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  I am among those who think that science has 
great beauty. A scientist in his laboratory is not only a technician; He is 
also a child placed before natural phenomena, which impresses him like a 
fairy tale. 

 
Marie Curie (1867-1934) 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  



  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

 



 
 
  

Abstract 
The differentiation of stem cells into the more than 100 billion neurons that compose 

the central nervous system (CNS) is one of the most remarkable transformations during 

vertebrate development. A central problem of this process is how neural lineage 

selection initially is specified in pluripotent stem cells and maintained during the course 

of neurogenesis. This thesis focuses on how different Sox transcription factors of the 

HMG-box family control neural cell-type restricted gene expression from the early 

lineage specification stages to later stages of neuronal maturation.  

 

In the two papers on which this thesis is based, we present a molecular pathway where 

diverse Sox proteins can act to coordinate neural gene expression as development 

proceeds, from the early neural lineage specification in pluripotent stem cells to the 

gene regulatory control operating in maturing post-mitotic neurons. We show that, 

already in pluripotent stem cells, Sox2 binds to inactive neural genes and that, in neural 

progenitors, Sox3 "takes over" and binds to activated neural genes, but also to silent 

genes destined to become active in maturing post-mitotic neurons. Finally, in post-

mitotic neurons these genes are bound by Sox11. The binding of Sox3 to silent genes is 

associated with bivalently marked chromatin domains, containing both trimethylated 

H3K4 and H3K27, which is resolved to an active state upon Sox11 binding. 

 

Proneural basic helix-loop-helix (bHLH) transcription factors have key roles in 

promoting NPCs to commit to a differentiation program leading to the generation of 

post-mitotic neurons. It is shown that Sox4 and Sox11 act downstream of proneural 

bHLH proteins and are of critical importance for the activation of neuronal protein 

expression but not for cell cycle withdrawal.  

 

Together these data reveal a regulatory logic whereby sequentially acting Sox 

transcription factors preselect transcriptional programs that are destined to be activated 

at later stages of neural differentiation. Thus, a single family of transcription factors 

acts to coordinate neural gene expression from the early lineage specification to later 

stages of neural development. 
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INTRODUCTION 
The vertebrate central nervous system (CNS) consists of more than 100 billion cells 

that work together in a complex and strictly regulated network. Most of the neurons 

within the adult CNS are born during early stages of embryogenesis and are preserved 

throughout adulthood. This thesis focuses on the generation of neurons during 

embryonic stages, specifically the molecular mechanisms controlling the differentiation 

from neural stem or progenitor cells to mature neurons.  

 

 

 

EARLY DEVELOPMENT OF THE VERTEBRATE EMBRYO 

Shortly after fertilization, the vertebrate zygote starts to divide rapidly and a number of 

events will lead to the formation of a blastula. The inner cell mass (ICM) of the 

vertebrate blastula will give rise to the epiblast cells that will form the embryo, while 

cells from the trophoblast later form the extraembryonic tissue.  

 

An important event of the early life is when cells become commited to one of the three 

different germ layers of the embryo. This phenomena, referred to as gastrulation, gives 

rise to the endodermal, ectodermal and mesodermal germ layers and starts with re-

arrangement of the cells from the ICM of the blastula. The three germ layers are formed 

through a complicated series of events, were the primitive streak and primitive node 

(Hensen´s node in birds, Spemann´s organizer in amphibians) migrates anteriorly in the 

epiblast layer and set the anterior-posterior (AP), dorsal-ventral (DV) and left/right axis 

of the embryo. Epiblast cells migrating through the primitive streak and into the 

blastocoel form the endodermal and mesodermal layers which later give rise to bone, 

muscles, intestines and other inner organs. The outer epiblast cells give rise to the 

ectoderm that form the skin, the peripheral nervous system (PNS) and the central 

nervous system (CNS). (Gilbert, 2003) 

 

When the primitive node later starts to regress posteriorly, the notochord is formed 

from the condensation of mesodermal (chordamesoderm) tissue, starting at the level of 

the future midbrain and extends caudally to form the tail of the embryo. The node and 

the notochord releases Noggin, Chordin and Follastin signaling molecules to block 

ectodermal Bone Morphogenetic Protein (BMP)- 4 and BMP-7 signaling in the 
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overlying surface ectoderm (Stern, 2005). The block of BMP reinforces the neural fate 

and thereby helps to establish the neural plate along the AP axis (Wilson et al., 1997). 

Initial experiments to determine the inductive properties of the node were performed by 

C. Waddington in 1933 (Waddington and Waterman, 1933). In this study, Hensen's 

node was grafted from one chick embryo to another, producing an early embryo with 

two Hensen's nodes. The two nodes formed two separate notochords and Waddington 

found that the resulting embryo contained a second neural tube.  

 
 
 
 
NEURAL TUBE FORMATION 

During neurulation, surrounding cells direct the cells of the neural plate to proliferate 

and fold in upon itself to form a hollow tube (Smith and Schoenwolf, 1997). This 

process also divides the ectodermal cells into three sets of cells, the inner cells of the 

neural tube that form the spinal cord and brain, the outer epidermis that forms the skin 

and finally, the neural crest cells that eventually will form for example peripheral 

neurons and glial cells (Gilbert, 2003). Neurulation occurs in several steps including 

shaping and bending of the neural plate and closing of the neural tube.  

 

Closure of the neural tube does not occur simultaneously throughout the AP axis. In 

birds for example, the closure is initiated at the level of future midbrain and spread in 

both directions. However, in mammals, the neural tube closure initiates at several 

places along the AP axis (Golden and Chernoff, 1993; Nakatsu et al., 2000). Different 

neural tube defects are caused when various parts of the neural tube fail to close. In 

humans for instance, failure to close the posterior regions results in a condition known 

as spina bifida, whereas failure to close the anterior regions results in a lethal condition, 

anencephaly, where the forebrain remains in contact with the amnionic fluid and 

degenerates. Human neural tube closure depends on both genetic and environmental 

factors (Botto et al., 1999). Genes such as Pax3 and Sonic hedgehog (Shh) are essential 

for closure, but also dietary factors such as cholesterol and folic acid (vitamin B12) 

appears to be critically important (Gilbert, 2003).  

 

Apart from the massive proliferation of cells in the neural tube, the developing neural 

tube is also patterned along the anterior-posterior (AP) axis to form the brain and the 

spinal cord. The developing brain initially has the form of three vesicles which will 
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give rise to the forebrain (Prosencephalon), midbrain (Mesencephalon) and hindbrain 

(Rhombencephalon). These are futher subdivided as the development proceeds into 5 

secondary vesicles, from anterior to posterior; telencephalon, diencephalon, 

mesencephalon, metencephalon and myelencephalon. AP patterning is regulated by the 

spatial and temporal distribution of signaling molecules that induces molecular 

differences in neural progenitor cells. The cells respond to these signals by activating 

the expression of transcription factors along the AP axis of the neural tube. For 

inctance, AP patterning results in the nested and combinatorial expression of Hox 

genes, which act cell autonomously to give cells an identity along the rostro-caudal axis 

(Hunt and Krumlauf, 1991).  

 

 

 

DORSALVENTRAL PATTERNING 

The dorsal-ventral (DV) patterning of the neural tube is important in order to produce 

correct subtypes of neurons at the correct location. Ventralization is initiated by 

secretion of the morphogen Sonic hedgehog (Shh) from the notochord, which induces 

the floor plate of the neural tube. The floor plate cells also secrete Shh and a protein 

gradient is formed with the highest concentration of Shh in the most ventral region. At 

the same time in the dorsal part of the neural tube, the epidermis establishes a second 

signaling center, the roof plate, which secretes members of the TGF-β family; BMP-4 

and BMP-7. The roof plate is, in the same way as the floor plate, building up a 

signaling gradient, but this time from the dorsal direction of the neural tube and with 

BMP-4 and BMP-7. The combinations of different concentrations of the ventrally 

expressed Shh and the dorsally expressed BMPs result in a specific homeodomain 

(HD) gene expression pattern in progenitor cells along the DV axis. (Hollyday, 2001) 

(Glibert, 2003) 

 

Homeodomain transcription factors are divided into class I and class II proteins based 

on their response to Shh. Class II proteins are induced by Shh and are expressed in the 

ventral parts of the neural tube, close to the Shh secreting floor plate. These proteins 

include homeodomain containing proteins such as Nkx, but also bHLH proteins such as 

Olig2. Class I  proteins, for example Dbx1 and Dbx2, are repressed by the presence of 

Shh (Pachikara et al., 2007) and are thus expressed by progenitor cells surrounded by 

low levels of Shh. Class I and Class II proteins subsequently form cross-repressive 
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pairs of transcription factors (Figure 3), which further refine the Shh induced gene 

expression pattern (Briscoe et al., 2000). This establishes a transcription factor code in 

distinct areas of the progenitor population (Figure 1). Hence, the specification of 

neuronal subtypes is determined already at the progenitor state.  

 
Figur 1. Section of a mouse spinal 
cord  at  embryonic  day  (E)  11.5 
marked  for  a  gene  expressed  in 
the  proliferative  ventricular  zone 
(VZ).  The  VZ  is  divided  in 
patterned  regions,  expressing 
different  HD  proteins.  These 
domains will later give rise to the 
different neuronal subtypes of the 
vental spinal cord (V3, V2, V1 and 
V0  interneurons,  and 
motorneurons.  Dl6  are  classified 
as dorsal neurons). 

 

 
 

In the ventral half of the spinal cord, five distinct progenitor domains are formed (the 

p3, pMN, p2, p1 and p0 domains). These will later give rise to at least five neuronal 

subtypes; motor neurons and interneurons of class V3, V2, V1 and V0 (Figure 1) (Lupo 

et al., 2006). Certain key determinants among the HD proteins have been identified 

through gain-and-loss of function experiments (Jessell, 2000). For example, mis-

expression of Olig2 outside its normal expression domain in the spinal cord will induce 

the generation of ectopic motor neurons along the DV axis (Novitch et al., 2001). 

 

 

 

 
NEUROGENESIS 

The pool of cells that constitute the early neural tube are the precursors of most mature 

cells of the adult CNS. Extrinsic and intrinsic signals will provide the neural progenitor 

cells the information that will influence the decision to proliferate and remain as 

progenitor cells or to exit the cell cycle and start to differentiate. The molecular 

mechanisms that regulate neural progenitor cells to differentiate into distinct cell types 

at the correct time and position, have been a major issue for developmental 

neurobiologists in the past years. This has resulted in the identification of complex 

signaling pathways and gene regulatory networks that underlie many of the early steps 
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of neurogenesis. The course of neurogenesis comprises several cellular stages, all with 

a specific and unique gene expression pattern. This section focuses on the neural 

progenitor or stem cell state and some regulatory signaling pathways important for this 

specific cell stage.  

  

Neural progenitor cells are located within the ventricular zone of the developing CNS 

and differentiate in a temporal and spatially conserved manner. Using the developing 

neural tube as a model for CNS differentiation, this means that un-differentiated cells 

are located most medially and migrate marginally during the process of differentiation. 

This process takes place at most places of the neural tube, from anterior to posterior as 

well as from dorsal to ventral. When the progenitor cells receive signals to differentiate, 

they exit the cell cycle, down-regulate progenitor specific genes and sub-sequentially 

start to express neuronal features as differentiation proceeds. Thus, the differentiating 

cell undergoes distinct cellular stages before it has formed a mature neuron (Figure 2).  

                 
 

 
Figur 2. Model 
figure showing the 
differentiation 
process from neural 
progenitor cell to 
neuron or glia. Cells 
go through several 
intermediate steps 
before they reach 
their final identity. 
(Illustration by M. 
Karlén) 
 

 

 

 

Proneural Proteins 

Genetic studies in fruit flies (Drosophila) have shown that a number of genes, known 

as proneural genes, play essential roles during neurogenesis (Bertrand et al., 2002). In 

vertebrates, there are two groups of proneural proteins with Drosophila homologous 

achaete-scute (asc) and atonal (ato) (Campuzano and Modolell, 1992). Asc related 

proteins include asc-like (ascl) in vertebrates (Mash in mouse), whereas ato related 

proteins are for instance Neurogenins (Ngn) and NeuroD in vertebrates. In mammals, 

Mash1 and Neurogenins are the main proneural proteins and have been shown to 
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regulate several aspects of neurogenesis, including promotion of cell cycle exit, 

commitment of neural progenitor cells to a neuronal fate and subtype identity 

specification (Bertrand et al., 2002; Nakada et al., 2004). In addition to the proneural 

function of these proteins, there is also an inhibitory function of glial differentiation. 

Studies made in cortical primary cultures from rat revealed that Ngn1 inhibits glial 

differentiation at several molecular levels (Sun et al., 2001). 

 

Tissue-specific basic-helix-loop-helix (bHLH) transcription factors, such as some 

proneural proteins, bind DNA as heterodimers with ubiquitously expressed bHLH 

proteins such as the E proteins E12 and E47 (Massari and Murre, 2000). Since 

heterodimerization is required for DNA binding of proneural proteins, the factors that 

interfere with this heterodimerization act as passive repressors of proneural gene 

activity. Example of such proteins is Inhibitor of differentiation (Id) in vertebrates that 

will, thus, have the opposite activity compared to proneural proteins and maintain cells 

undifferentiated.  

 

 
Notch signaling  

The Notch signaling pathway plays a fundamental role in the decision whether 

progenitor cells enter a neurogenic program or remain as self-renewing progenitor cells. 

It has been shown, both in vertebrates and Drosophila, that disruption of the Notch 

pathway results in an increased generation of neurons (Hitoshi et al., 2002; Yoon and 

Gaiano, 2005; Louvi and Artavanis-Tsakonas, 2006) indicating that active Notch 

signaling prevents cells from differentiating. In mammals, the Notch family of 

signaling proteins includes four receptors (Notch1-4) and several ligands (Delta-like1, 

3, 4 and Jagged1, 2) compared to the single Notch receptor and two ligands (Delta and 

Serrate) in Drosophila (Yoon and Gaiano, 2005; Bray, 2006). Ligand activation results 

in intra-membranous cleavage of the receptor by a complex called γ-secretase that 

releases the intracellular domain of Notch (NICD). The NICD translocates into the 

nucleus and interacts with DNA to activate downstream target genes such as Hes and 

Hey. The bHLH transcription factors Hes and Hey (Enhancer of split in Drosophila) 

repress transcription of proneural genes (Corbin et al., 2008) and thereby keep the 

Notch receptor expressing cells in an undifferentiated state. In contrast, the neighboring 

ligand-expressing cells are able to respond to proneural proteins and can, thus, 

differentiate. These series of events are known as lateral inhibition and induce and 
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stabilize differences between neighboring cells and define cells in a population that 

commit to differentiation and cells that remain as progenitors (Artavanis-Tsakonas et 

al., 1999). 

 

 

Sox  in Neurogenesis 

The Sox (Sry related HMG box) family of transcription factors plays key roles in CNS 

development. Members of this family have high sequence similarities within their 

DNA-binding HMG domain. About 20 different vertebrate Sox proteins are known and 

have been divided into subgroups (A-H) based on their amino acid sequence similarity 

within the HMG domain (Table 1) (Kamachi et al., 2000). Two major features suggest 

that Sox proteins have unique and important roles during development of the vertebrate 

embryo. First, Sox proteins are expressed in most organs, at least at some step during 

development (Wegner, 1999).  

 

Figur 3. Sox proteins bind to the minor 
groove  of  DNA  and  induce  a  70‐85° 
bend.  This  allows  contact  of  Sox 
proteins  with  distantly  bound  partner 
factors. 
 

 

 

 

 

 

Second, these HMG-box containing proteins are unique in their way of binding to and 

bending DNA. Unlike most transcription factors that bind DNA in major groove, Sox 

proteins bind to minor groove that induces a 70-85° bend of DNA (Ferrari et al., 1992; 

Connor et al., 1994). This allows Sox proteins to bind DNA in a close proximity to 

other transcription factors that bind the major groove, which has lead to the hypothesis 

that Sox proteins, at least in part, function by organizing local chromatin structure to 

make it accessible for other transcription complexes (Werner and Burley, 1997; Wolffe, 

1994) (Figure 3). Support for this hypothesis is that Sox proteins are often found to 

bind DNA together with other transcription factors, such as members of the Pit-Oct-

Unc (POU) family (Kamachi et al., 2000; Wegner, 1999). 
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Group  M. Musculus  D. Melanogaster  Transactivating domain   

SoxA  Sry    Activating   

SoxB1  Sox1 Sox2 Sox3  SoxN  Activating   

SoxB2  Sox14 Sox21  SoxB2.1 SoxB2.2 SoxB2.3  Repressing   

SoxC  Sox4 Sox11 Sox12  SoxC  Activating   

SoxD  Sox5 Sox6 Sox13  SoxD  None   

SoxE  Sox8 Sox9 Sox10  Sox100B/SoxE  Activating   

SoxF  Sox7 Sox17 Sox18  SoxF  Activating   

SoxG  Sox15    Activating   

SoxH  Sox30    Activating   

Table 1. Classification of the different members of the Sox family of transcription factors in mouse 
and Drosophila and the type of transcriptional function for the different groups. 
 
 
Generally, Sox proteins are expressed in pairs or even in triplicates and they are often 

suggested to have redundant functions (Wegner, 1999; Wegner and Stolt, 2005). In 

early mouse and chick CNS, Sox1, 2 and 3 (SoxB1) are highly expressed and their 

expression patterns are overlapping. These proteins have a crucial function during 

embryonic neurogenesis to maintain progenitor cells in a self-renewing state. Over-

expression, in ovo, of either SoxB1 protein, effectively reduces differentiation of 

neuronal progenitors by blocking the proneural activity of bHLH proteins (Bylund et 

al., 2003; Graham et al., 2003). This is separate from Notch signaling, which functions 

to repress proneural gene expression (Holmberg et al., 2008). On the other hand, 

Sox21, which is co-expressed with SoxB1 in neural progenitor cells, have the opposite 

function and promote differentiation. When Sox21 is over-expressed in chick spinal 

cord, cells rapidly exit the cell cycle, down-regulate progenitor proteins and start to 

express neuronal markers. The balance between SoxB1 proteins and Sox21 in 

progenitor cells appears to be a determinant whether cells commit to differentiation or 

not (Sandberg et al., 2005; Uchikawa et al., 1999). 

 

However, SoxB1 members are not completely overlapping in their expression arguing 

against a complete functional redundancy. Sox2 is already expressed before the blastula 

stage in mouse (Zappone et al., 2000; Miyagi et al., 2004) and continuously in the ICM 

of the blastula (Wood and Episkopou, 1999; Avilion et al., 2003). Sox2 deficient mice 

lack epiblast cells, indicating the first critical requirement for SoxB1 proteins (Avilion 
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et al., 2003). Mouse epiblast cells also express a low amount of Sox3, however, loss of 

Sox3 appears to be compensated by Sox2 (Collignon et al., 1996; Wood and 

Episkopou, 1999). In chick, Sox3 is the dominantly expressed SoxB1 protein prior to 

gastrulation, suggesting evolutionary diversity between species (Rex et al., 1997).  

 

Shortly after gastrulation, SoxB1 expression is restricted to the neuroectoderm in both 

vertebrates and Drosophila (Cremazy et al., 2000; Avilion et al., 2003). In addition to 

the SoxB1 already expressed, additional SoxB1 are turned on in the neuroectoderm. In 

mouse, for instance, Sox2 and Sox3 are already expressed and Sox1 expression is 

induced (Collignon et al., 1996; Wood and Episkopou, 1999). As neurogenesis 

proceeds, SoxB1 protein expression becomes restricted to the progenitor cells in the 

proliferative zones of the CNS. Mice deficient for one SoxB1 member show only minor 

effects of the developing brain and spinal cord, suggesting a redundant function for 

SoxB1 during this particular time and place in development (Nishiguchi et al., 1998; 

Ferri et al., 2004; Rizzoti et al., 2004). 

 

Sox1, Sox2 and Sox3 can also be found in neurogeneic regions of the adult mouse CNS 

such as the subventricular zone of the lateral ventricle, the rostral migratory stream and 

the hippocampus (Pevny and Placzek, 2005). Moreover, adult neurogenesis is reduced 

in Sox2 deficient mice (Ferri et al., 2004), indicating a role for SoxB1 in this process. 

 

Sox2 also has a function in the developing retina. In Sox2 deficient mice, retinal 

progenitor cells fail to maintain as proliferative progenitors and are differentiating 

(Kamachi et al., 1998; Kamachi et al., 2001). Interestingly, in the retina Sox2 has been 

suggested to block differentiation by increasing Notch expression. Chromatin 

immunoprecipitation (ChIP) of Sox2 in mouse retina revealed binding of Sox2 to a 

Notch1 enhancer and decreased levels of Sox2 were followed by reduced Notch1 levels 

(Taranova et al., 2006).  

 

However, SoxB1 members are not only having a role in preventing premature 

differentiation, but are also involved in neuronal maturation. Sox2 is required for 

maturation of GABAergic neurons in cortex and olfactory bulb (Cavallaro et al., 2008). 

Also, expression of other SoxB1 proteins is found in distinct subset of neurons, for 

example Sox1 in selective areas of striatum and Sox3 in hypothalamus (Malas et al., 
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2003; Rizzoti et al., 2004). Thus, although SoxB1 proteins play overlapping roles in 

progenitor cells, they might have additional functions in differentiating cells. 

 

 

Sox in Gliogenesis 

SoxE proteins (Sox8, 9 and 10) are important for the formation of myelinating glial 

cells; Schwann cells in the PNS and oligodendrocytes in the CNS (Chew and Gallo, 

2009). Sox10 is required for specification, lineage progression and terminal 

differentiation of Schwann cells (Schreiner et al., 2007). During the development of 

these cells, Sox10 seems to exert its function through interaction with other 

transcription factors, for example the POU protein Oct6, which are stage specifically 

expressed during Schwann cell differentiation (Ghislain and Charnay, 2006).  

 

Regarding oligodendrocyte development, Sox9 is initially important for their 

specification and generation (Stolt et al., 2003). Sox10 expression is initiated in the 

oligodendrocyte precursors and is together with Sox9 involved in maintaining this state 

(Finzsch et al., 2008). Sox10 alone is required for terminal differentiation of 

oligodendrocytes and interacts with at least one member of the bHLH Olig protein 

family to induce the expression of Mbp (Myelin binding protein) (Li et al., 2007). 

 

SoxC proteins (Sox4, Sox11 and Sox12) have, compared to Sox9 and Sox10, an 

opposite role in oligodendrocyte differentiation. Prolonged expression of Sox4 in vivo 

under the Mbp promoter resulted in reduced myelin gene expression in the spinal cord 

(Potzner et al., 2007). Sox11 was in another study found to be a repressor of the 

oligodendroglial lineage (He et al., 2007). SoxC proteins do not interfere with the 

Sox10 mediated up-regulation of myelin gene expression and it is believed that the 

SoxC inhibitory function of myelination is an indirect effect on the Mbp gene (Potzner 

et al., 2007). 
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SOX AND THEIR PARTNERS   

As previously mentioned, Sox proteins are expressed in most organs of the developing 

embryo and have been identified as one of the most important groups of developmental 

regulators in both vertebrates and invertebrates (Bowles et al., 2000; Wegner, 1999). 

They are suggested to select their target gene repertoire as well as in their partner 

factors in a cell specific manner (Miyagi et al., 2009). Although different Sox proteins 

show no or little distinction in recognizing DNA sequences in vitro, Sox proteins show 

a distinction in their sequence binding specificity in vivo (Miyagi et al., 2009). This 

could imply that the specificity of Sox binding to DNA lies in the selection of partner 

factors, rather than in the Sox binding sequence itself. This section will bring up some 

situations describing the interactions between Sox and their partners. 

 

In embryonic stem (ES) cells, Sox2 forms a complex with Oct4 to activate a number of 

target genes. This is also the case in embryonic carcinoma (EC) cells, where binding of 

both factors to their recognition sites is essential for gene activation since mutation in 

either one or the other completely abolish target gene transcription (Yuan et al., 1995; 

Ambrosetti et al., 1997; Ambrosetti et al., 2000). For example, the embryonic cell 

transcription factor 1 (UTF1) gene has been demonstrated to be regulated by the 

Sox2/Oct4 complex in both ES and EC cells and the UTF1 regulatory region can 

selectively recruit the Sox2/Oct4 complex and prevent the binding of similar complexes 

such as Sox2/Oct1 and Sox2/Oct6 (Nishimoto et al., 1999).  

 

In lens cells, Sox2 binds together with Pax6 to activate δ-crystallin through the DC5 

enhancer and in vivo co-expressed Sox2 and Pax6 was found on the DC5 enhancer 

using ChIP. However, there was no binding of either one of them when expressed 

alone, suggesting that Sox2 nor Pax6 are not able to stably bind DNA on their own. 

This cooperation seems to be restricted to SoxB1, since Sox9 fails to activate DC5 

enhancer in vitro even though it binds as strongly as SoxB1 members to the enhancer 

(Kamachi et al., 2001; Kondoh et al., 2004). Thus, interactions between Sox and their 

partner factors seem also important for the stability of the DNA bound complex and not 

only for the target sequence selection. 
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EMBRYONIC STEM CELLS 

The first human embryonic stem (ES) cell line was established in 1998 (Thomson et 

al., 1998). Although public criticism and ethical debates concerning the use of human 

material in science, these cells can provide an unlimited source of human cells for 

therapeutic use. Moreover, in vitro cultured ES cells have become an important tool for 

understanding mammalian development and specifically neuronal differentiation. 

Derived from the inner cell mass of the blastocyst, they are the precursors of all cells 

that form the embryo and during the last decade, efforts have been put into 

understanding the pluripotent capacity of these cells.    

 

 

Sox together with Oct and Nanog 

Functional studies have been important in identifying a group of transcription factors 

that affect the pluripotent identity of ES cells (Niwa et al., 2000; Chambers et al., 2003; 

Ema et al., 2008). Within this group Oct4 (Pou5f1), Nanog and Sox2 are found to be 

essential (Chambers et al., 2007; Masui et al., 2007). These three transcription factors 

frequently bind closely located sites in the ES cell chromatin (Boyer et al., 2005). Oct4 

belongs to the POU family of transcription factors that binds DNA through two 

domains, a high affinity and a low affinity domain that binds on either side of the helix 

to encircle the DNA (Phillips and Luisi, 2000). Nanog binds DNA through a single 

homeodomain that is similar to the homeodomain of the Nkx transcription factors, but 

not to the extent that would make them part of the same family (Kappen et al., 1993).  

 

Deletion of either Sox2 or Oct4 in ES cells results in failure to maintain proliferative 

and pluripotent capacities and cells differentiate into trophoectoderm (Niwa et al., 

2000; Masui et al., 2007). Surprisingly, many of the Oct/Sox target genes were not 

greatly affected by Sox2 deletion and the key contribution of Sox2, according to this 

study, is to maintain Oct4 expression. This is supported by the finding that Oct4 can 

rescue ES cells from differentiation upon Sox2 loss (Masui et al., 2007). It has also 

been suggested that Sox2 function could be compensated by other Sox proteins 

expressed in ES cells, such as Sox4 and -11 and Sox15 (Chambers and Tomlinson, 

2009). However, Sox2 deficient ES cells have indeed lost their pluripotency (Masui et 

al., 2007) and the expression levels of at least Sox4 and Sox11 are relatively low in ES 

cells (Shen et al., 2008). Reduction of Nanog levels also increases the ability of cells to 
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differentiate (Hatano et al., 2005; Ivanova et al., 2006; Chambers et al., 2007), 

however, ES cells completely lacking Nanog continue to proliferate (Chambers et al., 

2007). Oct4 over expression in ES cells results in differentiation into a mixed 

population of cells, expressing both endodermal and mesodermal markers (Niwa et al., 

2000). This differs from Sox2 over expression where the cells differentiate mainly 

towards the ectodermal and specifically the neuronal lineage (Zhao et al., 2004; Kopp 

et al., 2008). 

 

Even though phenotypic effects are clearly seen after manipulating the levels of these 

transcription factors, the mechanisms for their impact in pluripotency and self-renewal 

of ES cells remains unclear. A number of genome wide binding screens and gene 

expression arrays have been preformed the last couple of years as an attempt to solve 

this question. One of the pioneering studies includes promoter regions (8kb (kilobases) 

upstream to 2kb downstream of transcription start site (TSS)) of ~17,000 human genes 

(Boyer et al., 2005). It revealed that Sox, Oct and Nanog co-occupy a number of human 

promoter regions that correspond to both actively transcribed and silent genes in ES 

cells. Since their function is to maintain the ES cell state, this suggests that loss of these 

factors upon differentiation results in decreased levels of ES cell maintenance factors 

and increased levels of proteins important for development. However, Sox and Oct and 

in particular Nanog also bind to a large set of promoter regions on their own, which 

could correspond to the phenotype differences observed in gain-and-loss of function 

experiments.  

 

Other transcription factors are also associated with Oct, Sox and Nanog in ES cells. 

Several studies have shown that the close localization on DNA of Nanog to Sox/Oct is 

not Nanog specific but is also seen with other transcription factors including Klf4 

(Krupple-like factor 4), Esrrb (estrogen-related receptor beta) and Tcf4 (T cell factor 4) 

(Chen et al., 2008; Cole et al., 2008; Kim et al., 2008). A biotin-based affinity assay 

revealed several potential binding partners for Oct4 and Nanog, including proteins of 

nuclear receptor and estrogen receptor families, Hdac2 (histone deacetylase 2) and the 

transcriptional co-factor Sp1 (Wang et al., 2006). However, the most studied co-factor 

of Oct4, namely Sox2, was not identified in this screen, possibly because the Oct/Sox 

complex is most stable when bound to DNA (Ambrosetti et al., 1997; Chambers and 

Tomlinson, 2009). Several of these proteins were further confirmed to bind DNA close 

to Oct4 and/or Nanog in a following study by Liang et al. (Liang et al., 2008). To 
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summarize, more than 1000 promoter regions are bound by four or more of these 

factors, Oct, Sox and Nanog included (Chen et al., 2008; Kim et al., 2008). 

 

 

Epigenetic mechanisms 

Recently, several studies have focused on epigenetics and chromatin modifications in 

human and mouse ES cells. It has been found that a proportion of silent genes are kept 

in a ‘bivalent’ or ‘poised’ state, in order to allow a fast induction upon differentiation. 

This section will present the most important findings and concepts regarding this issue. 

 

Proteins from the Polycomb-group (PcG) complex stabilize transcriptionally repressed 

chromatin. Polycomb repressive complex 2 (PCR2) functions as a histone 

methyltransferase on lysine 27 (K27) of histone 3 (H3), which results in trimethylation 

of H3K27 (H3K27me3) and locally repressed chromatin (Cao and Zhang, 2004). 

H3K27me3 recruits the PRC1 complex to the chromatin, which in turn mediates gene 

silencing through mechanisms not completely understood, but involving histone H2A 

ubiquitination (Schuettengruber et al., 2007). The H3K27me3 mark is usually separated 

from trimethylation of lysine 4 of hisone 3 (H3K4me3), which is connected to actively 

transcribed regions (Strahl and Allis, 2000). Interestingly, these two chromatin marks 

were found to be co-localized at certain genomic regions in mouse ES cells (Bernstein 

et al., 2006). Furthermore, these bivalently marked regions were associated with silent 

genes or genes that were expressed at low levels and half of them contained binding 

sites for Oct, Sox and Nanog (Bernstein et al., 2006). In a simultaneous study, Lee et al. 

(2006) showed that members of the PRC2 complex, Suz12 and Eed, co-localized with 

Oct4, Sox2 and Nanog in human ES cells, and that PRC2 target genes were found to be 

preferentially activated upon ES cell differentiation (Lee et al., 2006). The authors 

emphasize that a specific set of genes must be actively repressed in ES cells to maintain 

the pluripotent capacity and that these genes are poised for activation upon future 

differentiation.  

 

Above mentioned findings indicate that epigenetics are required for the maintenance of 

pluripotency. However, PRC complexes do not seem to be the only regulatory pathway 

in this context. This is clearly evident in ES cells deficient for Eed, a member of the 

PRC2 complex, where self-renewal is still occurring despite a dramatic decrease of 

H3K27me3 and increased expression level of PRC target genes (Boyer et al., 2005; 
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Azuara et al., 2006). Furthermore, ES cells lacking Ring1β, a component of PRC1 

complex, still proliferate even though they show a decreased amount of histone H2A 

ubiquitination (de Napoles et al., 2004). 

 

The DNA methylation pattern in ES cells can also be correlated to the activity of genes, 

according to a study in mouse ES cells (Fouse et al., 2008). Here, the majority of 

methylated genes have been classified as late differentiation-associated genes that are 

repressed in ES cells. In contrast, unmethylated DNA is highly correlated to genes that 

are active in ES cells and are largely associated with transcriptional activities and cell 

survival processes that are likely to contribute to the self-renewal of ES cells. 

Interestingly, a group of the unmethylated genes were differentiation-associated genes 

that were not expressed in ES cells. However, these genes were marked by the 

alternative silencing mark H3K27me3. It was further found that the majority of 

Polycomb-group repressed genes were unmethylated in these cells and that DNA 

methylation levels are dependent on histone methylation (Fouse et al., 2008; Hattori 

and Shiota, 2008). Unlike PRC2-mediated repression, DNA methylation does not 

appear to be dependent on the binding on the Oct/Sox and Nanog, thus it seems 

possible that DNA methylation is a silencing mechanism that operates on a different set 

of genes from Polycomb repressors.  
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AIMS 
 
My main focus during these years has been to gain insight into the molecular 

mechanisms that regulates neurogenesis. How are cells committed to become neurons? 

How are neural progenitor cells instructed to stop proliferate and to start a 

differentiation program? How is a neural lineage specific gene expression program 

regulated?  

 

 

More specifically:  

 

• What are the regulatory roles of SoxC proteins during the transition of 

differentiating progenitor cell into mature neurons? 

 

• What roles have SoxB1 and SoxC transcription factors in the specification and 

maintenance of neural lineage specific gene expression? 
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RESULTS AND DISCUSSION 
Papers will be referred to according to their roman numbers. 

 

SOXB1 TARGET GENES IN NEURAL PROGENITOR CELLS 

As previously described, SoxB1 proteins function to maintain the progenitor cell state 

(Bylund et al., 2003; Graham et al., 2003), but how this is achieved at the molecular 

level is not understood. In paper II, we focused on the target genes of SoxB1 

transcription factors. ChIP-seq (Chromatin immunoprecipitation combined with high 

throughput sequencing) revealed 9,719 binding sites (peaks) for Sox3 in mouse ES cell 

derived neural progenitor cells (NPCs). By correlating binding sites to the closest 

transcriptional start site (TSS), 4,006 target genes were identified, as many genes were 

surrounded by several binding sites. A number of findings support that our genome 

wide screen was successful. First, the fairly high number of target genes is comparable 

to what has been found for other transcription factors using similar techniques (Kim et 

al., 2008). Second, a binding motif that corresponded to the Sox consensus site was 

found in ~70% of the peaks (Wiebe et al., 2003). The motif was found less frequent 

among peaks that were closely located to a TSS, indicating that Sox3 mainly binds to 

distal enhancers. In addition, this finding support the suggestion that the binding 

prediction of HMG domain proteins can not only be based on the DNA sequence itself 

(Lefebvre et al., 2007).  

 

Moreover, a comparison to binding sites of the transcriptional co-factor p300 in various 

tissues (Visel et al., 2009) revealed that the target genes for Sox3 were highly enriched 

for p300 targets in forebrain compared to limbs. Given that p300 is used as a mark for 

actively transcribed genes, these data suggest that Sox3 binds to enhancer regions that 

are specifically active in developing CNS.  

 

 

Sox3 targets both active and silent gene in NPCs 

Interestingly, Sox3 targets both active and silent genes within progenitor cells, a finding 

that is comparable to the situation for Sox2 in ES cells (Boyer et al., 2005; Chen et al., 

2008). We found that Sox3 target genes in NPCs overlap with >50% to Sox2 target 

genes in ES cells (Chen et al., 2008), an interesting finding due to their similar role in 

the two different cell stages. This finding also defines three sets of genes; genes bound 
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by Sox2 in ES cells only, genes occupied by Sox2 in ES cells and later bound by Sox3 

in the NPCs and, finally, genes that are bound by Sox3 in NPCs that are never occupied 

by Sox2 in ES cells. Importantly, since a specific antibody against Sox3 was used in the 

NPC screen and Sox3 is not expressed in ES cells, we can exclude contamination of 

SoxB1 target genes from ES cells. By comparing all Sox2-bound and Sox3-bound 

target genes in ES cells and NPCs respectively to previously published gene expression 

arrays for some major cell types and stages (Shen et al., 2008; Doyle et al., 2008; Hartl 

et al., 2008), we found that the three groups of genes had diverse expression patterns. 

Genes bound by Sox2 only were highly enriched for genes specifically expressed in ES 

cells, whereas genes shared by Sox2 and Sox3 were mainly expressed in NPCs. Genes 

bound by Sox3 in NPCs and that had not been previously occupied by Sox2 were 

primarily expressed in mature neurons and/or glial cells. Thus, Sox2 and Sox3 bind to 

genes that are active in ES cells and NPCs, respectively, but they also bind to a 

significant number of silent genes that are activated at subsequent stages of 

neurogenesis. Genes poised for later activation have been associated with a bivalent 

chromatin signature, consisting of both activating H3K4me3 (histone 3 lysine 4 

trimethylation) and repressing H3K27me3 (histone 3 lysine 27 trimethylation) 

modifications. We found that Sox2 binding to bivalent genes in ES cells preselects for 

genes activated along the neural lineage. Taken together, this argues that Sox2 regulates 

preferably ectodermal genes in ES cells rather than mesodermal or endodermal, where 

silent genes are later bound by Sox3 and become active during the neural progenitor 

state. This could indicate the initial molecular steps regulating neural lineage selection. 

 

It is important to note that despite the similarities in the binding pattern of Sox2 in ES 

cells and Sox3 in NPCs, they were targeted to different sites in the majority of their 

common target genes. The binding motifs found for Sox2 (in ES cells) and Sox3 (in 

NPCs) bound regions were highly similar to each other and to previously identified Sox 

consensus site (van Beest et al., 2000) and can therefore not explain the distinct target 

site selection. This argues again that the binding prediction can not only be based on the 

DNA sequence itself, but also on context-dependent differences such as the access to 

partner factors (Kondoh et al., 2004; Lefebvre et al., 2007). 
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Sox3 activates NPC genes 

To better understand the functional role of SoxB1 on its bound target genes, we used a 

gain-of-function strategy, where Sox3 was over-expressed in ES cell derived NPCs 

under the control of the Nestin enhancer (Nes-Sox3) (Lothian and Lendahl, 1997). In 

line with previously published data for SoxB1 (Bylund et al., 2003; Graham et al., 

2003), Nes-Sox3 cells fail to differentiate and even after 12 days of differentiation cells 

were maintained in a progenitor state, as shown by the expression of Sox1. These cells 

also failed to differentiate towards the glial lineage. Gene expression microarray 

analysis revealed that aproximately 350 genes had an increased expression level after 

Sox3 over-expression, whereas over 800 genes had a decreased expression level. 

However, correlation between the ChIP-seq experiments and the microarray data 

showed that genes increased in Nes-Sox3 cells were strongly over-represented of genes 

bound directly by Sox3. Moreover, although Sox3 binds both to NPC genes and genes 

that are expressed in neurons, only NPC genes were up-regulated in Nes-Sox3 cells. 

 

 

 

 

SOXC ESTABSLISHES NEURONAL GENE EXPRESSION 

Proneural bHLH transcription factors have key roles in inducing cell cycle exit and 

committing neural progenitor cells to neuronal differentiation (Farah et al., 2000; 

Bertrand et al., 2002; Lo et al., 2002). Even though proneural proteins are able to 

promote a full differentiation program within the progenitor cell, the molecular 

mechanisms for their activity are not fully understood. Interestingly, the expression of 

proneural genes is generally down-regulated at an early step of neurogenesis and before 

differentiating cells start to up-regulate neuronal characters. This implies the existence 

of a downstream regulator, connecting proneural protein activity with the establishment 

of a neuronal phenotype.  

 

In paper I, we examined whether SoxC proteins act downstream of proneural protein 

function. We found that SoxC gene expression is initiated as cells have become post-

mitotic and are in the process of down-regulating progenitor specific genes, including 

proneural proteins. In the developing chick spinal cord, the expression of SoxC is 

continued in mature neurons. The inactivation of Sox4, Sox11 or Sox12 in mice does 

not reveal any significant role of these genes during neurogenesis, however functional 
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redundancy has been suggested (Cheung et al., 2000; Sock et al., 2004; Hoser et al., 

2008; Dy et al., 2008). By using a gain-and-loss of function approach in the chick 

spinal cord, we could show that SoxC proteins indeed have a neurogenic effect. Mis-

expression of Sox4 or -11 forced progenitor cells to rapidly up-regulate the expression 

of a subset of neuronal genes. This up-regulation was independent of cell cycle exit and 

down-regulation of progenitor specific genes, which mechanistically separates cell 

cycle withdrawal from the later parts of neurogenesis. By using an enhancer that has 

been shown to be sufficient to drive the expression of the neuronal gene Tubb3 (Dennis 

et al., 2002), we found SoxC activity to directly regulate neuronal enhancers. This will 

be further discussed in section ‘Sox11 target genes in early neurons’. 

 

In line with our gain-of-function experiments, siRNA knock-down experiments of 

Sox4 and Sox11 resulted in reduced levels of neuronal markers, suggesting that SoxC 

proteins are required for the induction of neuronal properties in differentiating post-

mitotic neuroblasts. The third SoxC member, Sox12, was not yet identified at the time 

of the experiments for paper I, but has later shown to be functionally redundant to Sox4 

and -11 (Dy et al., 2008; Hoser et al., 2008). In our loss-of-function experiments 

functional redundancy is still likely to exist but is probably blocked due to the high 

sequence similarities between Sox12 and the two other SoxC members in the regions 

targeted by the siRNAs that were used.  

 

At what stage during the differentiation process is SoxC crucial? We found that the 

reduction of SoxC expression did not unable NPCs to exit the cell cycle. However, we 

noted that when SoxC levels were reduced, there were decreasing amounts of cells 

expressing the intermediate marker NeuroM. We took advantage of the fact that 

NeuroM is expressed in the transition period when cells go from expressing progenitor 

specific genes to express neuronal markers. The amount of cells expressing NeuroM 

that also still expressed progenitor genes was unchanged after reduction of SoxC 

proteins. On the other hand, the amount of further differentiated cells expressing 

NeuroM together with neuronal genes was decreased during these conditions. Thus, we 

conclude that upon loss of SoxC proteins, cells fail to differentiate any further from the 

stage where they normally start to express neuronal genes and instead they enter an 

apoptotic program as indicated by TUNEL staining. 
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PRONEURAL FUNCTION REQUIRES SOXC 

Proneural bHLH proteins function to initiate and promote neurogenesis whereas SoxC 

proteins function to induce the expression of neuronal proteins in differentiating cells. 

What is then the connection between SoxC and proneural proteins? In paper I, several 

experiments show that SoxC appear to be downstream of proneural protein activity. 

Over-expression in chick spinal cord of either Neurogenin2 (Ngn2) or Mash1 induces 

ectopic expression of Sox4 and Sox11. The connection between proneural proteins and 

SoxC gene expression is further exemplified by mis-expression of Id that acts to block 

the activity of proneural proteins, which resulted in Sox4 and Sox11 decreased 

expression. Furthermore, we showed that SoxC proteins are also under the control of 

the neuronal gene repressor NRSF/REST, possibly to prevent premature expression of 

SoxC in cells expressing low levels of proneural proteins. Interestingly, NRSF/REST is 

known as a repressor of neuronal genes in non-neuronal tissue as well as in neuronal 

progenitor cells (Chong et al., 1995; Schoenherr and Anderson, 1995; Bruce et al., 

2004).  

 

Since proneural proteins are sufficient to induce a complete neuronal differentiation 

program, over-expression of Ngn2 in chick spinal cord will promote cells to exit the 

cell cycle, down-regulate progenitor specific genes and start to express neuronal 

proteins. However, in the absence of SoxC proteins, Ngn2 was able to promote cell 

cycle exit but failed to induce the expression of neuronal proteins. Thus, Ngn2 was able 

to promote its functions upstream of normal SoxC expression, but failed specifically to 

induce the expression of neuronal genes in the absence of SoxC proteins. These results, 

presented in paper I, indicate that SoxC proteins are required for the complete 

neurogenic activity of Ngn2 

 

 
Figure 4. SoxC is expressed 
under  the  control  of 
proneural  function  and 
REST  activity  and  is 
required  for  proneural 
proteins  to  promote  the 
expression  of  neuronal 
genes.                   
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Although SoxC proteins promote neuronal differentiation, these proteins have an 

opposite repressing role during glial cell development (Potzner et al., 2007; He et al., 

2007). This further demonstrates the diverse context-dependent roles of Sox proteins 

during development.   

 

 

 

 

SOXC TARGET GENES IN EARLY NEURONS 

In our ChIP-seq screen we found that Sox3 binds to a proportion of silent genes in 

NPCs that are, later during the differentiation process, expressed in neurons or glial 

cells. Since SoxC proteins have a role in activating neuronal genes upon differentiation, 

we examined if the silent neuronal genes that are occupied by Sox3 in NPCs are 

targeted by Sox11 in differentiating neurons. 

 

ChiP-seq analysis revealed 3,644 target genes for Sox11 in ES cell-derived post-mitotic 

early neurons. We found that Sox11 binding sites (peaks) highly overlapped with 

binding sites for Sox3 in NPCs (92%), which corresponded to 69% of all found Sox3 

binding sites. The shared target genes were primarily found to be expressed in two 

populations of cells. We found that the target genes were expressed in early neurons, 

which is in line with our previous data that SoxC can activate neuronal genes. 

Surprisingly, we found that Sox11 also binds genes expressed in the progenitor state 

that normally are down-regulated at the time when Sox11 expression is initiated. This 

raises the question of two possible roles for SoxC proteins, one in activating the genes 

that are silent and bound by Sox3 in NPCs and another role on the enhancers of 

progenitor genes that are silent in Sox11-expressing differentiating neurons.  

 

The activating role of Sox11 was examined by cloning Sox3-bound and Sox11-bound 

enhancers corresponding to the neuronal genes Tubb3 and Lhx2 into a luciferase 

reporter construct. From the reporter assays we could conclude that Sox11 was able to 

activate both Tubb3 and Lhx2 enhancers. However, Sox3 had an inhibitory effect of the 

Sox11 mediated trans-activation. This effect was confirmed in chick spinal cord where 

Sox3 blocked the Sox11 induced premature expression of the Tubb3 gene. Thus, while 

Sox11 activates neuronal gene expression, Sox3 may act to prevent premature 

induction of neuronal genes. 
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Approximately 30% of the Sox3-bound genes in NPCs are not bound by Sox11 in 

neurons. These genes were found to be expressed preferably by neurons and glial cells 

of the adult CNS. It is possible that Sox transcription factors, other than SoxC proteins, 

occupy these enhancers in neurons and glial cells of the adult CNS. For instance Sox10 

may bind these sites in glial cells. According to our data, the oligodendrocyte gene Mbp 

is not a target gene for Sox11 but it has been shown that Sox10 is crucial for activation 

of Mbp at terminal steps of gliogenesis (Li et al., 2007), which could suggest that 

Sox10 is replacing SoxB1 protein binding at this enhancer. It is also possible that, at a 

later cell stage than what was used for the Sox11 ChIP-seq analysis, Sox11 would have 

a different repertoire of target sites, targeting more genes that are expressed at adult 

CNS stages. Furthermore, a common Sox-Tead binding motif was found among these 

enhancers, suggesting a combinatorial role of Sox and transcription factors of the Tead 

family (Kaneko and DePamphilis, 1998) in the regulation of these genes. 

 

 

 

             

EPIGENETIC CHANGES FOLLOW SOX BINDING DURING NEUROGENESIS 

Our findings indicate a similar situation for Sox transcription factors during different 

developmental stages of neurogenesis, as Sox2 in ES cells, Sox3 in NPCs and Sox11 in 

post-mitotic early neurons occupy both active and silent genes. Interestingly, many 

Sox2-bound genes that are silent in ES cells are associated with a bivalent chromatin 

signature (containing both H3K4me3 and H3K27me3 modifications), which is resolved 

upon differentiation as the genes become activated in NPCs (Bernstein et al., 2006). 

These findings compelled us to characterize the chromatin modifications of Sox3-

bound genes that are either active or silent in NPCs. Sequential preformed ChIP 

experiments revealed that Sox3-bound active genes in NPCs were associated with 

H3K4me3 only, which is a mark for actively transcribed genes. However, the Sox3 

occupied genes that are silent in NPCs were bivalent marked with both H3K4me3 and 

H3K27me3, where H3K27me is often associated with silent genes. Interestingly, 

sequential ChIP experiments for Sox11 revealed that upon Sox11 binding in 

differentiating neurons, these bivalent histone characters had been resolved and these 

actively transcribed genes were now associated with H3K4me3 only. In contrast, the 
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binding of Sox11 to promoters of NPC expressed genes that are silent in neurons was 

associated with a replacement of H3K4me3 with H3K27me3. 

 

To summarize, Sox3 works in an activating fashion on the previously Sox2-bound 

progenitor genes whereas Sox3-bound neuronal and glial genes are transcriptional 

silent and kept in a bivalent state. Later in differentiation, Sox11 is bound to the 

progenitor genes which are now silent. The differentiation genes which were previously 

bound by Sox3, silent and bivalent are now bound by Sox11 and are in an active state.  

These data indicate that Sox transcription factors can act to coordinate neural gene 

expression as development proceeds, from the early neural lineage specification in 

pluripotent stem cells to the gene regulatory control operating in maturing post-mitotic 

neurons (Figure 5). 

 

 
 
Figur 5. Sox transcription factors bind both active and silent genes in their different cellular stages. 
The switch of Sox proteins at the different enhancers is associated with a change in transcriptional 
activity as well as in histone modifications. 
 
 
 
Since sequential ChIP experiments were preformed for the chromatin modification 

study presented in paper II, we could exclude signals from contaminating cell types or 

cell stages not expressing the transcription factor of interest. Important to note is that it 

is not possible to define the origin of the signal after ChIP from a mixed population of 

cells. For example, a signal for H3K4me3 in a population that consists of 50% neurons 

and 50% neural progenitor cells could be derived from either cell stages or from both. 
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CONCLUDING REMARKS 

We have with paper I and II contributed to the knowledge concerning vertebrate 

neurogenesis and more specifically to the role of SoxB1 proteins in neural progenitor 

cells and to that of SoxC proteins in differentiating neuronal cells. We suggest a 

sequential regulatory role for Sox transcription factors during the course of 

neurogenesis, where specific members of the Sox protein family both activate genes as 

well as prepare other genes for the following differentiation steps. The alternation in 

Sox protein binding could also be correlated with a change in chromatin modifications, 

where bivalent chromatin marks of silent genes were resolved as the genes were bound 

by activating Sox proteins.  

 

Sox transcription factors have not previously been shown to have a role in recruiting 

chromatin modifying proteins. However, it is possible that Sox proteins work as 

‘pioneering factors’ that act as the primary transcription factor that binds to DNA and 

thereby induces a series of events which facilitate the binding of later acting 

transcriptional regulators. For instance, Sox proteins induce a bend of DNA when 

binding the minor groove, which in turn gives space for other transcription factors to 

bind and catalyzes histone modifications. This could support the possibility for Sox 

proteins to function as ‘pioneering factors’.  

 

In paper II we present that bivalent, silent and Sox2-bound genes in ES cells are 

preferably genes that are later expressed in neural tissue compared to other organs. This 

could imply that Sox2 specifies the ectodermal lineage in ES cells and that other 

transcription factors are required to specify and prepare for differentiation toward the 

other two lineages. Similar to the situation of Sox proteins during neuronal lineage 

differentiation, it has been described that members of the forkhead family of proteins 

are important during endodermal development. The forkhead family member FoxD3 is 

essential for unmethylated DNA mark observed at the Alb1 (liver-specific) enhancer 

(Gualdi et al., 1996) in ES cells, where Alb1 is silent. During endodermal 

differentiation, another member of this family, FoxA1, replaces FoxD3 at the Alb1 

enhancer in order to keep the gene poised for expression in a more mature cell stage 

(Zaret et al., 2008; Xu et al., 2009). Furthermore, FoxD3 is the only forkhead family 

member expressed in ES cells and has been shown to be necessary for ES cell 

maintenance (Hanna et al., 2002; Pan et al., 2006).  
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In a recent study, 38 different types of histone modifications were investigated to be 

correlated with binding of the NRSF/REST repressor in the human genome (Zheng et 

al., 2009). It was found that several of the histone modifications were correlated to 

NRSF/REST binding and the publication provides information regarding the most 

frequent histone marks within NRSF/REST binding sites. This information regarding 

combinatorial codes of histone modifications could be correlated with the DNA binding 

of other transcription factors, such as factors from the Sox protein family. The binding 

and different modifications could also be correlated to the activity of the certain 

transcription factor. Hence, to investigate local chromatin modifications beyond 

H3K4me3 and H3K27me3 could provide more information regarding the function of 

Sox proteins. 
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