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CHAPTER 1:
GENERAL INTRODUCTION

1. SOX FAMILY GENES

The Sox family genes encode for transcriptional factors relevant during embryonic
development and cell fate determination. The common characteristic of these
factors is the presence of a binding domain, called HMG-box (High-Mobility Group
box), in their protein sequence. This domain, composed by 79 amino acids,
recognizes the DNA in a sequence-specific way, binding the DNA minor groove.
The consensus sequence is: 5’-(A/T)(A/T)CAA(A/T)G-3’ [Wegner, 1999].

The Sox genes have been identified by their homology with the HMG-box of Sry
(“Sex determining region Y”), the gene important for the male determining sex in
mammalian and located on the chromosome Y. In fact, Sox means Sry-related
HMG-box.

The Sox genes have been identified in mammalians, reptiles, amphibians, fishes,
insects and nematodes [Bowles et al., 2000]. In vertebrates, the SOX proteins are
divided in ten groups, called A-J, and they have a crucial role in the development
of nervous system, eye, cartilage, blood vessels, sex determining and
development of testis and heart [Bowles et al., 2000]. The tissue-specific protein-
protein interactions with other transcription factors, the spatial-temporal
expression pattern and the specific sequence of the HMG-box domain allow SOX
factors to be specific for their targets (Zhong et al., 2011).

All SOX factors are able to recognize and bind to the same 7-bases consensus
sequence but every single factor is able to regulate selectively the expression of
specific target genes. Some SOX factors are expressed in more cell types and are
able to regulate the expression of different genes, activating or repressing them.
Moreover, a specific cell type can express more than one SOX factor, each one
with its specific target gene group.

There are also a lot of number of partner factors. For the SOX2 transcription
model, SOX2 binds the DNA in a weak way and the presence of a specific partner
factor (that recognizes a nearby consensus sequence) can stabilize the binding
and activate the transcription of the target gene. The distribution of partner
factors is cell type specific and the choice of the partner depends on their
availability in the different tissues (Kamachi et al., 2000).
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The B group of SOX factors play a crucial role in neurogenesis, morphogenesis and
gonadogenesis. They are subdivided in two other subgroups (B1 and B2), based on
the differences of the protein sequence and their functional role. SoxB1 proteins
act as transcriptional activators, instead SoxB2 act as transcriptional repressors
(zhong et al., 2011).

The genes included in the SoxB1 group are Sox1, Sox2 and Sox3. They present a
high level of similarity. Sox3 in expressed during early embryonic developmental
stages and in the central nervous system. Also Sox1 is involved in the
neurogenesis and in the development of the crystalline (Uchikawa et al., 1999).
Looking at the expression of these genes during the embryonic development, we
observe an overlap of their expression patterns, suggesting a functional
interaction of these genes during the organogenesis and a regulation of the target
genes expression (Uchikawa et al., 1999). SoxB1 genes have redundant functions
and the loss of one of them can often be complemented by the expression of
another gene of the same group (Graham et al., 2003). After neurogenesis, Sox1,
Sox2 and Sox3 are co-expressed in neural precursor cells in active proliferation
along the anterior-posterior axis of the developing embryo. These genes remain
active in neural progenitors and stem cells in the neurogenic regions of the adult
central nervous system, suggesting a their possible role in the maintenance of the
neural precursors and neural stem cells identity and in the inhibition of neural
differentiation (Zappone et al., 2000; Ferri et al., 2004; Graham et al., 2003). On
the other hand, the SoxB2 genes seem to promote the exit from the cell-cycle and
to induce the neural differentiation (Jager et al., 2011).

2. THE SOX2 TRANSCRIPTION FACTOR AND ITS IMPLICATION IN BRAIN
DEVELOPMENT

The SOX2 transcription factor belongs to SoxB1 group of Sox family genes. It is
transiently expressed in the inner cell mass and the epiblast of the blastocyst and,
later, throughout the developing neuroephitelium.

This gene is localized on the chromosome 3, both in mouse and human. It is highly
conserved and it is composed by a single exon, encoding for 2,4 kilobases
transcript. The protein is composed by three regions: an hydrophobic region on
the N-terminal portion; a central part with the HMG-box domain; a trans-
activation domain on the C-terminal portion.

During the mouse embryonic development, Sox2 expression is still traceable in
the oocyte stage and in the morula at the second day of embryonic development

6



(E2,5). Its expression remains in the blastocyst inner cell mass till E3,5 in the
epiblast till E6 and extra-embryonic ectoderm till E6,5. Later, the expression is
reduced to the anterior part of the ectoderm (neuroectoderm), to the future
neural plate (E7-7,5) and neural tube (E8,5). Later, the Sox2 expression becomes
pan-neural (Fig. 1). It seems to be present also in the brachial arches and in germ
cells (Avilion et al., 2003).

8920 axpression (X-gal staining) in a E12,5 mouse embryo; Sox2 has a pan-neural

expression [Ferri et al., 2004].

Figure 1. Sox2

During later stages of embryonic development, Sox2 expression remains at high
level in the ventricular zone, in active proliferation, while it decreases in the
marginal zone where the differentiation begins (Ferri et al., 2004).

In the adult brain, Sox2 remains expressed in sporadic cells in the differentiated
cerebral regions, like cortex, thalamus, striatum. Instead, Sox2 remains highly
expressed in ependyma and in neurogenic regions: the lateral ventricle (where the
rostral migratory stream starts and through which the neural precursors reach the
olfactory bulbs) and the hippocampal dentate gyrus (Ferri et al., 2004).

Sox2 expression is crucial during the early stages of embryonic development.
Homozygous Sox2-KO (knock-out) mice die for the loss of the stem cells of the
blastocyst inner cell mass (ICM) (Avilion et al., 2003; Penvy et al., 1998).

The Sox2”" ICM stem cells stop their proliferation and some of them start an
inappropriate differentiation, expressing trophoblast markers. The loss of stem
cells cause the early lethality of mutants.



Hence, to study SOX2 later functions in neural development, our laboratory
generated, through gene targeting, a “Sox2™™” mutation, in which the Sox2 gene
is flanked by lox sites; these are the substrates for Cre-recombinase, which,
expressed by suitable transgenes, allows the spatially and temporally controlled
ablation of Sox2. We compared the defects in mice obtained after Sox2-ablation
operated by two different Cre-transgenes: Nestin-Cre and Bf1-Cre.

Nestin-Cre transgene:

Cre activity driven by the Nestin-Cre transgene starts at embryonic day 10,5
(E10,5) and induces the loss of Sox2 in all the central nervous system (CNS) till
E12,5. The Sox2-deleted mutant mice are born but most of them died by 4 weeks
of age. At birth (postnatal day 0, P0), the brain defects in mutant mice were quite
limited. Instead, subsequently (at P7), the development of hippocampus was
compromised: its size was markedly reduced, in comparison with wild-type (wt),
in particular in the caudal zone, resulting in an underdeveloped dentate gyrus.
The defects in hippocampus was also observed in the adult Sox2-mutant brain
(Favaro et al., 2009).

Moreover, the defects of these Sox2-mutant brains mimic the effect observed
after the Shh loss. SHH is a cytokine important for various aspects of CNS
development, including hippocampus development Analyzing Shh mRNA
expression in the Sox2-deleted brains, we noticed that it was strongly reduced at
E14,5 in telencephalon and diencephalon of Sox2-mutant mice, but not in
midbrain and spinal cord. At birth, Shh mRNA was absent in the hippocampal hilus
of Sox2-mutant mice, where it was clearly detectable in wt mice (Favaro et al.,
2009).

We tried to rescue the pathological phenotype by the administration of a SHH-
pharmacological agonist (SHH-Ag) to pregnant mice, starting at E12,5. The defects
in hippocampus development of Sox2-deleted mice were partially rescued,
confirming that a stimulation of the SHH pathway was able to reduce the defects
due to Sox2 loss (Favaro et al., 2009).

In vitro, the deletion of Sox2 caused loss of self-renewal of neurosphere cultures,
obtained from the dissection of Sox2-deleted mouse brains. Moreover, analyzing
the Shh mRNA expression in these cells, we noticed that, also in this case, its
expression was completely lost (Favaro et al., 2009).



Interestingly, by infecting the Sox2-deleted neuroshpere cultures with a lentivirus
encoding Sox2, we observed a partial rescue of the defects previously described.
The infected neurospheres showed rescue in self-renewal and in Shh mRNA
expression (Favaro et al., 2009).

Bf1-Cre transgene (this work is the object of Chapter 3 of this thesis):

As shown before, the defects observed in Nestin-Cre mutant mice are quite
limited. Thus, in our laboratory we used a different transgene able to induce Sox2
loss at earlier stages. The Cre activity, driven by this transgene, starts at E9,5 and
it is specific for the developing telencephalon. Following Sox2 ablation, the
mutant mice die just after birth, suggesting the presence of more severe defects
in development than the ones observed using the Nestin-Cre transgene.

At E12,5, the telencephalic vesicles were reduced and the eyes were abnormal.
Interestingly, although the whole telencephalon was affected, the ventral part
was much more severely compromised than the dorsal one, with major tissue
loss. At E18,5, mutant embryos showed important brain defects: the head and the
telencephalon were smaller than in wild-type, while the midbrain was almost
unaffected; moreover, the olfactory bulbs and the midline ventral structure were
absent; the eyes were abnormal and extremely reduced in size; finally, the
hippocampus was severely underdeveloped [Ferri et al., 2013].

This phenotype resembles that of mutants in the gene encoding the Sonic
hedgehog (SHH) cytokine, as well as that of mutants in the gene encoding
transcription factor NKX2.1, a known transcriptional activator of Shh;
interestingly, Nkx2.1 expression itself is also stimulated by SHH signaling by a
feedback mechanism. In situ hybridization studies showed that Shh expression is
severely reduced in Sox2-mutants in the midline region at E12,5 and already
severely down-regulated in the medial ventral telencephalon at E11,5. Also
Nkx2.1 expression is severely down-regulated in Sox2-mutants at E11,5, and this
reduction in mRNA expression is already detectable also at earlier stages (E9,5
and E10,5), preceding phenotypic abnormalities [Ferri et al., 2013].

As already seen for the Nestin-Cre transgene, by administering a SHH-agonist
(SHH-ag) to the pregnant mice at E8,5 (just before the Sox2 ablation) and E10,5,
the mutant mice analyzed showed a partial rescue of the defects: the expression
of some ventral determinants remained at E14,5, while it was lost in untreated
mutants; the morphology of the ventral brain is almost recovered. Again, it means
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that Shh is crucial and the lack of its signaling is an important cause of the defects
observed in Sox2-mutant mice [Ferri et al., 2013].

Moreover, in this work we proved that Nkx2.1 gene, the other ventral
determinant down-regulated in Sox2-mutant mice, is a direct SOX2 target gene
and that its regulation is mediated by SOX2 in a dose-dependent way. It is known
that NKX2.1 is an activator of Shh, so we could suppose that, in Sox2-mutant mice,
the lack of SOX2 causes the defective activation of Shh, through the loss of its
activator NKX2.1 [Ferri et al., 2013] (see Chapter 3).

3. PROTEIN COMPLEXES INVOLVING SOX2 AND ITS CO-FACTORS

It is known that often SOX2 regulates its target genes through the interaction with
other transcription factors that act as co-factors, forming a protein complex. One
SOX2 target gene regulated by the SOX2 protein complex is §-crystalline. In this
case, SOX2 binds the co-factor PAX6, interacting on an enhancer element of the
target gene. This protein-complex formation is crucial for the beginning of the
crystalline development [Kamachi et al., 2001].

There are many other examples of protein interaction between SOX2 and POU
proteins (other transcription factors important during development), such as the
SOX2-0CT4 protein complex that binds the Fgf4 (fibroblast growth factor 4) gene
[Ambrosetti et al., 1997]. These same factors are also involved in the regulation of
the Utf1 (undifferentiated transcription factor 1) gene expression [Nishimoto et
al., 1999]. It is also known that Sox2 and Oct4 are both expressed in pluripotent
cells of the blastocyst inner cell mass, where they have crucial roles [Avilion et al.,
2003]. Their combined activity in embryonic stem cells (ESCs) is the basis for their
crucial role in the maintenance of pluripotent state of ICM stem cells [Kamachi et
al., 2000; Boyer et al., 2005]. A further mechanism is that the SOX2-OCT4 protein
complex is also implicated in the regulation of Nanog, another gene essential for
pluripotency [Rodda et al., 2005]

Instead, the protein complex SOX2-BRN2 is active in more differentiated cells
among neural lineage (neural stem/progenitor cells) [Lodato et al., 2013].
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4. SOX2 AND HUMAN DISEASES

Heterozygous Sox2 mutations in humans cause neurological defects: in particular,
mutations (including missense, frameshift and nonsense mutations) identified in
the Sox2 locus cause defects in the development of eyes (anophthalmia,
microphthalmia) [Fantes et al., 2003; Schneider et al., 2009] and defects in
hippocampus, with neurological pathology including epilepsy, motor control
problems and learning disabilities [Ragge et al., 2005; Sisodiya et al., 2006;
Kelberman et al.,, 2006]. Other pathological characteristics of patients with
heterozygous Sox2 mutations are mild facial dysmorphism, developmental delay,
esophageal atresia [Kelberman et al., 2006], psychomotor retardation and
hypothalamo-pituitary disorders [Tziaferi et al., 2008].

5. LONG-RANGE INTERACTIONS IN CHROMATIN
5.1. LONG-RANGE INTERACTIONS AND CHIA-PET TECHNIQUE

Recently, it was found that transcriptional regulatory elements of genes are not
always localized in the proximity of the gene they control, but often they lie very
far from it on the linear chromosome map. It means that the gene regulatory
networks are organized by spatially connectivity between distal regulatory
elements (DREs) and their corresponding promoters [Zhang et al., 2013; Li et al.,
2012; Fullwood et al., 2009; Cheutin and Cavalli, 2014].

It has been developed a new approach for the genome-wide mapping of long-
range interactions: the Chromatin Interaction Analysis by Paired-End Tag
sequencing (ChIA-PET). This technique is performed by cross-linking of the
chromatin to block the DNA fragments that are brought together by long-range
interactions, followed by chromatin immunoprecipitation with specific antibodies
(in Zhang et al. [2013], the antibody was against the hypophosphorylated form of
RNA polymerase ll, present in the pre-initiation complexes), ligation of “junction
fragments” and high-throughput sequencing of the interacting regions (Fig. 2)
[Zhang et al., 2013; Fullwood et al., 2009].
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Figure 2. Genome-wide detection of long-range DNA interactions in chromatin (ChIA-PET)
[Fullwood et al., 2009]

Zhang et al. (2013) performed this technique on different type of cells: embryonic
stem cells (ESCs), neural stem cells (NSCs) and neurosphere stem/progenitors cells
(NPCs). NPCs are neural progenitor cells derived ex vivo from mice forebrain
telencephalic region [Zappone et al., 2000]. Using the ChIA-PET analysis, they
found the majority of the interactions surrounding promoter regions, with three
possible conformations: two interacting promoters, promoters connecting to
intergenic regions or to intragenic regions. Thus, this connections showed a large
numbers of putative enhancers located in these inter- and intragenic regions. In
many of them it was been possible identified also other enhancer characteristics,
such as an enrichment in the presence of monomethylated histone H3 lysine 4
(H3K4mel), sequence conservation and presence of binding sites for co-activator
p300 transcription factor. Interestingly, these data suggest that a consistent
proportion of the identified putative enhancers do not rule their nearest gene, as
previously assumed, but they are connected by long-range interactions to gene
also very far from them [Zhang et al., 2013].

Moreover, among all the putative enhancers indentified, a portion were defined
“poised enhancers” [Zhang et al., 2013]. In ESCs, a poised enhancer is proposed to
prime the associated gene for a subsequent transcription, such as a cell-type
specific transcription during development [Rada-Iglesias et al., 2011]. In their
work, Zhang et al. (2013) found that a high number of poised enhancers were
associated to genes with “bivalent promoters”, consisting in large regions of H3
lysine 27 tri-methylation (H3K27me3) harboring smaller regions of H3 lysine 4
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mono-methylation (H3K4mel) [Bernstein et al., 2006; Zhang et al., 2013]. The
H3K27me3 represses transcription by promoting compact chromatin structure,
while the H3K4mel regulates positively the transcription by the recruitment of
nucleosome remodelers and histone acetylases that open the chromatin structure
[Bernstein et al., 2006]. In ESCs, bivalent promoters are often localized upstream
of genes that encode transcription factors necessary for development [Bernstein
et al., 2006].

Instead, genes with enhancer-promoter interactions in single-gene complexes
were more likely to be tissue-specific or developmentally regulated [Li et al.,
2012].

5.2. DISEASE-ASSOCIATED NON-CODING ELEMENTS

Given the importance of distal regulatory elements in transcriptional regulation,
one may expect that mutations in these elements can cause pathology, due to the
deregulation of the associated genes. Indeed for example, a single nucleotide
mutation, found in the regulatory sequence located 460 kilobases (kb) upstream
of the Shh gene, was discovered in an individual with holoprosencephaly; the
mutation reduced the activity of the distant enhancer in transgenic assays [Jeong
et al., 2008].

A further example involved another one Shh enhancer, located 1 megabases away
from the Shh gene and embedded in the intronic region of LMBRI1; a point
mutation in this enhancer site causes preaxial polydactyly, a common congenital
limb malformation in mammals [Lettice et al., 2002].

Another example involves the PAX6 gene: it is known that the correct expression
of PAX6 is dependent on regulatory elements inside the last intron of the
neighboring gene ELP4. Breakpoints within ELP4, which leave the coding sequence
of PAX6 intact, have also been shown to cause aniridia. The phenotype is not
caused by loss of ELP4 function but rather by loss of PAX6 expression, thus
suggesting that essential regulatory elements driving PAX6 reside inside ELP4
[Navratilova et al., 2009; Kleinjan et al., 2001].

These are just few examples of the importance of distal regulatory elements to
rule the associated genes via long-range interactions.
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5.3.50x2 IS INVOLVED IN LONG-RANGE INTERACTIONS

It is possible to use the ChIA-PET approach to evaluate if chromatin organization is
able to reflect the cell-specific transcription regulatory circuitry. In particular,
Zhang et al. (2013) analyzed the spatial connectivity of reprogramming genes,
such as Pou5f1, Nanog, Lin28a, Klf4, Myc and Sox2 [Yu et al., 2007], in embryonic
stem cells (ESCs), through RNApolll-mediated interaction maps. These genes are
known to govern pluripotency in ESCs though coordinated autoregulatory loops
[Jaenisch and Young, 2008]. The authors found that three KIf genes (KIf1, KIf2 and
KiIf4) were directly connected to Sox2. Moreover, extending the analysis from one
to two connectivity hubs, all of the reprogramming genes were found to be
connected within one major hub, except for Myc and Lin28a. It means that all of
these genes could co-localize in the nucleus within the same “transcription
factory”. Among them, Nanog and Pou5f1 have limited connections whereas Sox2
has extensive connectivity [Zhang et al., 2013]. Moreover, in ESCs, they found that
the Sox2 promoter is connected to clusters of ESC-specific enhancers to other
pluripotency related genes; instead, in neural stem cells (NSCs) it could be
observed a very different Sox2 connectivity profile and different enhancers
mediated cell-specific connectivity [Zhang et al., 2013].

6. GENOME-WIDE ANALYSIS OF REGULATORY ELEMENTS

Evolutionary constraint of non-coding sequences can predict the location of
enhancers in the genome [Woolfe et al., 2005], but does not reveal when and
where these enhancers are active in vivo. The acetyltransferase and
transcriptional coactivator p300 is a near-ubiquitously expressed component of
enhancer-associated protein assemblies and it is critically required for embryonic
development [Merika et al., 1998].

Visel et al. (2009) determined the genome-wide occupancy of p300 in forebrain,
midbrain and limb tissue isolated directly from developing mouse embryos at
embryonic day 11,5 (E11,5). Using a transgenic mouse reporter assay, they show
that p300 binding in these embryonic tissues predicts, with high accuracy, not
only where enhancers are located in the genome, but also in what tissues they are
active in vivo. They cloned the human genomic sequences orthologous to these
enhancer candidate regions into an enhancer reporter vector and generated
transgenic mice. A high number of the orthologous human sequences, tested in
mouse by transgenesis, gave rise to an activation of the reporter gene, proving
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the high evolutionary conservation of these regulatory sequences [Visel et al.,
2009; Visel et al., 2013].

These data provide a primary resource for investigating gene regulatory
mechanisms of telencephalon development and enable studies of the role of
distant-acting enhancers in neurodevelopmental disorders [Visel et al., 2013].

Many of these p300-binding detected sequences, and some of the ones validated
by transgenesis in mouse, are located within the putative regulatory sequences
studied in our experiments (see Chapter 2).

7. IN VIVO EXPERIMENTS IN ZEBRAFISH
7.1. TRANSGENESIS TECHNIQUE

A general strategy for testing whether non-coding regulatory sequences are
functionally relevant involves testing their ability to up-regulate reporter gene
expression in vivo. “Enhancer assays” using mouse transgenic are slow and
laborious. An alternative approach highly used is transgenesis in zebrafish (Danio
rerio) embryos [Woolfe et al.,, 2005; Bessa et al., 2009]. This technique is
particularly suitable for the availability of large numbers of fertilized eggs, ease of
micro-injection and transparency of the developing embryos. Thus, hundreds of
individuals may be screened at the same time, increasing the throughput of this
functional assay [Woolfe et al., 2005].

The commonly used transgenesis vectors consist of a shuttle vector, a minimal
promoter and an in vivo reporter gene. These characteristics face some practical
problems: first, the random integration of the shuttle vector in the genome often
causes it to be exposed to the enhancer activity present in the surrounding
genomic regions, resulting in reporter gene expression that does not result from
the DNA sequenced cloned in the vector; second, the lack of a positive control of
transgenesis makes it difficult to determine the efficiency of the integration
events [Bessa et al., 2009].

Bessa et al. (2009) described a novel vector to test the enhancer activity of
putative regulatory elements in zebrafish. This Zebrafish Enhancer Detector (ZED)
vector is based on the Tol2 transposon and it presents a series of improvements:

- a gata2a minimal promoter [Ellingsen et al., 2005], selected from several
promoters, to drive the enhanced green fluorescent protein (EGFP) expression;
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- the presence of a Gateway entry site, at the 5’ of gata2a minimal promoter, to
facilitate the insertion of the sequence in study;

- the presence of insulator sequences around the enhancer reporter cassette;

- the presence of a further reporter gene, encoding for a red fluorescent protein
(DsRed), guided by a cardiac actin promoter, used as control for transgenesis
efficiency.

We used this ZED vector for our in vivo experiments in zebrafish (see Chapter 2).

7.2. THE INVOLVMENT OF SOX2 IN ZEBRAFISH EMBRYONIC DEVELOPMENT

In zebrafish, B1 Sox family gene comprises soxla/1b/2/3/19a/19b. In zebrafish,
sox3/19a/19b are expressed in the blastula [Okuda et al., 2006], whereas the
corresponding early expression in mice is covered by Sox2 [Avilion et al., 2003].
Following this stage, the B1 sox genes are important for specification of the
embryonic ectoderm into the neuroectoderm lineage. Among the B1 sox genes of
zebrafish, sox2/3/19a/19b are expressed at high levels during early development
with extensive regional overlaps [Okuda et al., 2006; Okuda et al., 2010]. sox19b
mRNA is maternally supplied. sox3 and sox19a are activated around the 1000-cell
stage and sox2 around the 30% epiboly stage [Okuda et al., 2006; Okuda et al.,
2010] (Fig. 3). The expression of sox3/19a/19b initially covers the entire
blastoderm, but gradually disappears at the embryonic margin after 30% epiboly
stage. At the shield stage, the expression of sox2/3/19a/19b covers the future
ectoderm, but then becomes confined to the presumptive neuroectoderm [Okuda
et al., 2006; Okuda et al., 2010]. Expression of soxl1a/1b is initiated only during
late gastrulation stages. Later, the expression of the B1 sox genes continues in
neural precursors, where they are able to maintain the neural progenitor states
[Graham et al., 2003; Tanaka et al., 2004; Okuda et al., 2010].

The similarities in the characteristics of the B1 SOX proteins as transcriptional
regulators [Okuda et al., 2006; Tanaka et al., 2004] suggest redundant functions in
tissues where they are co-expressed [Graham et al., 2003]. In fact, single Sox1, or
Sox3, knock-out mice present only mild abnormalities in the central nervous
system (CNS), presumably due to this redundancy effect [Nishiguchi et al., 1998;
Rizzoti et al., 2004; Weiss et al., 2003], whereas Sox2 knock-out mouse embryos
die around implantation [Avilion et al., 2003]. Consistently, a single sox2 or sox3
knock-down (KD) in zebrafish causes only mild developmental abnormalities [Dee
et al., 2008; Kamachi et al., 2008; Okuda et al., 2010].
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Morpholino antisense oligonucleotides (MO) have been widely used to inhibit
gene function in zebrafish embryos and are usually used as sequence-specific
translation-blocking agents [Kamachi et al., 2008].

Kamachi et al. (2008) designed a MO specifically directed against the Sox2 mRNA,
through the binding on the complementary sequence in the Sox2 5-UTR
(untranslated region). They demonstrated that this MO was the most effective to
down-regulate Sox2 levels, compared to other two tested MOs. In fact, they
measured that it was possible reach the 69% and the 85% inhibition by injection
of 0,9 and 1,8 ng of this molecule, respectively [Kamachi et al., 2008]. We used
this same MO in our in vivo experiments in zebrafish (see Chapter 2).

To investigate the function of B1 sox in early stage embryos, Okuda et al. (2010)
knocked down sox2/3/19a/19b either individually or in combination, using
morpholino antisense oligonucleotides (MO). No gross abnormalities were
observed in the embryo morphology when any one of sox2/3/19a/19b was
knocked-down, although the development of the CNS may be slightly perturbed
and 75% of the sox2 morphants showed an upturned tail phenotype. When any
three of sox2/3/19a/19b were simultaneously knocked-down (triple KD), a range
of morphological abnormalities was observed depending on the combination of
KD targets. Triple KDs of sox2/19a/19b and sox2/3/19b caused only mild
morphological defects, presumably because the remaining sox3 and sox19a
genes, respectively, mostly cover the B1 sox expression domains. sox3/19a/19b
morphants often showed stronger yet variable defects in their posterior
structures, presumably reflecting the weak sox2 expression in the posterior
neuroectoderm. sox2/3/19a morphants appeared normal during gastrulation, but
later developed morphological abnormalities, likely because sox19b expression
decreases in later stages. In contrast to the triple KDs, the quadruple knockdown
of sox2/3/19a/19b resulted in very severe developmental abnormalities,
suggesting essential functions of B1 sox in early embryogenesis [Okuda et al.,
2010].
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Figure 3. Stages of zebrafish embryonic development.
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AIM OF THE THESIS

The aim of my PhD project was to identify and functional characterize novel
transcriptional regulatory elements of genes implicated in neural development,
candidate to be putative targets of the SOX2 transcription factor, thus possibly
mediating its function in brain development and disease.

The main part of my PhD work is presented in Chapter 2. Our laboratory used the
new ChIA-PET (Chromatin Interaction Analysis by Paired-End Tag sequencing)
approach to obtain a genome-wide map of long-range chromatin interactions,
comparing neurosphere cultures of wild-type (wt) neural stem/precursor cells
(NPCs) and Sox2-deleted NPCs cultured from the mouse forebrain. Wt and Sox2-
deleted NPCs were expanded in parallel for a few passages, chromatin was cross-
linked and immune-precipitated with anti-RNApolll antibodies directed against
the non-phosphorilated form of RNApolll (which is found in the pre-initiation
complex) and analyzed by ChIA-PET. We chose this method based on recent
discoveries regarding the importance of distal regulatory elements in gene
expression. It is already known that these elements can lie very far from the gene
they control on the linear chromosome map, but mutations in their sequences can
cause important effects on the expression of the “connected” gene. Moreover, we
analyzed the wt NPCs by ChIP-seq with anti-SOX2 antibodies, to define a genome-
wide map of SOX2 binding sites. We noticed that a high number of putative distal
regulatory elements presented a SOX2 ChlIP-seq binding site and were associated
to neural genes by long-range interactions.

In the context of this wider project, the aim of my work was to verify if some
putative distal regulatory sequences, identified by ChIA-PET and presenting SOX2
binding sites (validated by ChlIP-seq), were really able to work as regulatory
elements in an in vivo situation, guiding the expression of a reporter gene in
transgenic experiments in zebrafish. This would point to the value of this
approach for identifying novel transcriptional regulatory elements spread in the
genome. It would also allow us to identify novel molecular targets of SOX2,
potentially involved in its important function in brain development and disease.
Second, a further scope of my work was to verify if the activity of these distal
regulatory sequences, tested in vivo, was responsive to SOX2 levels. To verify this
hypothesis, | used two approaches: loss of function experiments in in vivo models
of transgenic zebrafish lines and transfection assays in in vitro cultured cells (co-
transfection with Sox2 expression vectors).
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The second part of my work is presented in Chapter 3. Our laboratory had found
that mice deleted for Sox2 (by a Bf1-Cre transgene at E9,5) presented a strong
defective phenotype with major tissue loss in the ventral telencephalon. We
noticed that also some tissue-specific determinants were down-regulated after
Sox2 deletion, such as NKX2.1 and SHH, very important effectors in the
development of the ventral telencephalon. These observations suggested the
hypothesis that SOX2 was able to operate a direct regulation on the expression of
these determinants.

The aim of my work within this project was to address if Nkx2.1 was a direct SOX2
target gene, by testing the responsivity of its promoter, which carries putative
SOX2 binding sites, to SOX2. | cloned the Nkx2.1 promoter region in a luciferase
vector and tested it in transfection experiments in cultured cells, increasing
amounts of SOX2 by co-transfection of a Sox2 expression vector. Moreover, to
confirm the requirement for the SOX2 consensus binding sites in the promoter, |
performed site-specific mutagenesis of the putative SOX2 binding sites identified
on the Nkx2.1 promoter region. Finally, | tested if the activation | observed was
SOX2-specific or if it could be replaced by other SOX transcription factors.

The third part of my work is presented in Chapter 4. In this paper, our laboratory
observed that the transcription factor EMX2 was able to work as transcriptional
repressor, inhibiting the BRN2 binding to a specific enhancer of Sox2 gene. It is
already known that often SOX2 and BRN2 act as co-factors, binding together their
target genes. We asked if the inhibitory mechanism operated by EMX2,
sequestering BRN2, could be generalized for other SOX2 target genes or if it was
restricted to the Sox2 locus.

In the experiments | did in the context of this work, | used a luciferase vector
carrying an enhancer sequence of the Nestin gene, known to be bound by SOX2
and BRN2. | evaluated the capability of EMX2 to antagonize the luciferase activity,
co-transfecting different amounts of SOX2 and BRN2 (alone or together) in
presence of EMX2.

26



CHAPTER 2:

(paper in preparation)

SOX2 is required in brain-derived neural stem/precursor cells to
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Abstract

The identification and characterization of regulatory sequences is crucial for
understanding the spatial and temporal control on gene expression. It is already
known that many transcriptional regulatory elements are localized very far from
the genes they control on the linear chromosome map and they are able to reach
the proximity of these genes through the formation of chromatin loops, called
long-range interactions. Moreover, a lot of these distal regulatory elements
(DREs) are localized in non-coding regions of the genome, in “gene deserts” or in
introns of not-related genes. Comparing neurosphere cultures of wild-type (wt)
neural stem/precursor cells (NPCs) and Sox2-deleted NPCs, we obtained a
genome-wide map of long-range interactions of wt and, in parallel, Sox2-deleted
NPCs, through a Chromatin Interaction Analysis by Paired-End Tag sequencing
(ChlA-PET) method using an antibody against RNA polymerase Il. We also
obtained a genome-wide map of SOX2 binding DNA sites in wt NPCs, by ChIP-seq.
We noticed that around half of the ChIA-PET long-range interactions lost in Sox2-
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deleted NPCs included a SOX2 ChlP-seq peak. Then, we sought to identify and
validate some putative SOX2-dependent DREs, by an in vivo (transgenesis in
zebrafish) and in vitro (transfection in cultured cells) approach. In this way, we
confirmed that some of the putative DREs, involved in wt-specific long-range
interactions, were able to work as enhancers and guide the expression of a
reporter gene in in vivo experiments to embryonic regions always including the
forebrain. The activity of a subgroup of them responded to experimental changes
in SOX2 levels, in vivo (by anti-Sox2 morpholino oligonucleotides) or in transfected
cells (by co-transfection of Sox2). We demonstrated that this genome-wide
approach is a good method for identifying DREs spread among the genome map,
active in the brain. Some of the SOX2-dependent DREs are connected to genes
that are important for aspects of brain development, that are defective in Sox2-
mutated patients (e.g. hippocampus development). Others are connected to
genes associated with other brain diseases, that we observe in our mouse
mutants (e.g. microcephaly), suggesting that Sox2 deficiency may contribute also
to these diseases in humans. Thus, this genome-wide approach could be useful to
identify other SOX2-dependent DREs, including those associated to genes involved
in genetic disease, to better investigate the regulation of the transcriptional
mechanism and the implication of SOX2 in the onset of pathologies.

Introduction

Sox2 belongs to the Sox (Sry-related HMG box) family of transcription factors,
playing important roles in development and differentiation. Sox2 is expressed
from early developmental stages in the morula and blastocyst inner cell mass
(ICM) [Avilion et al., 2003]; later, its expression is confined to the developing
neural plate and subsequently to the neural tube. In the developing neural tube,
Sox2 expression remains high in the ventricular zone in active proliferation, while
it decreases in the marginal zone where differentiation begins [Ferri et al., 2004].

Sox2 expression is crucial during the early stages of embryonic development.
Homozygous Sox2-KO (knock-out) mice die following loss of the stem cells of the
blastocyst inner cell mass [Avilion et al., 2003; Penvy et al., 1998]. Using two Sox2
conditional knock-outs in mouse (Nestin-Cre and Bf1-Cre transgene, activated at
two different time-points during embryonic development), our laboratory
discovered that Sox2 is important for the development of the brain (hippocampus
and basal ganglia) and for the maintenance of neural stem cells both in vivo (in
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the hippocampus) and in vitro (for long-term self renewal) [Favaro et al., 2009;
Ferrietal., 2013].

Heterozygous Sox2 mutations in humans cause defects in the development of
eyes (anophthalmia, microphthalmia) [Fantes et al., 2003; Schneider et al., 2009]
and hippocampus, with neurological pathology including epilepsy, motor control
problems and learning disabilities [Ragge et al., 2005; Sisodiya et al., 2006;
Kelberman et al., 2006].

Recently, it was found that transcriptional regulatory elements are not always
localized in the proximity of the genes they control but often lie very far from
them on the linear chromosome map and they are able to reach the proximity of
these genes, and rules their expression, through the formation of chromatin
loops, called long-range interactions [Zhang et al., 2013; Li et al., 2012; Cheutin
and Cavalli, 2014]. Mutations in these elements can cause pathology, due to the
deregulation of the associated gene. For example, a single nucleotide mutation,
found in the regulatory sequence located 460 kb upstream of the Shh gene, was
discovered in an individual with holoprosencephaly; the mutation reduced the
activity of the distant enhancer [Jeong et al., 2008].

For this reason, the identification and functional characterization of regulatory
sequences is crucial for understanding the spatial and temporal control on gene
expressions.

In this work, we compared long-range DNA interactions in chromatin of wild-type
mouse neural stem/precursor cells (NPCs) and Sox2-deleted cells (by Nestin-Cre
transgene, at embryonic day E12,5; Favaro et al., 2009), using the Chromatin
Interaction Analysis by Paired-End Tag sequencing (ChlA-PET) technique [Fullwood
et al., 2009; Zhang et al., 2013]. ChIA-PET mapping strategy is an unbiased whole-
genome approach for the de novo analysis of chromatin interactions and for
studying higher-order organization of chromosomal structures and functions
[Fullwood et al., 2009]. Using an antibody against RNA polymerase Il, we obtained
a genome-wide map of long-range chromatin interactions in wild-type and Sox2-
deleted NPCs [Fullwood et al., 2009; Zhang et al., 2013].

We functionally validated a selected sample of distal elements, connected to
genes in a SOX2-dependent way, characterizing their ability to work as
transcriptional regulatory elements by in vivo (transgenesis in zebrafish) and in
vitro (transfection in cultured cells) approaches.
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Materials and methods

ZED constructs

The putative regulatory elements chosen were PCR amplified from genomic DNA
obtained from telencephalic tissue of a CD-1 mouse. The PCR products were
cloned in TOPO vector (Invitrogen, pCR®8/GW/TOPO® TA cloning KIT) and then
recombined to each vector in a Zebrafish Enhancer Detection vector [Bessa et al.,
2009], by the Gateway recombination system (Invitrogen, gateway LR clonase Il
Enzyme mix). The primers used to amplified each putative regulatory element are
listed in Table 2. The mouse genomic coordinates (mm9) for each putative
regulatory element are listed in Table 1.

Luciferase constructs

We used a TK-LUC vector (provided by A. Okuda, Saitama Medical School,
Saitama, Japan).

The putative regulatory elements Sox4DA and Coup-TF1DA1 were extracted from
the TOPO vector (previously described), using EcoRI restriction enzyme, and
cloned in pBluescript SK plasmid in EcoRIl restriction site; then cut from
pBluescript, using Sacl and Xhol restriction enzymes, and clone in TK-LUC in Sacl-
Xhol restriction sites.

Sox3DA1 was extracted from the TOPO vector, using EcoRl enzyme, and cloned in
pBluescript SK plasmid in EcoRI restriction site; then cut from pBluescript, using
Smal and Xhol restriction enzymes, and clone in TK-LUC in Smal-Xhol restriction
sites

Sox3DA2 and Cxcr4DA were extracted from the TOPO vector, using EcoRIl enzyme,
and cloned in TK-LUC in EcoRl restriction site.

The element Sox4PA were amplified from genomic DNA from telencephalic tissue
of a CD-1 mouse and cloned in luciferase vector in Bglll-Sacl restriction sites.
hAKT3int element (provided by A. Visel, Berkley, California) were cloned in TK-LUC
vector in Kpnl restriction site.

In vivo experiments

Transgenesis in zebrafish

For each construct to test, one nanoliter containing 40 ng/ul of ZED plasmid was
injected into one-cell-stage embryos of wild-type zebrafish, along with 50 ng/ul of
Tol2 mRNA to facilitate genomic integration. Green fluorescence was monitored
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at 24 hours post fertilization (hpf) and the red fluorescence, as injection control,
at 48 hpf.

Generation of stable transgenic lines

FO transient transgenic zebrafishes were crossed with wild-type zebrafishes and
their GFP+ F1 progeny grown to maturity. The F1 fishes were mated to obtain the
F2 progeny. At the same time, the F1 fishes were mated to obtain eggs to use for
loss-of-function experiments.

Morpholino injection

We used the morpholino antisense oligonucleotides (MO), specifically directed
against the Sox2 mRNA, previously validated by Kamachi et al. (2008); Sox2-MO
sequence: 5-GAAAGTCTACCCCACCAGCCGTAAA-3’ (Gene Tools LLC). As control,
we used a MO sequence not related to any mRNA transcripts; ctrl-MO sequence:
5’-CCTCTTACCTCAGTTACAATTTATA-3’ (Gene Tools LLC). For each stable lines, one
nanoliter containing 0,5 uM of Sox2-MO (or ctrl-MO) and 75 ng/ul of RFP mRNA,
as control of injection, was injected into one-cell-stage embryos of zebrafish F1
stable lines. Green fluorescence and red fluorescence (for the injection control)
were monitored during the early developmental stages, starting from the 5-
somites stage, till at least the prim-6 stage (around 26 hpf).

Transfection experiments and luciferase assayes

P19 (a mouse teratocarcinoma cell line) cells were plated 4x10*/well in 12-well
plates in 1 ml of a-MEM (Euroclone) for well and transfected after 24 hours, with
calcium phosphate transfection method. For each transfection, we used 600 ng of
luciferase vector and increasing amounts of Sox2 and/or Mashl expressing
vectors, calculated as molar ratios (1:0,075, 1:0,125, 1:0,250, 1:0,500; luciferase-
vector:expressing-factor-vector). As control, we used equimolar amounts of Sox2
and/or Mash1 “empty” vectors. As control, 5 ng of Renilla luciferase was added to
each transfection. pBluescript plasmid was added to each transfection to equalize
total DNA to 2 pg. Luciferase activity was measured after 24 hours, using Dual-
Luciferase® Reporter Assay System (Promega). The luciferase lectures were
normalized on Renilla luciferase lectures.
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Results

Sox2 loss causes profound changes in the genome-wide pattern of long-range
interactions mediated by RNApolll in neural stem cell chromatin

In previous work, we had established that neural stem/precursor cell (NPC)
cultures from the forebrain of mice, in which Sox2 had been deleted by a Nestin-
Cre transgene, and from their control non-deleted littermates [Favaro et al.,
2009]. While Sox2-mutant and control NPCs initially expand in culture with similar
kinetics Sox2-deleted NPCs later fail to self-renew in long-term culture, pointing to
a requirement for Sox2 in NPCs maintenance that we also observed in in vivo
NPCs of the brain (hippocampus) [Favaro et al., 2009].

In the present work, we sought to determine the effect of Sox2 loss on the
genome-wide pattern of RNA-polll-mediated long-range interactions. We had
previously determined the long-range interaction pattern of the wild-type cells by
ChlA-PET analysis with anti-RNApolll antibodies [Zhang et al., 2013]. We now
compared, in the same way, ex-vivo cultures of NPCs from several normal and
Sox2-deleted forebrains at PO.

It is significant that ex-vivo-brain-derived NPCs present gene expression and long-
range-connectivity patterns that make them different (more “brain-related”) than
others, widely used NSC models, such as NS-5 cells (a clonal NSC line obtained by
in vitro differentiation of ES cells) [Zhang et al., 2013]. Indeed, various key
regulators of forebrain development are expressed, and connected via long-range
interactions, in forebrain-derived NPCs, but not in NS-5 cells, whereas other
neural genes expressed more posteriorly along the neuraxis, such as Hoxa genes,
and/or at earlier neural development stages, are preferentially active and
connected in NS-5 cells [Zhang et al., 2013]. Brain-derived NPCs thus appear to be
particularly suitable for the study of the mechanisms of gene regulation related to
forebrain identity.

Wild-type and Sox2-deleted NPCs were expanded in parallel for a few passages,
chromatin was cross-linked and immune-precipitated with anti-RNApolll
antibodies directed against the non-phosphorilated form of RNApolll (which is
found in the pre-initiation complex) and analyzed by ChlA-PET [Zhang et al., 2013]
(Fig. 1a). Long-range interactions were comparatively classified as “common”
(found in both wild-type and mutant), “specific” (found in wild-type, but not in
mutant, or in mutant, but not in wild-type), and “alternative” (in which one of the
two “interacting anchors” was the same in wild-type and mutant, but the other
one changed) (Fig. 1b). Out of 7066 long-range interactions defined in wild-type
(wt) NPCs, 2734 were lost in Sox2-deleted cells (“wt-specific” interactions), 3364
interactions were of the “alternative usage” type and 968 interactions were
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“common” (unchanged) (Fig. 1c); moreover, 650 new interactions were detected
specifically in Sox2-deleted NPCs (“mut-specific” interactions).

Among these SOX2-regulated interactions, most (2378 out of 2734 “wt-specific”
interactions; 85% of wt-specific interactions) involve gene promoters and are
localized at +2,5 kilobases (kb) from the transcription start site of UCSC known
genes, in agreement with previous RNApolll-ChlA-PET analyses of wild-type NSCs
and ES cells [Zhang et al., 2013]. Specifically, among these “wt-specific”
interactions, about half (40,3%) connected two promoter-containing anchors,
whereas the others connected a promoter-containing anchor to a distal intergenic
(26%) or intragenic (18,6%) DNA region (Fig. 1d), in agreement with similar ratios
previously found in normal NSCs, NS5 and ES cells [Zhang et al., 2013]. The
remaining 15,1% of “wt-specific” interactions connected non-promoter regions.

It was previously found that the most cell-type specific interactions were those
connecting promoter-containing anchors to distal anchors, whereas promoter-to-
promoter-containing anchors interactions were more conserved between
different cell types [Zhang et al., 2013].

Sox2-dependent long-range interaction anchors are enriched in SOX2 binding

Changes in long-range interactions following Sox2 loss may be caused by a direct
positive role of Sox2 in maintaining interactions (the “wt-specific” interactions,
lost following Sox2 ablation), or by a direct negative role of Sox2 in preventing the
formation of interactions (the “mut-specific” interactions, appearing following
Sox2 ablation), or also by indirect Sox2 functions.

To begin to relate direct SOX2 binding to SOX2-regulated long-range interactions,
and more widely to obtain a reliable dataset of SOX2 binding data within our
brain-derived NPCs as a basis for analyses of Sox2 function, we performed a SOX2
ChlP-seq analysis of our wild-type brain-derived NPCs. The ca. 15000 SOX2 peaks
detected (on duplicate samples) in our analysis showed significant overlap with
previous SOX2 ChIP-seq datasets obtained with NS-5 cells [Lodato et al., 2013;
Engelen et al., 2011] and other ES-derived NSCs [Bergsland et al., 2011], but also
specificities, as expected on the basis of the different origin of the cells. We first
asked whether SOX2 peaks were enriched within interacting anchors, as
compared with a random distribution within the genome. SOX2 peaks were
indeed highly enriched within anchors, in agreement with a functional link
between long-range interactions and direct SOX2 binding. We then evaluated the
enrichment in SOX2 peaks of the different categories of interactions (Fig. 2), with
special attention to the SOX2-dependent interactions. In “wt-specific” interactions
(lost following Sox2 ablation), about 45% of the interactions carried a SOX2 peak,
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whereas by contrast, in “mut-specific” interactions, only 28% of the interactions
carry a SOX2 peak (this is the interaction category that has by far the lowest
frequency of SOX2 peaks). This suggests that Sox2 is, on average, more frequently
involved in maintaining interactions, rather than in preventing their formation. On
the other hand, also “common” interactions are highly enriched in SOX2 peaks
(about 71%) (Fig. 2), indicating that SOX2 is not strictly required in the
maintenance of this subset of interactions.

Sox2-dependent long-range interaction anchors are enriched in enhancers active
in the forebrain of transgenic mice

Do long-range interaction anchors identify DNA elements that have active
functional roles for gene expression in the brain? To begin to address this
guestion, we first looked at genes that we knew to be directly regulated by SOX2
and to play important functions in brain defects caused by Sox2 loss. Nkx2.1
encodes a transcription factor, required for the development of the ventral
forebrain, whose expression is drastically down-regulated following Sox2 early
deletion in the developing telencephalon [Ferri et al., 2013]. Sox2 telencephalic
deletion causes a dramatic loss in ventral telencephalic tissue, pointing to Nkx2.1
as an important mediator of SOX2 function in the developing brain; SOX2 directly
binds and regulates the Nkx2.1 promoter [Ferri et al., 2013]. In our ChIA-PET
analysis, Nkx2.1 is connected to a DNA region downstream to the gene in wild-
type, but not in Sox2-mutant cells (Fig. 3a). Within this region, an enhancer is
found, that was previously shown by ChIP-seq (Fig. 3c) [Visel et al., 2009] to be
bound by the transcriptional coactivator p300 in the forebrain of the E11,5 mouse
embryos, but not in the mesencephalon or in the limb. These experiments had
found that p300 tissue-specific binding was highly predictive of enhancer activity
within the examined tissues (forebrain, or limb) in transgenic assays [Visel et al.,
2009]; the Nkx2.1-connected region directed expression of a reporter LacZ
transgene to the embryonic forebrain (diencephalon), in a region which is part of
the endogenous Nkx2.1 expression domain (Fig. 3d). Interestingly, the Nkx2.1-
connected region, cloned in LacZ transgene and used to obtain transgenic mice is
the human genomic sequence orthologous to the enhancer candidate region
identified by p300 ChlP-seq [Visel et al., 2013]. It reveals a high conservation in
the transcription mechanism during evolution. Thus, our ChlA-PET analysis detects
a SOX2-dependent interaction between Nkx2.1, a gene regulated by SOX2, and a
forebrain enhancer.

We next looked at other SOX2-dependent interactions, asking whether they might
involve other enhancers previously identified by the p300 ChIP-seq assay and
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validated by transgenesis (VISTA Enhancer Browser, http://enhancer.lbl.gov)
[Visel et al., 2013]. For all of the enhancers already validated by Visel et al., the
enhancer candidate region cloned in the LacZ transgene is the corresponding
human genomic sequence, orthologous to the one identified by p300 ChIP-seq
assay in mouse.

The Sox4 transcription factor gene is important to maintain neuronal cells
throughout the developing central nervous system [Bergsland et al., 2006; Cheung
et al.,, 2000]; a SOX2-dependent interaction connects this gene to a VISTA
enhancer, active in the telencephalon and neural tube, containing a SOX2 ChIP-
seq peak (Fig. 4). This enhancer is located 650 kilobases (kb) away from Sox4,
within an intron of a gene active in liver and pancreas (Fig. 4).

The Sox3 transcription factor gene, coexpressed with Sox2 in the developing
nervous system, is important for neural development, and its mutation in humans
leads to defects of the hypothalamic-pituitary axis [Alatzoglou et al., 2009]. Two
SOX2-dependent long-range interactions involve Sox3; one of them (Sox3DA1)
connects the Sox3 gene to a telencephalic enhancer, located 350 kb away; the
second one (Sox3DA2) contains a very high SOX2 ChIP-seq peak (Fig. 5).

Another VISTA forebrain enhancer is located within an intron of the Akt3 gene,
associated to microcephaly and intellectual disability [Boland et al., 2007], and it is
connected to the promoter of the Zfp238 gene, encoding a transcription factor, by
another SOX2-dependent interaction. AKT3 gene is also associated to a rare case
of megalencephaly [Riviere et al., 2012].

Given these interesting individual examples, we asked whether VISTA forebrain
enhancers would be more represented within interacting anchors of the different
categories, than within the total DNAasel-hypersensitive sites, representing
potential regulatory elements. As the p300 ChlIP-seq experiment [Visel et al.,
2009] had been conducted, in parallel, on the E11,5 forebrain and limb, detecting
a set of limb-specific enhancers, we also asked, comparatively, about enrichment
of our anchors in these limb enhancers. This analysis detected a strong selective
enrichment, within SOX2-dependent interaction anchors, of forebrain enhancers,
as compared to limb enhancers. This result indicates that DNA regions, involved in
SOX2-dependent long range interactions, are enriched in enhancers active within
the developing forebrain.

An inspection of long-range interactions affecting other neural genes identified
the involvement of other enhancers, previously identified by transgenic assays. An
interesting case is Sox10, a transcription factor involved in gliogenesis and
myelination and mutated in several human genetic diseases affecting these
functions [Inoue et al., 2004]. Two enhancers active in the developing CNS are
connected in normal, but not mutant cells; in mutant cells, a novel interaction
develops, that connects the gene promoter to one of such enhancers.
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SOX2-dependent long-range interactions predict novel forebrain enhancers
active in transgenic fishes

The detection of previously validated forebrain enhancers within SOX2-dependent
interacting anchors was an intriguing finding. However, only a fraction of the
anchors (about 4%) contained enhancers that had been previously validated in the
VISTA enhancer atlas. Thus, we wished to address, in a more general way, the
functional regulatory properties of DNA regions, involved in SOX2-dependent
long-range interactions. We chose a transgenic assay in zebrafish (Danio rerio),
allowing to test the ability of a mouse DNA region to drive expression of a GFP
transgene (directed by a minimal promoter that is inactive by itself) throughout
embryogenesis in zebrafish, using a Zebrafish Enhancer Detection (ZED) vector.
The ZED vector [Bessa et al., 2009] carries, together with the GFP reporter gene,
also a red fluorescence reporter gene active in the developing muscle, allowing to
count transgenic embryos independently from the GFP expression and useful as
control for the transgenesis efficiency. For this functional test, we chose anchors
involved in SOX2-dependent long-range interactions (“wt-specific” interactions)
and carrying SOX2 ChIP-seq peaks. Among these, we focused on distal anchors
(DAs) located outside genes, or within gene introns, as opposed to promoter-
containing anchors (PAs); these two categories together represent almost the 50%
of the total “wt-specific” interactions. The reason for this choice lies in our
previous finding [Zhang et al., 2013] that promoter-to-non promoter interactions
are the more cell-type-specific category of interactions.

The selected distal anchors, to test as putative distal regulatory elements (DREs),
are associated in a SOX2-dependent way to genes important for neural
development, candidate to be putative SOX2 target genes, in mouse wt NPCs.

Out of 13 constructs generated with each selected SOX2-dependent distal
anchors, 12 directed GFP expression to the developing forebrain (Table 1); some
were further active in the more posterior brain region and neural tube. The GFP
expression, guided by each tested DRE, was compared to the expression of the
endogenous zebrafish gene, homologous to the mouse gene connected to the
tested sequence (Fig. 6-7). Remarkably, GFP expression closely matched the
endogenous expression in zebrafish forebrain, or part of it (Fig. 6-7). For example,
GFP expression, driven by an anchor embedded within the intron of a
pancreatic/hepatic gene and connected in mouse to the Sox4 promoter, was
detected within the telencephalic area of endogenous Sox4 expression (Fig. 6).
Similar data were obtained with anchors connected to important regulators of
forebrain development: Sp8DA, Cxcr4DA, Sox3DA1, Nkx2.1DA, Irx1DA (Fig. 7;
supplementary fig. 1), COUP-TF1 DA1-2 (not shown).
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The only construct, in which GFP expression was detected also outside the
endogenous expression pattern of the associated gene, was the IrxI1-connected
region. In addition to the comparable expression in brain, this construct gave rise
to a very strong GFP expression in the neural tube, not matching the Irx1 pattern
(Fig. 7).

Overall, these data indicate that RNApolll-mediated SOX2-dependent long-range
interactions between genes and distal non-promoter regions identify novel
forebrain enhancers, contained within anchors, with high confidence.
Interestingly, we noted that 12, out of 13, mouse DREs are able to guide reporter
gene expression in developing zebrafish forebrain, indicating that the regulatory
mechanisms underlying their function are highly conserved in evolution.

Experimental manipulation of SOX2 levels affects GFP-expression mediated by
some SOX2-dependent distal elements

We further wished to ask whether these forebrain enhancers were also
responsive to SOX2 levels in their transcription-activating function.

We obtained 8 stable zebrafish transgenic lines carrying enhancer-GFP constructs,
from the initial 13 transient transgenic lines. To test if the enhancer activity of
DREs is regulated by SOX2, we decided to use a loss of function approach: we
injected transgenic eggs from stable transgenic zebrafish lines with a morpholino
antisense oligonucleotides (MO) previously optimized to specifically down-
regulate endogenous Sox2 levels [Kamachi et al., 2008], as compared to MO
control. When embryos carrying transgenes driven by the Sp8-, or the Sox3DA1-
connected distal anchors, were injected with Sox2-MO, a selective down-
regulation of transgene expression in the forebrain was observed (Fig. 8, Sp8DA-
GFP; Fig. 9, Sox3DA1-GFP). Other transgenic constructs (5) did not respond this
way (e.g. Sox4DA-GFP), suggesting heterogeneity in the degree and/or stage-
specificity of SOX2 responsiveness among enhancers, or compensation of SOX2
function by other SoxB proteins.

These results point to a responsiveness to SOX2 levels of the activity of at least
some of the newly identified forebrain enhancers in vivo.

Cotransfection of SOX2 alone does not significantly activate the distal regulatory
elements tested in luciferase assays in cultured cells

We further addressed SOX2 responsiveness in transfections; we cloned distal
anchors upstream to a tk minimal promoter and luciferase and co-transfected
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these constructs, with increasing amounts of a Sox2 expression vector, in P19
cultured cells (a mouse teratocarcinoma cell line with neural characteristics).
When the Sox4 distal anchor constructs were tested in co-transfection with Sox2
expression vector only, no significant increase in luciferase expression was
observed (Fig. 12a); similar results were obtained with the Sox3DA1; Coup-TF1
DA1 showed a moderate increase (about 3-fold maximum stimulation by SOX2
observed, to be compared with 1,5x stimulation of the “empty” tk-luciferase
control vector) (Fig. 10). Furthermore, they did not seem to work as strong
enhancers, because their luciferase basal level was comparable with the control
one (tk-luc vector), in contrast with their ability to work as enhancers already seen
in transgenesis in zebrafish. Curiously, some DREs-luciferase constructs (Sox3DA2-
and Cxcr4-connected region; Fig. 10) seemed to work as a silencer in in vitro
experiments and the co-transfection with increasing amounts of Sox2 expression
vector did not significantly increase the luciferase activity.

As control and in parallel to the experiments regarding the distal anchors (DAs)
tested as distal regulatory elements (DREs), we cloned also two promoter-
containing regions (PAs) in luciferase vector. The PAs are the DNA regions
identified to be associated to their corresponding DAs via long-range interactions
in mouse NPCs, that are localized in proximity of gene promoter regions. We
decide to clone a small portion (highly enriched in SOX2 ChlP-seq peaks) of the
Zfp335-promoter-containing region (Zfp335PA), the element connected with the
Zfp335-connected region (Zfp335DA) (Fig. 11), upstream of the tk minimal
promoter, to test it as enhancer. Then, we cloned the Sox4-promoter containing
region (Sox4PA), connected to the Sox4DA, upstream of luciferase gene, to test it
as promoter (Table 1). Interestingly, both the PAs sequences, transfected alone in
P19 cultured cells, showed a significant increase in luciferase activity (Fig. 12b),
particularly strong for the Sox4PA, in comparison with the control vector without
the PA sequence, proofing the capability of the Zfp335-promoter-containing
region and of the Sox4-promoter-containing region to work respectively as an
enhancer and a promoter. Moreover, the Zfp335-promoter-containing region
luciferase construct showed a SOX2 dose-dependent activation, increasing
amounts of the co-transfected Sox2 expression vector, and about a 3-times fold-
increase in luciferase activity in presence of the maximum quantity of Sox2
expression vector used, in comparison with its own basal level (Fig. 11).
Interestingly, the Zfp335-promoter-containing region, as the Zfp335-connected
region too, were the only sequences tested in transgenesis in zebrafish that didn’t
present any enhancer characteristic, resulting to be not able to guide GFP
expression. The Sox4-promoter-containing region showed a 2-times fold increase
in luciferase activity in presence of the maximum quantity of Sox2 expression
vector.
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Curiously, the DREs sequences, already validated as forebrain enhancers in
transgenesis in zebrafish, are not able to increase luciferase activity in
transfection experiments in P19 cultured cells. Increasing amounts of SOX2 in cells
don’t produce any positive results in transcriptional activation. On the contrary,
the two promoter-containing regions tested are actively regulated by SOX2.

SOX2, in presence of its co-factor MASH1, is able to strongly increase
transcriptional activity in luciferase assays

Looking at the previous data, the DREs tested in in vitro experiments didn’t work
as enhancers in cultured cells and Sox2 alone didn’t seem to have a significant role
to increase the luciferase activity. However, we noticed that some enhancers,
whose activity in transgenic brain had been demonstrated, drove expression
preferentially to the differentiating cells of the marginal zone, rather than to the
stem cell-containing ventricular zone, and were active within a specific subregion
of the brain, the ganglionic eminences (primordia of the basal ganglia) (VISTA
enhancer atlas) (e.g. Sox4DA; Fig. 4). This raised the hypothesis that SOX2 may not
be sufficient by itself, but may require combination with other transcription
factors, active in specific regions of the differentiating brain neuroepithelium (e.g.
ganglionic eminences). Mash1/Ascl1 encodes a transcription factor expressed in,
and important for, the differentiating ganglionic eminences [Castro et al., 2011];
intriguingly, a MASH1 binding regions had been detected by ChIP-seq in neural
stem (NS-5) cells [Castro et al., 2011], that precisely overlaps the SOX2-binding
peak detected in the distal anchor connected to Sox4 in our cells. We thus co-
transfected the luciferase construct carrying Sox4-connected region with Sox2 and
Mash1 expression vectors. Whereas MASH1 alone, as SOX2 alone, was unable to
transactivate the construct, a strong synergy was observed by co-transfecting with
Sox2 and Mashl1 together, leading to a 10-20-fold increase in luciferase activity
(Fig. 12a). A similar result (with a lower level of transactivation) was seen with the
human sequence of AKT3 intronic enhancer (not tested in transgenesis in
zebrafish by us but confirmed to be a forebrain enhancer in transgenic mice by
Visel et al., 2013) (Fig. 13), that also carries a MASH1 ChiIP-seq peak.

Interestingly, the promoter of the Sox4 gene is strongly active in transfection
experiments in the absence of added SOX2 (as seen before) and MASH1; when
the distal SOX2/MASH1-binding enhancer is further included in the construct, the
activity is additively increased, and synergistically stimulated by Sox2 and Mash1,
as seen with the enhancer alone (Fig. 12b)

Instead, other DREs (Cxcr4-, Sox3DA2-connected region), that present a SOX2
peak close to a MASH1 peak, do not show any increase in transcription activity if
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co-transfected with Sox2 and Mashl expression vectors together (data not
shown).

This results prompted us to examine the degree of overlap between SOX2 and
MASH1/ASCL1 binding peaks at the genome-wide level. About 25% of the SOX2
peaks overlapped with MASH1 peaks (4798); these represented about 25% of the
total MASH1 peaks (about 19000; Castro et al., 2011). This result indicates that a
significant proportion of SOX2 peaks within anchors may be jointly regulated by
SOX2 and MASH1.

Discussion

The identification and characterization of regulatory sequences is crucial for
understanding the spatial and temporal control on gene expression. It is already
known that many transcriptional regulatory elements are localized very far from
the genes they control on the linear chromosome map and they are able to reach
the proximity of these genes through the formation of chromatin loops, called
long-range interactions.

In this work we compared neurosphere cultures of wild-type (wt) neural
stem/precursor cells (NPCs) and Sox2-deleted NPCs, and we obtained a genome-
wide map of long-range interactions of wt and, in parallel, Sox2-deleted NPCs,
through a Chromatin Interaction Analysis by Paired-End Tag sequencing (ChlA-
PET) method using an antibody against RNA polymerase Il.

We observed that, following Sox2-loss, a high proportion of RNApolll-mediated
long-range interactions, identified in wt NPCs chromatin by ChlA-PET, were lost in
Sox2-mutated NPCs, pointing to the importance of the presence of SOX2 in their
maintenance. Moreover, we observed that 85% of the wt-specific long-range
interactions, lost in mutated cells, involved the promoter region of UCSC known
genes, many of which important for neural development. Interestingly, we
noticed the appearance of about 650 new long-range interactions after the
deletion of Sox2. In this case, SOX2 could have also a negative role in preventing
the formation of interactions.

In parallel, we determined the genome-wide map of SOX2 binding sites in
chromatin of wild-type NPCs, by ChlP-seq. We noticed that SOX2 peaks were
highly enriched within long-range interaction anchors: at least half of the SOX2-
dependent long-range interactions contain a SOX2 ChIP-seq peak, suggesting that
SOX2 has a direct role in their maintenance. A significantly lower proportion of
SOX2 peaks have been identified in the new mutant-specific long-range
interactions, formed after Sox2 loss. This suggests that that SOX2 is more
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frequently involved in maintaining interactions, rather than in preventing their
formation.

Moreover, we observed that a portion of the wt-specific long-range interactions,
identified by ChIA-PET in wt NPCs and lost in Sox2-mutated NPCs, were enriched
in enhancer sequences identified by p300 ChIP-seq on mouse forebrain tissue and
already validated as forebrain enhancers in transgenic mice [Visel et al., 2009;
Visel et al., 2013]. One very interesting thing of these experiments is that the
sequences tested in transgenic mice were the human genomic sequences
orthologous to the enhancer candidate regions identified by p300 ChIP-seq in
mouse tissues. The human sequences were able to guide reporter gene
expression in mouse and work as enhancers [Visel et al., 2009; Visel et al., 2013].
Three of the interaction anchors tested in our work in in vivo experiments, as
putative distal regulatory elements (DREs), included a p300 validated forebrain
enhancer in their sequence: the Nkx2.1-, Sox4- and Sox3DA1l-connected regions.
An additional human sequence, located in a intron of AKT3 gene, was also a
forebrain enhancer in transgenic mice and we tested it in in vitro assay.

The DRE connected to Sox4 (Fig. 4) is also particularly interesting because it is
located at 650 kb from the Sox4 gene, forming a very long chromatin loop. In fact,
this particular enhancer is localized within an intron of a gene active in liver and
pancreas but, through transgenesis in zebrafish, we noticed its capability to work
as forebrain enhancer. This supports the idea that the regulatory elements could
be localized also a many kb from the gene they control, an important aspect in the
overall function of long-range interactions [Zhang et al., 2013].

Using a transgenic assay in zebrafish, we tested 13 DREs connected to genes
important for brain development in wt mouse NPCs, but whose connection to the
gene was lost in Sox2-mutant NPCs.

Out of 13 tested DREs, 12 of them were able to drive the expression of the
reporter GFP gene in a regulated way, proving to work as forebrain enhancers
during embryonic development in zebrafish. Significantly, the GFP expression
pattern observed matched the endogenous expression pattern of the DRE-
associated neural gene, or at least a part of it, in zebrafish at the same
developmental stage analyzed. This confirmed the idea that the putative DREs,
identified by the ChIA-PET assay in brain-derived mouse NPCs, were able to work
as enhancers in the brain in in vivo experiments.

A further consideration is that the sequences tested in zebrafish were cloned from
mouse DNA, but they were able to guide the GFP expression pattern in a different
organism. It focuses the attention on the evolutionary conservation of the gene
regulation mechanism.
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Moreover, looking at the tested DREs, that include a sequence already validated
as forebrain enhancer in transgenic mice by Visel et al. (2013), we can notice a
partial overlap in the GFP expression pattern, that we obtained in zebrafish using
the mouse sequence, and the LacZ expression pattern observed in mouse with the
orthologous human sequence. This focuses the attention on the importance of
these enhancer sequences during the embryonic development of vertebrates and,
again, the conservation of their mechanism of action during evolution.

Only one of the 13 tested DREs (the Irx1-connected region; Fig. 7) appeared to
guide GFP expression in a wider domain, compared to the endogenous expression
of the associated gene in zebrafish. We could speculate that this specific sequence
alone may not be sufficient to regulate GFP expression in vivo but it may also
need the presence of other regulatory sequences absent in the genomic context
in study.

One distal anchor (Zfp335DA) did not work as enhancer in transgenic zebrafish.
Curiously, also the Zfp335-promoter containing anchor (Zfp335PA: the DNA
element associated to Zfp335DA via long-range interaction) did not present any
enhancer activity in transgenesis experiments, neither alone nor in combination
with the distal anchor (data not shown). Also in this case we could speculate that
these sequences may need the presence of other regulatory sequences absent in
the genomic context in study. Indeed, one of these sequences (a SOX2 peaks
containing region within the Zfp335PA) worked as enhancer in a cellular context,
where it responded to SOX2 levels, suggesting that it possesses some
characteristics of transcriptional regulatory elements. Alternatively, perhaps these
regulatory elements evolved their proprieties during evolution; in fact, these
sequences are conserved between mouse and human but we could not detect any
conservation with fish (even though the fish presents a gene homologous to
Zfp335).

We also wished to ask whether these forebrain enhancers were responsive to
SOX2 levels in their transcription-activating function. Out of 8 stable transgenic
zebrafish lines, obtained from the 13 transient transgenic lines, two responded to
a SOX2 decrease. We injected a morpholino antisense oligonucleotides (MO),
specifically directed again Sox2 mRNA, in zebrafish embryos of stable transgenic
lines. The lines transgenic for the Sp8-connected region and one of the two Sox3-
connected region showed a relevant decrease in GFP expression, specifically in
forebrain, at early developmental stages (Fig. 8-9). In comparison, the GFP
expression in somites (for Sp8DA-GFP line) or in more posterior neural regions (for
Sox3DA1-GFP line) was respectively unaffected and relatively unaffected. This
shows that a subgroup of the identified DREs are really responsive to SOX2 levels.
For the other lines that do not present relevant changes in GFP expression after

42



the MO injection, we can speculate that the presence of other transcription
factors, perhaps belonging to the SoxB1 family genes, could be able to
compensate for the absence of Sox2, while for the transgenic lines of Sp8- and
Sox3-connected regions this compensation did not occur.

We further cloned some of the DREs, previously tested in transgenic experiments
in zebrafish, in luciferase vector, upstream of a tk minimal promoter. By
transfecting P19 cultured cells, we observed that none of 5 tested DREs was able
to work as powerful enhancer alone and to increase significantly its luciferase
activity following SOX2 co-transfection (Fig. 10; Fig. 12a). Only the two promoter-
containing regions tested demonstrated an ability to activate luciferase
transcription and to be responsive to SOX2 levels by a dose-dependent increase in
luciferase activity (Fig. 11; Fig. 12b). We could speculate that the DREs didn’t work
as enhancers in cultured cells, even if their ability to guide a reporter gene
expression had been already validated in transgenesis in zebrafish, because of
differences in the context: the lack of some other sequences able to interact with
them in an in vivo situation (such as the connected promoter region identified by
ChlA-PET), or the lack of other transcription factors, not expressed in P19 cells,
that might help SOX2 binding to the tested sequences.

In relation to this hypothesis, we noticed that our SOX2 ChlIP-seq peaks are often
localized in proximity of ChlIP-seq peaks of another transcription factor,
MASH1/ASCL1 [Castro et al., 2011], active in more differentiated neural regions.
Considering the analyzed DREs, we observed that the Sox4-connected region
presented these characteristics: the presence of a SOX2 binding site close to a
MASH1 binding site. Co-transfecting the Sox4DA-luiferase vector with both the
Sox2 and Mashl expression vectors, we observed a significant increase (10-20
fold) in luciferase activity. Only very low concentrations of the Mash1 expressing
vector were sufficient to induce a SOX2 dose-dependent response in
transcriptional activation. While the co-transfection of the luciferase vector with
the Sox2 or Mash1 expression vectors individually did not give rise to an increase
in luciferase activity (Fig. 12a).

As already seen, the Sox4-promoter containing region (alone and co-transfected
with Sox2 expression vector) is strongly active in P19 cell. We wondered what
could happen if, close to the Sox4 promoter, we also cloned the connected DRE
region, identified by long-range interaction, to create a situation more similar to
that obtained after the formation of the chromatin loop between the two
interacting regions in NPCs. For this specific anchors combination, we noticed an
additive increase in luciferase activity, due to the presence of both sequences
(Sox4DA and PA) responsive to Sox2 and Mash1 combined amounts (Fig. 12b). We
could suppose that, by adding an enhancer element to a promoter sequence
(even if it is already strongly active), the responsiveness to a specific combination
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of transcription factors could be increased. This could be a possible explanation of
the utility of the chromatin loop formation.

Another interesting example is the element localized within a long intron of the
human AKT3 gene and already validated as forebrain enhancer by Visel et al.
(2013). This is the human sequence orthologous to the one identified in mouse
tissue by p300 ChIP-seq [Visel et al., 2009]. Comparing this sequence with the
ChIA-PET analysis on our NPCs from mouse forebrains, we found that this region
(in the Akt3 mouse gene) interacted with the Zfp238 promoter region, another
gene involved in neural development, and presented a SOX2 binding site close to
a MASH1 binding site. The AKT3 gene is also particularly interesting because it has
been found associated to human pathologies, such as microcephaly and
intellectual disability [Boland et al., 2007]. Considering the high evolutionary
conservation of the element between human and mouse, we cloned in a
luciferase vector the same human sequence tested in transgenic mice by Visel et
al. In transfection experiments, the human-AKT3-intron-containing (hAKT3in)
region alone appeared to work as a silencer, reducing the luciferase activity to less
than 1/3, compared to the control vector without the tested sequence. Co-
transfecting the luciferase vector with the Sox2 and Mash1 expression vectors, we
can observe a dose-dependent activation increasing transcription factors
amounts, up to a 3-fold increase in luciferase activity. Instead, the co-transfection
of the luciferase vector with Sox2 or Mash1 expression vectors individually, did
not produce an increase in the luciferase activity (Fig. 13). We can speculate that,
even if the hAKT3in region worked as a silencer element in a cellular context (we
didn’t check it in fish), it is transactivated by SOX2 and MASH1, if they are present
together.

As some regulatory elements need a combination of transcription factors to be
activated, we could speculate that this could happen also for other transcription
factors, known to be SOX2 co-factors. In fact, it is known that SOX2 often binds
co-factors to regulate some of its target genes. Many examples document an
interaction between SOX2 and POU proteins, such as OCT4 and BRN2
(transcription factors important during development). The SOX2-OCT4 protein
complex regulates the expression of different genes in embryonic stem (ES) cells,
such as Fgf4 [Ambrosetti et al., 1997], Utf1 [Nishimoto et al., 1999] and Nanog
[Rodda et al., 2005]. Instead, the SOX2-BRN2 protein complex is active in more
differentiated cells of the neural lineage [Lodato et al., 2013]. However, P19 cells
do not express the Brn2 gene, although they express the Oct4 gene [lin et al.,
2009]. So, we can speculate that the majority of our tested DREs did not show
enhancer characteristics in in vitro assays because of the lack of co-factor BRN2.
Instead, in the context of a whole organism, this protein is present and the
sequences are able to work as enhancers through the formation of the SOX2-
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BRN2 protein complex. Thus, to test this hypothesis, we could try to transactivate
the DRE-luciferase vectors with Brn2 and Sox2 expression vectors combined in
P19 cells.

Analyzing the data obtained from the ChIA-PET assay, it is possible to identify
many interesting situations in which the loss of Sox2 induces loss of long-range
interactions involving genes connected to different diseases. Among the genes |
have studied, several are involved in human genetic diseases: mutations in Sox3
are associated to X-linked hypopituitarism [Alatzoglou et al., 2009; Rizzoti et al.,
2004], while mutations in Coup-TF1 are associated to optic atrophy with
intellectual disabilities [Bosch et al., 2014].

Moreover, long-range interactions are localized in regions affected by
heterozygous deletions found in patients affected by CNS genetic diseases, in
which a single causative gene has not yet been identified. One interesting case
involves a region found deleted in patients with Wolf-Hirschhorn syndrome (Fig.
14), a disease due to deletions in the human chromosome 4 (in the region
orthologous to the mouse region in study) and characterized by mental
retardation, microcephaly and cranial malformations [Battaglia et al., 1999]; of
note, microcephaly and cranial malformations are also detected in Sox2-mutant
mice [Ferri et al., 2013]. This region appears to be a hub of SOX2-dependent long-
range interactions, lost in Sox2-mutant cells. This information might suggest a link
between lack of Sox2 and Wolf-Hirschhorn syndrome, by a mechanism that might
involve linking genes that have to work coordinately, perhaps an example of how
long-range interactions could be important and predictive in the identification of
regulatory elements involved in genetic diseases.

Conclusion

In this work we demonstrated that genome-wide analysis by ChlA-PET approach is
a good method for identifying distal regulatory elements (DREs) spread within the
genome, specifically regulated by SOX2. Moreover, considering the importance of
SOX2 during development, this genome-wide approach could be useful to identify
other SOX2-dependent DREs associated to genes involved in genetic disease, to
better investigate the mechanism behind the regulation of these genes mediated
by SOX2 and the implication of SOX2 in the onset of pathologies.
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Figure 1. a. Scheme
chromatin (ChIA-PET) [i

wt-NPCs mut-NPCs

of genome-wide detection of long-range DNA interactions in
mage source: Fullwood et al., 2009]. b. Scheme of the interaction

classification. c. Percentage of the three interaction types in wt-NPCs. d. Percentage of the
“promoter-centric” (classified as “promoter-promoter”, “promoter-intragenic region” and
“promoter-intergenic region”) interactions and “non-promoter” interactions, identified in

wt-NPCs and Sox2 muta

Figure 2. Enrichment in
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Figure 3. Analysis of the Nkx2.1 long-range interaction. a. Representation of SOX2-
dependent long-range interaction (lost in Sox2-mutant NPCs) identified in wt NPCs by ChIA-
PET assay and its localization on genome map. b. Multispecies vertebrate conservation plot
(ECR browser program) of the Nkx2.1-connected region identified by p300 ChlP-seq assay
made by Visel et al. (2013). c. LacZ staining of transgenic mouse for human genomic
sequence orthologous to Nkx2.1-connected region (coronal section, E11,5 mouse embryo);
LacZ-stained in transgenic mouse forebrain (red arrowheads) [Visel et al., 2013]. d. in situ
hybridization (ISH) for Nkx2.1 in E11,5 mouse embryo (coronal section); Nkx2.1 is
expressed in forebrain, midbrain, hindbrain (red arrowheads) [Allen Brain Atlas].
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Evolutionary conservation
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Figure 4. Analysis of the Sox4 long-range interaction. a. Representation of SOX2-
dependent long-range interaction (lost in Sox2-mutant NPCs) identified in wt NPCs by ChIA-
PET assay and the position of the SOX2 ChIP-seq peaks on the scheme. b. Plot of the SOX2
ChlIP-seq peaks (in orange circles) identified in the analyzed region. c. Plot of the long-range
interactions identified in wt NPCs vs Sox2-mutant NPCs by ChIA-PET assay; in green
rectangles the long-range interaction in analysis. d. Multispecies vertebrate conservation
plot (ECR browser program) of the Sox4-connected region identified by p300 ChIP-seq
assay made by Visel et al. (2013). e. LacZ staining of transgenic mouse for human genomic
sequence orthologous to Sox4-connected region (coronal section, E11,5 mouse embryo);
LacZ-stained in transgenic mouse forebrain, midbrain, hindbrain and neural tube (red
arrowheads) [Visel et al., 2013]. f. in situ hybridization (ISH) for Sox4 in E11,5 mouse
embryo (coronal section); Sox4 is expressed in forebrain, midbrain, hindbrain and neural
tube (red arrowheads) [Allen Brain Atlas].
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Figure 5. Analysis of the Sox3 long-range interactions. a. Representation of SOX2-
dependent long-range interaction (lost in Sox2-mutant NPCs) identified in wt NPCs by ChIA-
PET assay and the position of the SOX2 ChIP-seq peaks on the scheme. b. Plot of the SOX2
ChlIP-seq peaks (in orange circles) identified in the analyzed region. c. Plot of the long-range
interactions identified in wt NPCs vs Sox2-mutant NPCs by ChIA-PET assay; in green
rectangles the long-range interactions in analysis. d. Multispecies vertebrate conservation
plot (ECR browser program) of the Sox3DA1-connected region identified by p300 ChIP-seq
assay made by Visel et al. (2013). e. LacZ staining of transgenic mouse for human genomic
sequence orthologous to Sox3DAl-connected region (coronal section, E11,5 mouse
embryo); LacZ-stained in transgenic mouse forebrain, hindbrain and neural tube (red
arrowheads) [Visel et al., 2013]. f. in situ hybridization (ISH) for Sox3 in E11,5 mouse
embryo (coronal section); Sox3 is expressed in forebrain, midbrain and hindbrain (red
arrowheads) [Allen Brain Atlas].
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Figure 6. Expression pattern of Sox4 DA. a. GFP expression pattern guided by the mouse
Sox4-connected distal anchor (DA) in zebrafish at 24 hours post fertilization (hpf). Fb:
forebrain; mhb: midbrain-hindbrain boundary; hb: hindbrain; st: somites. b. in situ
hybridization (ISH) of the endogenous sox4a in zebrafish at 24 hpf [ZFIN, http://zfin.org/];
red arrowheads: region where GFP expression pattern in zebrafish matches the
endogenous expression pattern of the gene. c. LacZ staining of transgenic mouse for
human genomic sequence orthologous to Sox4-connected region (coronal section, E11,5
mouse embryo) [Visel et al., 2013]; red arrowheads: region where GFP expression pattern
in zebrafish matches the corresponding orthologous human sequence in transgenic
mouse.

Figure 7 (following page). Expression pattern of some tested DAs at 24 hpf. GFP
expression pattern guided by the mouse DAs in zebrafish at 24 hours post fertilization (hpf)
(first column); the corresponding images of fish with visible light (central column); in situ
hybridization (ISH) of the zebrafish endogenous gene, associated to the mouse DA in NPCs,
at 24 hpf [ZFIN, http://zfin.org/] (last column). Fb: forebrain; mhb: midbrain-hindbrain
boundary; hb: hindbrain: sp: spinal cord. Red arrowheads: region where GFP expression
pattern in zebrafish matches the expression pattern of the endogenous gene.
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Figure 8. Sox2-MO injection in Sp8DA-GFP stable line. a. Sox2-MO injection in Sp8DA-GFP
stable line and comparison between injected fishes and not treated fishes during
progressive stages in embryonic development. GFP expression is visible in not treated (nt)
embryos (right column) from 15-16-somites (st) stage (top) to prim-6 stage (bottom); at all
the developmental stages the GFP expression in forebrain is down-regulated in Sox2-MO
treated embryos (left column). Note that GFP expression in somites are comparatively not
affected (blue arrowheads); red arrows: forebrain. b. Comparison between injection of
Sox2-MO and ctrl-MO at 0,5 mM, observed at 14-16-somites (st) developmental stage, in
lateral and dorsal views; red arrows: forebrain. c. Percentage of fishes in which GFP
expression is lost (or reduced) in forebrain, represented in table and histogram; results are
the mean of two independent experiments.
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Figure 9. Sox2-MO injection in Sox3DA1-GFP stable line. a. Sox2-MO injection in Sox3DA1-
GFP stable line and comparison between injected fishes and not treated fishes, in lateral
and dorsal views. GFP expression is visible in not treated (nt) embryos (right column) in 15-
16-somites (st) stage (top) and in 20-21 somites stage (bottom); in both stages the GFP
expression in forebrain is down-regulated in Sox2-MO treated embryos (left column). Note
that GFP expression in hindbrain are comparatively less affected (blue arrowheads); red
arrows: forebrain. b. Comparison between injection of Sox2-MO and ctrl-MO at 0,5 mM,
observed at 17-19-somites (st) developmental stage, in lateral and dorsal views; red
arrows: forebrain. c. Percentage of fishes in which GFP expression is lost (or reduced) in
forebrain, represented in table and histogram; results are the mean of two independent
experiments.
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Figure 10. Luciferase assays for Sox3DA1-2, Coup-TF1 DA1 and Cxcr4DA.
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Figure 13. Luciferase assay for hAKT3in.

Figures 10-13. Luciferase assays for different regulatory elements. Co-transfection in P19
cells of DAs/PAs-tk-luciferase vector with increasing amounts of Sox2 and/or Mashl
expression vectors, or the corresponding “empty” vectors (in molar ratio compared to the
luciferase vector at 1; +, 1:0,075; ++, 1:0,125; +++, 1:0,25; ++++, 1:0,5). Results are the
mean of one transfection, in triplicate, for Sox3DA1-2, Coup-TF1 DAl and Cxcr4DA
luciferase assays; at least two independent transfections, in triplicate, for Zfp335DA,
hAKT3in, Sox4DA, Sox4PA and Sox4PA-DA. Luciferase values are normalized on Renilla
luciferase values. Luciferase ratio data: fold-increase compared to the corresponding
“empty” luciferase vector (tk-promoter only or promoter-less, as on the y axis of each
histogram) set at 1(red line). Vertical bars on each histogram represent the standard error.
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Figure 14. Analysis of long-range interactions in a region involved in deletions found in
Wolf-Hirschhorn syndrome. a. Representation of SOX2-dependent long-range interactions
(lost in Sox2-mutant NPCs) identified in wt NPCs by ChIA-PET assay and the position of the
SOX2 ChlIP-seq peaks on the scheme. b. Plot of the SOX2 ChIP-seq peaks (in orange circles)
identified in the analyzed region. c. Plot of the long-range interactions identified in wt NPCs

vs Sox2-mutant NPCs by ChIA-PET assay; in green rectangles the long-range interactions
identified in the region.
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Tables

P f already defined
Cloned anchor [DA: distal anchor; [ESEH?E ot already ‘_a ined | Presence of
. - Distance |forebrain enhancer [Visel et | MASH1 ChIP- .
lassociated PA: proximal anchor] Tested in
PA-DA al., 2009, 2013] seq peak )
gene - zebrafish
[bp] p300 validated [Castro et al.,
mouse sequence (mm3) L )
binding site enhancer 2011]

Mkx2.1 DA - chr12:57621170-57622007 10.000 v v - v
5p8 DA - chr12:120093525-120095900 10.000 - - v

DAL - chrl3:78323285-78325305 12.000 - - v
Coup-TF1

DA2 - chr13:78301244-78303397 27.000 - - v
Ntngl DA - chr3:110053025-110054127 100.000 - - v
Irx1 DA - chr13:71644065-71646540 A450.000 v - v v
Socs3 DA - chr11:117800525-117801836 32.000 v - v v
Chd7 DA - chrd:8737687-8738538 40.000 - - v
Sox3 DAl - chrX:57797208-57798198 350.000 v v - v

DA2 - chrX:58077513-58079137 65.000 - v v

- : - v v v v

Soxd DA - chrl3:29701468-29702829 650.000

PA - chr13:29045461-29046297 - v nt
Cxcrd DA - chrl:130300526-130303029 180.000 v - v v

DA - chr2:164629282-164632033 - - -
7fp33s car 125.000

PA - chr2:164736357-164737128 - -

Table 1. List of the cloned anchors. Characteristic of each cloned regulatory element; nt:

not tested.

cloned anchor primer forward primer reverse
523 523

Nkx2.1 DA TCCCGTITCCTAGTCTITTGATACTT CGRAGCRARCAGGAGAGGRATRLTTT
Sp8 DA GGEEGRRGAGTTCCTAGCCATT GIGGGRAGCTCRATTCATCTRR
Coup-TF1 DA1 |GCTCCAGCGTCTACTGAGARAT AGCAGRATCCCTGRGRACTTCRC
Coup-TF1 DA2 |CCRGTGRARCRCCTACTCRCCR BAGTTGGCATTITTAGGRACICG
Ningl DA GTAGAGGCGCGGRAACCATAG GGEGTARARGGARAGGGCARL

Irx1 DA CAGCRRRGCATTGTRARCTGTIGR TGGEGECTTITARCACRAGCAT

Socs3 DA GCTCACACTGACCCATAGGITT TIGCCTCTCAGAGT GRACCA

Chd7 DA AGGCAAGCTCRCCAGCTICT GATTTCRAAGGCAGCCACAT

Sox3 DA1 GGAGGCRCATGRRAGCARTRL GGETRAAGGTTRARRATGGCTITIGC
Sox3 DA2 ACTGTCCATTTIAGTTTTCATARATCE GIGGECAGGEGATACCTTAGTICT
Soxd DA GICCTTCAGCRAGCTCTRARCE BATGGTGETGRAATCTGCRAGT

ATATAGATCTAGTTCCCCCACTGCAGACT |ATATGAGCTCCTGCCTTTCACAAACAGCAC
Sox4 PA with BglII restriction site with SacI restriction site
Cxcrd DA GGACCCCTCAGTGRATATTRAGE TITGCACTGTGGTACRCATTIT
Zfp335 DA CCTAGCRACTCRACCCTGRGATT GRCTTCAGRATGGAGCCRAGRAC
Zfp335 PA
GGRAAGTAGTTCCGGTTCGAG GITTGAGGCTITCACTCIGCIG

(in ZED vector)

Zfp335 PA ATATGGTACCGGAAGTAGTTCCGGTTCGAG | ATATCTCGAGGTTTGAGGCTTTCACTCTIGCTG
(inlucvector) | with Fpnl restriction site with ¥hol restriction site

Table 2. List of primers. List of the primers used for amplifying the chosen sequences from
mouse DNA by PCR and cloning them in ZED or luciferase vectors.
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Supplementary figure 1. Analysis of long-range interactions involving Sp8, Cxcr4 and Irx1
genes. Representation of SOX2-dependent long-range interactions (lost in Sox2-mutant
NPCs) identified in wt NPCs by ChIA-PET assay and their localization on genome map; plot
of the SOX2 ChIP-seq peaks (in orange circles) identified in the analyzed region; plot of the
long-range interactions identified in wt NPCs vs Sox2-mutant NPCs by ChIA-PET assay (in
green rectangles the long-range interactions in analysis), involving Sp8 (a), Cxcr4 (b) and

Irx1 (c) genes.
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Sox2 is required for embryonic development of the ventral
telencephalon through the activation of the ventral
determinants Nkx2.1 and Shh
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SUMMARY

The Sox2 transcription factor is active in stem/progenitor cells throughout the developing vertebrate central nervous system. However,
its conditional deletion at E12.5 in mouse causes few brain developmental problems, with the exception of the postnatal loss of the
hippocampal radial glia stem cells and the dentate gyrus. We deleted Sox2 at E9.5 in the telencephalon, using a Bf1-Cre transgene.
We observed embryonic brain defects that were particularly severe in the ventral, as opposed to the dorsal, telencephalon. Important
tissue loss, including the medial ganglionic eminence (MGE), was detected at E12.5, causing the subsequent impairment of MGE-
derived neurons. The defect was preceded by loss of expression of the essential ventral determinants Nkx2.1 and Shh, and
accompanied by ventral spread of dorsal markers. This phenotype is reminiscent of that of mice mutant for the transcription factor
Nkx2.1 or for the Shh receptor Smo. Nkx2.1 is known to mediate the initial activation of ventral telencephalic Shh expression. A
partial rescue of the normal phenotype at E14.5 was obtained by administration of a Shh agonist. Experiments in Medaka fish indicate
that expression of Nkx2.1 is regulated by Sox2 in this species also. We propose that Sox2 contributes to Nkx2.1 expression in early
mouse development, thus participating in the region-specific activation of Shh, thereby mediating ventral telencephalic patterning

induction.

KEY WORDS: Brain development, Sox2, Ventral telencephalon, Mouse, Neurogenesis, Sonic hedgehog, Nkx2.1

INTRODUCTION

The transcription factor Sox2 is necessary for the maintenance of
pluripotency in epiblast and embryonic stem cells; its knockout is
early embryonic lethal (Avilion et al., 2003; Masui et al., 2007).
Later in development, Sox2 is required in various tissue stem cells
and early progenitors, in particular in the nervous system (Que et al.,
200%; Basu-Roy et al., 2010; Pevny and Nicolis, 2010). Throughout
vertebrate evolution, Sox2 is expressed in the developing
neurcectoderm from its earliest stages (Wegner and Stolt, 2005). In
the embryonic nervous system, Sox2 marks undifferentiated neural
precursor cells, including neural stem cells (NSCs). Postnatally,
Sox2 is expressed in NSCs within the neurogenic niches of the
subventricular zone (SVZ) and hippocampus dentate gyrus (DG)
(Zappone et al., 2000; Ellis et al., 2004; Ferri et al., 2004; Suh et al.,
2007). Sox2 is also expressed in some differentiating neural cells
and neurons (Ferri et al., 2004; Taranova et al., 2006; Cavallaro et
al., 2008).

Interestingly, heterozygous Sox2 mutations in humans cause a
characteristic spectrum of CNS abnormalities, including eye,
hippocampus, hypothalamus and basal ganglia defects, with
neurological pathelogy including epilepsy and motor control
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problems (Fantes et al., 2003; Kelberman et al., 2008; Sisodiya et
al., 2006).

Sox2 gain-of-function and dominant-negative experiments
established roles for Sox2 in the maintenance of NSC/progenitor
cells in chicken and frog (Kishi et al., 2000; Bylund et al., 2003;
Graham et al., 2003). Moreover, neonatal and embryonic NSCs
grown in vifro from mice with a nestin-Cre-driven conditional
ablation of Sox2 in the neural tube at embryonic day of development
(E) 12.5 became prematurely exhausted in long-term culture
experiments (Favaro et al., 2009).

Despite the severe in vitro defects of NSC maintenance, in vivo
embryonic brain abnormalities in Sox2-nestin-Cre mutants are
rather limited (Miyagi et al., 2008; Favaro et al., 2009); the only
prominent defect is early postnatal failure to maintain hippocampal
NSCs (radial glia) and neurogenesis, followed by loss of the
hippocampal dentate gyrus. These defects were preceded by
embryonic-perinatal loss of sonic hedgehog (Shh) expression in the
telencephalon (but not in midbrain and in spinal cord), and could be
rescued by a chemical Shh agonist (Favaro et al., 2009).

The reasons for the limited effects of Sox2 deletion on brain
development remain unclear. Other Sox proteins, such as Sox1 and
Sox3, which play roles similar to those of Sox2 (Bylund et al., 2003;
Graham et al., 2003), might compensate in vive for Sox2 absence.
Alternatively, the timing of embryonic Sox2 deletion in previous
experiments (Favaro et al., 2009) might have been too late, thus
failing to uncover essential earlier functions of Sox2.

Here, we have used an early-acting Bf1 (Foxgl)-Cre transgene,
which completely ablated Sox2 by E9.5 in the developing
telencephalon, two days earlier than the deletion with nestin-Cre
(Mivagi et al., 2008; Favaro et al., 2009). This caused defects much
more severe than those observed with nestin-Cre (Miyagi et al.,



2008; Favaro et al.,, 2009). Unexpectedly, these defects were
markedly region specific, with much more pronounced ventral than
dorsal telencephalic alterations. The medial ganglionic eminence
(MGE) was completely lost at E12.5, preceded by an earlier failure
to express the ventral determinants Nkx2.1 (Nkx2-1) and Shh.
Treatment with a Shh agonist (Shh-ag) in vive was sufficient to
rescue the ventral (MGE) phenotype to a significant, but not
complete, extent. Furthermore, we show that Sox2 regulates
Nkx2.1, a known direct activator of Shh (Jeong et al., 2006).

MATERIALS AND METHODS

Mouse strains

Sox2%= mice (Favaro et al., 2009) were bred to Bf7-Cre mice (Hébert and
McConnell, 2000) to obtain compound Sox2™=" Bfl-Cre heterozygotes,
which were bred to Sax2%=%% mice to generate Sox2-deleted embryos. Bfl-
Cre mice were maintained by brother-sister mating, and subsequently on a
129 background (Hébert and McConnell, 2000).

Histology. in situ hybridisation (ISH), immunchistochemistry and
Shh agonist treatment

Histology, ISH and immunohistochemistry were carried out as previously
described (Ferri et al., 2004; Favaro et al., 2009). Antibodies used were:
anti-S0X2, anti-SOX 1, anti-SOX 3, anti-SOX9 mouse monoclonals (R&D
Systems); anti-Nkx2.1 rabbit polyclonal (BIOPAT); anti-SHH rabbit
polyclonal (Santa Cruz); and anti-SHH mouse monoclonal [Developmental
Studies Hybridoma Bank (DSHB)]. BrdU (Sigma B5002, 15 mg/ml in PBS)
was administered to pregnant females at 6 pl'g body weight; females were
sacrificed after 30 minutes. BrdlUJ immunofluorescence and TUNEL
analysis were carried out as described by Favaro et al. (Favaro et al., 2009)
and Ferri et al. (Ferri et al., 2004), respectively.

Shh agonist #1.2 (Frank-Kamenetsky et al., 2002) was administered to
pregnant females at E8.S and E10.5, by oral gavage of a 1.5 mg/ml solution
in 0.5% methylcellulose/0.2% Tween 80 at 100 pl'g body weight.

Mosaic deletion of Sox2 by Sox2CreERT2 was by tamoxifen
administration at E&.5 by oral gavage of a 20 mg/ml solution in 1:10
ethanol/com oil, 0.1 mg/g body weight (Favaro et al_, 2009).

Nkx2.1 regulation studies

Transgenic constructs

The genomic sequence spanning nucleotides —495 to +1842 relative to the
mouse upstream N2, ] transcription start site was PCR amplified (primers:
forward: 5'-GAGTAGAGAGCACTCTTCAAGGAG-3'; reverse: 5'-
GGOGTCGGCTGGAGGAGGAAGGAAG-3") and cloned into the vector
Iscel-EGFP (Conte and Bovolenta, 2007) generating mNkx2.1 wt
long:EGFP. The Sox2 consensus sites were mutated using the Multisite
Quickchange Lightening Kit (Strataclone).

Luciferase constructs

Appropriate fragments were amplified by PCR (with primers: forward: 5'-
ATCTCGAGCCGACCAAATTGGACCGCGG-3', added Xhol site
underlined; reverse: 5 -GCGAGATCTTGCCAAATATTCTGGTGTT-
ACCTTAACG-3', added Befll site underlined) and cloned upstream to the
luciferase gene into the TK-LUC vector (provided by A. Okuda, Saitama
Medical School, Saitama, Japan) previously deleted of the TK minimal
promoter.

Chromatin immunoprecipitation (ChIP)

ChIP was performed using stage 16-18 Medaka fish (Owyzia laripes)
embryos. Chromatin was immunoprecipitated with 2 pug of anti-Sox2 (R&D
Systems) or a non-related IgG (Sigma). DNA was analysed by Q-PCR
(Roche). Fold-enrichment was expressed as the ratio of Sox2 to IgG signal.
Q-PCR of the 188 rRNA region and the 3" UTR of the Nioc2. [ gene, lacking
Sox2-binding consensuses (negative controls), and of the Nike2.J
promoter/enhancer, were performed using the following specific primers:
18S Forward: 5'-GGTAACCCGCTGAACCCCAC-3"; 188 Reverse: 5'-
CCATCCAATCGGTAGTAGCG-3'; Nkx2.1-3'UTR Forward: 5'GCCC-
TACAGGTTCAGTCCAG-3"; Nkx2.1-3'UTR Reverse: 5'ACTGGG-
ACTGGGGTTCTTTT-3"; Nkx2_lenhancer Forward: 5 -CAATTAAG-

GCGGACTTGAGG-3"; Nkx2.lenhancer Reverse: 5'-AGAAGGCA-
AGGCAATCTCTC-3".

Transfection experiments

P19 cells (2x10F/well) were plated in 6-well plates and transfected after
24 hours in 1 ml of Opti-MEM (Invitrogen) with Lipofectamine 2000
{Invitrogen) with 1 pg luciferase plasmid (Nkx2.1-luciferase, or *empty’-
luciferase), and increasing amounts of Sox2 expression vector (Favaro et
al., 2009). In control experiments, equimolar amounts of Sox2 ‘empty’
vector were used. pBluescript was added to each transfection to equalise
total DNA to 2 pg. Luciferase activity was measured after 24 hours. For
transgenesis experiments in Medaka, plasmids purified using the Genopure
Plasmid Midi Kit (Roche) were injected at the one-cell stage into Medaka
oocytes CAB strain, at 15 ng/pl (Conte and Bovolenta, 2007). Embryos
were analysed for EGFP expression (by fluorescence and confocal
microscopy) in the hypothalamus at stage 19. To determine whether Sox2
regulates reporter expression, Nkx2.1 wi-long-EGFP was co-injected with
Sox2 mRNA or a Sox2-specific, already validated morpholino (MO)
(Beccari et al., 2012). ISH was as described (Conte and Bovolenta, 2007)
using probes against Medaka Nix2.1, Arx and Dmbx (Arx and Dmbx
representing diencephalic and mesencephalic markers, respectively).
Subsequently, three independent stable transgenic lines were selected.

In utero electroporation

E13.5 C57/Bl6 pregnant mice were anesthetised and DNA introduced by
electroporation in utere as described (Sanchez-Camacho and Bovolenta,
2008) using a solution containing a 1:1 mixture of Nkx2.1 wr-long::EGFP
and pCAG-Cherry (2pg/pl). Embryos were collected and analysed after 48
hours (E15.5) by sectioning the brains in 50-pm-thick frontal sections. GFP
expression was enhanced by immunostaining with rabbit anti-GFP (1:1000,
Molecular Probes).

RESULTS

Sox2 early deletion severely impairs embryonic
brain development

To ablate Sox2 in the early embryonic brain, we bred mice carrying
a Sox2™ conditional mutation (Favaro et al., 2009) to mice
expressing the Cre-recombinase gene under the control of the Bf7
regulatory regions, specifically active in the developing telencephalon
from embryonic day (E) 9.5 of development (Bflere *knock-in")
(Hébert and McConnell, 2000). In Sox2™4%%-Bf] cre embryos, Sox2
protein was completely ablated by E9.5 in the telencephalon, though
not in more posterior neural tube regions, as expected (Fig. 1A). This
caused early momphological defects: at E12.5, telencephalic vesicles
were reduced and the eyes were abnormal (Fig. 1B,C). Interestingly,
although the whole telencephalon was affected, the ventral part was
much more severely compromised than the dorsal one (Fig. 1C,F);
histological sections (Fig. 1F) showed that the ventral primordia of the
medial ganglionic eminence (MGE), involved in the generation of
the basal ganglia (Sur and Rubenstein, 2005; Hébert and Fishell,
2008), were severely reduced (Fig. 1F, arrowhead). These initial
defects developed into profoundly abnormal development, leading to
death just after birth. At EI8.5, mutant pups had a smaller head
(Fig. 1E) and the telencephalon was smaller than in wild type
(Fig. 1D,G: compare with the almost unaffected midbrain); also, the
olfactory bulbs and the midline ventral structures were absent
(Fig. 1D, black arrowhead pointing to ventral ‘hole”). In tissue
sections, the ventral midline and the immediately adjacent territories
were missing (Fig. 1G, arrowheads).

In agreement with the early MGE abnormalities, GABAergic
cortical interneurons, which originate in the MGE and then migrate
to more dorsal locations (Sur and Rubenstein, 2005; Hébert and
Fishell, 2008; Elias et al., 2008), were strongly decreased in
mutants, as indicated by the almost complete loss of somatostatin
(85)-positive and the strong reduction of the neuropeptide Y (NPY)-



Die Tel

Fig. 1. Early telencephalic ablation of Sox2 with Bf1Cre causes impairment of embryonic brain development. (A) Sox2 immunoflucrescence

(green) on telencephalic sections of normal (Sox2flox/flox) and mutant {Sox2fiox

weBfTore) mouse embryos. Left: EBS, F9.5 and E185 sections. Sox2

ablation is complete by E9.S. Right: E10.5 sections (posterior left to anterior right). Sox2 ablation is saen in the telencephalon (Tel) but not in the

diencephalon (Die). (B-D) Brain abnormalities. (8

) E12.5 whole embryos. Note the reduced telencephalen, the comparatively unaffected midbrain and

the undeveloped eye. (C) Dissected E12.5 brains, viewed dorsally (top) and ventrally (bottomn). Nate the smaller telencephalic vesicles and the initial
ventral tissue loss. (D) Dissected E18.5 brains viewed dorsally (top) show, in mutant, smaller telencephalon (compare to unaffected midbrain) and
absence of olfactory bulbs (arrows). Vientral view (bottom) reveals extensive tissue loss {(arrowhead) in mutant. (E) Mutant E18.5 embryos show smaller

head and eyes compared with wild type (wt; top), and

cial abnormalities including fusion of the anterior nasal plate (bottom; double arrow in wt,

single arrow in mutant) and slightly increased eye proximity. (F) E12.5 coronal sections, thyonine stained, anterior (top) to posterior. Arrowhead indicates
ventral tissue loss (MGE) in mutant; arrow indicates defective mutant ey, Note olfactory epithelium (asterisk in wt) is missing in the mutant. Note the
comparatively unaffected diencephalon in the last section. (G) E18.5 coronal sections (thyonine stain) reveal major loss of ventral territories, including
striatum regicn (arrowheads). Circle indicates defective maxillary region (palate). (H) 15H for somatostatin (55) and neuropeptide Y (NPY) shows strong

downregulation in the mutant, particularly for 5. Scale bars: 150 um.

positive subsets of neurons (Markram et al, 2004; Toledo-
Rodriguez et al., 2003; Elias et al., 2008; Hébert and Fishell, 2008)
(Fig. 1H). SS-positive intereurons originate from the (dorsal) MGE
progenitors and require the Nkx2.1 transcription factor for their
development (see below) (Hébert and Fishell, 2008; Butt et al.,
2008; Flandin et al.. 2011). NPY-positive neurons originate from
the progenitor domain of the adjacent preoptic area (Gelman et al.,
2009), which may be somewhat less severely affected.

Additional abnormalities included absence of the olfactory
epithelinm [Fig. 1F, asterisk in wild type (wt)] and face
abnormalities: the nasal plate, normally developing a characteristic
bilateral symmetry, was consistently centrally fused (Fig. 1E,
arrows) and underdeveloped. Furthermore, the eyes were abnormal
and extremely reduced in size (Fig. 1B,E.F) (see also Taranova et
al., 2006); maxillary structures, e.g. the palate, were also abnormal
(Fig. 1G); the cortex (Fig. 1B.D.G) was reduced: and the
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hippocampus (at E18.5) was severely underdeveloped (not shown).
None of the defects described above was seen in control mice
(Sox2 7% Bfl-Cre; Sox 2™ §ox 2195 (ot shown),

Early expression of ventral forebrain
determinants is impaired in Sox2 mutants

We focused on the most severely affected region, the ventral
telencephalon, to study genes known to be involved in its
specification and development. We first analysed embryos by ISH
at E12.5, when the morphological defect becomes overt, and at
E11.5, when the defective morphology can first be appreciated. The
Shih gene is expressed in the developing ventral telencephalon, and
is crucial at early stages for the development of this region (Fuccillo
et al., 2004; Sousa and Fishell, 2010). Furthermore, we had
previously found that Shh is a Sox2 target, acting as its functional
effector in postnatal hippocampal development (Favaro et al., 2009).
By E12.5, Shh mRNA is completely absent in the midline region
following the loss of the tissue expressing it, and is strongly

Fig. 2. Expression of ventral determinants is impaired
in Sox2 mutants. (A) ISH with Shh probe on E125 (
and E11.5 (right) normal (top) and mutant (bottom)
mouse embryos (left anterior to right posterior). Arrows
ndicate the Shh signal in wild type, and its absence
(midline region) or important reduction (amygdala reg
gnal in diencephal or
non-Sox2-deleted region, as an internal control, showing
similar intensity. Arrows in the bottom far-right pane |
ndicate the impaired mutaﬂt eyes. (B) ISH with Nkx2
o to right posterior)
tions in wild
the signal in

in mutants. Asterisks indicate the si

ot in mutant. Asteri
deleted diencephalon, as internal control.
SH with probes for ventrally expressed genes at ET1.5
Probes are indicated on each panel. Ventral gene
/s loss or strong downregulation in
t fash1 and Six3 hybridisation to the
olfactory epithelium of wt, but not mutants.
(D) Expression of some dorsally, or dorsally/ventrally,

2ssed genes i 5 and E11.5 mutants, compared
with wild type. Expression of Pax6 and Ngn2 is maintained
but clearly shiff -d sentral I, n EI“F mutants. Expression of
Bfl atE115isT t (thou ct‘ lost ventrally

wher

downregulated in the amygdala region (Fig. 2A); in E11.5 mutant
embryos, Shh is already severely downregulated in the medial
ventral telencephalon (Fig. 2A). Indeed, deletion of the Shi gene, or
that of its receptor Smo, from the early ventral telencephalon using
the same BfI-Cre transgene (Fuccillo et al., 2004) produces
abnormalities very similar to those of our mutants. Importantly,
these abnormalities are less severe than those seen in the complete
Shh knockout, in which Shh expression in the prechordal plate
mesoderm is also lost (Chiang et al., 1996).

The transcription factor Nloc2. 1, a direct regulator of Shh (Sussel
etal., 1999; Jeong et al., 2006), is specifically expressed in the MGE
within the developing brain, and is absolutely required for its
development (Sussel et al., 1999; Butt et al., 2008; Nobrega-Pereira
et al., 2008). In Sox2? mutants, Mkx2.] expression was already
undetectable at E11.5 in the telencephalon (Fig. 2B), but still
observed in the non-Sox2-deleted diencephalon (Fig. 2B).

Six3, another transcription factor essential for wentral
telencephalic development (Lagutin et al., 2003; Geng et al., 2008),



is also a direct activator of Shh (Jeong et al., 2008); expression of
Six3 was only slightly reduced at E11.5, in coincidence with the
initial tissue loss (Fig. 2C). Expression of the gene encoding Mash1
(Ascll — Mouse Genome Informatics), a transcription factor
expressed in the MGE and lateral ganglionic eminence (LGE) and
important for GABAergic interneuron development (Guillemot
2007), was essentially lost in regions close to the midline, and
reduced more laterally (Fig. 2C). The genes encoding DIx2 and
Olig2, two transcription factors expressed in the MGE and LGE,
downstream of Shh activity (Fuccillo et al., 2004), and required for
ventral telencephalic development (Sur and Rubenstein, 2005;
Hébert and Fishell, 2008), were similarly reduced (Fig. 2C). The
Ebf1 transcription factor is expressed within the developing LGE,
but not the MGE (Fuccillo et al., 2006; Geng et al., 2008);
expression of Ebfl was maintained, to some extent, in mutants
(supplementary material Fig. S2). These data are consistent with a
severe loss of MGE, but some degree of maintenance of LGE
primordia.

In contrast to the strong reduction of the ‘ventral® effectors
described above, expression of transcription factor genes marking the
dorsal brain and required for its development, such as Pax6, Ngn2
(Neurog2 —Mouse Genome Informatics) and G/i3, was maintained at
E11.5-12.5 in mutants, with a clear tendency for dorsal-specific
expression to spread ventrally (Fig. 2D), particularly at E12.5.

Expression of the gene encoding Bfl, a transcription factor
expressed both dorsally and ventrally, but required mainly in ventral
regions (Gutin et al., 2006; Hébert and Fishell, 2008), was maintained
in lateral and dorsal regions, though it was severely reduced in the
area affected by initial tissue loss (Fig. 2D, lower-right panel).

Early downregulation of Nkx2.1 precedes ventral
tissue loss
As morphological abnormalities are already evident at E11.5, we
investigated whether any gene expression defects precede their
development. At E10.5 and E9.5, Nix2. ! expression was clearly
detectable in the ventral telencephalon of the wild type, but was
strongly downregulated or absent in the mutant (Fig. 3A). Consistent
with a relationship between Sox2 and Nkx2.J expression, the latter
was clearly present in diencephalon (Fig. 3A), where Sox2? was
normally expressed (Fig. 1A). Similarly, Shh expression, which
largely overlaps with that of Nkx2.{, was absent or weak in a few of
the mutant embryos at E10.5 (not shown). Six3 expression was only
slightly decreased in mutants at E10.5 and E9.5 (Fig. 3B,C). By
contrast, the gene encoding Bf1, which acts in parallel with Shh
(Hébert and Fishell, 2008}, was normally expressed in Sox2 mutants,
compared with controls (Fig. 3C). Sox{ and Sox3, members of the
same Sox transcription subfamily as Sox2, are widely co-expressed
with Sox2 in the telencephalon; they do not show major variations in
mutant embryos at these stages (Fig. 3C). Sox9, which stimulates
NSC growth after E10.5-11.5 (Scott et al., 2010), was normally
expressed at these early stages (supplementary material Fig. S1).
We conclude that Sox2 deletion affects the expression of early,
important determinants of brain development, in a region-specific
manner: several ventral fate genes are severely affected, whereas
activity of dorsal genes is maintained. Notably, one essential effector
of ventral telencephalon and MGE development, and activator of
Shh, Nkx2.1, is downregulated at early stages.

Increased apoptotic cell death in early Sox2-
mutant ventral telencephalon

We investigated whether ventral tissue loss in Sox2 mutants was
due to impaired cell proliferation and/or increased cell death. Cell

A Tel Die

E105

E105

Fig. 3. Gene expression abnormalities are detected by in situ
hybridisation at early stages of development, preceding
morphologic impairment in mutants. (A,B) Mk 1 expression is not
established in the telencephalon (Tel) of mouse mutants at E10.5 (A) or
E9.5 (B), but is preserved in the adjacent non-5ox2-deleted diencephalon
(Die). Six3 expression is only slightly reduced at E9.5. Asterisks indicate the
Nikx2.1 signal in non-5ox2-deleted diencephalon. (C) Paxé, Bf1, 5ix3 and
(by immunofiuorescence) Sox1 and Sox3 do not show major changes in
mutants at E105. Scale bars: 200 pm.

proliferation, assessed by BrdU labelling at E9.5 and E10.5 just
prior to the appearance of morphological defects, was not decreased
overall in mutant telencephalon or specifically in the ventral region
(Fig. 4A). Apoptotic cell death, assayed by TUNEL, was
comparable between normal and mutant embryos at E9.5, but a
threefold increase in TUNEL-positive cells was observed in the
ventral telencephalon of E10.5 mutants (Fig. 4B).

Thus, increased cell death could directly cause ventral tissue loss
in the mutants. Apoptotic death is a possible consequence of
impaired ventral gene expression (e.g. loss of Shh, which has anti-
apoptotic activities) (Cayuso et al., 2006), which precedes by at least
one day the increase in cell death.

Defective expression of ventral genes and
morphological abnormalities of Sox2 mutants are
rescued by a Shh agonist

The ventral defects observed in Bfl-cre-deleted Sox2 mutants are
very similar to those observed in mutants of the sonic hedgehog
pathway [in which the Shh receptor smoothened (Smo) is
conditionally ablated with the same deleter, Bflcre] (Fuccillo et al.,
2004), as well as to that of N2,/ mutants (Sussel et al., 1999),
Indeed, Sox2 mutants show (Figs 2, 3) severely impaired expression
of both Shh and Nkx2.1, a direct activator of Shh (Jeong et al.,
2006).
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Fig. 4. Cell death is ventrally increased in Sox2 mutant

telencephalon. (A) Immunofiuorescence for BrdU in normal (wt) and
mutant (mut) mouse telencephalon; histogram
BrdU-pos ventral half of the telen
assay of normal and mutant telencephali. Sec
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section throughout the telenceph ons counted
for E9.5 or 10.5 brains, respect .
Scale bars: pm.

Hence, we tested whether Shh signalling was involved in the
Sox2 mutant phenotype, by administering mice an agonist (Shh-ag)
that activates the Shh co-receptor smoothened (Frank-Kamenetsky
et al., 2002). Shh-ag was administered at E&.5 (just prior to Sox2
ablation) and E10.5. Already at E14.5, expression of ventral
determinants Mash! and DIx2, which is impaired in the untreated
mutants, recovered to a significant, albeit not complete, extent
(Fig. 5); morphologically, the ventral brain also recovered a
somewhat more normal shape, with ventral bulges reminiscent of
wild-type ganglionic eminences (Fig. 5). By contrast, no major
effect was observed on brain morphology or gene expression of
treated wild-type littermates (Fig. 5).

We conclude that failure to activate Shh signalling is an important
cause of the defects observed in Sox2-mutant embryonic
telencephalon.

Sox2 activates Nkx2.1 cell-autonomously

Nkx2.1 is a direct activator of the Shh gene and is required for its
expression in vive (Sussel et al., 1999; Jeong et al., 2006; Sousa and
Fishell, 2010); however, Nkx2. ] expression is also stimulated in
response to Shh signalling (Fuccillo et al., 2004; Xu et al., 2005;
Gulacsi and Anderson, 2006; Sousa and Fishell, 2010). Nkx2./
expression failed to be established early in Sox2 mutants, and
remained absent at later stages (Figs 2, 3); we thus investigated
whether loss of NAix2./ expression depends on Sox2 cell-
autonomously or is secondary to the loss of Shh expression. To this
end, we used a Sox2CreERT?2 transgene, encoding the tamoxifen-
activatable Cre guided by the Sox? telencephalic enhancer/promoter
(Favaro et al., 2009). Tamoxifen treatment at E8.5 and E10.5 caused
a ‘salt-and-pepper’ deletion of Sox2, as seen by
immunofluorescence at E14.5 (Fig. 6); some Shh expression,

Mash1

wt + Shh-Agenist

mut

Mash1

mut + Shh-Agonist

mut

mut + Shh-Agonist

Fig. 5. A pharmacological Shh agonist significantly rescues ventral
gene expression and morphelogy in $ox2 mutants. |5H for ventra
markers Mash! (top) and Dlx2 (bottomn) on normal (wt) and Sox2-deleted
mause embryos (mut), treated with Shh agonist or untreatad.
Telencephalic sections at twao levels, anterior (left) and posterior {right),
are shown. Expression of DIx2 and Mash|1, strongly impaired (particularly
anteriorly) in mutants by E14.5, is significantly rescued in treated mutants,
together with an improved ventral morphology. No major effect is seen in
the same region on normal embryos from the same litter. A
representative expariment is shown out of n=4 mutant embryos
anzlysed. Scale bars: 200 pm.

presumably arising from non-deleted cells, was maintained (Fig. 6),
and no major abnormality was noticed in these mosaic-deleted
embryos. We analysed Nkx2.1 and Sox2 expression by
immunofluorescence in the ventral telencephalic ventricular zone.
In control embryos, most cells co-expressed Sox2 and Nkx2.1
(Fig. 6). In tamoxifen-treated embryos, Sox2-expressing cells were
strongly reduced; Nkx2.1 expression was retained in cells in which
Sox2 was still expressed, but was rarely, if ever, seen in cells that did
not express Sox2 (Fig. 6). We conclude that expression of Nkx2.1
requires Sox2 cell-autonomously.
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Fig. 6. Mosaic Sox2 ablation via a Sox2CreERT2 transgene leads to
cell-autonomous loss of Nkx2.1. Immunofluorescence for Nkx2.1
(green) and Sox2 (red) in normal mouse embryos (Sox2flox/flox; top row)
at E145 in the ventral telencephalon. Left-hand panel: general view at
low magnification; right-hand panels (top and intermediate rows) show a
magnification of the boxed area, with merged and separated colour
channels. Sox2 and Nkx2.1 are co-expressed in most cells in the wild type.
In Sox2CreERT2; Sox2flox/flox embryos treated with tamoxifen at E8.5 and
E10.5, only a fraction of ventral telencephalic cells retains Sox2 expression
{second row, compare stained cells with total DAPI-abelled nuclei);
Nkx2.1 is detected in those cells that show Sox2 expression. Shh is
detectable by immunofluorescence (blue in lower row) in this region
One representative experiment is shown out of n=3 embryos analysed.
Scale bars: 500 pm.

Regulation of Nkx2.1 by Sox2

The early loss of Nkx2.! following Sox2 telencephalic ablation
(Figs 2, 3) raised the possibility that Nkx2.J expression is directly
controlled by Sox2, within a specific subregion of the Sox2 pan-
neural expression domain.

In a survey for evolutionarily conserved regions in the Nkx2./
genomic locus, we detected a small conservation peak just upstream
to the second Nix2. ! exon (Fig. TA.B). Evolutionary conservation
within this region was present across vertebrate evolution (Fig. TA).
This region included a single and a twin potential Sox2-binding
sites; both sites are conserved in mammals, and at least one site is
conserved in vertebrates, including teleostean fishes (Fig. 7A). The
Nix2.1 gene has two promoters, one upstream to the first exon
(“distal” promoter), the other in the intron between exon 1 and 2
(“proximal” promoter), both of which are functional in vitro and in
vivo (including E10.5 and E14.5 telencephalon; supplementary
material Fig. 53), though the latter might be the stronger (Pan et al.,
2004; Hamdan et al., 1998). The Sox2-binding sites (Fig. 7B) lie in
the region between the “distal” and “proximal” transcriptional start
sites. ChIP from E14.5 embryos gave a moderate (2.5-fold)
enrichment for this region (not shown). To develop a functional
reporter assay for promoter sequences, we cloned a fragment
including the conserved Sox2 sequences from the Nkx2./ region
upstream to a green fluorescent protein (GFP) gene (Fig. 7B), and
tested it in Medaka embryos. These sequences drove GFP activity
in forebrain regions superimposable with those showing
endogenous Nkx2./ expression (Fig. 8A,B). In line with these
observations, ChIP from stage 16-18 Medaka embryos with anti-
Sox2 antibody revealed a 30-fold enrichment (relative to ChIP with
a non-related IgG) of the Nix2.7 intronic conserved element, which

was not observed in negative control regions (a different region of
the Nkx2./ gene devoid of Sox2 consensus sites and the 18S RNA-
encoding gene) (Fig. 8C), indicating that Sox2 binds to the Nkx2./
promoter/enhancer in vivo.

Co-injection of Sox2 mRNA enhanced expression of the Nkx2./-
GFP transgene (Fig. 8F,J, compare with 8D,H), as well as of the
endogenous Nkx2./ gene, which is both increased and expanded
anteriorly, as detected by ISH (Fig. 8N, compare with 8L).
Conversely, co-injection of anti-Sox2 morpholino (Sox2 MO)
(Beccari et al., 2012) (Fig. 8H,I) antagonised the activity of the co-
injected Nkx2. I-GFP transgene (Fig. 8E I, compare with 8D.H), as
well as endogenous Nkx2./ expression, the domain of which was
also reduced (Fig. 8M, compare with 8L).

To evaluate the importance of a direct action of Sox2 on
transgene regulation, we mutated the conserved Sox2 sites within
the Nkx2./-GFP transgene. GFP expression required the integrity of
the Sox2-consensus sites, as their mutation caused a substantial loss
of transgene activity (Fig. 8G,K, compare with 8D,H). This result
is consistent with experiments showing that mutation of the same
Sox2 sites in a luciferase-reporter gene driven by the *proximal’
promoter abolishes the response to co-transfected Sox2 in P19
teratocarcinoma cells (Fig. 7C).

These experiments show that Sox2 is an important regulator of
Nkx2.1 expression in Medaka fish. In Medaka fish, the
telencephalon is substantially reduced in size and lacks detectable
endogenous Nkx2./ expression (Fig. 8A,L). This raises the
question of whether the Nkx2./ regulatory elements studied here
are sufficient to drive expression in the ventral telencephalon of
the mouse. We thus tested the GFP construct described above in
E13.5 mouse telencephalon by transient electroporation.
Supplementary material Fig. S4 shows that two days after
electroporation the transgene is expressed in the ventral
telencephalon. At E13.5-15.5, mutation of the Sox2 sites had little
effect on telencephalic expression, indicating that, at this
developmental stage, other transcription factor-binding sites play
a role in the regulation of this construct in the telencephalon (see
Discussion).

DISCUSSION

The Sox2 transcription factor is crucial for the maintenance of
several types of stem cells, including pluripotent, neural and
osteogenic stem cells (Masui et al., 2007; Favaro et al., 2009; Basu
Roy et al., 2010). Despite the importance of Sox2 in NSCs in vitro,
major abnormalities in brain development were not detected by
conditional ablation of Sox2 at midgestation (E12.5) in mouse,
with the exception of defects in postnatal development of the
hippocampus dentate gyrus and of the retina (Taranova et al.,
2006; Mivagi et al., 2008; Favaro et al., 2009). Here, we examined
the hypothesis that Sox2 is required in the developing
telencephalon at early developmental stages. By conditionally
deleting Sox2 by E9.5 in all the developing telencephalon, we
discovered that Sox2 deletion strongly affects embryonic
development of the ventral telencephalon. Patterning of the ventral
telencephalon is crucially dependent on the induction of the
diffusible factor Shh, which is mediated by the transcription factor
Nkx2.1 (Sousa and Fishell, 2010). The crucial role of Shh is
highlighted by the severe abnormalities in patients affected with
holoprosencephaly, a developmental defect of the brain ventral
midline, caused by SHH mutations (Dubourg et al., 2004; Roessler
and Muenke, 2010). Here, we show that Sox2 is required for the
early expression of Nkx2. 1, thus controlling downstream ventral
patterning genes such as Shi.
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Fig. 7. Nkx2.1 regulation by Sox2. (A) The Nkx2 1 intronic promoter/enhancer is evolutionary conserved in vertebrates. The genomic Nio2. 1
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sequence, respectively. Putative Sox2-binding sites, indicated as 51, 52 and 53, localise to a conserved element in the first intron. The 51 binding site is
conserved among mammals but not in other vertebrates. 52 and 53 binding sites were conserved among maost vertebrates. The indicated Consensus
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promoter-less EGFP construct. Luciferase constructs: wi-long: same region as in the EGFP construct, here linked to a luciferase reporter. wt: a shorter
region encompassing the two Sownd sites, from +1172 to +1757. S1/52/53 mutant: same as wt, with the same Sox2 mutations as in the wt-long-mut-EGFP
reporter. (€) Co-transfection in P19 cells of Nkx2.1 promoter with luciferase vectors (1 pg) and their mutant versions (shown in B), with incraasing
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least three independent transfections, in triplicate.

Early Sox2 loss affects Nkx2.1 and Shh expression

In Bfi-cre Sox2-deleted embryos, extensive ventral tissue loss
oceurs starting at ~E11.5, developing into major abnormalities of
the ganglionic eminences (particularly the MGE) and of MGE-
derived GABAergic neurons at later stages (Fig. 1); the expression
of the dorsal markers Pax6 and Ngn2 (Fig. 2) also tends to spread
ventrally, pointing to abnormalities of the ventral versus dorsal
specification of the telencephalon. These defects strongly resemble
those observed in Nkx2.J germ-line deletion and in the conditional
ablation (via Bfl-cre) of the Shh receptor smoothened (Sussel et al.,
1999; Fuccillo et al., 2004; Sousa and Fishell, 2010). We confirmed
the connection to Shh by showing that Shh expression is strongly
diminished in the ventral region of the mutant telencephalon
concomitantly and prior to the onset of tissue loss (Figs 2, 3).
Moreover, treatment of the embryos with a Shh agonist substantially
rescued ventral development in the mutant brain (Fig. 5), though
prenatal lethality still occurred. This rescue is reminiscent of that
of the hippocampal dentate gyrus stem cells and postnatal growth by

the same drug, in nesifin-cre Sox2-deleted mice (Favaro et al., 2009).
Local cell death in the ventral telencephalon is detected just prior to
the onset of tissue loss (Fig. 4); this might also relate to loss of Shh
signalling, which activates the anti-apoptotic gene Bel2? (Cayuso et
al., 2006). These data, together with those of Favaro et al. (Favaro
et al., 2009), highlight an unexpected role of Sox2 in mediating the
development of specific brain regions at defined stages via Shh-
dependent regulation.

How does Sox2 regulate Shh expression in the wventral
telencephalon? Sox2 might regulate genes involved in local
specification of ventral regions. A prime candidate target is Nkx2. J,
essential for ventral brain development and correct dorsoventral
patterning (Sussel et al., 1999; Sousa and Fishell, 2010). Nkx2.1 is
thought to mediate the early ‘homogenetic’ induction of Shh in the
ventral telencephalon, in response to the gradient of mesendoderm-
derived Shh (Sousa and Fishell, 2010). Indeed, Mix2. f mutant mice
fail to express Shh in the ventral region (Sussel et al., 1999), and
their phenotype resembles both that of Shh or smoothened mutants
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(Fuccillo et al., 2004), and that of the present Sox2? mutant.
Furthermore, mutations destroying a consensus Nkx2. /-binding site
in a distant Shh enhancer, active in telencephalon, impair the
transcription of reporter constructs in transgenic mice (Jeong et al.,
2006). Finally, Nkx2./ is required for expression of transcription
factors Lhx6 and Lhx8 (also known as Lhx7) (Sussel et al., 1999),
which coordinately activate Shh in neurons in the developing MGE
(Flandin et al., 2011).

The early severe impairment of Nix2.] expression in Sox2
mutants already by E10.5 (Fig. 3), and the absence of Shh at least
from E10.5/11.5 onwards (Fig. 2), are consistent with the hypothesis
that a large part of the phenotypic effects of Sox2 ablation is initially
mediated by Nkx2.] deficiency.

Do other transcription factors mediate the effects
of Sox2 deficiency?

Presently, we can neither rule out nor implicate other genes besides
Nkx2.1 (and Shh) in the early effects of Sox2 ablation. SIX3
mutations are found in some human patients affected with
holoprosencephaly (Jeong et al., 2008), and Six3 haploinsufficiency
caused by the “knock-in’ of a human mutant STY3 gene impairs Shh

expression and MGE development in mouse, recapitulating features
of the human phenotype (Geng et al., 2008). Moreover, a mutation
in a SIY3-binding site, within a SHH long-range acting enhancer,
has been detected in a human holoprosencephalic patient (Jeong et
al.. 2008). In our mutants, Six3 expression was only slightly
diminished in the ventral region at early stages, when Nkx2.J
expression was already substantially affected (Figs 2, 3), making it
unlikely that the effects of Sox2 ablation are mediated by Six3
deficiency. Interestingly, in the Medaka telencephalon, Sox2
activates Six3, but the two genes seem to have antagonistic function
in the hypothalamus (Beccari et al., 2012). The expression of BfT,
another candidate gene (Gutin et al., 2006; Hébert and Fishell,
2008), was also not significantly affected at these early stages,
despite the BfT hemizygosity due to cre *knock-in’ (Fig. 3).

After Nix2.1 (and thus Shh) expression is initially activated by
mesendoderm-derived Shh, its activity is normally maintained, at
later stages, by Shh itself (Xu et al., 2005; Xu et al., 2010; Sousa and
Fishell, 2010). Following mosaic Sox2 deletion at E8.5 (Fig. 6),
Nkx2.1 is poorly expressed later on in Sox2-deleted cells, even in
the presence of Shh. These data do not contradict the notion that
Shh maintains later expression of Nkx2.1 (Xu et al., 2005; Xu et



al., 2010), but simply highlight an early requirement for Sox2 in
establishing this process.

The ventral telencephalic defects due to Sox2 early ablation point
to a marked regional specificity of Sox2 requirement in development
(Fig. 1). As an example, Sox2 is required for Nkx2.1 (and Shh) (see
also Favaro et al., 2009) expression only within a specific subregion
of the Sox2 pan-neural expression domain (Figs 2, 3). This might
depend on local Sox2 concentrations, and/or on the presence of
additional co-regulators. The transcription factors Sox1 and Sox3 are
closely related to Sox2 (Wegner and Stolt, 2005), and recognise
similar DNA sequences in vifro (Kondoh and Kamachi, 2010;
Wegner, 2010). Thus, in regions in which Sox2 ablation causes few
or no defects, Soxl and/or Sox3 might compensate for Sox2
deficiency. Indeed, embryos doubly mutant for Sex? and Sox3
(Sox2™"; Sox3") develop diencephalic defects, mirroring those
observed following early diencephalic deletion of the Shh gene (Zhao
et al., 2012); by contrast, no such defects were observed in single
mutants. Thus, Sox3 does compensate for some Sox2 functions in the
diencephalon. By contrast, in the ventral telencephalon (present
paper), Sox2 has some region-specific functions that cannot be
complemented by Sox3 and Sox1, in spite of their normal expression
levels (as also observed in Medaka) (Beccari et al., 2012). Most
sequence diversity between Sox1, Sox2 and Sox3 occurs outside the
DNA-binding domain; unique partnerships between Sox2 and co-
factors (Kondoh and Kamachi, 2010; Bernard and Harley, 2010;
Wegner, 2010) might mediate its specific functions in ventral (and
hippocampal) (Favaro et al., 2009) brain development.

Among Sox2-specific interactors/DNA-binding proteins, CHD7
is known to activate a set of common targets relevant for
anophtalmia (caused by SOX2 mutations in humans and mice) and
CHARGE syndrome (caused by CHD7 mutations) (Engelen et al.,
2011). The specific expression of different Sox2 interacting/
cooperating factors in wvarious tissues might impart regional
specificity to the defects caused by the absence of Sox2; indeed, an
important (antagonistic) relationship of Sox2 with Pax6 was
reported in a study of the development of neural competence in the
optic cup (Matsushima et al., 2011).

How does Sox2 regulate Nkx2.17

In Medaka, modulation of Sox2 levels correlates with changes in
endogenous Nkx2.J expression intensity and spatial distribution
(Fig. 8L-N). Moreover, the Nkx2./-GFP construct faithfully
recapitulates endogenous Nkx2. | expression, and requires intact
Sox2-binding sites for activity (Fig. 8B,D-K), consistent with
transfection results in P19 cells (Fig. 7C). These data identify
Nkx2.1 as a Sox2 target in Medaka. In Medaka, unlike in mouse,
Nkx2.1 is not active in the telencephalon, and we thus cannot
directly extrapolate from the Medaka results to infer direct
regulation of Nkx2.1 by Sox2 in the telencephalon. We tested the
same Nhx2.] construct in mouse by electroporation in the
telencephalon at E13.5-15.5, showing that it is active in the
telencephalon, preferentially in the MGE and other ventral regions
(supplementary material Fig. S4); however, the mutation of the
Sox2 sites did not substantially affect the activity of the construct
(not shown). These results formally rule out the possibility that, at
the E13.5-15.5 stage, the Sox2-binding sites, per se, are required
for activity of the Nkx2./ promoters in the telencephalon. As a
consequence, it remains unclear whether, in Sox2 mutant mouse,
the observed loss of Nkx2.1 expression depends on the loss of a
direct activity of Sox2 on the Nkx2. ] promoter (so far unproven), on
additional effects on other regulatory elements, or on indirect effects
mediated by other Sox2-dependent factors.

How do we reconcile the data obtained by electroporation in mouse
telencephalon with the low activity of the Sox2-mutated reporter in
Medaka (and in in vitre transfected P19 cells)? We speculate that the
requirement for Sox2 binding to the Nkx2.J promoter (if any) might
be limited to the early stages of development. We know that late Sox2
ablation (E12.5) has little effect on ventral telencephalic development
and gene expression (Favaro et al., 2009; unpublished data), whereas
carly ablation (E9.5) causes important defects. We therefore
hypothesise that Sox2-binding sites in the Nkx2.J promoter might be
required for Nikx2.] regulation in mouse telencephalon at early
(~E9.5), but not late, stages of development. Once established, N2,/
expression might be maintained, at E14.5, by transcription factors
other than Sox2, and additional regulatory regions might be involved
in controlling Nkx2.! expression. Unfortunately, the present
constructs show very low activity following electroporation at E9.5,
and similar transgenic constructs were not expressed in embryonic
ventral telencephalon (Pan et al., 2004), making it difficult to test this
hypothesis. Several regions adjacent to Nkx2. ! bind Sox2 in ChIP
experiments, and distal intergenic regions exhibit long-range
interactions with the Nkx2.] gene (not shown), and might potentiate
the promoter. These sequences will be investigated in the future in
order to determine to their regulatory potential.

Conclusions

Sox2, despite its ubiquitous expression in neural stem/progenitor
cells at all levels of the developing central nervous system, is
absolutely required, in a stage- and region-specific way, in a limited
set of locations, here exemplified by the early ventral telencephalon
and by the hippocampus (Favaro et al., 2009). In the ventral
telencephalon, Nkx2.1 is likely to be the main (although not
necessarily the exclusive) mediator of Sox2 effects; other factors
might mediate Sox2 activities in different regions. Expression
defects of Shh (a target of Nkx2.1 in the ventral telencephalon), are
common to both territories affected by Sox2 loss (ventral
telencephalon and hippocampus); it will be interesting to examine
other embryonic brain sites expressing Shh for defects caused by
Sox2 ablation at different developmental stages.
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ABSTRACT
The transcription factor Sox2 is essential for
neural stem cells (NSC) maintenance in the

hippocampus and in vitro. The transcription factor
Emx2 is also critical for hippocampal development
and NSC self-renewal. Searching for ‘modifier’
genes affecting the Sox2 deficiency phenotype
in mouse, we observed that loss of one Emx2
allele substantially increased the telencephalic
p-geo (LacZ) expression of a transgene driven by
the 5 or 3' Sox2 enhancer. Reciprocally, Emx2
overexpression in NSC cultures inhibited the
activity of the same transgene. In vivo, loss of one
Emx2 allele increased Sox2 levels in the medial
telencephalic wall, including the hippocampal
primordium. In hypomorphic Sox2 mutants, retain-
ing a single ‘weak’ Sox2 allele, Emx2 deficiency
substantially rescued hippocampal radial glia
stem cells and neurogenesis, indicating that Emx2
functionally interacts with Sox2 at the stem cell
level. Electrophoresis mobility shift assays and
transfection indicated that Emx2 represses the
activities of both Sox2 enhancers. Emx2 bound to
overlapping Emx2/POU-binding sites, preventing
binding of the POU transcriptional activator Brn2.
Additionally, Emx2 directly interacted with Brn2
without binding to DNA. These data imply that
Emx2 may perform part of its functions by negatively
modulating Sox2 in specific brain areas, thus
controlling important aspects of NSC function in
development.

INTRODUCTION

The transcription factor Sox2, essential in pluripo-
tent stem cells of the blastocyst (1), 1s also highly
expressed in neural stem cells (NSC) and their early
progeny (2-6). Decreased expression of Sox2 in a mouse
hypomorphic Sox2 mutant causes mportant brain
and neurologic defects (3,7), which mimic significant
aspects of the pathology of Sox2-deficient patients
(8,9). In this hypomorphic mutant, we combined the
deletion of one Sox? allele (Sox2P2°° knock-in) with the
deletion, on the other allele, of an upstream enhancer of
Sox2 (Sox2E"My  important for its expression in
telencephalic NSC  (3,6,10-13). The hypomorphic
mutant, expressing Sox2 at a level about 30% that
of the wild-type, shows hippocampal stem cells loss,
corpus callosum interruption, parenchymal loss in
striatum  and  thalamus, decreased numbers of
GABAergic neurons and neurological defects, including
epilepsy (3,7). Recently (14), we showed that Sox2 em-
bryonic deletion leads to complete perinatal loss of
hippocampal stem cells. NSC from the forebrain of such
mutants become rapidly exhausted in in vitre neurosphere
culture.

The Emx2 transcription factor 1s expressed in the de-
veloping dorsal telencephalon, including prospective
hippocampus and cerebral cortex, from early embryogen-
esis (15,16). Its expression 1s maintained postnatally in
brain neurogenic regions, the subventricular zone (SVZ)
and hippocampus dentate gyrus (DG) (17,18).

Emx2 inactivation in  mouse causes delayed
hippocampal development, with reduced cerebral cortex
and abnormal specification of cortical areas (15,19-21).
In vitro, mutant Emx2™'~ NSC show increased prolifer-
ation in long-term neurosphere cultures (17).
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A common aspect of the defects in Sox2 and Emx2
mutants 1s the abnormal hippocampal development,
together with important NSC abnormalities in in vifro
long-term culture (see above, and 3,14,15,17.21). In this
work, we explored potential functional interactions
between Sox2 and Emx2 at the molecular level and,
in vivo, In mouse. We report that Emx2 negatively regu-
lates two Sox2 telencephalic-specific enhancers in vive and
in transfection assays, by interfering with binding of
positive regulators to their cognate sites within the enhan-
cers. fn vivo, Emx2 deficiency leads to some increase of
Sox2 in the medial wall of the telencephalon, and partially
counteracts hippocampal neurogenesis defects observed in
Sox2 deficient (hypomorphic) mouse mutants.

MATERIALS AND METHODS
Mouse lines, X-gal staining and immunohistochemistry

The 5" and 3’ enhancer- f-geo transgenic mice lines were
described in (6,11.22,23). The Sox2-hypomorphic (Sox2
AEeR) and null (Sox2 P=°) mutant alleles were as in (3).
The Emx2 null mutant mice (kindly provided by A.
Mallamaci) were described in (15).

X-gal staining, immunohistochemistry (IHC) and hist-
ology were as reported (6).

Glial fibrillary acidic protein (GFAP)/nestin and BrdU
IHC on hippocampus and all histological analyses
were carried out as previously reported (3). IHC with
anti-Emx2 antibodies was as described (18). IHC with
anti-Brn2 antibody, a SantaCruz goat antibody (22) was
used (1:100).

Expenmental procedures involving animals
approved by the ltalian Ministry of Health.

WEre

Transgenic neurosphere culture and lentiviral transduction

Neurosphere cultures were derived from E15.5 dorsal
telencephalon of transgenic brains as described (6,14),
expanded (in the presence of 400pgml G418) and
transduced (in the absence of G418) with an internal
nbosome entry site-green fluorescent protein (Emx2-
IRES-GFP) (or GFP-only control}-encoding lentivirus
at a muluphaty of infecion of 5 To generate the
Emx2-transducing virus, the Emx2 coding sequence was
cloned, upstream to IRES-GFP, in place of the Sox2
coding sequence, in the lentiviral vector described in
refs. 7 and 14.

Two passages aflter transduction RNA was extracted,
reverse transcribed and analysed by real-time PCR
(MESA GREEN gPCR Master Mix Eurogentec) for the
expression of f-geo (lacZ), Emx2 and Sox2 with the follow-
ing primers: LacZ-f CTGGATCAAATCTGTCGATCC,
LacZ-r CGTATTCGCAAAGGATCAGC, Emx2-f GTC
CCAGCTTTTAAGGCTAGA, Emx2-r CTTITGCCTT
TTGAATTTCGTTC, Sox2-f GGCAGCTACAGCATG
ATGCAGGAGC, Sox2-r CTGGTCATGGAGTTGTAC
TGCAGG; HPRT{ TCCTCCTCAGACCGCTTT,
HPRT-r CCTGGTTCATCATCGCTAATC; the dataset
are analysed with a 7500 System Software v1.4
(Applied Biosystem). Neurospheres cultured as above
from Emx2™'" or wild-type embryonic brains were

expanded for one passage, total RNA was extracted and
analysed by real-time RT-PCR as above with the same
Sox2 and Emx2 primers. Expression levels normalized
versus HPRT expression.

Luciferase reporter constructs

The Sox2 5 telencephalic enhancer core region of 400 bp

was PCR amplified from the 0.4a-Sox2 promoter-f-geo

vector (22) using the following primers:

Fw: 5 CGAGGTACCGTCAAATAGGGCCCTTIT
CAG 3 Rv: ¥ TATCTCGAGAAGCCAACTGACA
ATGTTGTGG 3 containing a Kpnl and Xhol restric-
tion sites (underlined), for further cloning into the
pGL3-based plasmid containing a 215bp minimal tk
promoter (a gift of Hitoshi Niwa) (5'enh-tk-luc).

The reporter plasmid camrying mutations in  the
ATTA-3 site (ATTA-3 site mut) was obtained as above,
starting from 0.4a-MUT Sox2 promoter-f-geo vector (22).
All other ATTA-site mut reporter constructs were simi-
larly obtained by PCR-based site-directed mutagenesis.

Primers for the ATTA-1/2 site mut plasmid:

Fw: SCGAGGTACCGTCAAATAGGGCCCTTTT
CAGATTTTAAGGACAAAATAAAAGGAGTCTGC
TCY

Rv: STATCTCGAGAAGCCAACTGACAATGTT
GTGG 3 containing the desidered mutations (in
bold) and Kpnl/Xhol restriction sites (underlined).

The ATTA-4 site mut plasmid was generated by
replacing a Pstl cassette of the S'enh-tk-luc with a corres-
ponding cassette, containming the desired mutation (in bold),
obtained after amplification with the following primers:
Fw: 5 ACTCTGCAGGTCCCCTGCCGTTCGCCTTC

ATTTCCATAAGGAGAGGAGGAGAGGAGG ¥
Rv: 5 CGGGTCGCTGCAGGGTCGCTCGGTGTTIC

G3

Pstl restriction site (underlined) in both primers.

The ATTA-5/6 sites mut plasmid was generated using two
overlapping primers containing the desidered mutations (in
bold) to separately amplify the 5'- and 3"-portions of the
5" enhancer, in conjunction with external primers flanking
the Kpnl and Xhol sites of the S'enh-tk-luc vector. The full
mutated enhancer was obtained by reamplification of the
obtained fragments with the same external 5'enh-tk-luc
primers. The sequences of the primers used are:

Fwl: ¥ GCATCAACCTAGTAAGATGCTTGGCTAG

TTCTCGCTAAGGTCTGCAAC 3
Rvl (Xhol-external primer): 5 TATCTCGAGAAGCCA

ACTGACAATGTTIGTIGG ¥
Fw2 (Kpnl-external primer): 5 CGAGGTACCGTCAA

ATAGGGCCCTTTTCAG 3
Rv2 5 GTTGCAGACCTTAGCGAGAACTAGCCAA

GCATCTTACTAGGTITGATGC ¥

The reporter plasmid carrying mutations in five
ATTA-sites was obtained by combining the mutations
via PCR.
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Figure 1. Emx2 deficiency increases activity of Sox2 telencephalic enhancers-driven lacZ transgenes. (4) X-%.'lal stained E15.5 brains carrying fl-geo
transgenes driven by the 3 Sox2 telencephalic enhancer (left) or by the 3’ enhancer (right), of Emx2"", Emx2™", or Emx2™/ genotype, as indicated.
Darsal (top row), ventral (middle row) and lateral (bottom row) views are shown. Increased X-gal staining is seen, most clearly in dorsal views, in
Emx2"" as compared to Emx2"'" brains, and in Emx2 " as compared to Emx2*" brains. In the $'enhancer-transgenic brains, an X-gal-positive
spot on the ventral telencephalic vesicles, visibile in the ventral (arrow) and lateral views, has comparable intensity in Emx2*" and Emx2*" brains,
acting as an internal control for staining. Overall, 7/7 Emx2"" transgenic embryos (5 construct. E15.5) showed increased lacZ expression relative to
Emx2*" from the same litter (4 embryos). Similarly, 7/8 Emx2*"" embryos camrying the 3’ transgene showed increased lacZ activity relative to
Emx2** controls (4 embryos). Homozygous Emx2™'~ 5 transgenic embryos were always (7,7} more intensely stained than their control heterozy-
gotes (Emx2""") littermates (11 embryos); 7/7 of the Emx2™ 3 transgenics were more stained than their Emx2""" heterozygous controls
(10 embryos). (B) X-gal stained brain coronal sections of 5 or 3 enhancer-lacZ transgenic forebrains of Emx2*™ (top row), Emx2"" (middle)
and Emx2 I~ (bottom) genotype. Arrow in B (3 enhancer) points to some dorsal expansion of X-gal staining signal in Emx2%" as compared to
Emx2"" brain. (C) Relative RNA levels (real-time RT-PCR) of Emx2, f-geo (lacZ), and endogenous Sox2 in cultured NSC (neurospheres) from
Sox2 3’ enhancer-fi-geo transgenic brains, transduced with Emx2-GFP or GFP (control}—encoding lentiviruses, as indicated. RNA levels in control
(GFP-lenti-transduced) cells are set = 1 (for non-normalized data, see Supplementary Figure S1). The values represent the mean + SD of =2
independent RT-PCR experiments on each line performed in triplicate (all RNA levels—LacZ, Emx2, Sox2—significantly differ between Lenti-Emx2
and Lenti-GFP transductions (£ < 0.003 by Student’s r-test), except for endogenous Sox2 levels in line 2, which are comparable). (D) Relative RNA
levels (real-time RT-PCR) of endogenous Sox2 RNA in cultured NSC (neurospheres) from Emx2™'~ versus wild type embryonic brains. The values
represent the mean £ SD of n =3 lndependem RT-PCR experiments on two wild-type and three Emx2-mutant independent cultures tested, each
performed in triplicate. (****F =63e "' by Wilcoxon's one-tailed test).



For constructing the 3X POUJATTA site 3 plasmid,
the combined POU/ATTA site (in bold tyvpe characters)
was multimenzed to three copies, and subcloned into the
Kpnl/Xhol site of the pGL3-tk luciferase vector, using the
following primers:

Fw: SCACTGCTAATTAGCAATGCTAGGGTGCTAA
TTAGCAATGCTAGGGTGCTAATTAGCAATGCT
AGC 3

Rv: 5TCGAGCTAGCATIGCTAATTAGCACCCTAG
CATIGCTAATTAGCACCCTAGCATIGCTAAT
TAGCAGTGGTAC ¥
For constructing the 2X ATTA site 1,2 plasmid, the

ATTA site 1,2 core sequence,

5 TTAATTACAAAATAAAATITAGTCTGCTICTIC
¥, was dimerized (as a synthetic oligonucleotide) and
subcloned into the Kpnl/Xhol site of the pGL3-tk
luciferase vector.

The Luciferase reporter wvectors bearnng BamHI/
Sall genomic DNA fragments of the 3’enhancer were
described (11,23); their core sequence was essentially as
in (24): YGGATCCCTAATTAATGCAGAGACTCTA
AAAGAATTTCCCGGGCTCGGGCAGCCATTGTGA
TGCATATAGGATTATTCACGTGGTAATGAGCACA
GTCGAC ¥

These fragments were subcloned into the BamHI/Sall
site located 3’ to the Luciferase gene.

The Nestin258-luciferase construct (a @ft from H.
Kondoh) was previously described (25).

P19 transfection assays

For transfection experiments, P19 cells were grown in
MEM-ALPHA medium supplemented with PenStrep,
L-glutamine and 10% fetal bovine serum. 2 x 107 /well
exponentially growing P19 cells were plated in
G-well-plates, and transfected the following day with
Lipofectamine 2000 (Invitrogen) according to supplier’s
instructions. Briefly, medium in each well was replaced
with 1 ml of Opti-MEM medium (Invitrogen) with 10pl
of Lipofectamine 2000 (Invitrogen). with DNA. For
transfection experiments, we used 1 pg of the luciferase
reporter plasmid, and 3500ng of the Emx2 expression
vector (pCAGGS-Emx2, a gift from V. Broccoli) per well
if not otherwise indicated. In control experiments,
equimolar amounts of the Emx2 ‘empty’ wector
(pCAGGs) or the Otx2 expression vector (pCAGGS-
Otx2, a gift from V. Broccoli), were used. The pBluescript
vector was added to each transfection to equalize the total
amount of transfected DNA to 2 pg total in each reaction.
After 24h, total cellular extracts were prepared and
Luciferase activity was measured according to the
Promega Luciferase reporter system protocol.

For cotransfection experiments with Brn2 and Emx2
expression vectors, Brn2 expression vector (a gft from
D. Mejiers) (or the ‘empty’ control) was transfected at
the fixed amount of 500 ng/transfection or at increasing
amounts (+, ++, ++-+: 125, 500, 1000 ng) where indicated;
in these experiments, Emx2 expression vector was added
(100 to 1000 ng) as indicated in the relevant Figures. The
‘empty’ vector was added to each transfection at the

proper concentration to equalize the total amount of
DNA transfected in each reaction to 2 pg. Sox2 expression
vector (activating the Nestin258-luciferase construct in
conjunction with Brn2, ref. 25) was added at the fixed
amount of 500 ng/transfection.

In vitro protein expression and purification

Emx2 (in pSG3), Brn2, GATAl and GATAZ2 (in
pBluescript) were produced using in vitre transcription
translation reticulocyte lysate system (TNT, Promega), ac-
cording to the manufacturer’s indication, in a total volume
of 50 pl for 1.5h at 30°C, using 2 pg plasmid template with
25ul of reticulocyte lysate, and then frozen at —80°C.

The amounts in pl of the TNT reactions used in
different expeniments are indicated in Figure legends. To
use equivalent amounts of in vitre-synthethized proteins
(Bm2, Emx2, GATAL or GATAZ), TNT reactions were
performed in the presence of 358 methionine, the amounts
of protemn produced were estimated by autoradiography
of western blot, normalized for the numbers of
methionines in each protein, and equivalent amounts of
each recombinant protein were used.

The Emx2 (or CP2 control, ref. 26) cDNAs were cloned
in frame mto the pGEX2T vector. The Escherichia coli
BL21 strain cells were transformed with the above
plasmid and cultures were grown at midlogarithmic
phase (0.6 Agyy). Protein expression was induced with
0.1mM isopropyl-p-p-thiogalactopyranoside (IPTG) for
3h at 37°C. The GST-EMX2 protein present in the
soluble fraction was bound to GST-Sepharose 4B
(Amersham Bioscience) and purified according to the
manufacturer’s instructions.

Protein was eluted from sepharose, quantitated by
Coomassie blue staining in comparison to BSA standards,
and 1 pg of total protein (for GST-Emx2, GST-CP2 and
GST-only resins) was used for GST-pulldown of *3§
Bm2-containing TNT reaction as in (26,27).

Electrophoretic mobility shift assay and Chromatin
Immunoprecipitation

Electrophoretic mobility shift assay (EMSA) was per-
formed (28,29) by preincubating TNT-produced proteins
or nuclear extract (from the hippocampal stem cell line
AHP or from neurosphere cultures) for 30 min on ice in
20 pl of binding buffer (75mM NaCl, 20% Ficoll, 10mM
Tns-HC, pH 7.5, 0.5mM EDTA, 10mM DTT, 1 pg of
Fﬂoly(dl-dC}, together with 2pl (5x10° cpm) of
“P-end-labelled oligonucleotide probes. The incubation
mixture was resolved by electrophoresis on a 5 or 6%
polyacrylamide gel (29:1, acrylamide /bisacrylanude ratio)
in S0mM Tris borate, lmM EDTA, pH 8.2 (0.5XTBE)
buffer run at 4°C at 150V for 3 h. Gel were dred and
exposed to a Kodak X-AR film at —80°C. For ‘supershift’
reactions, 1 pl of the 1:10 diluted mouse x-Emx2 antibody
{(mouse ascites, kindly provided by F. Mavilio) or 8 pl of
the goat =-Brn2 antibody (undiluted) (Santa Cruz
Biotechnology) were added to the complete binding
reaction just prior to the addition of the labelled probe.
The following double-stranded oligonucleotides were
used as probes for EMSA (only the top strand 1s shown)



(underlined correspond to mutated

nucleotides):
ATTA-site 3: -TCGTCAAACTCTGCTAATTAGCAA
TGCTGAGAAA-3
ATTA-site 3 mutl: S-TCGTCAAACTCTGC
ATCCTTGCAGAGCTGAGAAA-3,
ATTA-site 3 mut2: 3 TCGTCAAACTCTGCTACGGCG
CAATGCTGAGAAA-S;
3-Enh: 3-GGCAGGTTCCCCTCTAATTAATGCAGA
GACTC-3";
ATTA-1/2 sites:
S-GGGCCCTTTTCAGATTTTAATTACAAAATAAA
ATTAGTCTGCTCTTCCTCGG-3;
ATTA-1/2 sites mut:
S“GGGCCCTTTTCAGATTTITAAGGACAAAATAA
AAGGAGTCTGCTCTTCCTCGG-3';
Deltal-Enh: 5-AGAGAGCAGGTGCTGTCTGCATT
ACCATACAGCTGAGCGC-3%
Nestin-Enh: 5-GTGTGGACAAAAGGCAATAATT
AGCATGAGAATCGGCCTC-3.
Chromatin immunoprecipitation (ChIP) was as de-
scribed (13).

sequences

RESULTS

Emx2 negatively regulates transgenic Sox2-f-geo
reporters

‘We mitially bred mice carrying transgenic B-geo reporters
driven by Sox2 regulatory elements to Emx2 mutant
(Emx277) mice. The Sox2-f-geo transgene (6) is driven
by 5.7kb of the Sox2 promoter/enhancer, and its neural
expression 1s progressively confined to the telencephalon,
after E11.5. The SRR2 transgene (11.23) is driven by the
tk-promoter linked to an enhancer normally located mm-
mediately 3" to the Sox2 coding region (these mouse lines
are denominated 53" and 3’ enhancer lines, respectively; al-
temmative names in the literature for the 5 and 3" enhancers
include SRR1 and N2, and SRR2, respectively, 11,24,30).
Breeding with Emx2-mutant mice, we obtained E15.5
progeny consisting of embryos carrying the transgene in
the heterozygous state, together with the three possible
Emx2 genotypes (wild-type, +/+; heterozygote, +/—;
homozygote, —/—).

For both constructs, loss of one Emx2 allele is
associated to significantly increased [-geo expression
{evaluated by classical X-gal staiming) (Figure 1A);
a further strong increase is observed in Emx2™'" mice
(note, however, that the Emx2~'" brain is abnormal. as
expected (15).

We confirmed these results by X-gal staining of brain
sections (Figure 1B). The 35enhancer construct is
expressed in dorsal and medial areas of the telencephalic
ventncular zone and, to lower levels, ventrally, along the
ganglionic eminence, whereas the 3" enhancer construct 1s
more active in ventrolateral areas. In Emx2™'~ heterozy-
gotes, the respective domains of expression were more

intensely stained, both anteriorly and posteriorly; add-
itionally, the extension of the X-gal-positive region was
somewhat increased towards the midline, in mice
carrying the 3'enhancer construct (arrows). As expected,
homozygous Emx2™~ mutants showed increased p-geo
expression, although matching the different areas is prob-
lematic due to morphological abnormalities. We conclude
from these Emx2 loss-ol-expression expenments that
Emx2 negatively modulates two different telencephalic en-
hancers of Sox2 in the developing mouse brain.

We further asked whether abnormally increased levels
of Emx2 could mhibit Sox2 telencephalic enhancers in
neural cells. To this end, we denved independent NSC
cultures from the dorsal telencephalon of two E15.5
mice carrying the 3Fenhancer-f-geo construct, and we
transduced them with an Emx2-GFP-expressing lentivirus
(or with control GFP-expressing virus). In both cell popu-
lations, the f-geo reporter expression was strongly in-
hibited by the Emx2-expressing wirus, as compared to
the control virus (Figure 1C). In one of the two lines,
which expressed moderate levels of Sox2, also the
endogenous Sox2 level was significantly decreased; in the
second line, which showed a much higher expression of
endogenous Sox2, no significant inhibition could be
observed (Figure 1C and Supplementary Figure S1); it is
possible that the ‘isolated” enhancer guiding f-geo more
readily responds to acute, exogenous variations of Emx2
levels than the ‘full” Sox2 locus, which is controlled by
various different regulatory regions. Taken together, the
above results indicate that Emx2 negatively regulates,
in vivo and in ex vivo derived neural progenitors, the
activities of Sox2" telencephalic enhancers.

We also wished to address whether Emx2 deficiency
would affect endogenous Sox2 levels in NSC cultures, as
it does in vivo in the developing brain. To this end, we
measured endogenous Sox2 mRNA levels in NSC
cultures  derived from Emx2-mutant telencephalon,
as compared to wild-type littermates cultures, by
real-time RT-PCR (Figure 1D). Emx2 ablation led to a
significant (average 50%) increase in endogenous Sox2
levels in three independent mutant cultures tested
(Figure 1D and Supplementary Figure S2), confirming
that expression levels of the resident Sox2 gene are
modulated by Emx2 in cultured neural stem/progenitor
cells.

Loss of a single Emx2 allele significantly rescues
the hippocampal NSC deficiency of hypomorphic Sox2
mutant mice

To begin to address whether the Emx2-dependent inhib-
ition of Sox2 telencephalic regulatory elements has any
in vivo effects on Sox2-dependent brain phenotypes, we
selected for further studies the hippocampus neural
stem /progenitor cells of the hypomorphic Sox2f-eee/AEnh
mutant (3,7), that expresses Sox2 (from the single residual
knock-down allele) at low levels (30% relative to normal,
whereas heterozygotes express 63%) (3,7). In these mice,
posinatal neurogenesis is strongly diminished. particularly
in the hippocampus. In particular, the number of
nestin/GFAP double-positive radial glia cells (a stem/



progenitor cell expressing Sox2 (3,5) is drastically
decreased (3).

In Sox2 hypomorphic mutants, heterozygosis for a
mutated Emx2 allele was sufficent to substantially
rescue the number of GFAP/nestin stem/progenitor cells
from about 20% to 60% of wild-type levels (Figure 2A
and B); additionally, the radial gha was converted
from a thin, poorly-developed appearance typical of
cells of the hypomorphic mutant, to quasi-normal
morphology (Figure 2A). In agreement, BrdU mcorpor-
ation (Figure 2B) was increased to about 45% of wild-type
levels in Sox2P-s0/AEnh. o3~ versus about 30% in
Sox2fee/aEnh, B 2™ controls (even if loss of a single
Emx2 allele, per se, causes some decrease of BrdU ncorp-
oration { Figure 2B, ref. 31, see section ‘Discussion’).

To interpret this result, we examined Sox2 expression in
wild-type mice in the prospective hippocampal area during
development. In this area, Sox2 and Emx2 are coexpressed
in a large proportion of cells (Figure 2C). At E 15.5, both
the medial and lateral walls of the telencephalon expressed
Sox2; however the medial wall of the lateral ventricle,
from which the hippocampus will onginate, expressed
Sox2 at comparatively lower levels than the lateral wall
in the wild-type (Figure 2C, filled versus empty
arrowheads). On the other hand, the Emx2 level was
higher in the medial as compared to the lateral wall
(Figure 2C, arrowheads see also 15,20), pointing to an
iverse relation between Sox2 and Emx2 expression.
Within the medial telencephalic wall (prospective hippo-
campus region), an inverse Sox2/Emx2 relation is also
seen with an Emx2-high, Sox2-low region developing
adjacent to a comparatively Emx2-low, Sox2-high region
(Figure 2C, thin arrowheads; Supplementary Figure $3).

In Emx2”~ heterozygotes we noted a signifi-
cant upregulation of Sox2 expression in the medial tele-
ncephalic, relative to the lateral wall, when compared to
wild-type mice (Figure 2C, arrowheads). This inverse cor-
relation suggests that, within the area from which the
hippocampus will arise, Emx2 may negatively modulate
Sox2 levels. This result 1s consistent with the possibility
that the loss ofa single Emx2 allele in Sox2 hypomorphic /
Emx2"'~ double mutants contributes, by upregulating the
deficient Sox2 expression, to the observed radial glia
rescue.

Emx2 transfection in Sox2-positive P19 teratocarcinoma
cells inhibits the activity of reporter genes driven by the 5
or 3 Sox2 enhancer

The previous in vive results, indicating that Emx2
somehow negatively modulates the Sox2 enhancers, raise
the question whether Emx2 effects on Sox2 are direct or
mediated by other factors. The 5- and 3'-enhancers ‘core’
elements were previously defined in vive by transgenic
assays and, in vitre, by transfection in Embryonic Stem
(ES) Cells (11,22.23). Both elements contain POU sites,
known to be functionally mportant in ES and brain
cells, which bind specific transcription factors (Oct4 in
ES. Brnl and Brn2 i neural cells) (11,22.23). In trans-
genic mice, ~400nt of the 5" enhancer recapitulate full
expression, but as little as 120 nt are sufficient for some

specific activity (22). The 400nt enhancer contains, in
addition to the two POU sites, several ATTA sites
(referred to as ATTA-1 to ATTA-6, Figure 3A), which
represent the core of potential homeobox transcription
factor-binding motifs (22), including Emx2. The more 5
POU site 1s combined with ATTA-3 site within a single
overlapping sequence. The 3’ enhancer similarly contains
several ATTA sites, together with a previously
characterized POU-binding element (23) (Figure 3A).

To address the possibility that Emx2 directly affects
Sox2 enhancer function, and to investigate its molecular
mechanisms of action, we developed a simplified in virro
transfection system. We performed transfection experi-
ments in P19 teratocarcinoma cells, using the 5 and 3
enhancer ‘core’ regions linked to a luciferase reporter.
P19 cells express Sox2 at high levels, but are negative for
both Emx2 and the putative neural Sox2 activators Brnl
and Brn2 (11,22), although they express the related POU
factor Oct3/4, an activator of Sox2 n ES cells (22.23); this
allows us to test for the effects of adding these exogenous
factors in appropriate combinations and dosage, and to
evaluate the effects on enhancer functions of different,
specific point mutations within transcription factors rec-
ognition sites.

‘We first transfected into P19 cells a luciferase reporter
gene, driven by the minimal tk promoter linked to the core
5'Sox2 enhancer, in the absence or presence of an
Emx2-expression vector.

Emx2 cotransfection strongly repressed the activity of
the enhancer, to a level just above that of the con-
trol enhancer-less tk-luciferase wvector (Figure 3B).
Cotransfection with a vector expressing Otx2, a related
homeobox gene, or with empty vector gave no significant
repression. Sinularly, Emx2 repressed the activity of the
3'Sox2 telencephalic enhancer (11,23), when assaved with
both a full size and a ‘core’ enhancer (22) construct
(Figure 3C), though the observed repression was less
pronounced than that observed with the 5 enhancer.
The repression caused by Emx2 was dose-dependent for
both the 5 and 3’ enhancers (Figure 3D).

To identify the site where Emx2 binds to repress tran-
scription, we mutated, in different combinations, each of
six sites characterized by the ATTA sequence in the Sen-
hancer. Unexpectedly, all the mutations strongly
decreased the activity (in the absence of cotransfected
Emx2) (Figure 3E); the simultaneous mutation of
five out of six sites (1/2/4/5/6, leaving only ATTA-3),
essentially abolhshed the activity of the core enhancer
(Figure 3E). In these experments, Emx2 cotransfection
further reduced the residual activity of the mutants to
the background level corresponding to the activity of the
tk-promoter-luciferase construct.

These experiments suggest that the mutation
of the ATTA sites destroys the binding of some (vet un-
identified) activator protein. In contrast, as the repressive
Emx2 activity 1s not abolshed by any of the
mutations, Emx2 either binds to other unidentified sites,
or somehow antagonizes the activator at each of the
defined sites.
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Figure 2. Emx2 deficiency (Emx2"'") rescues GFAP/nestin stem cells impaimment in the hippocampus of Sox2-deficient (Sox2PE=o/AEmRy mutant
mice. (A) GFAP/nestin double immunofiuorescence of hippocampus DG in the indicated genotypes. GFAP/nestin-positive cells, strongly depleted
in Sox2-hypomorphic (Sox2P=/AEh) mutants, recover to a significant extent in Sox2P=/AFh Emyd*/~ double mutants (asterisks mark vessels,
showing non-specific fluorescence). (B) GFAP/nestin-positive cells and BrdU-positive cells. Wild-type is set = 100%. n = 5 mice per genotype;
*P<0.002 by Student’s r-test. (C) Double immunofiuorescence with anti Emx2 (red) and anti Sox2 (green) antibodies on E15.5 telencephalic
sections (confocal microscopy). in wild-type (Emx2"", top) and Emx2"/" heterozygotes (two different representative mice per genotype, out
of n = 5 mice analysed). The Sox2 (green) channel is also separately shown on the right panels. In Emx2""" brains, compared to Emx2""
controls, a comparative increase in the intensity of Sox2 staining is seen in the medial telencephalic wall (filled arrowhead) (comprising
the hippocampal primordium region, arrows). as compared with the outer/lateral wall (empty arrowhead) within the same section. In the
lower medial telencephalic wall, in the region of the prospective hippocampus, a boundary can be appreciated between two regions showing
Sox2-high/Emx2 low (filled arrow) and comparatively Sox2-low/Emx2 high levels (non-filled arrow) (see also magnification and channel separation
in Supplementary Figure S3).

Emx2 binds a composite POU/Emx2 binding-site
(ATTA-3), and inhibits the binding of Brn2 to
the same site

ATTA-3 resembles (Figure 4A) one of the few
characterized Emx2-binding sites, that of the Wntl gene

) (32,33); furthermore, a similar site is located in the 3’
We characterized by EMSA the binding of recombinant enhancer (ATTA-4) just upstream to the already studied

Emx2 to all of the ATTA sites in the core 5 enhancer. (11,23), functionally important, POU site. In EMSA,
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Figure 3. Emx2 represses the activity of the 5 and 3' Sox2 telencephalic enhancers in transfection assays. (A) ¥ and 3" Sox2 telencephalic enhancers.
Numbered squares: ATTA sites, underlined and bold in the sequences below. Boxed bold sequences: POU sites (11,22,23) in 3 and 3’ enhancers
(B and C). Cotransfection of ¥ or 3’ enhancer-driven (black bars, full enhancer; striped bars, ‘core’ enhancer) tk-luciferase vectors, or ‘empty’
tk-luciferase vector (white bars), with Emx2 or Otx2 expression vectors, or with ‘empty’ vector. The mean activity of the enhancer-driven constructs
(with no cotransfected expression vector) is set = 100% luciferase activity. (D) Cotransfection of 5 and 3-enh. luciferase constructs with increasing
amounts of Emx2-expression vector. (E) Luciferase activity of 5' enhancer constructs carrying mutations in the indicated ATTA sites. and their
response to cotransfection of the Emx2 expression vector (300 ng). Values represent the mean + SD of # = 3 independent transfection experiments,
with each transfection done in triplicate.
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Figure 4. Emx2 binds to ATTA sites within the Sox2 5 and 3’ enhancers, and antagonizes binding of the activator Bm2. (A) ATTA sequences
binding Emx2 and/or Brn2. Lowermost line: Bm2/POU consensus based on TFBS cluster (http://hscl.cimr.cam.ac.uk/TFBScluster) and our data.
Letter size is proportional to nucleotide frequency. The spacer (n) is 2-3nt in previously validated sites (34,35). For the interaction of a POU factor
with its binding site, and spacer length, see (27). Boxed sequences are homologies to the Brn2 consensus. Underlined sequences correspond to the
previously reported Emx2 binding sequence (footprint) in the Wntl enhancer (32,33), and to homologous sequences within the 5’ and 3’ Sox2
enhancers. (B) EMSA with an ATTA-3 site probe (5’ enhancer) and recombinant Emx2 and Bm2 proteins (as indicated above the lanes). Anti-Emx2
antibody was added in lane 8. Asterisk: supershifted band. Amounts of TNT product used (see section ‘Matenals and Methods’): Emx2:+ = 3pl;
++ = 6pl. Brn2:+ = 3pl; ++ = 6 pl. a-Emx2 antibody: + = 1l (of a 1:10 dilution of ascites fluid). (C) EMSA with wild-type (lanes 19-23) and two
different mutated (lanes 9-13; 14-18) ATTA-3 site probes (5’ enhancer). Amounts of TNT product used: Emx2: + = 6pl; Bm2:+ = 1.5pul. (D)
Addition of increasing amounts of Emx2 (lanes 5-7) to ATTA-3 site probe (5 enhancer) together with a fixed amount of Brn2 (as in lane 4). An
Emx2 retarded band appears, while the Bm2 band progressively disappears. Amounts of TNT product used: Emx2: + = 4pl; ++ = 8 pl; +++ = 12l
Brn2:+ = 1pl. (E) EMSA with a probe from the 3’ enhancer ATTA-4 site, showing ability to bind Emx2 or Brn2. Addition of Emx2 together with
Brn2 (lane 5) antagonizes Brn2 binding. Asterisks indicate bands supershifted by antibodies (lanes 6 and 7). Amounts of TNT product used:
Emx2:+ = 5pl. Brn2:+ = 2pl. a-Emx2 antibody: + = 1pl (of a 1:10 dilution of ascites fluid). «-Brn2 antibody (Santa Cruz):+ = 8 pl.

recombinant Emx2 (Supplementary Figure S84, panel A) versus lane 21). Further, the ATTA-3/Emx2 binding

bound to the Wnt-1 oligonucleotide (originally chara-
cterized only by foot-printing) generating a complex,
that was super shifted by an anti-Emx2 antibody
(Supplementary Figure 54, panel B). Similarly, ATTA-3
was efficiently bound by Emx2 (Figure 4B, lanes 3-4;
Figure 4C, lane 21); two different mutations of ATTA-3
abolished Emx2 binding (Figure 4C, lanes 11 and 16,

was efficiently competed by excess unlabelled Wnt-1 or
ATTA-3  oligonucleotides, with similar  kinetics
(Supplementary Figure S4B). We conclude that ATTA-3
can be bound, in vitro, by Emx2.

An oligonucleotide including the combined ATTA/
POU site (ATTA-3) binds (21) the ES cell factor OCT4
and its brain homologues Brnl and Bm2. As Emx2



negatively modulates the activity of Sox2 telencephalic en-
hancers in brain (Figure 1), we asked if Emx2 binding to
the POU sites in brain cells might interfere with the
binding of Brn factors. Brn2 bound, as expected, the com-
posite POU/ATTA-site 3 (ATTA-3) of the 5enhancer,
that was shown to bind Emx2 (Figure 4B, lanes 5 and
6). When Brn? and Emx2 were added together, no
ternary Emx2-Brn2-probe complex was detected, suggest-
ing that the binding was mutually exclusive. Addition of
anti-Emx2 antibody caused the loss of the Emx2 band and
its supershift, but did not affect the Brn2 band (Figure 4B,
lanes 7 and ). Importantly, Brn2 binding was abolished
{(Figure 4C, lanes 12 and 17 as compared to lane 22) by the
same mutations that caused loss of Emx2 binding.

Adding increasing amounts of Emx2, in the presence of
a fixed amount of Brn2, proportionally increased Emx2
binding, whereas Brn2 binding was strongly decreased
(Figure 4D, lanes 5-7). The repression of Brn2 binding
was observed already at relatively low levels of added
Emx2 (and Emx2 binding), and under conditions of
a large excess of labelled oligonucleotide probe; this
suggests that the repression of Brn2 binding is not
simply the result of a direct competition on the same
DMNA molecule, but rather entails other indirect mechan-
1sms (see below).

In the Fenhancer, a motul (ATTA-4) similar to the
Emx2-binding ATTA-3 site is located just upstream to
an already studied (11,22), functionally important, POU
site. We performed EMSA experiments with Emx2 and
Brn2 using the 3° enhancer ATTA-4-site. Again,
ATTA-4 (Figure 4A) bound both Brm2 and Emx2
(Figure 4E), and addition of Emx2 greatly decreased the
binding of Brn2 (Figure 4E, lanes 4 and 5). Smularly, to
the 5" site, mutation of this site abolished the binding of
both Emx2 and Brn2 (data not shown).

Emx2 inhibits Brn2 binding to ATTA sites 1,2 without
directly binding to DNA

The ATTA motif 15 part of a large number of core
sequences of distinct transcription factor-binding motifs,
which are difficult to identify purely on the basis of the
DNA sequence. As the POU/ATTA sequence (ATTA-3)
binds both Oct3/4 and Brnl/Brn2 (21), and other se-
quences containing an ATTA motif bind Brnl and Brn2
(33,34; Figure 4A), we tested all ATTA sites in the ¥
enhancer for binding to these factors. Brn2 bound
(Figure 5A) an oligonucleotide containing both sites 1
and 2 (ATTA-1/2), whereas Emx2 did not bind (the
weak band migrating slightly faster than Bm2 in lane 3,
arrowhead, 1s due to a protein contained in the TNT
extract used for Brn2 synthesis, see lane 2). We could
not detect any binding of Emx2 to the ATTA-1/2 probe
even when adding Emx2 in the absence of Brn2. in
amounts equal or greater than those able to generate a
strong shifted band with the ATTA-3 probe in a control
binding run in parallel (Supplementary Figure S3).
Mutation of the conserved TT doublet in the ATTA
motif abolished Bm2 binding, leaving only the fast
TNT-derived band (lanes 10 and 11). The Brn2 band
was almost completely ablated by addition of anti-Brn2

antibody (lane 4). Finally, excess unlabelled ATTA-1/2
oligonucleotide competed the binding of the previously
validated Brn2-binding site, ATTA-3 in the 5" enhancer
(22 and present article) as efficiently as unlabelled
ATTA-3 site oligonucleotide did (Figure 5B, lanes 4 and
5, versus lane 3). In contrast, a mutated ATTA-1/2 site
oligonucleotide failed to compete (lane 6). We conclude
that Brn2 can bind to the ATTA-1/2 site In a
sequence-specific way.

As shown in Figure 4D, Emx2 might inhibit the binding
of Brn2 to the POU/ATTA site (ATTA-3) oligonucleotide
both by direct DNA binding and by other indirect mech-
anisms. We tested the effects of Emx2 addition to the
ATTA-1/2 site oligonucleotide, in the presence of Brn2.
Emx2 addition (Figure 5A, lane 5) almost completely
abolished Brn2 binding, already at low Emx2 concentra-
tions. Smilar or higher amounts of the haematopoletic
transcription factors GATA-1 and GATA-2 did not inter-
fere with Brn2 binding (Figure 5A, lanes 6 and 7), nor did
addition of a TNT lysate prepared by transcription /trans-
lation of an ‘empty’ vector in control experiments (data
not shown).

In additional experiments (Figure 5C) Emx2 prevented
Bm2 binding, in a dose-dependent fashion, to two inde-
pendently characterized Brn2-binding sites (Figure 4A),
those in the Delta and Nestin genes neural enhancers
(34.35).

ATTA-1/2 and ATTA 3 probes were also tested with
nuclear extracts from the neural (adult hippocampal)
AHP cell line (Figure 5D and E); endogenous Brn2
bound to both probes (Figure 5E, lanes 1 and 2;
Figure SE, lane 1) generating bands that were supershifted
by anti-Brn2, but not anti-GATA-1 (Figure 5D, lanes 3
and 4); and were properly competed by the same un-
labelled oligonucleotide, but not by its mutated version
(Figure 5D, competitors: lane 5:ATTA-1/2; lanes 6 and
7: mutated ATTA-1/2; lane 8: ATTA-3). Also in this
neural cell context, the addition of increasing amounts
of Emx2 (but not of GATA-1) caused a sharp decrease
of Brn2 binding, already at low Emx2 concentrations
(Figure SE, lanes 2-4, compare to lanes 1 and 3).

Overall, the experiments reported above (Figures 4
and 5) demonstrate that Emx2 prevents the binding of
transcription factors (in this case Brn2) to their cognate
motifs via mechanisms independent of its binding to
DNA; one possible mechanism might be protein-protein
interaction between Emx2 and Brn2. In a GST-pull down
assay, a GST-Emx2 fusion protein retammed in vifro
synthesized Bm2 (Figure 5F), indicating that Emx2 and
Bm2 proteins are able to physically mteract.

Emx2 functionally antagonizes Bm2

POU factors, including Oct4 and neural transcription
factors Brnl and Bm2, were characterized as activators
of the Sox2 3 enhancer in co-transfection experiments,
and the mutation of the POU/ATTA site (ATTA-3 site)
in the Senhancer (22) or of the POU site in the 3’enhancer
(11,22) substantially decreased the activity of Sox2 trans-
genic constructs, suggesting that Brnl and Brn2 factors
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Figore 6. Emx2 represses Brn2-transactivated ATTA-1/2 and ATTA-3 sites—tk luciferase reporter constructs in a dose-dependent way. (A) Brn2
dose-dependent transactivation of ATTA-1/2 sites (5 enhancer) (Brn2: +, ++, +++, 123, 500, 1000 ng) (B and C) Emx2 dose-dependent repression of
Bm2-dependent transactivation of ATTA-1/2 sites construct (B) and of ATTA site 3 construct (C) (Brn2: +, 500ng; Emx2: +, ++, +++, ++++ 100,
200, 500, 1000 ng). In A, luciferase activity is expressed in arbitrary units, where 1 is the activity of the tk luc reporter; in B and C, 100% hciferase
activity is set to the maximum observed activity. The horizontal line in A and B represents the background activity of the ATTA-1,2 site construct in
the absence of cotransfected Bm2. (*P < 0,007 by Student’s r-test, non-parametric, Welch correction) (I¥) Nestin-enhancer (258 wi)-driven huciferase
reporter, transactivated by cotransfected Sox2 expression vector 500ng (as in 23), is cotransfected with increasing amounts of Emx2 expression
vector, in the presence (+Bm2) or absence (—Brn2) of Brn2 expression vector (Bm2: 5300 ng; Emx2: +, ++, +++; 125, 250, 500ng). Brn2 addition
antagonizes the repressive effect of Emx2 (**P <0.001; ***P = 0.0002 by Student’s -test, non-parametric, Welch correction). 100% luciferase activity
is set to that observed without Emx2 cotransfection for both +Brn2 and —Brn2 samples. In the absence of cotransfected Brn2, the activity of the
construct was about 20% lower (marginally significant, data not shown) than in the presence of Bm2. Note that a Sox2-expression vector was
cotransfected in all the experiments, as Sox2 had been reported to increase the activity of the present reporter in other cell types (25). Values
represent the mean + 8D of n= 3 independent transfection experiments, with each transfection in triplicate.

(Figure 6). In the absence of Emx2, Brn2 strongly
stimulated the activity of the ATTA-1/2 construct in a
dose-dependent way and, to a lesser extent, that of the

may be positive regulators of Sox2 transcription in the
brain (11,22.23).
To evaluate the respective roles of Brn2 and Emx2

in transfection experiments we linked to the minimal
tk-promoter the ATTA-1/2 or the POU/ATTA
(ATTA-3) site (the latter as a trimer) from the S'enhancer.
‘We transfected the construct inte P19 teratocarcinoma
cells (which express Sox2) in the presence of different
amounts of BrnZ-and/or Emx2 expression vectors

ATTA-3 construct (Figure 6A and C). The Brn2-
dependent stimulation of the ATTA-1/2 construct was
repressed to basal levels (just above the level of the
tk-luc reporter, lane 9 versus lanes 1 and 2), by
cotransfection of progressively increasing amounts of the
Emx2-expression vector (Figure 6B). Cotransfection of

Figore 5. Continued

Nestin-enhancer: Brn2:+ = 2 pl; Emx2: + = 4 pl. 2-Bm2 antibody: + = 8 pl (Santa Cruz). (D) EMSA with ATTA-1/2 site probe and nuclear extracts
from AHP peural cells. Two complexes are generated (arrows) with both ATTA-3 (lane 1, *+" as in ref. 21) and ATTA-1/2 (lane 2), which are
supershifted by anti-Brn2 (lane 3), but not anti-GATAI antibodies (lane 4). Binding of Bm2 to ATTA-1/2 is efficiently competed by unlabelled
ATTA-3 (lane 8), by “self” ATTA-1/2 (lane 5), but not by mutated ATTA-1/2 {lanes 6 and 7) oligonucletides. Unlabeled competitor oligonucleotides
were added in 25-fold molar excess (+) or 50-fold molar excess (++). (E) EMSA with ATTA-3 probe and nuclear extracts from AHP cells. Added
recombinant proteins (Emx2, GATA-1) are indicated above the lanes. The Bm2 retarded complex (lane 1, arrow) (see also ref. 21 and panel D) is
sharply decreased following addition of Emx2 (lanes 2-4), but not of control GATA-1 (lane 5). The lower, Emx2-containing complex is progressively
increased in parallel with the addition of Emx2. This complex has the same maobility of that generated by direct binding of recombinant Emx2 to the
ATTA-3 probe (lane 6). (F) Emx2 and Brn2 directly interact in a GST pulldown assay. Brn2 is retained by GST-Emx2, but not by GST-CP2 control
resin (which gives a weak signal equivalent to that seen with the ‘empty’ resin GST).



control ‘empty’ vector, instead of Emx2~ expression
vector, yielded a shight mhibition only at the highest
tested levels, ensuring specificity of the Emx2 repression
observed (Figure 6B, lanes 10-13). Similarly, on the
ATTA-3 construct, Brn2-dependent stimulation was in-
hibited by Emx2 (Figure 6C), though the observed repres-
sion 1s weaker. Thus, Brn2 is an activator at both the
ATTA-3 [as previously shown in vive and in vifro (22)]
and the ATTA-1/2 sites, and Emx2 inhibits the transcrip-
tional activity at the same sites, antagonizing Brn2-
dependent stimulation. As Emx2 does not bind to
ATTA-1/2 site sequences (Figure 5A), this inhibition
may be caused by mechanisms that do not strictly
require Emx2 binding to the DNA. The somewhat lower
effect of Emx2 in the Bm2-dependent system, as
compared to the drastic effect observed with the full
‘core’ element (in the absence of cotransfected Brn2)
(Figure 3), probably reflects the modest enhancer
activity of the individual ATTA sites in isolation, as
compared with the cooperative activity of the multiple
sites active in the full enhancer (Figure 3).

Is the Emx2 inhibitory effect lmited to the Sox2 5" and
3" enhancers? To evaluate this point, we performed experi-
ments using the nestin enhancer, that is positively
regulated by transfection of Brn factors, in conjunction
with Sox2 (25). As shown above (Figure 5C), Emx2
addition antagonized Brn2 binding (in EMSA) to this
enhancer. In transfection experiments in P19 cells, in the
absence of transfected Brn2, Emx2 strongly inhibited the
activity of the enhancer already at low concentrations
(Figure 6D, ‘—Brn2’, open squares). In this condition,
enhancer activity likely depends on the related POU
factor Oct3/4, expressed in P19 cells. In contrast, the add-
ition of Brn2 (*+Brn2’, filled squares) completely pre-
vented the Emx2 repression at low/intermediate Emx2
levels, and substantially attenuated it at the highest
Emx2 level (Figure 6D). Note that, in P19 cells, the
addition of Brn2 per se stimulates the activity of the
enhancer only mimmally (~20%, data not shown),
indicating that the observed Brn2-dependent att-
enuation of Emx2-mediated repression is not the result
of independent stimulation of gene activity by BrnZ;
rather, the excess Bm2 may directly ‘titrate’ Emx2
activity. These results, together with those reported
above, suggest that Emx2 and Brn2 antagonize each
other’s activities.

Emx2 binds to the 5'enhancer in vivo

To ascertain if Emx2 interacts in brain cells with the Sox2
regulatory elements, we performed in virro ChIP with
anti-Emx2 antibodies, using chromatin from embryonic
telencephalon (E14.5), from wild-type and Emx2-null
(negative control) embryos. A fragment comprising the
ATTA-3 and the adjacent ATTA-1/2 sites was bound by
Emx2 in wild-type chromatin, but not in Emx2-null chro-
matin (Figure 7). No binding was detected in an adjacent
region B, comprising ATTA-5 and 6 sites, and lying 3 to
the bound DNA region. We conclude that Emx2 likely
functionally interacts with the Sox2 regulatory region
in viva.

Sox2 5' enhancer

RegionA RegionB
— i [— 1
T I T ] |
12 3 i 5 & =
Emx2 +/+ Emx2 <=

Ab: input 19G Emx2 input G Emx2

Figure 7. Emx2 is bound to the Sox2 enhancer in vive. ChIP with
anti-Emx2 antibodies of E14.5 embryonic brain chromatin  from
wild-type and Emx2 /" control embryos. Region A, containing
ATTA-3 site is immunoprecipitated from wild-type, but not
Emx2-null chromatin. The previcusly described Wntl enhancer con-
taining an Emx2 binding site (33) is used as a control (Wntl), and is
similarly precipitated from wild-type, but not mutant, chromatin.
Antibodies used are indicated below the lanes. Input: input chromatin.
1gG: anti-lgG control antibodies. Emx2: anti-Emx2 antibodies.

DISCUSSION

Emx2 is a transcription factor imvolved in hippocampal
growth and in cortex patterning (19.36). With the excep-
tion of the Wntl and FGF& genes (32,37,38), there are few
identified neural Emx2 targets. Here we show, by in vive
and in vitro experiments, that Emx2 negatively regulates
two characterized Sox2 enhancers. Loss of a single Emx2
allele increases Sox2 expression in the E15.5 medial
telencephalic wall and partially rescues an hippocampal
phenotype dependent on Sox2 deficiency. Our results,
together with data of the hterature, suggest that Emx2
may control aspects of Sox2 expression and brain devel-
opment by antagonizing the activities of transcriptional
activators, such as Brn2.

Emx2 negatively modulates Sox2 telencephalic enhancers
in vive

Sox2 mneural expression in chick (30) and mouse
(6,11,22,23,39) is regulated by multiple enhancers.
Among the best characterized mouse enhancers are the
5" and 3" Sox2 enhancers studied here, which direct trans-
genic reporter gene expression to the telencephalon, the 5
enhancer being more active in dorso-medial regions, and
the 3’ enhancer in ventro-lateral regions. Emx2 is
expressed in the dorsal telencephalon m a posterior
medial to anterior lateral concentration gradient, that
intercepts the wide Sox2 expression domain; at the
cellular level, the two expression domains substantially
overlap within the ventricular zone, allowing for potential
cross-regulation (3,19.36). In our experiments (Figure 1),
the loss of one or both Emx2 copies substantially



increases the expression ol transgenes driven by the 5" or
the 3" Sox2 enhancers, indicating that the normal levels of
Emx2 may inhibit to some extent the activities of enhan-
cers of Sox2. The inhibitory activity of Emx2 is further
reflected in the decreased activity of the same enhancers
brought about by Emx2 overexpression in NSC cultures
(Figure 1C).

Does the altered regulation of Sox2 enhancers by Emx2
modifly the levels of endogenous Sox2 in vive? Overall, in
developing brain, Sox2 levels are not highly changed in
Emx2 +/— embryos, but significant modulation can be
appreciated at specific locations. In the late embryo,
Sox2 and Emx2 are coexpressed in the prospective
hippocampal domain; at this stage, in the lateral ventricle,
regions of high Sox2 expression show relatively lower
Emx2, and regions of high Emx2 expression have lower
Sox2 levels (Figure 2C). This inverse correlation 1s particu-
larly evident in the medial telencephalic wall, where
the hippocampus primordia develop (Figure 2C and
Supplementary Figure 53). Loss of a single Emx2 allele
results, in this region, in increased Sox2 expression
(Figure 2C and Supplementary Figure S3). Thus, effects
of Emx2 deficiency on Sox2 may be more evident in
specific regions/developmental stages, possibly depending
on expression levels of Emx2 itself, or interactions with
other factors. This conclusion is in agreement with
the rather subtle phenotipic effects of changes in Emx2
levels observed in the cortex as compared to the hippo-
campus (36).

Heterozygous Emx2 deficiency antagonizes the
hippocampal NSC loss of Sox2 hypomorphic mutants

An important question arising from our present results, is
whether heterozygous Emx2-deficiency (that, by itself, has
little effect on brain development, 15,20,36) has any
phenotypic consequences on Sox2-dependent functions.
Both Emx2 homozygous mice and Sox2 mutants (Sox2
hypomorphic and Sox2 conditional-null mice) show severe
hippocampal defects, indicating that both genes are essen-
tial for hippocampal development (3,14,15). In the hippo-
campus, Sox2 is required for postnatal NSC survival;
complete Sox2 ablation by E12.5 results in the loss of
hippocampal neurogenesis and DG severe hypoplasia,
between P2 and P7 (14). Moreover, in adult Sox2
hypomorphic (Sox2™E®4E™) mutants, expressing 30%
of the normal Sox2 RNA, nestin/GFAP radial gha cells
(a Sox2-expressing neural stem/progenitor cell) (3,5,40) in
the hippocampus are importantly decreased (Figure 2).
As Sox2 and Emx2 are coexpressed in the hippocampal
primordium (Figure 2) and in the adult hippocampus (as
well as in the hippocampal AHP cell line (Supplementary
Figures 86 and 87), a reduction in Emx2 dosage may be
expected to affect Sox2-dependent functions in this region.
In adult hypomorphic Sox2 mutants, heterozygous
Emx2-deficiency strongly increases the number of nestin/
GFAP radial glia cells and, to a lesser extent, BrdU in-
corporation (Figure 2A and B); note that, in wild-type
mice, heterozygous Emx2 deficiency, per se, only slightly
raises the number of nestin/GFAP radial glia cells and
decreases, rather than increases, BrdU incorporation

(Figure 2A and B; ref. 31). These results demonstrate
that Emx2 deficiency rescues, in part, at least one well
characterized Sox2-dependent NSC phenotype. These
data, taken together with the increased Sox2 expression
in the medial lateral ventricle wall (that includes the pro-
spective hippocampus) of heterozygous Emx2-deficient
mice (Figure 2C, Supplementary Figure 53), are thus con-
sistent with the hypothesis that Emx2 deficiency may con-
tribute to phenotypic rescue by raising Sox2 expression.
Of course, additional mechanisms might also contribute to
the observed phenotype.

Emx2 represses telencephalic enhancers in transfection
assays, directly binds to enhancer sequences in vitre and
antagonizes binding of POU transcriptional activators

To begin to address at the molecular level of our in vive
data, we performed EMSA and transfection experiments
with P19 cells, that express Sox2, and can be manipulated
by transfection to express Bm2 and/or Emx2 (absent in
the basal state). We propose two mechanisms whereby
Emx2 might downregulate Sox2 enhancer activity
(Figures 4, 5 and 6; Supplementary Figure S$8).

Firstly, Emx2, by directly binding to its cognate sites
in DNA, might prevent the activity of other transcrip-
tion factors which bind to sites overlapping the Emx2
motif; secondly, Emx2 might repress transcription by
antagonizing the binding to DNA of transcription
factors, without direct DNA binding, through protein
protein interactions. As to the first mechanism, Emx2
directly binds to 5 (ATTA-3) and 3Fenhancer (ATTA-4)
sites in the Sox2 gene (Figure 4), which are also bound
by the POU factors Brnl and Brn2; importantly.
these factors were previously implicated in Sox2 activity
on the basis of in vive experiments (transfection, trans-
genic mice and ChIP (11,22.23). As mutations at the
ATTA-3 site abolish the binding of both Emx2 and
Bm2, their binding sites are likely functionally
overlapping, and their binding might be mutually exclu-
sive; indeed, we did not detect by EMSA (even at high
protein concentrations, data not shown) any band of
mobility slower than that of Brn2, that might suggest
the formation of a ternary complex of DNA with
both factors. Moreover, in EMSA, the addition of
increasing amounts of Emx2 resulted in increased
binding of Emx2, together with progressive disappearance
of the Brn2 band (Figure 4).

The second mechanism 15 suggested by the following
observations: the binding of Brn2 to ATT A-sites in Sox2
enhancers and to other previously validated Bm2 sites
(nestin, delta; 22,34.35) 1s prevented by Emx2 addition,
in the absence of any binding of Emx2 itsell to the
same sequences (Figure 5). Emx2 and Brn2 might be
reciprocally antagomstic (Figure 6) through direct
protein-protein interaction, which would prevent Brn2
binding to regulatory sequences, and transcriptional
activation (Figure 6). Indeed, GST pull-down experi-
ments show that Brn2 and Emx2 may physically interact
(Figure 5F). Our present Interpretation is in agreement
with data reported by other authors in a different experi-
mental system; Sahara er al. (37) reported that Emx2



represses SPR trancrption factor-dependent activity of the
FGF8 promoter without binding to the promoter itself;
moreover, other authors reported that Emx2 and SP8
physically interact (38).

The DNA motifrecognized by Bm2in our experimentsis
a rather degenerate one, centred on an ATTA motif poten-
tially recognized by many transcription factors (41). It can
be hypothesized that, in addition to Bm2, other transcrip-
tion factors, particularly, among neural factors, the Brnl
homolog, or Oct6, might bind to this sequence, and could
thus be antagomized by Emx2. The 5 enmhancer 1s also
bound by Oct3/4 at early developmental stages, and
Oct3/4 1s required for its activity in ES cells {(22) and in
the early neural plate (13), leading to the suggestion that
an exchange between early Oct3/4 and later Brn/Oct factors
binding 1s important in the early function of this element
(13,22). Of note, this enhancer 1s active in P19 cells, which
do not express neural POU factors, but do express Oct3/4;
Emx2 addition by cotransfection can antagonize both
basal 5 enhancer activity (presumably dependent on
Oct3/4 binding, 13,22), as well as Bron-stimulated activity
(Figures 3 and 6). This may, again, reflect a wider ability by
Emx2 to antagonize different POU factors, which may dif-
ferently act on Sox2 (and other genes) regulation at differ-
ent developmental stages and in different telencephalic
regions.

Additional data suggest that these mechanisms do oper-
ate in vivo. In fact, Emx2 binds to a fragment comprising
the 5 ATTA-3 site in nuclei from normal telencephalon, in
ChIP experiments (Figure 7). This fragment lies within a
120bp DNA region that mediates POU site-dependent
reporter gene expression in the telencephalon of transgenic
embryos (22).

In conclusion, we propose that Emx2 contributes to the
modulation of Sox2 expression by antagonizing Brn2 and
possibly other activators able to bind the ATTA core
sequence. The mechanism may not be restricted to the
Sox2 enhancers, as at least the nestin enhancer may be
similarly regulated (Figures 5C and 6D). It provides a
wide scope for regulation, depending on the affinities of
Emx2 for its DNA target and/or protein interactors, and
on the relative ratios between Emx2 and brain transcrip-
tion factors.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Figures 1-8.
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CHAPTER 5:
CONCLUSIONS AND FUTURE PERSPECTIVES

1. THE IMPORTANCE OF STUDYING SOX2
1.1 SOX2 IS REQUIRED DURING EMBRYONIC DEVELOPMENT

Sox2 belongs to the Sox (Sry-related HMG box) family of transcription factors,
playing important roles in development and differentiation. SOX2 binds a specific
DNA sequence (contacting the minor grove of DNA) through the HMG box, that
also acts as a protein-to-protein interaction domain.

Sox2 is expressed from early developmental stages in the morula and blastocyst
inner cell mass (ICM); later its expression is confined to the developing neural
plate and subsequently to the neural tube. During the later stages of embryonic
development, its neural expression remains high in the ventricular zone in active
proliferation, while it decreases in the marginal zone where differentiation begins
[Ferri et al., 2004].

Sox2 expression is crucial during the early stages of embryonic development.
Homozygous Sox2-KO (knock-out) mice die following loss of the stem cells of the
blastocyst inner cell mass (ICM) [Avilion et al., 2003; Penvy et al., 1998]. Hence, to
study SOX2 later functions in neural development, our laboratory generated,
through gene targeting, a “Sox2™” mutation, in which the Sox2 gene is flanked by
lox sites; these are the substrates for Cre-recombinase, which, expressed by
suitable transgenes, allows the spatially and temporally controlled ablation of
Sox2.

Using two Sox2 conditional knock-outs in mouse (Nestin-Cre and Bfl-Cre
transgene, activated at two different time-points during embryonic development),
our laboratory discovered that Sox2 is important for the development of the brain
(hippocampus and basal ganglia) and for the maintenance of neural stem cells
both in vivo (in the hippocampus) and in vitro (for long-term self renewal) [Favaro
et al., 2009; Ferri et al.,, 2013]. Moreover, the brain defects in mice were
associated to the down-regulation of ventral determinant markers (such as,
Nkx2.1 and Shh, both SOX2 target genes). We observed that, administrating a
SHH-agonist to the pregnant mice, the defects in mutant developing mice were
partially rescued. Thus, the defects in brain development, caused by failure to
activate a critical SOX2 target (Shh), could be partially compensated by supplying a
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drug mimicking the action of the target gene product (SHH agonist)[Favaro et al.,
2009; Ferri et al., 2013].

1.2. SOX2 AND HUMAN DISEASES

In mouse, the viability doesn’t seem to be affected if only one Sox2 allele is lost.
Moreover, Sox2 heterozygous mice do not show any overt pathology, with the
exception of some mild ventricle enlargement [Ferri et al.,, 2004]. Instead,
heterozygous SOX2 mutations in humans (including microdeletions, missense,
frameshift and nonsense mutations) cause neurological defects, such as defects in
development of eyes (anophthalmia, microphthalmia) [Fantes et al., 2003;
Schneider et al., 2009] and defects in hippocampus, with neurological pathology
including epilepsy, motor control problems and learning disabilities [Ragge et al.,
2005; Sisodiya et al.,, 2006; Kelberman et al., 2006]. Other pathological
characteristics of patients with heterozygous SOX2 mutations are mild facial
dysmorphism, developmental delay, esophageal atresia [Kelberman et al., 2006],
psychomotor retardation and hypothalamo-pituitary disorders [Tziaferi et al.,
2008].

Central nervous system abnormalities, similar to the severe ones observed in
human patients, had been identified in another mouse model generated in our
lab: a Sox2®&°/*"" mouse [Ferri et al., 2004]. This model is heterozygous for Sox2
gene and, in the other allele, it carries the deletion of a neural cell-specific
enhancer of Sox2 [Zappone et al., 2000]. These mice are born in lower numbers, if
compared to the expected frequency, with severe brain malformations and
defects in neural stem cells proliferation. It was probably due to the reduced SOX2
level (25-30%, compared to the wild-type) produced by these heterozygous mice.
Moreover, 40% of these mice presented epileptic-like spikes in cerebral cortex
and hippocampus. Furthermore, brain abnormalities of these mice could be
associated to those observed in other mouse models for neurological disease: for
example, loss of thalamo-striatal parenchyma with ventricle enlargement are
associated to primary neurodegeneration as in Huntington and Alzheimer’s
diseases [Ferri et al., 2004; Capsoni et al., 2000; Yamamoto et al., 2000]; of note,
intracellular inclusions in neurons are comparable to protein inclusions in
neurodegenerative diseases [Ferri et al., 2004].

Thus, Sox2 mutation results in pathological disorders, in humans as well as mouse
models. Trying to better understand the mechanism behind its involvement in
disease would be useful to learn more about the pathogenesis.

102



2. SOX2-DEPENDENT LONG-RANGE INTERACTIONS AND DISEASES

Often regulatory elements are localized very far from the genes they control on
the linear chromosome map and they are able to reach the proximity of these
genes, and regulate their expression, through the formation of chromatin loops,
called long-range interactions. Many of these distal regulatory elements are
localized in non-coding regions of the genome, in gene desert regions, or within
introns of not-related genes. Mutations in their sequences could cause dramatic
effects on the expression of the regulated gene. For example, a single nucleotide
mutation, found in a regulatory sequence located 460 kb upstream of the Shh
gene, was discovered in an individual with holoprosencephaly; the mutation
reduced the activity of the distant enhancer [Jeong et al., 2008].

For this reason, the identification and functional characterization of regulatory
sequences is crucial for understanding the spatial and temporal control on gene
expression.

We have observed that SOX2 is involved in chromatin loops formation and its
presence is crucial for the maintenance of a high number of long-range
interactions, which are lost in Sox2-deleted cells. On the other hand, the absence
of Sox2 induces the formation of new interactions. Thus, SOX2 is strongly
implicated in the regulation and in the expression of a lot of genes but, in some
circumstances, it may also be implicated in preventing loops formation. With our
in vivo experiments in transgenesis in zebrafish, we demonstrated that this
genome-wide approach (Chromatin Interaction Analysis by Paired-End Tag
sequencing — ChlA-PET; Zhang et al., 2013) is a good method for identifying distal
regulatory elements scattered within the genome. A small subgroup of them
resulted also directly responsive to experimental modulation of SOX2 levels.

Some SOX2-dependent long-range interactions, found analyzing the ChIA-PET
data, involve regions (not yet tested in in vivo or in vitro experiments) highly
connected to the Wolf-Hirschhorn syndrome, a disease characterized by mental
retardation, microcephaly (also observed in Sox2-mutant mice, Ferri et al., 2013)
and cranial malformations [Battaglia et al., 1999]. This region appeared to be a
hub of SOX2-dependent long-range interactions, that resulted to be lost in Sox2-
mutant cells. This could be an example of an interesting link between SOX2 and
the insurgence of a genetic pathology associated to heterozygous deletions.
Perhaps, the deletion removes enhancer(s) of genes, or perturbs their pattern of
long-range interactions, causing them to be hypofunctional, even if they are not
deleted. The enhancer within the intron of the Akt3 gene, connected to the
promoter of a different gene, may be one example. This situation might be
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compared to heterozygous mutations of important enhancers of the globin genes
(LCR) in delta-beta thalassemia, or of the Pax6 gene in aniridia [Bhatia et al.,
2013].

There are many other intriguing examples, that can be considered for future
studies, in which SOX-dependent long-range interactions involve pathological
genes, such as Faml161a (associated to retinitis pigmentosa; Langmann et al.,
2010). In other SOX2-dependent interactions, the genes involved are related to
axon guidance or neural development.

In sum, considering that mutations in regulatory sequences can cause important
effects on the expression of their associated genes, this genome-wide approach
could be useful to identify other SOX2-dependent DREs, eventually associated to
genes involved in genetic disease, to better investigate the regulation of the
transcriptional mechanism and the implication of SOX2 in the onset of
pathologies.

3. Nkx2.1 AS A DEFINED SOX2 TARGET GENE

Sox2 deletion by Bf1-Cre transgene causes loss of an extended portion of the
ventral telencephalon, similar to that observed in the conditional knock-out of the
Shh [Fuccillo et al., 2004] and Nkx2.1 [Sussel et al., 1999] genes, two important
determinants of brain development. Moreover, the expression of these same
determinants (Nkx2.1 and Shh) were lost in our Sox2-deleted mice [Ferri et al.,
2013]. Furthermore, it is known that NKX2.1 is a direct activator for Shh. Giving a
pharmacological agonist for SHH to pregnant mice, we noticed that the
developing mice presented a partial rescue of brain defects observed after the
Sox2 loss. It proved that the defective activation of Shh, due to the loss of its
activator NKX2.1, was an important cause of the brain defects seen in Sox2-
mutant mice.

We proved that Nkx2.1 is a direct SOX2 target gene and, knowing that NKX2.1 has
a crucial role for the ventral patterning of telencephalon [Sussel et al., 1999], our
results provide evidence that misregulation of Nkx2.1 could provide one
mechanism by which SOX2 could regulate ventral telencephalic development.

Understanding how SOX2 is able to regulate its target genes and their own
implication in embryonic development, could give important information on the
regulatory mechanisms behind brain development and cell differentiation.
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4. EMX2 AS A SOX2 REPRESSOR IN CORTICAL PATTERNING?

Emx2 is an important homeotic gene, expressed in dorsal telencephalon.
Homozygous Emx2 knock-out in mice present severe abnormalities in brain
development, including small cerebral hemispheres and olfactory bulbs [Yoshida
etal., 1997].

We found that the transcription factor EMX2 was able to inhibit the binding of
BRN2 on its own binding site within an enhancer of Sox2 [Mariani et al., 2013; see
Chapter 4]; we thus wondered if this inhibitory mechanism mediated by EMX2
could be generalized or if it was specific for Sox2 regulation. Using an enhancer of
the Nestin gene, in which binding sites for SOX2 and BRN2 were both present, we
discovered that EMX2 was able to antagonize the transactivation operated by the
complex SOX2-BRN2 and/or also the transactivation operated by SOX2 only, also
in this situation [Mariani et al., 2013]. The degree of inhibition was rather
significant, already at low doses of EMX2. This confirmed that EMX2 and BRN2
antagonize each other, through a mechanism not specific for Sox2 locus only.

Moreover, EMX2 appeared to directly antagonize SOX2 function. This is an
important consideration, if we consider that EMX2 is a homeotic factor, expressed
in the dorsal telencephalon and important for brain patterning. For example, it
could antagonize specific ventral genes (such as Nkx2.1), limiting their expression
domain to the ventral telencephalon. In vivo observations are consistent with this
hypothesis: in homozygous mice knock-out for Emx2 and Pax6, an expansion of
Nkx2.1 expression to more dorsal telencephalic regions had been observed
[Muzio et al., 2002].

Thus, the identification of EMX2 as a direct transcriptional repressor of Sox2,
acting through the inhibition of BRN2 binding on Sox2 telencephalic enhancers,
and a SOX2 antagonist for the activation of its own target genes, suggests that
EMX2 gradients might affect SOX2 (and its targets) levels in different cortical
regions. By this means, it could take part in the control of the balance between
self-renewal and commitment to neural stem cell differentiation.
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