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Abstract

The development of the cortex is an elaborate process which integrates a plethora of finely tuned
molecular processes ranging from carefully regulated gradients of transcription factors, dynamic
changes in the chromatin landscape or formation of protein complexes to elicit and regulate
transcription. Combined with cellular processes such as cell type specification, proliferation,
differentiation and migration, all of these developmental processes result in the establishment of
an adult mammalian cortex with its typical lamination and regional patterning. By examining in-
depth the role of one transcription factor, Pax6, on the regulation of cortical development, its
integration in the regulation of chromatin state and its regulation by cis-regulatory elements, we
aim to demonstrate the importance of integrating each level of regulation in our understanding of
cortical development.

Introduction

The mammalian cortex is a region with an exceedingly complicated cytoarchitecture.
Distinct regions of the adult cortex execute discrete cortical functions (i.e. visual processing)
that are central to cognition. Moreover, it is organized into six layers, which differ in their
cellular constituents and connectivity. The cortex possesses two main categories of neurons:
excitatory projection neurons, that extend their axons over long distances to cortical and
subcortical targets; and inhibitory interneurons, which generally have short axons and
regulate local circuits. Excitatory neurons are generated by cortical progenitors, whereas
inhibitory neurons are generated by subcortical progenitors in the ganglionic eminences.
Dysregulation of cortical histogenesis is central to developmental disorders such as epilepsy,
mental deficiency, autism and schizophrenia. Thus, understanding how the cortex develops
in non-disease conditions is the first critical step to gaining insights into these disease-states.

Neural progenitors in the ventricular zone (VZ) of the pallium (dorsal telencephalon)
generate the projection neurons of the cerebral cortex and hippocampus. Regional patterning
of the cerebral cortex occurs during the earliest stages of its development. The dorsal
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midline (roof plate) and paramedial parts of the telencephalon, produces gradients of WNTSs
and BMPs regulating multiple processes such as cortical hem formation, choroid plexus
induction and dorsal cortical patterning (Monuki et al., 2001; Cheng et al., 2006). In turn,
the cortical hem, a region that secretes WNT and BMP subtypes and which is interposed
between the hippocampal neuroepithelium and the choroid plexus anlage (reviewed by
Subramanian and Tole, 2009), further regulates cortical patterning (Caronia-Brown et al.,
2014). The cortical hem also generates Cajal-Retzius cells, an early-generated transient
neuron that resides in layer | (Meyer et al., 2002; Bielle et al., 2005). Cajal-Retzius cells
secrete the extracellular matrix glycoprotein, Reelin, which regulates radial migration of
immature excitatory neurons (Del Rio et al., 1997; Forster et al., 2002). FGF signalling
(Fgf8, 15 and 17) from the rostral patterning center specifies rostral cortical identity in part
through repressing expression of transcription factors that promote caudal fate (e.g.
CoupTFI) (Fukuchi-Shimogori and Grove, 2001; Garel et al., 2003; Cholfin and Rubenstein,
2007; 2008). These forebrain-patterning centres are the source of cellular and molecular
cues controlling initial cortical patterning.

As development progresses and the pallium is gradually subdivided, and differentiates into
discrete regions (reviewed by Mallamaci and Stoykova, 2006). This process is regulated by
a host of transcription factors such as CoupTF1, Emx2, Lefl, Lhx2, Pax6 and Sp8, which are
expressed in graded patterns along the rostral/caudal (R/C) or ventral/dorsal (\V/D) axes of
the developing VZ (Bishop et al., 2000; Galceran et al., 2000; Yun et al., 2001; Mallamaci
and Stoykova, 2006; Armentano et al., 2007; Sahara et al., 2007; Faedo et al., 2008;
Mangale et al., 2008; Chou et al., 2009; Borello et al., 2014). These TFs are among the key
patterning molecules of the developing cortex and act to set-up the regionalisation of the
cortex. In fact, loss of function of Pax6 and Sp8 lead to the “caudalisation” of the cortex
both through the loss of anterior regions of the cortex as well as through an increase in the
area occupied by the visual cortex (Bishop et al., 2000; O'Leary et al., 2007; Zembrzycki et
al., 2007). By contrast, the loss of Coup-TF1 or Emx2 lead to a reduction in caudal cortical
areas in favour of the expansion of frontal regions such as the motor cortex (Bishop et al.,
2000; Mallamaci et al., 2000; Bishop et al., 2003; Armentano et al., 2007). Moreover, loss of
both Pax6 and Emx2 leads to the drastic reduction of cortical structures in favour of the
choroidal roof and subpallium (Muzio et al., 2002a). Regional identity is then translated
from the VZ to a secondary progenitor domain called the subventricular zone (SVZ) and
then to the cortical plate (CP). Initially, the CP also exhibits gradients of TFs (Rubenstein et
al., 1999; i.e. Bhlhb5, 1d2, Thrl and Tbr2) that are gradually converted to patterns with
regional boundaries that are correlated with anatomical and functional regions; there is
evidence that these TFs also regulate regional fate (Alfano et al., 2013; Joshi et al., 2008;
Bedogni et al., 2010; Elsen et al., 2013; Greig et al., 2013). Later, thalamic afferents
contribute to refining cortical areal properties (Chou et al., 2013; Pouchelon et al., 2014).

A central unanswered question is how are the gradients of TFs in the VZ translated into
positional information in the SVZ and CP, to generate cortical regions and cortical layers?
How are neuronal subtype-specific profiles of gene expression established both at the right
time and at the right location? How are cellular subtypes able to establish these complex
gene expression profiles in response to extracellular signals and cell intrinsic programs?
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Transcription regulation undoubtedly plays a key role in regulating these processes. Thus, it
is important to define the transcription factors (TF) and the network of chromosomal
components that they bind to and/or regulate (enhancers, promoters, and downstream
transcription units) that participate in the transcriptional circuits that control corticogenesis.
In order to elucidate this circuitry, it is essential to identify both the TFs and gene regulatory
elements that control gene expression at various stages of cellular maturation. Furthermore,
the identification of enhancer elements is essential for elucidating potential loci where
human mutations may impact cortical development and lead to neuropsychiatric disorders.
Herein, we will use Pax6 as an example to address how TFs exert their effect such as the
regulation of cortical development. We will next review current knowledge of how
chromatin dynamics and other epigenetic mechanisms play a role in regulating the
expression and the downstream effects of TFs such as Pax6. Finally, we will discuss how
cis-regulatory elements control TF expression (i.e. Pax6) and how they are in turn regulated
by said TF.

1. Pax6 and evolution

Transcription factors are DNA-binding proteins that play a variety of roles in cortical
development including establishing patterning, regulating neurogenesis and conferring cell
subtype identity. They act in a cell-type specific manner to either promote or repress the
transcription of their target genes.

Members of the paired-box (Pax) gene family are part of an evolutionarily conserved family
of transcription factors that possess a DNA-binding domain known as the Paired domain
(reviewed by Gruss and Walther, 1992). A subgroup of the Pax genes also encode a
homeodomain (e.g. Pax6). The Pax family is comprised of 9 members (Pax1-9) which are
expressed in several organs where they play roles in multiple processes including cell fate
determination and cell proliferation (Chi and Epstein, 2002; Eccles et al., 2002). Pax6, in
particular, seems to have evolved in higher metazoans from an ancestral gene termed PaxB
(Kozmik et al., 2003). This ancestral gene contained a Pax2-like paired domain and
octapeptide as well as Pax6-like homeodomain; its duplication may have given rise to Pax2
and Pax6 (Kozmik et al., 2003).

Pax6 was first studied for its role in ocular formation when it was shown that human aniridia
could be attributed to a member of the paired-box family (Ton et al., 1991). This same gene
was subsequently shown to be one and the same as the gene causing a loss of eye phenotype
in the various spontaneous “small-eye” mouse mutants Sey (Hill et al., 1991). Pax6
homologues have been found in all Bilaterians that have been studied thus far including
insects (i.e. eyeless and twin of eyeless in Drosophila), fishes (i.e. Pax(zf-a) in zebrafish)
and mammals as well as nematodes, squids and annelids (reviewed by Gehring, 2004). Pax6
is a highly evolutionarily conserved protein, with over 90% conservation between the amino
acid sequence of the DNA-binding domains of Pax6 and eyeless (Quiring et al., 1994). The
association of Pax6 and its orthologues with eye development has been extensively studied
and reviewed (Gehring and Ikeo, 1999; Kozmik et al., 2003; Gehring, 2004). In the
embryonic eye, Pax6 is essential in the earliest stages of eye induction in vertebrates and
invertebrates - and ectopic expression of Pax6 elicits lens formation in aberrant tissues
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(Altmann et al., 1997; Chow et al., 1999). Moreover, induction of an ectopic eye in
Drosophila can be established using Pax6 homologues from other species thus underlining
the molecular conservation of this transcription factor (Kozmik et al., 2003). Although Pax6
is often credited as a contributor to the evolution of the eye, it is important to keep in mind
that a homologue of Pax6 has been discovered in the sea urchins, which do not have eyes or
a brain (Czerny and Busslinger, 1995; Agca et al., 2011).

Moreover, Pax6 regulates the development of a variety of tissue types apart from the eye
including the cortex, diencephalon, spinal cord, and pancreas. Pax6 has been shown to be
required for the development of other structures in the anterior head. In Drosophila, which
have four Pax6-like genes, mutation of one of them (Toy), fails to develop a head
(Kronhamn et al., 2002). Likewise, in the nematode C. elegans, mutants for the Pax6
orthologue, vab-3, exhibit gross head dysmorphorgenesis (Chisholm and Horvitz, 1995).
Since heterozygous mutations in PAX6 are at the heart of a number of abnormal phenotypes
both in humans and in mice, the molecular functions of Pax6 and its different mutants have
been the focus of many studies in the last 30 years (See Figure 1). Reviews on the roles of
Pax6 were recently published (Osumi et al., 2008; Georgala et al., 2011a; Shaham et al.,
2012) and thus, in this article, we will focus on a few recent studies to highlight how Pax6
acts to regulate cortical development.

2. Pax6: A master regulator of cortical development

Pax®6 is necessary for proper cortical development where it regulates patterning (Stoykova et
al., 1996; Toresson et al., 2000; Yun et al., 2001), neuronal migration (Schmahl et al., 1993;
Chapouton et al., 1999; Nomura and Osumi, 2004), proliferation (Gotz et al., 1998; Heins et
al., 2002), neurogenesis (Heins et al., 2002; Hack et al., 2004; Haubst et al., 2004) and, by
preventing an early-depletion of the cortical progenitor pool, the specification of upper-layer
neurons (Tarabykin et al., 2001; Tuoc et al., 2009). Moreover, as for eye specification, Pax6
appears to be sufficient to specify neuronal lineage. Indeed, expression of Pax6 in non-
neuronal cell types, such as astroglia, can reprogram these cells to form neurons (Heins et
al., 2002; Berninger et al., 2007). In addition, Pax6 in conjunction with Foxgl, another
regulator of cortical development, was shown to be able to induce a direct and rapid
conversion of “primed” mouse embryonic fibroblasts into neural precursor cell-like (NPC-
like) cells (Raciti et al., 2013).

In terms of patterning, Pax6 is expressed in the progenitor cells, or radial glia cells, of the
VZ in the developing pallium in rostral to caudal and ventral to dorsal gradients where its
presence is necessary for conferring a rostral-ventral identity to the developing cortex. Pax6
mutants (Pax65¢¥/5¢Y) have a point mutation in the Pax6 gene that generates a null allele. As
a result, they die perinatally with a plethora of abnormalities including in the telencephalon
(Hill et al., 1991) (Stoykova et al., 1996) (See Figure 1). Their phenotype is similar to that of
Pax6 null animals and therefore, both Pax6~/~ and Pax6%¢¥/5¢Y can be used interchangeably
to study the effect of Pax6 loss (St-Onge et al., 1997; Jones et al., 2002). In the absence of a
functional PAX6 protein, the establishment of the pallial-subpallial boundary is
compromised (Carney et al., 2009). Therefore, in Pax6 knockouts, genes characteristic of
subpallial domains (such as Gsx2, Mash1, DIx) are expressed ectopically in the dorsal
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forebrain and neurons that normally become glutamatergic adopt a GABAergic cell-fate
(Stoykova et al., 2000; Toresson et al., 2000; Yun et al., 2001; Kroll and O'Leary, 2005).
Moreover, rostrocaudal patterning of the pallium is disorganised in the Sey mouse (Bishop et
al., 2000) (Muzio et al., 2002b). In fact, in the Pax6 mutants, the caudal areas shift forward
whereas the rostral areas are very reduced, in contrast to Emx2 and CoupTFI mutants
(Muzio et al., 2002a; b; Armentano et al., 2007; Faedo et al., 2008; Borello et al., 2014).
Moreover, when Pax6 is specifically removed in the cortex in Emx1::Cre; Pax67/FI mice,
cortical arealization is perturbed with a general rostral shift of the visual/somatosensory and
somatosensory/motor boundaries (Pifion et al., 2008). Moreover, the cortex of the
conditional knockouts exhibited abnormalities in lamination and the somtatosensory map in
the barrel fields of the mutants was both reduced in size and incomplete (Pifion et al., 2008;
Zembrzycki et al. 2013). However, despite these gross regionalisation defects, both the
thalamocortical and corticofugal connections appeared to form correctly (Pifion et al., 2008).
Interestingly, the selective reintroduction of Pax6 in the cortex of the Emx1::Cre; Pax6F/F!
mice was able to partially rescue the size and positioning of part of the cortical body map
demonstrating that Pax6 is crucial for the specification of S1-area identity in cortical
progenitors (Zembrzycki et al. 2013).

Lastly, the Pax77 mutant, which carries several copies of the human PAX6 locus (including
its regulatory upstream and downstream regions) in the endogenous mouse region, does not
display any overt aeralization phenotype, except for a reduction in the size of the
somatosensory cortical area, though the mutant reveals that overexpression of Pax6 does
lead to a dysregulation of cell cycle late in corticogenesis with an increase in cell cycle
length and cell cycle exit (See Figure 1) (Manuel et al., 2007; Georgala et al., 2011b). The
latter studies, amongst others, demonstrate that in order to exert its effects appropriately, the
dosage of Pax6 must be tightly regulated (Schedl et al., 1996; Sansom et al., 2009). It
therefore demonstrates why heterozygous mutations of Pax6 cause disease (Prosser and van
Heyningen, 1998).

The Pax6 protein contains a paired domain and a homeodomain that recognise different
consensus binding sites (Ton et al., 1991). It was previously shown that the homeodomain is
crucial in regulating lens formation and retinal specification but has no clear effect on
forebrain development (Haubst et al., 2004; Ninkovic et al., 2010). Conversely, Pax6/€y18
mice that have a deletion of the paired domain severely affect several aspects of forebrain
development, including cortical patterning, thereby providing evidence that the paired
domain functions to regulate the development of the telencephalon (See Figure 1)(Haubst et
al., 2004). The paired domain can be subdivided into a C-terminal RED subdomain and an
N-terminal PAI subdomain (Epstein et al., 1994; Yamaguchi et al., 1997). The N-terminal
PAI subdomain is functionally blocked in an alternative transcript of Pax6 known as
Pax6(5a) in which exon5a is expressed in lieu of the traditional exon5 (Haubst et al., 2004)
During early neurogenesis in the developing telencephalon (E12.5), “conventional” Pax6
trancsripts have been shown to be around six times more abundant than Pax6(5a) transcripts
(Pinson et al., 2005). These ratios drop as the cortex matures and by E14.5, there isa 1:2
ratio of Pax6 to Pax6(5a) transcripts suggesting that these two isoforms play different roles
in cortical processes. In fact, both subdomains of the paired box (RED and PAI) have
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previously been shown to bind to different consensus sequences (P6CON and 5aCON
respectively) while the consensus paired domain can bind both (Epstein et al., 1994;
Yamaguchi et al., 1997). Interestingly overexpression of Pax6(5a), using retroviral infection
of cortical progenitors cells in an In vitro model, inhibited cell proliferation but didn’t affect
cell fate (Haubst et al., 2004). A recent study took advantage of the following homozygous
mutants to continue dissecting out the roles of the Pax6 paired domain: Pax65¢Y mutants,
Pax6L-€ca4 with a substitution in the PAI domain, and Pax6-€°32 with a substitution in the
RED subdomain (See Figure 1) (Walcher et al., 2013). This study showed that mutation in
the PAI domain reduced cell proliferation whereas mutations in the RED domain had the
opposite effect. The opposite effects of these neighbouring subdomains most likely
contribute to the fine-tuning of proliferation by Pax6 in cortical progenitors and possibly
explains why some studies have shown that Pax6 promotes or inhibits cell proliferation in
the developing cortex (Holm et al., 2007; Osumi et al., 2008; Sansom et al., 2009).
Moreover the Pax6-€°3* mouse showed similar impairment in neurogenesis as in the
Pax65¢Y mutants. Interestingly, neither Pax6-6¢a2 nor Pax6-€°3* mutant had the severe
cortical patterning defects that are observed in the Pax6 complete loss of function alleles.
This suggests that the function of the remaining Pax6 subdomain, either RED or PAI, is
sufficient to promote the correct patterning of the cerebral cortex despite proliferation and
neurogenesis defects. In addition, deletion of Pax6(5a) had no overt effect on neurogenesis,
proliferation or patterning of the cortex, possibly because Pax6 transcripts are overexpressed
in Pax6(5a)~~ mice (Haubst et al., 2004). Taken together, the studies of the Pax6
subdomains show that its modular structure enables Pax6 to perform distinct (and at times
opposing) functions using discrete domains and subdomains for regulating patterning,
neurogenesis and proliferation (See Figure 1). Recently, the Cvelk lab pursued the dissection
of the roles of the different Pax6 subdomains by studying the binding abilities of several
missense PAX6 and PAX6(5a) mutants to bind to a panel of Pax6 consensus sequences
recognised by different Pax6 subdomains (Xie et al., 2014). This study showed that,
depending on the combination of mutations and binding sequences, Pax6 mutants acted as
gain-, neutral- or loss-of function mutations thereby highlighting the complexity of this TF
in regulating gene transcription.

A surprising study uncovered that, in the forebrain, in order to regulate cortical
development, the coding region of Pax6 could be replaced by that of Pax2 or Pax6(5a) and
still rescue cortical phenotypes associated with Pax6 knockout (though eye phenotypes were
not rescued in either scenario) (Carbe et al., 2013). When Pax6(5a) was expressed in lieu of
Pax6, dorsoventral patterning and progenitor proliferation defects were normalised though
defects at the ventral boundary persisted. Moreover, inserting Pax2, which lacks a
homeodomain, in the Pax6 locus resulted in a rescue of forebrain patterning and
neurogenesis. This study further strengthened the case for the necessity of a functional
“paired-domain” for proper cortical development (Carbe et al., 2013).

Taken together, the studies described above show that a given TF, such as Pax6, exerts
different effects depending on its DNA binding domain and moreover, that the regulation of
its expression is crucial to ensuring that its effects are targeted. That being said,
endogenously, Pax6 is present both in the developing eye and in the developing forebrain.
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Why doesn’t Pax6 activate genes specific for eye development in the forebrain? Clearly, the
regulation of its expression is not sufficient to explain the differential transcriptional
networks activated in different tissue types. In addition to tissue-specific expression of other
TFs, this difference may in part be explained by differential access of Pax6 and other TFs to
gene promoters and cis-regulatory elements in each tissue. As it happens, a study by Xie and
colleagues revealed that Pax6 preferentially binds to the promoter regions of its target genes
in a tissue-specific manner (Xie et al., 2013). In fact, when comparing Pax6-bound regions,
as identified by ChIP-Chip in the neonatal lens and prenatal forebrain and pancreas, an
overlap of only 20% of bound-regions was found between these tissue types, suggesting that
most Pax6 downstream targets are tissue-specific (Xie et al., 2013).

3. How is the chromatin landscape remodelled to allow or inhibit access by
a given TF?

In eukaryotes, genomic DNA is tightly wrapped around a histone protein core to form a
macromolecule known as chromatin, which serves to condense DNA and regulate its
transcription. This chromatin can dynamically switch conformations from a structurally
open state associated with transcriptional activation and a structurally condensed state linked
to transcriptional repression. This was shown elegantly in a recent study that combined
fluorescence in situ hybridisation with super-resolution structured illumination microscopy
(Patel et al., 2013). In this study, the authors found that, as development of the neural tube
progresses, chromatin around the Pax6 locus exhibited signs of decompaction coinciding
with transcriptional onset. Further, in nearby somites, which do not express Pax8, this
chromatin decompaction did not occur.

The regulation of the dynamic switch of chromatin states is encoded by epigenetic
mechanisms (reviewed by Nord et al., 2015). These include DNA cytosine methylation as
well as post-translational chemical modifications of histones, that alters their tertiary
structure, by such as processes as acetylation, methylation, phosphorylation, sumoylation,
and ubiquitylation (reviewed by Kouzarides, 2007 and Nord et al., 2015). In addition, small
non-coding RNAs can also modify transmissible changes in gene expression without
affecting the actual DNA sequence. Cortical development is rife with examples wherein
epigenetic processes play a decisive role in regulating neurogenesis, proliferation, cell
specification and other important functions (reviewed by Hsieh and Gage, 2004; Wu and
Sun, 2006; Mehler, 2008; Kim and Rosenfeld, 2010; Mahgoub and Monteggia, 2013;
MuhChyi et al., 2013).

3.1. Chromatin remodelling

Several studies have shown that certain chromatin regulators strongly impact neuronal
specification during cortical development, such as histone-lysine N-methyltransferases (e.g.
Ezh2) (Pereira et al., 2010) or histone deacetylases (Juliandi et al., 2012). Fewer studies
have so far looked at the effect of transcription factors on chromatin modification. Yet, Pax6
has been shown to bind several chromatin modifiers. Indeed, in the pancreas, Pax6 interacts
with the transcriptional co-activator p300 (a histone acetyltransferase) to promote
transcription of proglucagon by transactivating its G1 promoter element (Hussain and
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Habener, 1999). This interaction is stabilised by the binding of another TF known as Cdx2.
The adapter protein p300, and its closely related associate CBP, are histone
acetyltransferases that open the chromatin structure around promoters and enhancers
(reviewed by Sheikh, 2014). Moreover, CBP/p300 are able to recruit the basal
transcriptional machinery including RNA polymerase Il in order to directly promote
transcription of a gene (reviewed by Sheikh, 2014). By binding p300, Pax6 could thus both
influence the chromatin structure of its target genes and enable their transcription.

Further, Pax6 has interactions with several subunits of the vertebrate SWI/SNF (switch/
sucrose nonfermentable) complex, or BAF (Brgl/Brm-associated factor) complex, which
regulates chromatin remodelling (reviewed by Wen et al., 2009; MuhChyi et al., 2013;
Ronan et al., 2013). The BAF complex contains a core ATPase subunit (Brgl or Brm),
invariant core subunits (BAF47, BAF155 or BAF170) and other subunits that are lineage-
specific. In the developing cortex, co-immunoprecipiation experiments determined that Pax6
can bind to BAF170, BAF155 as well as Brm; it can also recruit BAF complexes containing
these subunits to its target promoters (Tuoc et al., 2013). BAF170, was shown to specifically
repress several genes typically activated by Pax6, such as Thr2, Cux1 and Tlel, by recruiting
the REST (REZ1-silencing transcription factor)-corepressor complex (Tuoc et al., 2013).
Pax6 was also shown to interact directly with BAF155 resulting in the elimination of REST-
corepressor complex on Pax6 target gene promoters. More importantly, the presence of
BAF155 was linked to the induction of euchromatin state at Pax6 target loci as measured by
a decrease in DNA methylation and in the repressive histone mark H3K27Me3 and by an
increase in the active histone mark H3K9Ac (Tuoc et al., 2013). During cortical
development, BAF170 and BAF155 subunits are both present in early progenitors but, by
E15.5, BAF170 is nearly absent from these progenitors while the expression BAF155
subunit is maintained. It therefore appears that the balance of Pax6-BAF170 to Pax6-
BAF155 complexes can regulate the activation and repression of Pax6 targets in
development. Pax6 regulates the specification of upper-layer neurons by regulating
progenitor cell-cycle in order to maintain the cortical progenitor pool (Tarabykin et al.,
2001; Tuoc et al., 2009). In this context, the substitution of repressive Pax6-BAF170
complexes by activating Pax6-BAF155 complexes during development can perhaps serve to
regulate the timing of certain Pax6 target genes and in particular those genes necessary for
upper-layer specification. In the cortex, Pax6 was not shown to recruit Brgl complexes to its
targets. In adult neural stem cells, Pax6 directly interacts with the Brgl-containing BAF
complex and, in the absence of Brgl, Pax6 loses its neurogenic activity (Ninkovic et al.,
2013). Similarly, in the developing lens, Pax6 directly recruits Brgl-complexes to the
crystallin gene locus (Yang et al., 2006).

The ability of Pax6 to interact directly with chromatin modifiers (that are themselves
regulated in a spatio-temporal manner) is crucial in determining which downstream targets
are accessible to Pax6. At E15, microarray data indicate that the chromatin remodeller SatB2
and the DNA methyltransferase Dnmt3a are differentiatlly expressed in the cortex of
Pax65¢Y/5eY versus wild-type mice (Holm et al., 2007). Further work needs to be carried out
to determine whether Pax6 directly controls the transcription of these genes or whether the
observed differential regulation occurs through an indirect mechanism.
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In addition, chromatin modifiers regulate Pax6 expression during brain and eye
development. For instance, the histone demethylase, Jarid1b, controls the levels of
H3K4me3, a histone modification that is associated with active transcription (reviewed by
Kouzarides, 2007). In the absence of Jarid1b in embryogenesis, H3K4me3 marks
accumulate on developmental genes that should not be active (Albert et al., 2013). For
instance, there is a global increase of H3K4me3 on Pax6 in Jaridbl knockout brains and a
concomitant increase in Pax6 expression. Moreover, Jaridb1 null animals have eye defects
reminiscent of those present in Pax65¢Y mice. In addiiton, during human pluripotent cell
differentiation, one of the subunits of the BAF chromatin remodeller complex, SNF5, plays
the role of activating OCT4-repressed target genes such as Pax6, thus regulating the balance
between pluripotency and differentiation (You et al., 2013).

Interestingly, in the cortex, new evidence has uncovered that an early response transcription
factor binds in an activity-dependent manner to cis-regulatory elements to regulate
transcription of late-response genes (Malik et al., 2014). Indeed, in postnatal cortical
neurons, membrane depolarization induces a rapid change in the number of H3K27Ac peaks
(Malik et al., 2014). Moreover, increased H3K27Ac around gene loci such as the Fos locus
correlated with an increase in transcription from these loci including an increase in Fos
MRNA thus raising the possibility that, for activity-dependent genes, an increase in
H3K27Ac is necessary to activate their enhancers and promote their transcription. This
study reveals a potential mechanism whereby gene transcription is regulated rapidly, at the
chromatin level, by extrinsic cues and in the context of development, it serves as a proof of
concept that as differentiation progresses, chromatin state and transcription can undergo
rapid alterations.

3.2. DNA methylation

DNA methylation is a type of epigenetic modification that can regulate gene expression
(typically repression). A recent study compared epigenetic marks of TF occupied DNA
sequences (OSs) and their orthologue sequences in a variety of cell lines (Cheng et al.,
2014). When TF occupancy between the OS and its orthologues was comparable,
methylation profiles were also similar; however, when TF occupancy was not conserved in
OSs and their orthologues, methylation levels were significantly increased in the unbound
orthologous sequences (Cheng et al., 2014). This confirms the general theory that DNA
methylation is usually indicative of a transcriptionally repressed state whereas
hypomethylation denotes a transcriptionally active state.

A recent focus on DNA methylation profiles in the cortex has been driven by the realization
that in patients with disorders such as schizophrenia and depression, methylation profiles are
altered in the cerebral cortex (reviewed by Akbarian, 2010; Nabeshima and Kim, 2013). The
Pax6 promoter is frequently methylated in a variety of cancers including bladder, gastric and
invasive breast cancer; and this is often associated with the silencing of PAX6 and poor
prognosis for the patient (Salem et al., 2000; Moelans et al., 2011; Yang et al., 2013). To our
knowledge, the methylation profile of Pax6 has not yet been assessed in the developing
cortex. Nonetheless, a recent study looked at Pax6 expression and methylation in a model in
which mouse embryonic stem cell are differentiated into radial glial cells (Gao et al., 2011).
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They found that Pax6 expression was regulated by CTCF, a zinc finger protein, which acts
as a barrier between the Pax6 promoter and an adjacent cis-regulatory element by binding to
either one of five functional and specific motifs in a repressor element located within its
promoter region (Wu et al., 2006). CTCF was previously shown to negatively regulate Pax6
levels in ocular tissues (Li et al., 2006). The regulation of Pax6 by CTCF was dependent on
DNA methylation; in fact as differentiation into radial glia progressed, the repressor element
within the Pax6 promoter was methylated which inversely correlated with CTCF occupancy
(Gao et al., 2011). In this case, since methylation occurred on a repressor region of the Pax6
locus, methylation acted to increase transcription of Pax6. Further work will need to focus
on examining the methylation profile of the Pax6 locus in radial glial cells during cortical
development and specifically dissect out its effect on the specific cis-regulatory elements
present within the Pax6 regulatory region.

Pax6’s ability to transcriptionally regulate its downstream targets is enhanced by its capacity
to interact with several chromatin modifiers such as p300 and members of the BAF complex
(see above, section 2.1). Being able to regulate the methylation/demethylation of its targets
would further add to the arsenal of tools that this TF possesses to exert its effects on pallial
development. Remarkably, upon electroporation of BAF170 into E13.5 cortices, CpG
methylation of two Pax6 downstream targets, Tlel and Cux1, was increased (Tuoc et al.,
2013). This effect was largely rescued upon electroporation of BAF170/BAF155, indicating
that BAF155 can act to negatively regulate BAF170-promoted DNA methylation. Since
Pax6 and BAF155 can interact, perhaps Pax6 can also indirectly regulate the methylation
state of its downstream targets.

3.3. Regulation by non-coding RNA

Pax6 exerts its effects by binding to enhancers but also by regulating non-coding RNA
elements. In fact, in the developing lens, Pax6 was shown to co-regulate Tprm3 and the
intronic microRNA gene mir-204, which is a negative regulator of gene expression during
eye development (Shaham et al., 2013). Micro-RNAs are involved in the post-transcriptional
repression of transcripts that possess an miRNA-specific sequence in their untranslated
regions (Grishok et al., 2001; Lewis et al., 2005). By regulating mir-204, Pax6 could in
effect rapidly repress a large number of transcripts possessing the appropriate miRNA-
specific sequence. In addition, in a neuroblastoma cell line, N2A, a long non-coding RNA
(IncRNA) named Paupar was shown to negatively regulate Pax6 expression (Vance et al.,
2014). Paupar is located adjacent to the Pax6 locus and is ultraconserved across species.
Interestingly, not only does Paupar regulate Pax6 expression, it also appears to generally
associate with many other loci in the genome. These include loci whose transcription
Paupar regulates; and at some of which there appears to be Paupar-Pax6 co-occupancy
(Vance et al., 2014). This study provides evidence that this INcRNA might be crucial for
neural development and it will be noteworthy to uncover its in vivo relevance to Pax6
function and cortical development. Finally, Pax6 was shown to regulate the expression of
mir-135b during differentiation of human ESCs into neuroectodermal cells and mir-135b
was subsequently shown to promote neural differentiation of humans ESCs (Bhinge et al.,
2014).
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Pax6 may in turn be regulated by non-coding RNA. Indeed, a bioinformatics analysis of
mir-92b binding sites predicted that this mMRNA could bind to the 3’UTR of Pax6 in the
embryonic cortex (Nowakowski et al., 2013). Postnatally, Pax6 protein continues to be
expressed in a high dorsal-low ventral gradients in progenitors situated along the walls of
the lateral ventricles which generate olfactory bulb interneurons (de Chevigny et al., 2012).
This Pax6 gradient is necessary for the correct generation of olfactory dopaminergic
interneurons and it was shown that it is regulated at the post-translational level by mir-7a.
Mir-7a, which is expressed in a low dorsal-high ventral gradient, binds to the 3’"UTR of
Pax6 post-transcriptionally and inhibits the synthesis of the PAX6 protein in vivo (de
Chevigny et al., 2012).

Thus the epigenetic mechanisms that regulate transcription through altering chromatin state
or DNA methylation, play major roles in regulating development. Furthermore, Pax6 can
modulate the chromatin state of its target genes. In addition Pax6, in concert with DNA
methylation and non-coding RNA can regulate Pax6 and its downstream targets. As research
progresses, it will become increasingly apparent that the regulation networks that control
epigenetic mechanisms in development are exceedingly complex and probably involve
multiple checkpoints and partially redundant pathways. This tight control of chromatin state
and of transcription is necessary to ensure that TFs can bind to their downstream targets (the
enhancers and promoters of the genes that they control) in a temporal and spatially restricted
manner so that appropriate developmental programs are enabled and off-target effects are
limited.

4. Identification of enhancers that are active during cortical development

Enhancers are regulatory sequences (non-coding DNA) that can be located long distances
from promoters and that selectively regulate gene transcription. The discovery of enhancers
that are active during cortical development has gained momentum as whole genome
sequences became available (enabling comparative genomic analyses that identifies
conserved non-coding domains), and following the success of next-generation sequencing
technologies (e.g. ChlP-Seq for active chromatin marks, such as AcH3K27). Enhancer
sequences are bound by multiple transcription factors and thus serve as modules to regulate
transcription of their associated gene in a finely tuned spatiotemporal manner. In addition,
mutations in enhancers are implicated in human diseases (reviewed by Nord et al., 2015).

4.1. Pax6 binds to promoters and enhancers of downstream targets

Gene expression changes in the Pax6 mutants, assayed by in situ or microarray experiments,
have shown that Pax6 directly regulates or indirectly affects the transcription of a large
number of downstream targets including TFs, cell adhesion molecules, signal transduction
proteins, and axon guidance molecules (Holm et al., 2007; Visel et al., 2007). A sizeable
proportion of TFs that are dysregulated in the mutants’ cortex at E12 included TFs involved
in neurogenesis, patterning and differentiation, such as Ngn2, AP2-y, Thr2, Thrl, SatB2 and
NeuroD6 (Holm et al., 2007). Hierarchical clustering of the annotated expression patterns of
in situs in the developing E14.5 mouse cortex, revealed a potential Pax6 regulatory network
comprised of 80 genes (Visel et al., 2007). Within this set, 14 genes (collectively possessing
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27 consensus Pax6 binding sites) were shown by electromobility shift assays to bind to Pax6
including six TFs: Arx, NeuroD1, NeuroD4, Neurod6, Ngnl and Ngn2.

A ChIP-Chip study by Sansom et al. (2009) revealed that Pax6 was bound to 1560
promoters in the mouse cortex at E12.5 (Sansom et al., 2009). A further ChlP-on-ChlIP study
established that Pax6 occupies approximately 2484 promoters in the mouse cortex at E15.5
(Xie et al., 2013). At E12.5, gene ontology analysis of the Pax6-bound genes showed
enrichment for genes involved in cell cycle regulation, neurogenesis, proliferation and
neuronal differentiation (Sansom et al., 2009). Interestingly, Pax6 was found to bind to the
promoters of many TFs expressed in radial glia progenitors including the patterning genes
CoupTF2, Emx2 and Pax6 itself (Sansom et al., 2009). Additionally, Pax6 bound the
promoters of TFs expressed in basal progenitors such as Tbr2 and Neurod1 as well Hmga2,
a member of a protein complex that regulates transcription at enhancers. The authors then
compared this dataset with microarray datasets obtained on E12.5 cortices in gain-of-
function D6-Pax6 mice (which constitutively overexpress Pax6 in the VZ of the developing
cortex) and loss-of-function Pax65€¥/5¢Y mice. For the large part (78% of cases), the binding
of Pax6 to a promoter region did not correlate with changes in the genes expression in gain-
and loss-of-function mutants and vice-versa. This indicates that the transcription of some
genes are regulated indirectly or that they might be regulated by binding of Pax6 to more
distal enhancers (Sansom et al., 2009).

As described in Visel et al. (2013), we and our collaborators discovered and characterized
145 enhancers that are active in the E11.5 telencephalon. We fate mapped the activity of 14
of the cortical enhancers, using CreER stable transgenic lines that we generated. The results
provide evidence for a progenitor zone protomap of the cortex (including the frontal cortex)
that is of higher resolution than of the expression patterns of known transcription factors
(Pattabiraman et al., 2014). Using ChIP-Seq, we identified COUPTF1 and PAX6 binding
sites on many of these enhancers (Pattabiraman et al., 2014). ChlP-Seq for Pax6 yielded a
few thousand peaks at E12.5 and E13.5 and amongst those, approximately 9% were within
5kb of the nearest gene’s transcriptional start site. The distribution of Pax6 binding sites on
the genome therefore suggests that Pax6 predominantly binds to distal regulatory elements
rather than to promoter regions. Further analysis was carried out on some of the previously
characterized enhancers (Visel et al., 2013) and it was shown that four enhancers were
activated by Pax6 in luciferase assays: hs636, hs643, hs840 and hs1172; these are enhancer
elements located near Rrsrcl, Dmrtal, EphA5 and CoupTFI respectively (Pattabiraman et
al., 2014). Moreover, when crossed with Pax65¢¥/S¢Y, the activity of hs840 and hs636 was
greatly reduced in the developing palllium providing further evidence that these enhancers
are downstream targets of Pax6 in vivo (Pattabiraman et al., 2014).

Pax6 was also found to bind and transactivate a number of other enhancers. For instance, the
LATE enhancer upstream of Neurogeninl requires Pax6 in order to maintain its
telencephalic expression in mice (Blader et al., 2004). Moreover, the Neurogenin2 enhancer,
E1, also requires Pax6 to retain its endogenous expression in the lateral cortex and in the
spinal cord (Scardigli et al., 2001). In addition, this enhancer was shown to possess a low-
affinity Pax6 binding site which, when mutated, also led to the loss of E1 expression in the
developing cortex (but not in the spinal cord) (Scardigli, 2003). Remarkably, inserting a
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high-affinity binding site for Pax6 in E1, or increasing the levels of Pax6, resulted in ectopic
E1 expression with an expanded domain of expression in the developing cortex (Scardigli,
2003). Both Neurogeninl and Neurogenin2 had previously been shown to depend on Pax6
for expression in cortical progenitors (Stoykova et al., 2000; Toresson et al., 2000; Yun et
al., 2001). Finally, Pax6 was also shown to bind to a FoxP2 enhancer, ECR1, using ChIP in
28-hpf zebrafish embryos (roughly equivalent to mouse E11.5) (Coutinho et al., 2011). The
ECR1 enhancer drove reporter expression in the fish forebrain in the same pattern as FoxP2
and in the mouse at E11.5. This expression was downregulated by mutating the Pax6-
binding site in ECR1, by morpholino injection of Pax6a and Pax6b, zebrafish paralogs of
Pax6, as well as in Pax6 null mice (Coutinho et al., 2011).

In other tissue types, Pax6 was found to bind enhancers of several genes. In the, optic
vesicle and lens placodal surface area, Pax6 bound to the N3 enhancer of Sox2 (Inoue et al.,
2007), in the mid-gestational neural tube Pax6 bound to the D and E elements of the Hoxd4
cis-regulatory region (Nolte et al., 2006) and Pax6 bound to several sites of the Six6
enhancer in the prenatal diencephalon and several ocular structures (Tétreault et al., 2009).
In the latter study, Pax6 and Lhx2 were both shown to synergistically activate Six6. Other
studies have also shown that Pax6 requires a binding partner in order to exert its effects. For
instance, Pax6 and Pdx1 form a complex to bind and activate the somatostatin enhancer in
the pancreas (Andersen et al., 1999). Moreover, Pax6 also forms a molecular complex with
Sox2 to bind to the 3-crystallin lens enhancer, DC5 (Kamachi et al., 2001). In addition, Pax6
binds to an ectoderm-specific enhancer (LE9) of the Pax6 locus in order to regulate its own
expression (Aota et al., 2003). Indeed, Aota and colleagues (2003) showed that Pax6 could
bind to the enhancer alone to elicit its activity, but that Pax6 could form complexes with
Sox2 and Sox3 to enhance the regulation of this enhancer(Aota et al., 2003)

4.2. Pax6 cortical enhancers

The strict spatio-temporal control of PAX6 expression is regulated by multiple enhancer
elements located around the Pax6 locus. The first cis-regulatory elements controlling PAX6
expression were described in human patients with aniridia bearing chromosomal breakpoints
and rearrangements downstream of Pax6 (Fantes et al., 1995; Lauderdale et al., 2000;
Kleinjan et al., 2001). Several cis-regulatory elements that regulate Pax6 expression in the
eye have since been described (Williams et al., 1998; Xu et al., 1999; Griffin et al., 2002;
Kleinjan et al., 2004; 2008; McBride et al., 2011; Bhatia et al., 2013; 2014). An innovative
approach recently identified two new cis-regulatory elements around the Pax6 locus by
looking at the conservation of ancient conserved non-coding elements (aCNES) which are
defined as evolutionarily conserved sequences found in multiple contemporary species that
are evolutionarily very divergent (Bhatia et al., 2014). In this study, the scientists compared
the Pax6 locus of an elephant shark and that of humans and discovered new ocular
enhancers for Pax6.

The first Pax6 cortical enhancer was discovered in its promoter region, between the two
alternative promoter regions PO and P1 (Kammandel et al., 1999). This 5kb fragment is
active in the developing mouse cortex, hindbrain and spinal cord. By extending the upstream
and downstream sequence of this enhancer, the authors showed that the enhancer could
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more accurately recapitulate the embryonic brain expression of Pax6 (Kammandel et al.,
1999). This cis-regulatory element is highly conserved between Fugu and mouse. More
recently, McBride et al. (2011) described other Pax6 enhancers, that drives expression in the
mouse cortex (along with several other tissues) (McBride et al., 2011). One dubbed ultra-
conserved E60 element (E60UCS) is located 25kb downstream of the Pax6 3’'UTR in an
intron of a neighbouring gene, Elp4 (McBride et al., 2011). An adjacent element named
E60A is also evolutionarily conserved. Both these elements drive expression of a reporter in
the entire telencephalon, in addition to other tissues (McBride et al., 2011). Building upon a
study in which a YAC containing 420kb of the human Pax6 locus was used to rescue
deficits in the Pax65®Y mutant (Sched| et al., 1996), Mi and colleagues investigated the cis-
regulatory elements of this construct (Mi et al., 2013). Reporter assays indicated that the
large DNA fragment drives expression of a TauGFP reporter in the telencephalon in a
pattern largely resembling that of Pax6. Moreover, the researchers narrowed down a core
regulatory element within 20kb downstream of the downstream regulatory element of Pax6
which drives reporter expression in the cortex and thalamus.

4.3. Enhancers for other cortical patterning genes

Multiple strategies can be employed to detect enhancer elements in the developing cortex. In
our collaboration with the Lawrence Berkeley National Lab, we used sequence conservation
and ChlP-Seq for the acetyltransferase p300 on E11.5 mouse forebrain tissue to identify
potential forebrain enhancers (Visel et al., 2013). Combining both methods, we identified
4656 noncoding regulatory sequences that were candidate forebrain enhancers. We then
tested 329 of these elements, using the human sequence, in transient transgenic mouse
assays and found that 105 of these elements were bona fide forebrain enhancers in vivo at
E11.5. Additional forebrain enhancers can be found on the VISTA Enhancer Browser
website: http://enhancer.lbl.gov.

Enhancers that are active in cortical development, that are associated with genes implicated
in cortical development (Emx2, Fezf2, Neurogeninl/2, Sox2, Pax6,Tbr2, and SatB2) are in
Table 1. Upstream of Emx2 there is an enhancer that drives expression in the dorsal
telencephalon; this DNA contains binding sites for effectors of the Wnt and Bmp signalling
pathways, Tcf and Smad respectively (Theil et al., 2002). Deletion of this enhancer resulted
in a downregulation, but not abolition, of Emx2 expression in the telencephalon suggesting
that additional enhancers drive telencephalic Emx2 expression as well as to confer on it the
particular graded expression along the rostrocaudal axis (Suda, 2010). Similarly, two
enhancers of Fezf2 have been studied so far: the E4 (or 434) enhancer and the 1316
enhancer (Shim et al., 2012; Eckler et al., 2014). The E4 downstream enhancer is a cortex-
specific enhancer of Fezf2 which drives expression in cortical progenitors; its absence is
characterized by a reduction in Fezf2 expression and an absence of the corticospinal tract
which is reminiscent of a cortex-specific deletion of Fezf2 (Shim et al., 2012). This enhancer
is positively regulated by SOX4 and SOX11 and negatively regulated by SOX5 (Shim et al.,
2012) and can also bind to TBR1, FOXG1 and NF1B (Eckler et al., 2014). The Fezf2
upstream enhancer, enhancer 1316, shows activity in deep-layer neurons and high
throughput chromosome conformation capture (Hi-C) data confirms its ability to bind the
Fezf2 promoter (Eckler et al., 2014).
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The complete analysis of a cortical development enhancer element require defining: 1) its
temporal and spatial activity pattern; 2) the gene(s) that it regulates; 3) the molecules that
regulate the enhancer element (e.g. TFs, histone modifications, DNA methylation,
miRNAS). Moreover, as we gather more information about cortical enhancers, perhaps we
will find markers that predict their location such as a combination of histone marks and
transcription factor motifs. For instance, in a variety of cell types including mouse
embryonic fibroblasts, a unique signature of three chromatin marks can serve to predict
whether these cells are amenable to being reprogrammed into induced neurons by one of the
master regulators, Ascll (Wapinski et al., 2013).

One of the main pitfalls so far in enhancer studies is the lack of evidence that the so-called
enhancer regions bind to the promoter of the gene they are supposedly regulating. To obtain
this information, it is useful to define chromatin conformation to assess whether the
enhancer is in proximity to the promoter of the gene that it regulates. It is known that
beyond sharing a conservation of primary DNA sequences, syntenic regions in mouse and
human also share a similarity in their higher order chromatin structure (Chambers et al.,
2013). A recent study set out to identify enhancer-promoter units (EPUs) and provide
information about the chromatin structure (Shen et al., 2012). These authors were interested
in expanding upon the finding that enhancers may not always target their closest promoter.
Using a combination of ChIP-Seq data commonly used to identify cis-regulatory elements in
several tissue types, the authors developed an algorithm enabling them to identify probable
EPUs. They then verified their postulate by showing that, as predicted, five potential
enhancer-promoter complexes were associated in the cortex but not in ES cells using
chromosome conformation capture (3C) to detect long distance looping interactions (Shen et
al., 2012).

4.4. Moving the protomap onwards: from the VZ to the cortical plate

It will be important to determine the gene regulatory networks important for conferring
appropriate patterning to the cortex as it develops. We hypothesise that in order to pass
along the information encoded in gradients of TFs present in the VZ, enhancers for genes
important in cell specifications will be bound by some of the TFs located in the VZ such as
Pax6, Emx2, sp8 etc (see Figure 2)... We postulate that enhancers serve as protein-binding
modules that translate gradients of TFs in cortical progenitors into region-specific
expression in cortical neurons.

Pax6 was shown to control regionalisation through a downstream cascade beginning with
the induction of Eomes (Tbr2) in the intermediate progenitors and propagated by Tbrl to the
cortical plate (Bedogni et al., 2010; Elsen et al., 2013). In this model, aeralization
information encoded by the gradient of Pax6 in the VZ would be passed along in an
“intermediate map” in the SVZ encoded by Thr2. In the absence of Thr2, a rostrocaudal shift
occurs in the patterning of the developing cortex with shifts in the gene expression of a
variety of genes reminiscent of changes seen in mutants in which Pax6 is exclusively
removed in the cortex (Pifion et al., 2008; Elsen et al., 2013). In both cases, the
thalamocortical distribution remains unperturbed indicating that the perturbation in
arealization is not accompanied by a change in cortical identity. Blurring of the cortical area
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boundaries however does occur in the absence of Thr2 indicating that it is necessary for the
refinement of the cortical areal map. Pax6 can directly transactivate Thr2 (Sansom et al.,
2009) and in Pax65¢Y mice, although intermediate progenitors are still found in the SVZ,
Thr2 expression is severely reduced in the proliferative zone of the cortex but it is still
retained in the telencephalon of both Leca mutants discussed above (Quinn et al., 2007;
Walcher et al., 2013). In fact, in Pax6~/~ mice, Thr2* cells are nearly exclusively found in
the preplate rather than in the SVZ, and the steepness of the Tbr2 gradient observed in wild-
type mice is flattened in the mutants (Quinn et al., 2007). The regulation of Tbr2 by Pax6
occurs in a cell autonomous manner since Pax6~/~« Pax6*/* cortical chimeras showed that
cells derived from Pax6~/~ genotype (as labelled by p-globin) did not express Tbr2 in the
developing pallium even if they were surrounded by Thr2* cells (Quinn et al., 2007). This
further substantiates the fact that Tbr2 is capable of propagating VVZ-derived patterning
information to the cortical plate. Finally, it was shown that one of the chromatin modifiers,
BAF170, controls the accessibility of the Thr2 locus to Pax6 (Tuoc et al., 2013). Moreover,
in line with our model, it was shown that changing the level of CoupTFI expression in post-
mitotic neurons of the caudal developing cortex was sufficient to change the arealization of
the rostral cortex (Alfano et al., 2014). This indicates that TF levels in progenitors as well as
in the SVZ and CP are important for controlling cortical regionalisation.

Currently, much work remains to understand the transcriptional network required to
propagate patterning information from the VVZ to the cortical plate, and an even more
arduous enterprise will be required in identifying the cis-regulatory elements at play in this
complex developmental process.

Conclusion

The advent of next-generation sequencing techniques (reviewed by Maze et al., 2014; Shin
et al., 2014) should technically enable researchers to tie together the transcriptional
networks, the chromatin regulators and the enhancer elements that are key in cortical
development. In this review, we have highlighted the role of Pax6 at each level in order to
provide concrete examples of the complexity of the biological processes occurring during
cortical development. Of course, Pax6 is only one of many key TF for cortical development.
Integrating the information garnered for each TF into a coherent model will indubitably be a
major goal and hurdle in our understanding of cortical developmental processes. Major
concerted efforts to determine the epigenetic marks present in different cell types at different
time points, such as the large-scale project currently being carried out by ENCODE, are
undeniably going to enable the community to begin understanding TF networks in the
context of their epigenetic environment. Moreover, other efforts designed to systematically
track down enhancers active in cortical tissue in development will also provide greatly
needed resources for the neuroscience community (Visel et al., 2009; Kim et al., 2010; Visel
etal., 2013; Wenger et al., 2013).
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Figure 1.
A) In wild-type mice, the Pax6 protein possesses a homeodomain and a paired domain

which can be subdivided into PAI and RED subdomains. The transcription factor is present
in the cortex in a graded expression pattern which is necessary for appropriate cortical
development. This includes the patterning of cortical regions such as motor (M),
somatosensory (S), auditory (A) and visual (V) cortex. Moreover, the ventro-dorsal pallial
(blue in drawing on right) and subpallial (pink) boundary is appropriately positioned.
Finally, a corticothalamic projection (CTh) and Thr2* basal progenitors can be observed.
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Note also the correct formation of the eye in the presence of Pax6. B-E) Pax6 mutants have
mutations in different subdomains (depicted on the Pax6 structure schematic) which result in
a large array of cortical and ocular phenotypes (denoted by asterisks). B) The Pax65ey/Sey
mouse has a smaller and thinner cortex, patterning defects of both cortical regions and the
pallial-subpallial boundary and a loss of the CTh projection as well as of Tbr2* cells in the
SVZ (Hill et al., 1991; Stoykova et al., 1996). C) The Pax6”€Y14 mouse has the same
phenotypes as the Pax65€¥/5¢Y mouse although it is unclear whether the CTh and Thr2* cells
are also affected (Haubst et al., 2004). D) The Pax6-€°32 mutant has no obvious cortical
phenotype (though the CTh projection was not described) but has some ocular defects in the
form of cataracts (Walcher et al., 2013). E) The Pax6-€°@ mutant has a thinner cortex and
some ventral cortical patterning defects as well as a small eye phenotype (Walcher et al.,
2013). F) Both D6-Pax6 and Pax77 mice overexpress Pax6 and have a thinner cortex, an
increase in Tbr2* cells/expression and a small eye phenotype (Manuel et al., 2007; Sansom
etal., 2009; Georgala et al., 2011b). In addition, the Pax77 mouse has a smaller
somatosensory area and retains the CTh projection (Manuel et al., 2007).
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Figure 2.
A central unanswered question is how are the gradients of TFs in the VZ translated into

positional information in the SVZ and CP, to generate cortical regions? We hypothesize that
enhancers active in the VZ {E1, E2}, SVZ {E3, E4} and CP {ES5, E6} are differentially
bound by TFs that drive expression of region/layer-specific genes in post-mitotic cortical
neurons. The enhancers serve as protein-binding modules that translate rostrocaudal
gradients of TFs in cortical progenitors into region-specific expression in cortical neurons.
In this simplified model, enhancers active in the SVZ (E3, E4) and CP (E5, E6) are primed
in the VZ by TFs. A filled colored box symbolizes TF binding to the enhancer; an empty
box symbolizes that the TF, which is no longer expressed, had previously bound that
enhancer, and modified its epigenetic state. For instance, binding of a PAX6 in rostral VZ
cells (where its concentration is highest) preferentially activates rostral VZ enhancers (E1)
and not caudal VZ enhancers (E2) that are activated by EMX2 and COUPTF1. We postulate
that PAX6, EMX2 and COUPTF1 will prime certain SVZ and CP enhancers, marking them
epigenetically with modified histone marks of poised or active chromatin, thus passing on
positional information to enhancers that are active in the SVZ and CP. Propagation of the
VZ protomap into the SVZ and CP is carried out by TBR2, COUPTF1, TBR1 and
BHLHBS.
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