithelium, which gives rise to the olfactory pits where early neurogenesis occurs. In the Br/
Br E11.5 embryos, where the developing median cleft was visible as widely spaced medial
nasal prominences, Six2 protein was not detected in any of these tissues (Fig. 7B,D). At
E11.5 the ureteric bud (UB) has completed its first bifid branch, and in wild type embyros,
Six2 was detected in the metanephric mesenchyme (MM) surrounding the growing tubules
(Fig. 7E), but was completely absent from MM in the Br/Br embryos (Fig. 7F). By E14.5,
the developing kidney has organized so the nephrogenic zone is around the periphery of the
kidney. In wild type E14.5 kidneys, Six2 was localized to the outside ring of mesenchymal
cells surrounding the tips of branching tubules (Fig. 7G), while in Br/Br kidneys, no Six2
was detected (Fig. 7H).

DISCUSSION
In this study, we have demonstrated that the mutation of the Br mouse is associated with
misexpression of the Six2 gene. The mutation was previously shown to be inherited as an
autosomal dominant trait in the 3H1 mouse strain (McBratney et al., 2003), and we have
further demonstrated that animals derived from outcrosses with Balb and Castaneus strains
also show similar phenotypic frequencies. Thus, background did not affect expression of
FND and RH in these outcross strains and the morphogenetic pathway did not appear to be
modified by different backgrounds. This finding suggests that the Br morphogenetic
pathway is likely inherited without modifying or multifactorial gene effects.

Previous analysis revealed a normal karyotype in the Br mutant mice, and mapped the Br
mutation to the distal region of chromosome 17 (Beechey et al., 1997; McBratney et al.,
2003). In this study, we used a large backcross sample to narrow the candidate region to a
171 kb critical region between D17Mit76 and the novel microsatellite MS34. Within this
genomic interval there is only one gene, the homeobox transcription factor Six2, which has
been previously shown to be expressed in developing mesenchymal tissue including head
and urogenital system at the time of overt midfacial and renal differentiation (Oliver et al.,
1995b). Based on the spatiotemporal expression pattern, as well as the linkage analysis data,
we considered Six2 an excellent candidate gene to be the target of the Br mutation. Although
direct sequencing did not identify the Br mutation within the exons, intron, untranslated
regions, or immediate 5′ promoter region of the Six2 gene, further analysis demonstrated the
Br mutation dramatically alters Six2 expression.

The Six gene family is becoming recognized as a set of critical transcription factors involved
in embryonic morphogenesis (Kawakami et al., 2000). Members of this gene family in the
mouse include six genes divided into three subgroups based on amino acid sequence
similarities including Six1/2, Six3/6 and Six4/5. These genes function in a conserved gene
regulatory network involving mammalian orthologues of drosophila genes ey, so, eya and
dach (Kawakami et al., 2000; Brodbeck and Englert, 2004). Developmental pathways
involving Six genes are recognized as important for the development of both the cranium
and renal system and when disturbed, contribute to syndromes involving the head and
kidney, such as branchio-oto-renal disease (Abdelhak et al., 1997; Kumar et al., 1998; Xu et
al., 1999; Buller et al., 2001).

Whole mount in situ hybridizations and immunostaining detecting regions of Six2
expression in wild type mice were consistent with studies of Six2 previously published
(Oliver et al., 1995a; Ohto et al., 1998; Brodbeck et al., 2004). Beginning early in mouse
development (E8.5), Six2 was detected in the rostral craniofacial region, primarily in
mesenchymal cells of neural crest origin. By E11.5, Six2 expression localized to the
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mesenchymal cells of the nasal prominences, midline, and developing skull vault, as well as
the olfactory epithelium. At E11.5, when the kidney first begins to develop, Six2 was
expressed in urogenital region, primarily in the condensing MM surrounding the growing
ureteric bud. In each of these tissues, Six2 expression was significantly decreased in Br/+
heterozygous mutants, and largely absent in Br/Br homozygous mutants. Measured by
qPCR, there was less Six2 mRNA present in the head and torso of Br mice with evidence of
a dosage effect on expression, since one copy of the mutant allele reduces the amount of
Six2 by approximately half (44–60%) in the head and torso compared to the wild type. Two
copies of the mutant Br allele greatly reduced Six2 in the head and torso (8–12%) of relative
expression compared to normal mice. These lower levels were confirmed by Western
blotting and immunostaining, further suggesting that defective Six2 production is associated
with the craniofacial and renal defects characterized in Br mice.

This study provides further evidence that the FND phenotype seen in Br mice is associated
with the disruption of chondrocranial morphogenesis and alterations in the neural crest-
derived mesenchyme destined for the anterior cranial base. Haploinsufficiency of Six2 is
reflected in the chondrocranial morphology of the Br/+ mice, as specific cartilages of the
chondrocranium were concurrently malformed or absent. The orbital cartilages did not form,
and the trabecular cartilages showed delayed and reduced chondrification in Br/+ mutant
mice, while in Br/Br mice, the trabecular cartilages never fused, resulting in the complete
absence of the presphenoid. Also, the relative positions of the hypochiasmatica cartilages
and orbitonasal laminae were mildly altered in Br/+ mice and then further displaced in Br/Br
mice. If Six2 affects migration and proliferation of neural crest cells of the anterior cranial
base, this would not directly affect the mesoderm derived hypochiasmatic cartilages
(unpublished data, B. McBratney-Owen), so their modified placement could be a secondary
alteration to the primary changes in orbital and trabecular cartilage development. Similarly,
the lateral displacement of the orbitonasal lamina might be a secondary affect of the unfused
trabecular cartilages.

In the cranium, the Pax/Six/Eya/Dach network has been studied in placode development
(Schlosser, 2006), and individual family members function in critical morphogenetic steps
including optic, nasal and otic placode formation (Zou et al., 2004; Purcell et al., 2005). The
Six transcription factors appear to work in conjunction with Eya proteins (Zou et al., 2004;
Purcell et al., 2005); however, this network may not require Pax expression as an upstream
regulator in all tissues (Xu et al., 1999; Ozaki et al., 2004; Purcell et al., 2005). Also, while
Six1 and Six3 are expressed in tissues with a neuronal fate, Six2 expression in the head
appears to be mainly located to neural crest-derived mesenchymal tissue (Oliver et al.,
1995b). This cell population presumably contributes to the morphogenesis of the frontonasal
ectodermal zone known to establish a proximodistal growth of the frontonasal prominence
(Marcucio et al., 2005). Based on observations reported here, neural crest-derived head
mesenchyme destined to form the interior cartilages of the anterior chondrocranium requires
expression of Six2. We observed a decrease in proliferation among this sub-population of
neural crest cells (Ma and Lozanoff, 1999) and subsequently found less mesenchymal tissue
in the presumptive trabecular cartilage, suggesting Six2 may promote cellular proliferation
in neural crest cells that form the trabecular and orbital cartilages. Therefore, while other
Pax/Six/Eya/Dach network defects have been linked with malformations of the otic placodes
(Zou et al., 2004) and lens and nasal placodes (Purcell et al., 2005), the Br mouse serves as a
model for linking a defect in the expression of a member of this network with abnormal
anterior cranial base and medial facial prominence development, subsequently leading to
FND.

Early in development, Br/Br mice showed normal kidney initiation events with initial
branching of the ureteric buds and condensation of the primitive nephrogenic zone occurring
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between E11.0 and E11.5 (Lozanoff et al., 2001). However, subsequent branching of the
duct system diminished at E12.0 with failure of further nephrogenic zone condensation. The
role of the Pax/Six/Eya/Dach network in the kidney has been relatively well studied and
shows that members of this network converge to up-regulate Gdnf (glial-cell-line-derived
neurotrophic factor), which induces ureteric buds to grow into the metanephric mesenchyme
(Xu et al., 1999; Ribes et al., 2003; Brodbeck et al., 2004; Brodbeck and Englert, 2004).
Although Six2 has been shown to be able to activate Gdnf expression by binding to two sites
on the Gdnf promoter (Brodbeck et al., 2004), in the absence of Six2, shown in Lozanoff et
al (2001) and in Self et al (2006), intial budding of the ureteric bud was still successful. This
may be a result of the recently discovered Hox11-Pax2-Eya complex which activates both
the Six2 and Gdnf transcription (Gong et al., 2007), supported by a study showing loss of
Pax2 in the MM leads to an absence of Gdnf expression (Brophy et al., 2001). Lozanoff and
colleagues (2001) reported that Pax2 protein is expressed normally in condensing kidney
mesenchyme of Br mice at E11.5; however, Pax2 protein expression is erratically expressed
around renal tubules from E13 onwards in Br mutants. In analysis of the Six2-null kidney,
Self et al. (2006) showed that lack of Six2 affected the MM condensation and differentiation
around the UB tips, resulting in premature and ectopic epithelial differentiation. Each of
these previous studies support our hypothesis that the Br kidney phenotype results from
defective Six2 pathways.

Recently, a Six2 knockout mouse was created and characterized (Self et al., 2006), but
displayed several differences compared to the Br mice. The Six2-null displayed RH, but no
craniofacial abnormalities, while heterozygous-null mice were not reported to exhibit any
obvious abnormalities. The kidney phenotype of the Br/Br mice is very similar to the Six2-
null mice, in that although there is an early increase in tubule differentiation, nephrogenesis
rapidly ceases (Lozanoff et al., 2001; Self et al., 2006). However, we have observed that Br/
+ mice have smaller than normal kidneys (Lozanoff et al., 2001), indicating that
haploinsufficiency of Six2 may also affect nephrogenesis. The major difference with the Br
mice is the Six2 knockout’s absence of any abnormal craniofacial phenotype (Self et al.,
2006), which was unexpected given the strong expression of Six2 in the first brachial arch,
midface mesenchyme, and facial prominences. We have previously described various
abnormalities in the Br mice occuring in tissues derived from these Six2-expressing cells,
such as median orofacial clefting (McBratney et al., 2003), absence of the presphenoid and
nasal septum (McBratney et al., 2003), and decreases in cellular proliferation in the
chondrocranium of the cranial base (Ma and Lozanoff, 1999). In their study, Self et al. did
not report whether Six2 expression was indeed missing in the Six2-null embryos’
craniofacial tissues, or if other Six family members were perhaps activated in these mice as
potential compensatory mechanisms. Since almost nothing is known regarding the biological
role of the Six2 transcription factor in craniofacial development, it is difficult to hypothesize
the cause of this discrepency between the two mutant mouse models. Further analysis of
both the Br mice and the Six2 knockout mice will hopefully clarify the reason for the
variation, and yield more insight into the role of Six2 during mammalian development.

The data presented in this study suggest that the Br mutation affects the transcriptional
regulation of Six2 rather than the Six2 mRNA molecule itself. This hypothesis was
additionally supported by the detection of Six2 RNA in the lens of the Br mutants, which
does not occur in wild type mice. However, the expression levels of the neighboring Six3
gene, normally expressed in the forebrain and developing eye, was unaltered in Br mutant
embryos. A growing number of studies of developmentally important genes are establishing
the significance of distant cis-acting elements in regulating their complex spatiotemporal
expression pattern. These include genes such as Sox9 (Wunderle et al., 1998; Bien-Willner
et al., 2007), Sox10 (Deal et al., 2006), shh (Roessler et al., 1997; Epstein et al., 1999;
Lettice et al., 2003; Sagai et al., 2005; Jeong et al., 2006), Pax6 (Kleinjan et al., 2001), WT1
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(Moore et al., 1998), Myf5 (Hadchouel et al., 2000), Mrf4 (Carvajal et al., 2001), Dach
(Nobrega et al., 2003), and members of the BMP/GDF family of signaling molecules
(DiLeone et al., 2000; Mortlock et al., 2003). Transgenic mice were created using ~900 bp
of the Six2 promoter cloned upstream to a lacZ reporter gene, and lacZ expression in those
embryos appeared in the MM and the 1st branchial arch, but not in the craniofacial region
(Brodbeck et al., 2004; Kutejova et al., 2005). This suggests that the ~900 bp region can
drive some basal level of Six2 expression in these tissues, but does not contain other critical
Six2 regulatory elements. This region was sequenced in the Br mutant mice and no
mutations were detected. Therefore, it is likely that the Br mutation creates or interrupts an
uncharacterized cis-acting regulatory sequence upstream or downstream of the Six2 gene
that silences Six2 in the tissues in which it is normally expressed. Future work will be
directed at identifing the mutation responsible for FND and RD in the Br mouse model, and
further characterizing the biological function of Six2 for embryonic craniofacial and kidney
development and disease.

EXPERIMENTAL PROCEDURES
Animals

Adult mice were housed under standard conditions with a 12-hour light cycle. Females
mated with a male overnight were examined for a vaginal plug the following morning and
constituted gestational day E0.5 if present. Embryos were obtained between days E10.5 and
E18.5 and were subsequently staged using Theiler staging criteria (TS) to ensure the
developmental stage of each embryo was similar to the conception day (E) designation
(Theiler, 1989). Only animals of the same E designation and TS were compared. To provide
a control of chondrocranial morphology, 3H1 mice were inbred without any mixture to mice
with the Br mutation and compared with mice obtained from reciprocal mating of 3H1-Br/+
animals. For physical mapping of the Br mutation and to determine whether the mutation
could be transferred to a different genetic background and produce the same phenotype
deficiencies, 3H1-Br/+ mice were outbred with inbred lines of Castaneous (3H1-Br/+ x
Cast) and Balb (3H1-Br/+ x Balb) mice. Offspring from these crosses were reciprocally
backcrossed and associated whole mount specimens were compared.

Segregation Analysis
To test whether Br exhibits a similar inheritance pattern in outcross animals, segregation
analysis was performed as described by McBratney et al. (2003). Reciprocal matings
between 3H1 x Cast or 3H1 x Balb F1 heterozygote (Br/+) hybrids were performed.
Embryos were collected between E11.5 and birth, phenotypically scored, and genotyped
using D17Mit76 as a PCR marker based on the recombination results derived from
microsatellite data. A χ2 test was used to determine whether the incidence of Br differed
significantly from the expected 1:2:1 (heterozygous crosses) or 1:1 (heterozygous x
homozygous normal crosses) ratios.

Whole-Mount Cartilage Staining
Whole embryos from E13.5 to E18.5 were dissected from the uterus in PBS and stored in
70% EtOH. Because the chondrocranium is composed only of cartilage as it begins to form,
crania stained in Alcian blue alone revealed individual cartilages of the chondrocranium
most clearly. Following fixation in Bouin’s fixative overnight, embryos were washed in
0.1% NH4OH, 70% EtOH until embryos appeared bleached. Embryos were then
equilibrated in 5% acetic acid twice for 1 hour each time and left overnight in 0.05% Alcian
blue 8GX (Fisher) in fresh 5% acetic acid. This was followed by washing twice for 1 hour
each in 5% acetic acid, soaking in methanol twice for 1 hour each and clearing in 1:2 benzyl
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alcohol:benzyl benzoate (BABB). Crania were then removed and heads dissected to reveal
the chondrocranium.

Microscopy
Whole embryos at E14 were dissected from the uterus in PBS and stored in 70% EtOH.
Specimens were dehydrated, cleared in xylene, and mounted in paraffin. Wax chucks were
sectioned at 10 μm. Slides were cleared in xylene, rehydrated, soaked in Gill Modified
Hematoxylin Harlecohematoxylin (Harleco), Clarifier 2 (Richard-Allan Scientific), Bluing
reagent (Richard-Allan Scientific), Eosin Y (Richard-Allan Scientific), followed by
dehydration and a final clearing in xylene. Slides were mounted with cover slips and viewed
on a microscope and patterns of cell density and morphology were evaluated qualitatively.

Microsatellite Linkage Analysis and Genotyping
The Br mutation was previously mapped to a 4.9 Mb interval on mouse chromosome 17
between microsatellite markers D17Mit189 and D17Mit221 (McBratney et al., 2003). To
refine the current map, we expanded the interspecific reciprocal backcross of 3H1 Br/+
males and Cast and Balb using a total of 720 3H1 x Cast N2 and 250 3H1 x Balb N2
backcross hybrids utilizing an interspecific backcross strategy. Mice were scored for sex at
weaning, killed, and genomic DNA was extracted from either blood or tail tissue samples.
Seven microsatellite markers on distal chromosome 17 (D17Mit122, D17Mit155,
D17Mit189, D17Mit56, D17Mit76, D17Mit211, and D17Mit123) were scored for the
Castaneus backcross while three microsatellites (D17Mit155, D17Mit76, and D17Mit123)
were scored for the Balb backcross to confirm results from the larger Cast sample.
Microsatellite primers were synthesized based on sequences listed at
http://www.informatics.jax.org and optimized. Pairs of oligonucleotides were used to
amplify each marker using a Thermo Electron thermocycler with a PCR profile consisting of
an initial denaturation at 94°C for 4 minutes, then 35 cycles of 30 seconds at 94°C
(denaturation), 30 seconds at 55–60°C (annealing), and 30 seconds at 72°C (extension), with
a final extension at 72°C for 4 minutes. The PCR products were separated by electrophoresis
in 2–4% agarose gels and stained with ethidium bromide. The gels were photographed
(Kodak Gel Logic 200) and genotypes were scored for recombination. Data were analyzed
with Map Manager software (http://www.mapmanager.org). A two-point LOD score
analysis was conducted between all pairs of markers and the probable position of the Br
locus was calculated relative to surrounding microsatellite markers. The marker informative
for both crosses and with the lowest recombination frequency (D17Mit76) was used to
genotype mice in subsequent analyses, as it likely to be nearest to the site of the Br mutation.

Four additional microsatellites not previously reported were identified and utilized in this
study, microsatellite 3 (MS3), 6 (MS6), 25 (MS25), and 34 (MS34). Using the Ensembl
Database, novel microsatellites were identified by dinucleotide repeats of 80 basepairs or
more. Primers flanking the repeat region were designed following conventional methods.
The primers were tested utilizing genomic DNA samples from the inbred parental strains to
ensure adequate separation.

DNA Sequencing
Intronic primers were designed to amplify and sequence the two exons of Six2 by PCR from
genomic DNA extracted from Br/Br mice and +/+ siblings. In addition, overlapping pairs of
primers were designed to amplify and sequence over 1 kb of the Six2 promoter region,
including the reported transcription factor binding sites (Brodbeck et al., 2004; Kutejova et
al., 2005) and the predicted transcription start sites (Boucher et al., 2000). Overlapping pairs
of primers were also designed to amplify and sequence the 1.8 kb intron of Six2. PCR was
performed with standard amplification conditions using Amplitaq Gold polymerase (Applied
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Biosystems). Due to GC-rich sequence at the 5′ end of exon 1, we included 2 M Betaine in
amplification and sequencing reactions for this region. After amplification, the DNA
fragments were agarose gel purified using GeneClean Spin Kit (Q-Biogene), and the
sequencing was performed by the Center for Genomic, Proteomic, and Bioinformatic
Research facility at the University of Hawaii at Manoa.

In Situ Hybridization
Embryos at E11.5 derived from reciprocal 3H1 x Balb Br/+ or 3H1 x Cast Br/+ crosses
were collected. The yolk sac was dissected free, trypsinized, and DNA extracted for
genotyping using D17Mit76 as a PCR-based marker. Only litters containing all three
genotypes (+/+, Br/+ and Br/Br) were retained. A total of 28 embryos from 4 litters were
subjected to in situ hybridization to detect Six2 and Six3 expression following Belo et al.
(1997). The probe for Six2 was provided by Dr. Pin Xu (McLaughlin Research Institute)(Xu
et al., 2003), and the probe for Six3 was provided by Dr. Guillermo Oliver (St. Judes
Children’s Research Hospital)(Oliver et al., 1995b). The labeled RNA probe was
synthesized, using digoxygenin-11-UTP (Roche) and T7 RNA polymerase (Promega).
Subsequently, specimens were embedded in paraffin, sectioned at 7 μm, cover-slipped and
examined for staining in the developing craniofacial and urogenital regions utilizing a
BX-41 Olympus compound microscope.

Real-time Quantitative PCR (qPCR)
A total of 26 embryos (E10.5–11.0) from four litters of embryos derived from reciprocal
3H1 x Balb Br/+ or 3H1 x Cast Br/+ crosses were collected. Each litter contained +/+, Br/+
and Br/Br embryos, as determined by genotyping the yolk sack (as above). Tissues were
collected by separating the head from the torso at the level just caudal to the first branchial
arch. Each tissue component was placed immediately in 300 μL of RNAlater (Ambion) and
stored at 4°C for one to three weeks before processing. Tissues were transferred into TRI
Reagent (Molecular Research Center) to extract total RNA. Total RNA was reverse
transcribed with oligo dT (University of Hawaii Biotech Core, Honolulu, HI), dNTP mix
(Sigma) and MMLV-Reverse Transcriptase (Promega). The resulting cDNA was amplified
by using the iQ SYBR Green Supermix reaction procedure with the MyiQ iCycler thermal
cycler and single color real-time PCR detection system (Bio-Rad). Primer sets specific for
Six2 (F) 5′-GCC TGC GAG CAC CTC CAC AAG AAT-3′, (R) 5′-CAC CGA CTT GCC
ACT GCC ATT GAG-3′; Six3 (F) 5′-GCT ATG CTG AAA CTC TGT CC-3′, (R) 5′-GGA
TGT TAC TCC TCA AAC GG-3′; eukaryotic elongation factor 1 alpha (EF1α1) (F) 5′-CTG
GCA TGG TGG TTA CCT TTG CTC-3′, (R) 5′-GGT AGT CAG AGA AGC TCT CAA
CAC-3′; and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (F) 5′-TGC ACC ACC
AAC TGC TTA GC-3′, (R) 5′-GGC ATG GAC TGT GGT CAT GAG-3′ were designed
with the aid of Primer Designer program (Scientific and Educational Software). The PCR
condition consisted of an initial 5 minutes denaturation at 94°C, followed by reactions
cycled through denaturation for 15 sec at 94°C, annealing for 20 sec at 60°C, and extension
for 40 sec at 72°C. After 50 cycles of amplification, the PCR products were resolved on an
agarose gel to confirm that a single band of predicted size was amplified. The expression
levels of Six2 and Six3 in each embryo sample was calibrated against housekeeping genes
EF1α1 and GAPDH RNA expression with the average relative ratio set to 1, as described
previously (Alarcon and Marikawa, 2004; Marikawa et al., 2004). The amounts of Six2 and
Six3 mRNA from the heterozygous and homozygous mutant embryos were compared with
the normalized amounts from the wild-type embryos.

Western Blotting
Embryonic kidneys and whole heads were collected from embryos at E13.5 and immediately
frozen, while additional tissue from each embryo was collected for genomic DNA extraction

Fogelgren et al. Page 11

Dev Dyn. Author manuscript; available in PMC 2010 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for genotyping. Proteins were extracted by incubating the two kidneys from each embryo in
25 microliters of RIPA buffer (10 mM Tris, pH 7.2, 150 mM NaCl, 5 mM EDTA, 0.1%
SDS, 1% Triton X-100, 1% Deoxycholate) with protease inhibitors for 20 min on ice, then
adding 25 μl of 2X Laemmli buffer and boiling for 5 minutes. The whole heads were
homogenized in 1.5 ml of RIPA buffer and incubated on ice for 30 min. Lysates were
centrifuged (20,000 × g) for 20 min at 4° C and the soluble proteins were collected. The
concentration of proteins was measured using the Bradford reagent (Biorad). For Western
blots, 10 μl of kidney extracts and 10 μg of whole head lysates from 3 embryos each of Br/
Br, Br/+, and +/+ were loaded in each lane of a 10% SDS- PAGE gel. Immunoblotting was
performed following standard procedures using anti- Six2 primary antibody (CeMines), anti-
β-actin primary antibody (Abcam) as a loading control, and anti-rabbit secondary antibody
conjugated to HRP (Jackson Immunoresearch). Detection of bound antibodies was
accomplished using ECL reagents (Pierce). Blot films were scanned with a flatbed scanner
and band intensities were quantified with Kodak 1D Image Analysis Software (Eastman
Kodak Company).

Immunofluorescent microscopy
Whole embryos were collected after timed matings at E11.5 and E14.5 and snap frozen.
Cryosections of the craniofacial and kidney regions were cut at 10 μm and fixed with
methanol for 10 min at −20° C. After blocking with 5% normal goat serum (Jackson
ImmunoResearch), sections were incubated with rabbit polyclonal anti-Six2 antibodies
(Proteintech Group, Inc.) diluted in 5% normal goat serum with 0.1% triton X-100. After
washing away unbound antibody, sections were incubated with goat anti-rabbit antibodies
labeled with Alexa 488 (Invitrogen), counterstained with propidium iodide, and mounted in
50% glycerol in PBS. Images were taken on an Olympus BX41 fluorescent microscope.
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Figure 1.
Normal craniofacial and kidney morphology in newborn 3H1 +/+ mice (A,B) compared to
representative 3H1 Br/Br (C,D), 3H1 x Cast N2 Br/Br (E,F) and 3H1 x Balb N2 Br/Br (G,H)
mutant hybrid mice displaying frontonasal dysplasia and renal hypoplasia. a = adrenal gland;
k = kidney. Bar in G = 5 mm; Bar in H = 1 mm.
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Figure 2.
Whole mount stained Theiler Stage 24 (E16) crania (A–F). The +/+ head (A,D) displays
normal cranial base development while the Br/+ (B,E) cranium shows a fused trabecular
cartilage lacking lateral chondrification, and the orbital cartilages are absent (*). Although
the hypochiasmatic cartilages are present, they contact the orbitonasal laminae abnormally.
The Br/Br cranium (C,F) displays unfused trabecular cartilages that are truncated caudally
so that they do not meet the hypohyseal cartilage forming an abnormal rostral point. The
orbitonasal laminae are displaced laterally and abnormally abut the reduced hypochiasmatic
cartilages while the orbital cartilages are absent. AH = hypochiasmatic cartilage; HC =
hypophyseal cartilage; OC = orbital cartilage; OL = orbitonasal lamina; TC = trabecular
cartilage.
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Figure 3.
Schematic of the defined critical region on mouse chromosome 17 for the Br mutation based
on the results of the microsatellite linkage analysis. Microsatellite markers analyzed include:
D17Mit122, D17Mit155, D17Mit189, D17Mit56, D17Mit76, D17Mit211 D17Mit123, and
novel microsatellites MS3, MS34, MS29, MS25, and MS6. Within the 171 kb critical
genomic interval, there is only one gene: Six2.
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Figure 4.
In situ hybridizations for Six2 in whole-mount embryos. In E8.5 (A-C), Six2 was detected
primarily in the first brachial arch of wild type embryos (A), with a noticely reduced
expression in Br/+ embryos (B), and a further reduction in Br/Br embryos (C). At E11.5 (D-
F), Six2 is expressed in the midface, facial prominences, first branchial arch, and the
urogenital region of the wild type (D). The Br/+ embryo shows significantly reduced
expression (E), and Six2 expression in the Br/Br embryo is nearly absent (F). However, note
the activation of Six2 expression in the lens of the Br/+ (E) and more so in Br/Br (F)
embryos. At E12.5 (G-L), Six2 expression remains obvious in the cranial base region and
facial prominences of wild type heads (G), while reduced in the Br/+ heads (H) and absent
in the Br/Br heads (I), with the exception of the lens. Also at E12.5, Six2 expression was
strong in wild type kidneys (J), much reduced in Br/+ kidneys (K), and absent in Br/Br
kidneys (L).
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Figure 5.
In situ hybridization for Six2 in E11.5 sections. Wild type mice show strong expression in
the medial nasal prominence and in the mesenchyme rostral and caudal to the eye (A & D).
Six2 expression is reduced in these same regions in Br/+ sections (B & E) and absent in Br/
Br sections (C & F). Six2 is detected in the lens of Br/+ mice (E) and very strongly
expressed in the Br/Br lens (F), whereas it is not observed in the lens of wild type mice (D).
L = lens; LNP = lateral nasal prominence; MNP = medial nasal prominence. Bar = 100 μm.
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Figure 6.
Real time qPCR and Western blot analysis showing that Six2 is significantly down-regulated
in Br/+ and Br/Br tissues. qPCR measured Six2 mRNA levels in RNA extracted from the
head and torso of E10.5–11.0 +/+, Br/+, and Br/Br mice (A). Expression of Six2 in Br/+ and
Br/Br embryos is shown relative to expression of Six2 in +/+ embryos after being
normalized against the amount of EF1α1. Error bars correspond to one standard deviation.
Western blotting with an anti-Six2 antibody for proteins extracted from the head and kidney
of E13.5 +/+, Br/+, and Br/Br mice (B) also shows a descending magnitude of Six2 protein
in mutant mice. Quantities of total proteins in each lane were confirmed by probing with an
anti-β-actin antibody. The net intensities of each Six2 Western blot band was measured and
normalized with the β-actin net intensity for each sample, confirming quantitative decreases
in Six2 protein levels in Br/+ and Br/Br mutant embryos (C). Real time qPCR measured no
changes in Six3 mRNA expression levels in E11.5 Br/+ and Br/Br mutant embryo heads (D).
* = p-value < 0.01.
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Figure 7.
Immunofluorescent staining of Six2 in wild type and Br/Br embryos. Six2 staining is shown
in green, while nuclei stained with propidium iodide are in red, and areas of overlapping
signal are shown as yellow. Six2 only localized in cell nuclei as expected for a transcription
factor. In wild type E11.5 heads (A, C), Six2 was localized primarily in the MNP and
midline mesenchyme, extending dorsally into the developing chondrocranium. Six2 was
also localized to the olfactory epithelium of the nasal pits. In Br/Br embryos, Six2 staining
was not detected in any of these tissues (B, D). At E11.5, the UB has begun to branch into
the MM, and Six2 staining in wild type embryos was strong in the MM surrounding the UB
tubule (E). In the Br/Br E11.5 kidneys, Six2 was not detected (F). In the E14.5 wild type
kidney, Six2 was localized around the periphery of the developing kidney in the
undifferentiated MM cells (G), while Six2 staining in the disorganized Br/Br E14.5 kidneys
is absent (H). LNP = lateral nasal prominence; MNP = medial nasal prominence; OE =
olfactory epithelium.
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Table 1

Br mutation mapping data using microsatellite markers along mouse chromosome 17. Shown are both Cast
and Balb backcrosses, where X is number of recombinants among N total backcrossed mice analyzed. The
calculated distance (in centimorgans) and LOD scores are shown on the right.

Cast

Marker X N Distance (cM) LOD

D17Mit122 14 513 2.73 ± 0.72 127

D17Mit155 7 513 1.36 ± 0.51 138

D17Mit189 3 513 0.58 ± 0.34 146

D17Mit56 1 720 0.14 213

D17Mit76 1 720 0.14 213

D17Mit211 0 720

Br

MS3 0 720

MS34 4 720 0.56 206

MS25 5 720 0.69 204

MS6 5 720 0.69 204

D17Mit123 17 513 3.31 ± 0.79 122

Balb

Marker X N Distance (cM) LOD

D17Mit155 5 220 2.27 ± 1.00 56

D17Mit76 1 248 0.40 ± 0.40 72

Br

D17Mit123 18 250 7.20 ± 1.63 47
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