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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 
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(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). 

 

Figure 1. Sox2
β-geo

 expression (X‐gal staining) in a E12,5 mouse embryo; Sox2 has a pan-neural 
expression [Ferri et al., 2004]. 

 

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.  
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Hence, to study SOX2 later functions in neural development, our laboratory 
generated, through gene targeting, a “Sox2flox” 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). 
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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 δ-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-OCT4 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]. 

 

 

 



11 

 

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 II, 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 
(H3K4me1), 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 (H3K4me1) [Bernstein et al., 2006; Zhang et al., 2013]. The 
H3K27me3 represses transcription by promoting compact chromatin structure, 
while the H3K4me1 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 LMBR1; 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. Sox2 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 RNApolII-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 Klf genes (Klf1, Klf2 and 
Klf4) 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 sox1a/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 sox1a/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. 

  



19 

 

8. REFERENCES 

- Ambrosetti DC, Basilico C, Dailey L. 1997. Synergistic activation of the fibroblast 
growth factor 4 enhancer by Sox2 and Oct‐3 depends on protein‐protein 
interactions facilitated by a specific spatial arrangement of factor binding sites. 
Mol Cell Biol. 17: 6321‐9. 

- Avilion AA, Nicolis SK, Pevny LH, Perez L, Vivian N, Lovell‐Badge R. 2003. 
Multipotent cell lineages in early mouse development depend on SOX2 function. 
Genes Dev. 17: 126‐40. 

- Bernstein BE, Mikkelsen TS, Xie X, Kamal M, Huebert DJ, Cuff J, Fry B, Meissner A, 
Wernig M, Plath K, Jaenisch R, Wagschal A, Feil R, Schreiber SL, Lander ES. 2006. A 
bivalent chromatin structure marks key developmental genes in embryonic stem 
cells. Cell 125: 315-26. 

- Bessa J, Tena JJ, de la Calle-Mustienes E, Fernández-Miñán A, Naranjo S, 
Fernández A, Montoliu L, Akalin A, Lenhard B, Casares F, Gómez-Skarmeta JL. 
2009. Zebrafish enhancer detection (ZED) vector: a new tool to facilitate 
transgenesis and the functional analysis of cis-regulatory regions in zebrafish. Dev 
Dyn. 238: 2409-17. 

- Bowles J, Schepers G, Koopman P. 2000. Phylogeny of the SOX family of 
developmental transcription factors based on sequence and structural indicators. 
Dev Biol. 227: 239‐55. 

- Boyer LA, Lee TI, Cole MF, Johnstone SE, Levine SS, Zucker JP, Guenther MG, 
Kumar RM, Murray HL, Jenner RG, Gifford DK, Melton DA, Jaenisch R, Young RA. 
2005. Core transcriptional regulatory circuitry in human embryonic stem cells. Cell 
122: 947‐56. 

- Cheutin T, Cavalli G. 2014. Polycomb silencing: from linear chromatin domains to 
3D chromosome folding. Curr Opin Genet Dev. 25: 30-7. 

- Dee CT, Hirst CS, Shih YH, Tripathi VB, Patient RK, Scotting PJ. 2008. Sox3 
regulates both neural fate and differentiation in the zebrafish ectoderm. Dev Biol. 
320: 289-301. 

- Ellingsen S, Laplante MA, König M, Kikuta H, Furmanek T, Hoivik EA, Becker TS. 
2005. Large-scale enhancer detection in the zebrafish genome. Development 132: 
3799-811. 



20 

 

- Fantes J, Ragge NK, Lynch SA, McGill NI, Collin JR, Howard-Peebles PN, Hayward 
C, Vivian AJ, Williamson K, van Heyningen V, FitzPatrick DR. 2003. Mutations in 
SOX2 cause anophthalmia. Nat Genet. 33: 461–3. 

- Favaro R, Valotta M, Ferri AL, Latorre E, Mariani J, Giachino C, Lancini C, Tosetti 
V, Ottolenghi S, Taylor V, Nicolis SK. 2009. Hippocampal development and neural 
stem cell maintenance require Sox2-dependent regulation of Shh. Nat Neurosci. 
12: 1248-56. 

- Ferri A, Favaro R, Beccari L, Bertolini J, Mercurio S, Nieto-Lopez F, Verzeroli C, La 
Regina F, De Pietri Tonelli D, Ottolenghi S, Bovolenta P, Nicolis SK. 2013. Sox2 is 
required for embryonic development of the ventral telencephalon through the 
activation of the ventral determinants Nkx2.1 and Shh. Development 140: 1250-
61. 

- Ferri AL, Cavallaro M, Braida D, Di Cristofano A, Canta A, Vezzani A, Ottolenghi S, 
Pandolfi PP, Sala M, De Biasi S, Nicolis SK. 2004. Sox2 deficiency causes 
neurodegeneration and impaired neurogenesis in the adult mouse brain. 
Development 131: 3805‐19. 

- Fullwood MJ, Liu MH, Pan YF, Liu J, Xu H, Mohamed YB, Orlov YL, Velkov S, Ho A, 
Mei PH, Chew EG, Huang PY, Welboren WJ, Han Y, Ooi HS, Ariyaratne PN, Vega 
VB, Luo Y, Tan PY, Choy PY, Wansa KD, Zhao B, Lim KS, Leow SC, Yow JS, Joseph R, 
Li H, Desai KV, Thomsen JS, Lee YK, Karuturi RK, Herve T, Bourque G, Stunnenberg 
HG, Ruan X, Cacheux-Rataboul V, Sung WK, Liu ET, Wei CL, Cheung E, Ruan Y. 
2009. An oestrogen-receptor-alpha-bound human chromatin interactome. Nature 
462: 58-64. 

- Graham V, Khudyakov J, Ellis P, Pevny L. 2003. SOX2 functions to maintain neural 
progenitor identity. Neuron. 39: 749‐65. 

- Jaenisch R, Young R. 2008. Stem cells, the molecular circuitry of pluripotency and 
nuclear reprogramming. Cell 132: 567-82. 

- Jager M, Quéinnec E, Le Guyader H, Manuel M. 2011. Multiple Sox genes are 
expressed in stem cells or in differentiating neuro‐sensory cells in the hydrozoan 
Clytia hemisphaerica. Evodevo 2: 12. 

- Jeong Y, Leskow FC, El-Jaick K, Roessler E, Muenke M, Yocum A, Dubourg C, Li X, 
Geng X, Oliver G, Epstein DJ. 2008. Regulation of a remote Shh forebrain enhancer 
by the Six3 homeoprotein. Nat Genet. 40: 1348-53. 

http://www.ncbi.nlm.nih.gov/pubmed/18836447
http://www.ncbi.nlm.nih.gov/pubmed/18836447


21 

 

- Kamachi Y, Okuda Y, Kondoh H. 2008. Quantitative assessment of the 
knockdown efficiency of morpholino antisense oligonucleotides in zebrafish 
embryos using a luciferase assay. Genesis 46: 1-7. 

- Kamachi Y, Uchikawa M, Tanouchi A, Sekido R, Kondoh H. 2001. Pax6 and SOX2 
form a co‐DNAbinding partner complex that regulates initiation of lens 
development. Genes Dev. 15: 1272‐86. 

- Kamachi Y, Uchikawa M, Kondoh H. 2000. Pairing SOX off: with partners in the 
regulation of embryonic development. Trends Genet. 16: 182‐7. 

- Kelberman D, Rizzoti K, Avilion A, Bitner-Glindzicz M, Cianfarani S, Collins J, 
Chong WK, Kirk JM, Achermann JC, Ross R, Carmignac D, Lovell-Badge R, Robinson 
IC, Dattani MT. 2006. Mutations within Sox2/SOX2 are associated with 
abnormalities in the hypothalamo-pituitary-gonadal axis in mice and humans. J 
Clin Invest. 116: 2442–55. 

- Kleinjan DA, Seawright A, Schedl A, Quinlan RA, Danes S, van Heyningen V. 2001. 
Aniridia-associated translocations, DNase hypersensitivity, sequence comparison 
and transgenic analysis redefine the functional domain of PAX6. Hum Mol Genet. 
10: 2049-59. 

- Lettice LA, Horikoshi T, Heaney SJ, van Baren MJ, van der Linde HC, Breedveld GJ, 
Joosse M, Akarsu N, Oostra BA, Endo N, Shibata M, Suzuki M, Takahashi E, Shinka 
T, Nakahori Y, Ayusawa D, Nakabayashi K, Scherer SW, Heutink P, Hill RE, Noji S. 
2002. Disruption of a long-range cis-acting regulator for Shh causes preaxial 
polydactyly. Proc Natl Acad Sci U S A 99: 7548-53. 

- Li G, Ruan X, Auerbach RK, Sandhu KS, Zheng M, Wang P, Poh HM, Goh Y, Lim J, 
Zhang J, Sim HS, Peh SQ, Mulawadi FH, Ong CT, Orlov YL, Hong S, Zhang Z, Landt S, 
Raha D, Euskirchen G, Wei CL, Ge W, Wang H, Davis C, Fisher-Aylor KI, Mortazavi 
A, Gerstein M, Gingeras T, Wold B, Sun Y, Fullwood MJ, Cheung E, Liu E, Sung WK, 
Snyder M, Ruan Y. 2012. Extensive promoter-centered chromatin interactions 
provide a topological basis for transcription regulation. Cell 148: 84-98. 

- Lodato MA, Ng CW, Wamstad JA, Cheng AW, Thai KK, Fraenkel E, Jaenisch R, 
Boyer LA. 2013. SOX2 co-occupies distal enhancer elements with distinct POU 
factors in ESCs and NPCs to specify cell state. PLoS Genet. 9: e1003288. 

- Merika M, Williams AJ, Chen G, Collins T, Thanos D. 1998. Recruitment of 
CBP/p300 by the IFN beta enhanceosome is required for synergistic activation of 
transcription. Mol Cell. 1: 277-87. 



22 

 

- Navratilova P, Fredman D, Hawkins TA, Turner K, Lenhard B, Becker TS. 2009. 
Systematic human/zebrafish comparative identification of cis-regulatory activity 
around vertebrate developmental transcription factor genes. Dev Biol. 327: 526-
40. 

- Nishiguchi S, Wood H, Kondoh H, Lovell-Badge R, Episkopou V. 1998. Sox1 
directly regulates the gamma-crystallin genes and is essential for lens 
development in mice. Genes Dev. 12: 776-81. 

- Nishimoto M, Fukushima A, Okuda A, Muramatsu M. 1999. The gene for the 
embryonic stem cell coactivator UTF1 carries a regulatory element which 
selectively interacts with a complex composed of Oct‐3/4 and Sox‐2. Mol Cell Biol. 
19: 5453‐65. 

- Okuda Y, Ogura E, Kondoh H, Kamachi Y. 2010. B1 SOX coordinate cell 
specification with patterning and morphogenesis in the early zebrafish embryo. 
PLoS Genet. 6: e1000936. 

- Okuda Y, Yoda H, Uchikawa M, Furutani-Seiki M, Takeda H, Kondoh H, Kamachi 
Y. 2006. Comparative genomic and expression analysis of group B1 sox genes in 
zebrafish indicates their diversification during vertebrate evolution. Dev Dyn. 235: 
811-25. 

- Pevny LH, Sockanathan S, Placzek M, Lovell‐Badge R. 1998. A role for SOX1 in 
neural determination. Development 125: 1967‐78. 

- Rada-Iglesias A, Bajpai R, Swigut T, Brugmann SA, Flynn RA, Wysocka J. 2011. A 
unique chromatin signature uncovers early developmental enhancers in humans. 
Nature 470: 279-83. 

- Ragge NK, Lorenz B, Schneider A, Bushby K, de Sanctis L, de Sanctis U, Salt A, 
Collin JR, Vivian AJ, Free SL, Thompson P, Williamson KA, Sisodiya SM, van 
Heyningen V, Fitzpatrick DR. 2005. SOX2 anophthalmia syndrome. Am J Med 
Genet A. 135: 1–7. 

- Rizzoti K, Brunelli S, Carmignac D, Thomas PQ, Robinson IC, Lovell-Badge R. 2004. 
SOX3 is required during the formation of the hypothalamo-pituitary axis. Nat 
Genet. 36: 247-55. 

- Rodda DJ, Chew JL, Lim LH, Loh YH, Wang B, Ng HH, Robson P. 2005. 
Transcriptional regulation of nanog by OCT4 and SOX2. J Biol Chem. 280: 24731‐7. 



23 

 

- Schneider A, Bardakjian T, Reis LM, Tyler RC, Semina EV. 2009. Novel SOX2 
mutations and genotype-phenotype correlation in anophthalmia and 
microphthalmia. Am J Med Genet A. 149A: 2706–15. 

- Sisodiya SM, Ragge NK, Cavalleri GL, Hever A, Lorenz B, Schneider A, Williamson 
KA, Stevens JM, Free SL, Thompson PJ, van Heyningen V, Fitzpatrick DR. 2006. 
Role of SOX2 mutations in human hippocampal malformations and epilepsy. 
Epilepsia 47: 534–42. 

- Tanaka S, Kamachi Y, Tanouchi A, Hamada H, Jing N, Kondoh H. 2004. Interplay 
of SOX and POU factors in regulation of the Nestin gene in neural primordial cells. 
Mol Cell Biol. 24: 8834‐46. 

- Tziaferi V, Kelberman D, Dattani MT. 2008. The role of SOX2 in 
hypogonadotropic hypogonadism. Sex Dev. 2: 194–9. 

- Uchikawa M, Kamachi Y, Kondoh H. 1999. Two distinct subgroups of Group B Sox 
genes for transcriptional activators and repressors: their expression during 
embryonic organogenesis of the chicken. Mech Dev. 84: 103‐20. 

- Visel A, Taher L, Girgis H, May D, Golonzhka O, Hoch RV, McKinsey GL, 
Pattabiraman K, Silberberg SN, Blow MJ, Hansen DV, Nord AS, Akiyama JA, Holt A, 
Hosseini R, Phouanenavong S, Plajzer-Frick I, Shoukry M, Afzal V, Kaplan T, 
Kriegstein AR, Rubin EM, Ovcharenko I, Pennacchio LA, Rubenstein JL. 2013. A 
high-resolution enhancer atlas of the developing telencephalon. Cell 152: 895-
908. 

- Visel A, Blow MJ, Li Z, Zhang T, Akiyama JA, Holt A, Plajzer-Frick I, Shoukry M, 
Wright C, Chen F, Afzal V, Ren B, Rubin EM, Pennacchio LA. 2009. ChIP-seq 
accurately predicts tissue-specific activity of enhancers. Nature 457: 854-8. 

- Wegner M. 1999. From head to toes: the multiple facets of Sox proteins. Nucleic 
Acids Res. 27: 1409‐20. 

- Weiss J, Meeks JJ, Hurley L, Raverot G, Frassetto A, Jameson JL. 2003. Sox3 is 
required for gonadal function, but not sex determination, in males and females. 
Mol Cell Biol. 23: 8084-91. 

- Woolfe A, Goodson M, Goode DK, Snell P, McEwen GK, Vavouri T, Smith SF, 
North P, Callaway H, Kelly K, Walter K, Abnizova I, Gilks W, Edwards YJ, Cooke JE, 
Elgar G. 2005. Highly conserved non-coding sequences are associated with 
vertebrate development. PLoS Biol. 3: e7. 



24 

 

- Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, Nie J, 
Jonsdottir GA, Ruotti V, Stewart R, Slukvin II, Thomson JA. 2007. Induced 
pluripotent stem cell lines derived from human somatic cells. Science 318: 1917-
20. 

- Zappone MV, Galli R, Catena R, Meani N, De Biasi S, Mattei E, Tiveron C, Vescovi 
AL, Lovell‐Badge R, Ottolenghi S, Nicolis SK. 2000. Sox2 regulatory sequences 
direct expression of a (beta)‐geo transgene to telencephalic neural stem cells and 
precursors of the mouse embryo, revealing regionalization of gene expression in 
CNS stem cells. Development 127: 2367‐82. 

- Zhang Y, Wong CH, Birnbaum RY, Li G, Favaro R, Ngan CY, Lim J, Tai E, Poh HM, 
Wong E, Mulawadi FH, Sung WK, Nicolis S, Ahituv N, Ruan Y, Wei CL. 2013. 
Chromatin connectivity maps reveal dynamic promoter-enhancer long-range 
associations. Nature 504: 306-10. 

- Zhong L, Wang D, Gan X, Yang T, He S. 2011. Parallel Expansions of Sox 
Transcription Factor Group B Predating the Diversifications of the Arthropods and 
Jawed Vertebrates. PLoS One 6: e16570. 

 

  



25 

 

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-RNApolII antibodies directed against 
the non-phosphorilated form of RNApolII (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 ChIP-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 ChIP-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, I 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. I 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, I 
performed site-specific mutagenesis of the putative SOX2 binding sites identified 
on the Nkx2.1 promoter region. Finally, I tested if the activation I 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 I did in the context of this work, I used a luciferase vector 
carrying an enhancer sequence of the Nestin gene, known to be bound by SOX2 
and BRN2. I 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. 
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CHAPTER 2: 
 

(paper in preparation) 
 
 
 

SOX2 is required in brain-derived neural stem/precursor cells to 
maintain a genome-wide pattern of long-range chromatin 

interactions involving enhancers active in the brain 
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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 
(ChIA-PET) method using an antibody against RNA polymerase II. 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 ChIP-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; 
Ferri et al., 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 (ChIA-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 II, 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 II 
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 EcoRI restriction site; then cut from 
pBluescript, using SacI and XhoI restriction enzymes, and clone in TK-LUC in SacI-
XhoI restriction sites. 
Sox3DA1 was extracted from the TOPO vector, using EcoRI enzyme, and cloned in 
pBluescript SK plasmid in EcoRI restriction site; then cut from pBluescript, using 
SmaI and XhoI restriction enzymes, and clone in TK-LUC in SmaI-XhoI restriction 
sites 
Sox3DA2 and Cxcr4DA were extracted from the TOPO vector, using EcoRI enzyme, 
and cloned in TK-LUC in EcoRI restriction site. 
The element Sox4PA were amplified from genomic DNA from telencephalic tissue 
of a CD-1 mouse and cloned in luciferase vector in BglII-SacI restriction sites. 
hAKT3int element (provided by A. Visel, Berkley, California) were cloned in TK-LUC 
vector in KpnI restriction site. 
 

 In vivo experiments 

Transgenesis in zebrafish 
For each construct to test, one nanoliter containing 40 ng/μl of ZED plasmid was 
injected into one-cell-stage embryos of wild-type zebrafish, along with 50 ng/μl 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 
F0 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 μM of Sox2-MO (or ctrl-MO) and 75 ng/μl 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 4x104/well in 12-well 
plates in 1 ml of α-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 Mash1 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 μg. 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 RNApolII 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-polII-mediated long-range interactions. We had 
previously determined the long-range interaction pattern of the wild-type cells by 
ChIA-PET analysis with anti-RNApolII 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 P0.  
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-RNApolII 
antibodies directed against the non-phosphorilated form of RNApolII (which is 
found in the pre-initiation complex) and analyzed by ChIA-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 RNApolII-ChIA-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 
ChIP-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 
question, 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 ChIP-seq [Visel et al., 2013]. It reveals a high conservation in 
the transcription mechanism during evolution. Thus, our ChIA-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 DNAaseI-hypersensitive sites, representing 
potential regulatory elements. As the p300 ChIP-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. 

http://enhancer.lbl.gov/
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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 Irx1-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 RNApolII-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 ChIP-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 Mash1 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 ChIP-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 Mash1 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 (ChIA-
PET) method using an antibody against RNA polymerase II. 
We observed that, following Sox2-loss, a high proportion of RNApolII-mediated 
long-range interactions, identified in wt NPCs chromatin by ChIA-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 ChIP-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 Sox3DA1-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 
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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 
ChIA-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 ChIP-seq peaks are often 
localized in proximity of ChIP-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 Mash1 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 [Jin 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 I 
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 ChIA-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 of genome-wide detection of long-range DNA interactions in 
chromatin (ChIA-PET) [image 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 mutant-NPCs. 
 

wt-NPCs mut-NPCs 

d 

Figure 2. Enrichment in SOX2 ChIP-seq peaks within the different categories of ChIA-PET 
interactions. 
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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 ChIP-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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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 
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 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 
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 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 Sox3DA1-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.  
 

http://zfin.org/
http://zfin.org/
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Fig. 7. (description in previous page) 
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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. 

Figure 11. Luciferase assay for Zfp335DA. 
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  Figure 12. a. Luciferase assay for Sox4DA. b. Luciferase assay for Sox4PA and combination 
Sox4PA-DA. 
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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 Mash1 
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 DA1 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 ChIP-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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Table 1. List of the cloned anchors. Characteristic of each cloned regulatory element; nt: 
not tested. 
 

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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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 “Sox2flox” 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 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 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 Sox2βgeo/Δenh 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. 
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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 – ChIA-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 Fam161a (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 
et al., 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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