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Transcriptional regulation of gene expression during development is critical for proper neuronal differentia-
tion and migration. Alternative splicing and differential isoform expression have been demonstrated for most
mammalian genes, but their specific contributions to gene function are not well understood. In mice, the
transcription factor gene Pitx2 is expressed as three different isoforms (PITX2A, PITX2B, and PITX2C) which
have unique amino termini and common DNA binding homeodomains and carboxyl termini. The specific
roles of these isoforms in neuronal development are not known. Here we report the onset of Pitx2ab and
Pitx2c isoform-specific expression by E9.5 in the developing mouse brain. Using isoform-specific Pitx2 dele-
tion mouse strains, we show that collicular neuron migration requires PITX2AB and that collicular GABAergic
differentiation and targeting of hypothalamic projections require unique Pitx2 isoform dosage. These results
provide insights into Pitx2 dosage and isoform-specific requirements underlying midbrain and hypothalamic
development.

© 2012 Elsevier Inc. All rights reserved.

Introduction

Gene expression is a tightly controlled process known to direct
critical aspects of neuronal migration and differentiation (Briscoe
and Novitch, 2008; Dessaud et al., 2008;Wilson andMaden, 2005). Al-
ternative splicing adds an additional layer of gene regulation, wherein
a single gene gives rise tomultiple protein isoformswith distinct func-
tions, greatly increasing functional capacity. Splicing occurs in up to
98% of human genes with multiple exons (Dessaud et al., 2008; Pan
et al., 2008; Wang et al., 2008). Recent data on mouse gene splicing
is not available, but previous studies found that the mouse genome
undergoes slightly less splicing than the human genome (Chacko
and Ranganathan, 2009; Kim et al., 2007; Modrek and Lee, 2003). Or-
gans with increased cellular and functional complexity, such as the
central nervous system (CNS), utilize gene splicing (Modrek et al.,

2001; Yeo et al., 2004), nonetheless, there are few detailed studies
of protein isoform functions in the developing brain. The morphogen
fibroblast growth factor 8 (Fgf8) gene is expressed as eight unique
isoforms with variable receptor binding properties and roles in
midbrain/hindbrain development (Guo et al., 2010). Several tran-
scription factor genes expressed in the brain, including the forkhead-
domain containing gene FOXP2 and the basic helix–loop helix domain
containing gene TCF4 (mutated in human Pitt–Hopkins syndrome) ex-
hibit alternative splicing, but the specific roles of individual isoforms for
these two genes in neuronal development are also unclear (Santos et al.,
2011; Sepp et al., 2011). A critical unanswered question is whether dif-
ferent transcription factor isoforms also exhibit unique functions during
brain development.

PITX2 is a bicoid-like homeodomain transcription factor gene.
Heterozygous PITX2 mutations in humans result in Rieger syndrome,
characterized by developmental defects in the eyes, teeth, umbilicus,
heart, and brain (Amendt et al., 2000; Childers and Wright, 1986;
Cunningham et al., 1998; Idrees et al., 2006; Semina et al., 1997).
Mouse models for Pitx2 deficiency exhibit ocular, tooth, and brain
phenotypes similar to humans with PITX2mutations, but the underly-
ing molecular mechanisms of these defects are only partially under-
stood (Gage et al., 1999; Kitamura et al., 1999; Lin et al., 1999; Liu et
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al., 2003; Lu et al., 1999; Martin et al., 2004; Skidmore et al., 2012;
Waite et al., 2011). In the mouse CNS, Pitx2 is expressed in discrete
populations of neurons in the hypothalamus, midbrain, rhombomere
1, and spinal cord. In the hypothalamus, Pitx2 is necessary for forma-
tion of the mammillothalamic tract (MTT) and midbrain Pitx2 is criti-
cal for neuronalmigration and GABAergic differentiation (Skidmore et
al., 2012; Waite et al., 2011). In the midbrain, Pitx2 is expressed down-
stream of a GABAergic cell-fate signaling cascade involving Helt and
Gata2 (Cazorla et al., 2000; Miyoshi et al., 2004; Nakatani et al., 2007).
In vitro studies have shown that Pitx2 is capable of activating Gad1
expression for GABA synthesis (Chen et al., 2011; Westmoreland et
al., 2001), suggesting Pitx2 may act indirectly or directly as a terminal
GABAergic differentiation factor.

In chick, mouse, and rat, Pitx2 gives rise to three unique isoforms
(PITX2A, PITX2B, and PITX2C) that arise from alternative promoter
usage and exon splicing. These isoforms have distinct N-termini
which are necessary for modulation of gene expression and exhibit
dosage and tissue-specific requirements (Kioussi et al., 2002; Simard
et al., 2009). In mouse, PITX2C (but not PITX2AB) is required for
left-sided morphogenesis of the heart, lungs, and ovaries, as well as
for looping of the gut (Guioli and Lovell-Badge, 2007; Liu et al., 2001,
2002). Conversely, PITX2A is the only isoformexpressed in and required
for heart development in zebrafish (Essner et al., 2000). In vitro, PITX2C
is necessary for retention of myoblasts in an undifferentiated state and
for continued proliferation (Martinez-Fernandez et al., 2006), whereas
PITX2A regulates actin–myosin changes in HeLa cells to promote cell
spreading and migration (Wei and Adelstein, 2002). Interestingly, no
unique in vivo requirements for PITX2A or PITX2B have been identified

in themouse, although PITX2AB appears to be sufficient for tooth devel-
opment (Liu et al., 2003).

All three Pitx2 isoforms appear to be equally expressed in the ma-
ture rodent brain (Smidt et al., 2000). Therefore, we hypothesized
that PITX2 isoforms may have unique functions during brain develop-
ment. To test this hypothesis, we characterized the onset of Pitx2
isoform expression in the brain and the effects of global, conditional,
or isoform-specific Pitx2 deficiency on hypothalamic andmidbrain neu-
ronal development. Our results suggest the presence of brain-region,
dosage, and isoform-specific roles for Pitx2 in neuronal migration, dif-
ferentiation, and axon tract formation.

Results

Pitx2 isoforms and alleles

The mouse Pitx2 gene is composed of two promoters and six exons
(Fig. 1A). Alternative splicing and promoter usage generates three dif-
ferent Pitx2 isoforms, PITX2A, PITX2B, and PITX2C (Fig. 1A,B). All three
isoforms have unique N-termini, but share the same C-terminus com-
posed of exons 5 and 6. Exon 5 contains the homeodomain which is re-
quired for proper DNA binding, specificity, and transactivation potential
of Pitx2 (Amendt et al., 1998; Saadi et al., 2001). PITX2C is the largest
isoform at 324 amino acids due to the large size of exon 4, whereas
PITX2A is the smallest with 271 amino acids.

To determine the functions and expression patterns of Pitx2
isoforms in the developing mouse brain, we used various combina-
tions of mouse Pitx2 alleles (Fig. 1C). Pitx2Δab is a Pitx2ab-specific

Fig. 1. Pitx2 isoforms and alleles. (A) Map of the Pitx2 gene showing exons, introns, and isoforms. Arrows indicate alternate transcription start sites. (B) Summary of exon usage and
size of Pitx2 isoforms. (C) List of mouse Pitx2 alleles used to generate unique Pitx2 deficient embryos. Pitx2 isoforms that remain intact are listed on the right.
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