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ABSTRACT 

!
The central nervous system (CNS) is responsible for our intellectual and cognitive functions 

and it comprises the brain and spinal cord. Generation of the CNS occurs during 

embryonic development from the neural tube that initially consist of a pool of immature 

progenitors that will give rise to all the neurons in the brain and spinal cord. CNS 

development is a highly coordinated process and any defect has a high risk of generating 

malformations and/or sensory, motor and cognitive impairments.  !
The large number and variety of neurons that form the CNS mirrors the complexity and 

multitude of functions of the system itself.  Despite that they are all generated from the 

same pool of immature progenitors, neurons greatly differ from each other in morphology, 

function and in gene expression. During development, generation of newborn neurons 

requires immature progenitor cells to undergo sequential fate restriction from a pluripotent 

stem cell to neural progenitor and finally to a differentiated neuron. The journey from a 

progenitor cell to a mature neuron with specific functions occurs in different 

developmental stages that involve interpretation of environmental cues, cell cycle exit, 

downregulation of progenitor markers, migration, expression of neuronal genes and 

repression of genes of other lineages. During these processes, the morphological 

metamorphosis of a cell is matched by changes in gene expression. Consequently, 

neuronal differentiation of a cell leads to a final epigenetic and transcriptional landscape 

quite distinct from the one of the cell of origin. !
During neuronal differentiation transcriptional regulation plays fundamental role in each 

step of the process from neural fate determination to neuronal specification. At a 

molecular level, neuronal differentiation is coordinated by transcription factors involved in 

all steps, such as cell cycle exit, loss of progenitor properties, restriction of other lineages, 

migration and acquisition of neuronal features. Despite the progress made in the field, a 

lot remains to be clarified about regulation of gene expression and regulation of 

transcriptional activity. The papers presented in this thesis aim to shed some light 

regarding the role of specific transcriptional factors at different stages of neuronal 

differentiation.  !
Paper I investigates the role of chromatin remodeler CHD5 during neurogenesis, focusing 

on two specific aspects of terminal neuronal differentiation: induction of neuronal features 

and repression of other lineages determinants. Our data, in vitro and in vivo, suggest that 

CHD5 has a dual role during neuronal differentiation: it facilitates the activation of neuronal 

genes and it synergizes with Polycomb group proteins to facilitate repression of alternative 

lineages determinant.  !
Paper II focuses on the role of ZAC1 transcription factor during neurogenesis and the 

importance of controlling its expression levels. Our data shows that elevated levels of 



ZAC1 transcription factor promote cell cycle exit, block neuronal specification and induce 

non-neuronal lineage determinants.  !
Paper III investigates how changes in the surrounding environment, such as heat shock 

induced stress, affect transcriptional regulation, through the NOTCH pathway. Our in vitro 

and in vivo data show that stress induces sumoylation of NOTCH and its accumulation in 

the nucleus which results in repression of Notch target gene (Hes1, Hes5). 
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1. INTRODUCTION 

The central nervous system (CNS), beyond being the seat of our highest intellectual 

functions and responsible for our cognitive ones, is one of the most complex organs. 

Despite the progress made the last centuries in the field of neural development, a lot 

remains to be discovered about its generation and the establishment of neural circuits 

during development. !
The first description of the brain dates back to about 4000 years ago in ancient Egypt: the 

Edwin Smith surgical papyrus, named after the person who discovered it and dated to the 

17th century BC It contains not only symptoms, diagnosis and prognosis of patients with 

head trauma but also a description of what is now known as the brain. 

The complexity of the CNS, its vital role for life and its extension throughout the organism, 

might explain why the major discoveries about the brain have been achieved only in the 

last century. Advances in technology and methodology are setting the stage for new 

discoveries and a deeper understanding of the CNS.  !
The nervous system is responsible for coordinating actions, voluntary and involuntary 

movements by transmitting signals from and to all parts of the body (Kandel et al. 2012) 

hence, malfunction in the nervous system can lead to disease if not death of the animal. !
In vertebrates, the nervous system is divided in peripheral nervous system and CNS. The 

CNS is a bilateral and symmetrical structure composed by the brain and spinal cord. In 

mammals, the brain comprises seven major structures: the medulla oblongata, pons, 

cerebellum, midbrain, diencephalon and cerebrum (Kandel et al. 2012).   !
The human brain has about 100 billion neurons (Herculano-Houzel 2009) of several 

different classes capable to communicate and interact in functional neural circuits.Specific 

tasks of the brain such as sensation, movement and cognition, are controlled by distinct 

regions (40-50 in the human brain) that differ in lamination, connectivity and 

neurochemistry (Caviness 1975; Job and Tan 2003; Sur and Rubenstein 2005) !
While the brain is responsible for the cognitive functions and processing of information, 

the vertebrate spinal cord transmits sensory information from the periphery to the brain 

and then sends back the processed information to pertinent parts of the body. The spinal 

cord is also responsible for a number of sensory-motor computations among which those 

needed for proper control of movement. It has been observed that a de-cerebrated cat is 

still capable of coordinated movements when suspended above a treadmill even though 

control from the forebrain has been lost (Brown, 1911; Gifford et al. 2013). !
Neurons and most of neural circuits are generated before birth during neural development 

and defects during these processes, result in malformations and numerous sensory, motor 
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and cognitive impairments. Hence, in order to understand the complexity of the CNS and 

possible malfunctions therein, the knowledge of neural development is of vital importance. !!
1.1 Neural development 
!
The formation of the nervous system is initiated early during development and it produces 

the most complex structure in the embryo. It is a highly organised process that requires 

coordination of many events among which proliferation, cell cycle exit, migration and 

differentiation. During each step of development, cells receive signals, via morphogens or 

cell-cell communication, interpret the message and respond by changes in gene 

expression. Errors during development can lead to severe defects or even be lethal for the 

organism therefore, these processes need to be tightly controlled. !
1.1.1 Early nervous system and neural tube formation !
Immediately after the formation of the primitive streak, the structure that determines the 

bilateral symmetry of the embryo, cells start migrating and through the process of 

gastrulation generates the three germ layers: endoderm, mesoderm and ectoderm, which 

will form all the tissue and organs of the embryo (Reh et al 2005). The CNS is derived from 

cells within the ectoderm. Early nervous system development starts with neurulation, the 

process of neural tube formation (Figure 1, Jessell 2000). !
During neurulation, cells keep proliferating and migrating along the primitive streak 

forming the neural folds and between them the neural groove. The neural folds start 

elevating and the groove deepens gradually (Figure 1a). Once the neural folds come closer 

to each other, they meet in the middle line converting the groove into a closed tube 

(Figure 1c), the neural tube, which will form the nervous system (Jessell 2000). !
Initially, the neural tube consists of a pool of immature cells that can differentiate into all 

the cells of the future brain and spinal cord (Gifford et al. 2013). As the neural tube 

develops, its most rostral part will give rise to the telencephalon (Hebert 2005) (future 

cerebral cortex and basal ganglia) and its most caudal part to the spinal cord (Gifford et al. 

2013). The process that leads equally potential cells of the neural tube to diverse fates is 

regulated during early development mostly via morphogen gradients that are released 

from the neighboring tissues, mainly notochord, floor plate, roof plate and presomitic  

mesoderm along three orthogonal axes: mediolateral, dorsoventral and rostrocaudal 

(Gifford et al. 2013; Carpenter et al. 2013). The effectors responsible for the acquisition of 

different neuronal identities are distinct transcription factors that are induced according to 

gradient concentrations of morphogens. (Wilson and Maden 2005). !!!
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Figure 1. Neural tube formation and Spinal cord development. At the neural plate stage (a) cells proliferate 
and migrate toward the ventral midline to form the neural folds (b). As the neural folds come closer, they meet to 
form the neural tube (c). In the developing spinal cord (d), commissural (C) and association (A) neurons 
differentiate in the dorsal half of the spinal cord, and motor neurons (M) and ventral interneurons (V) develop in 
the ventral half of the neural tube. Adapted from Jessell 2000 !!
1.1. 2. Spinal cord Development !
In the developing spinal cord, rostrocaudal orientation is determined by fibroblast growth 

factor (FGF) signaling, released from the primitive node and presomitic mesoderm, and 

retinoic acid (RA), released from somites in the paraxial mesoderm (Gifford et al. 2013; 

Carpenter et al. 2013). In response to the FGF and RA signaling, cells of the developing 

spinal cord will express transcription factors encoded by the Hox gene family which 

contain a turn-helix-turn DNA binding domain and function as transcription regulators by 

activating genes responsible for the division of the spinal cord into cervical, thoracic, 

lumbar and and sacral domain along the rostrocaudal axis (Figure 2 left) (Carpenter et al. 

2002, Dasen and Jessel 2009). In fact, it is thought that specific combinatorial signals  from 

paraxial mesoderm define regionalisation along the rostrocaudal axis of the neural tube: 

cervical -high RA, brachial - low RA - low FGF, thoracic - high FGF, lumbar – high FGF – 

high Gdf11 (Carpenter et al 2103; Wilson and Maden 2005; Dasen and Jessell 2009). !
A transverse section of the spinal cord reveals a topological organization. Neurons 

responsible for receiving and communicating sensory information from peripheral neurons 

of the dorsal root ganglia are located in the dorsal half of the spinal cord, while neurons 

responsible for the processing of motor output reside in the ventral part of the spinal cord. 

This dorsoventral organisation of the spinal cord is mirrored during its early development; 

the dorsal part is populated with interneuron progenitors whereas the ventral contains also 

motorneuron progenitors (Figure 1d) (Gifford et al 2013). !
Mediolaterally, within the most inner layer of the developing spinal cord, the ventricular 

zone hosts many progenitor domains with specific transcriptional signature which will give 

rise to definite neuronal and glial lineages. While these progenitors stop proliferating, exit 

cell cycle, migrate to the mantle layer (outer layer of the developing spinal cord), and 

finally mature, expression of an ulterior transcriptional program is needed for proper 

differentiation (Jessell 2000, Shirasaki and Pfaff 2002, Briscoe and Ericson 2001).  !
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According to the specific transcriptional signature, 11 progenitor domains can be found in 

the ventricular zone of the developing spinal cord: 6 interneuron progenitor domains 

(dp1-6) located in the dorsal part and 5 progenitor domains in the ventral one (p0-3, 

pMN). These progenitors will then generate the corresponding neuron population: dl1-dl6 

interneurons will reside dorsally while V0-V3 interneurons and motor neurons (MN) will 

reside in the ventral half of the spinal cord. (Jessell 2000, Shirasaki and Pfaff 2002). !
Expression of the transcriptional factors that determine the distinct progenitor domains is 

regulated by signals secreted from the ventral floor plate (Sonic Hedgehog) and the dorsal 

roof plate (WNT and BMP) (Wilson and Maden 2005). Expression and secretion of SHH 

from the notochord induces expression of the morphogen in the floor plate which results in 

different concentration of the morphogen along the dorsal ventral axis of the developing 

spinal cord: high in the ventral half and low in the dorsal one (Jessell 2000) (Figure 2 Right). 

In the dorsal region of the spinal cord BMP, TGFß secreted from the overlying ectoderm 

and WNT are responsible for defining not only dorsal progenitors identity but also the 

ventral ones. Even though morphogen gradient along the developing spinal cord have 

been thoroughly studied in the last decades, it is not completely understood how they 

interact with each other.  It has been shown that the combination of exposure to specific 

morphogens at different concentration induces a certain set of transcription factors that 

determine the identity of definite progenitor domains (Gifford et al. 2013, Wilson and 

Maden 2005). For example, ventrally, high concentrations of SHH correspond to low 

concentrations of Class I transcription factors (Pax6, Dbx1, Dbx2) and induced expression 

of Class II transcription factors (Nkx2.2, Nkx6.1, Nkx6.). The expression of specific 

transcription factors in each cell along the neural tube will determine its belonging to a 

certain progenitor domain therefore, its fate (Figure 2 Right). 

 

 
Figure 2. Patterning along the rostrocaudal (left) and dorsoventral (right) axes of the neural tube. Left: Hox 
genes at one end of the cluster are expressed in the rostral part (r) while genes at the other end are expressed in 
the caudal part (c) where there are higher levels of FGF. Rostrally Hox genes are regulated by graded RA signaling 
while caudally they are regulated by graded GDF11. (Figure from Dasen and Jessell 2009) Right. Motor neurons 
and ventral interneurons are generated along the dorsoventral (d-v) axis according to the graded concentration of 
sonic hedgehog (SHH) which induces expression of specific transcription factors in progenitor cells. Class I factors 
are induced by Shh while Class II transcription factors are repressed. The identity of progenitor domains is also 
influenced by selective cross- repressive interactions between Class I and Class II transcription factor (Briscoe et 
al., 2000). Figure from Jessell 2000.  !!!
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1.1.3. Cortical Development !
During early embryonic development, the caudal part of the neural tube gives rise to the 

future spinal cord and the most rostral part, generates the telencephalon. The cortex, also 

known as pallium develops from the ventricular zone of the dorsocaudal part of the 

telencephalic vescicle (Sur and Rubenstein 2005).  !
The neocortex, which is generated from the dorsal pallium, is the largest part of the 

cerebral cortex and is of vital importance for the cognitive functions. Different areas of the 

neocortex are responsible for different tasks, e.g. rostral regions of the neocortex regulate 

motor and executive function while caudal regions process somatosensory, auditory and 

visual inputs (Sur and Rubenstein2005). !
Until 1990, two hypotheses were trying to explain how regionalization of the brain was 

generated: the protocortex (O´Leary 1989) and protomap (Rakic 1988) hypotheses. While 

the protocortex hypothesis claimed that thalamic afferent axons induce cortical areal 

identity via activity dependent mechanisms, the protomap one states that the information 

responsible for the identity of distinct cortical areas resides within the cortical progenitor 

zone (Sur and Rubinstein 2005). Further research conducted in the field suggested that the 

protomap hypothesis better describes the early steps of neocortical patterning (Sansom 

and Livesey 2009). Nowadays, it is well accepted that secreted proteins from patterning 

centers generate positional information: Shh is expressed in the ventral telencephalon, 

Bmp and Wnt families are expressed along the dorsal midline whereas Fgf8 is expressed at 

the rostral margin of the telencephalon (Figure 3) (Sur and Rubenstein 2005). Similarly to 

the spinal cord, the graded signals coordinate regionalization of the cortex by inducing 

graded expression of distinct transcription factors such as Foxg1 (BF1), COUPTF1, Emx2, 

Lef1, Lhx2 that control proliferation, neurogenesis, migration, connectivity and cell death/

survival (Sur and Rubenstein 2005, Sansom and Livesey 2009). For instance, Fukuchi-

Shimogori and Grove in 2001 demonstrated that FGF8, secreted from the rostral midline, 

acts in a concentration dependent manner to induce rostrocaudal positional identity in 

neocortical stem cells via changes in gene expression (Fukuchi-Shimogori and Groove 

2001; Sansom and Livesey 2009). More specifically, the data suggests that high 

concentrations of FGF determine the rostral most motor cortex while low concentrations of 

FGF specify somatosensory and visual cortex (Sansom and Livesey 2009). Moreover, Fgf8 

increases Foxg1 expression and reduces Emx2 and COUPTF1 transcription factor 

expression that are necessary for regionalization of the cortex (Bishop et al 2002; Sansom 

and Livesey 2009). For instance, Bishop et al. in 2002 showed that Emx2 induces 

caudomedial area identities while Pax6 induces rostrolateral ones. In 2007, Armentano et 

al. demonstrated that COUPTF1 is crucial for promoting a caudal identity in the neocortex. 

In mice where COUPTF1 was depleted in the cortex,  there was an increase in cells with a 

motor cortex transcriptional signature whereas the somatosensory and visual areas were 

significantly smaller. Transcription factors induced by gradient signals in turn induce 
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expression of distinct region and layer-specific transcription factors that determines the 

fate of the future neurons. 

 !!!!!!
Figure 3. During development regionalization of 
cortical areas in the neocortex is determined  by 
secreted proteins form patterning center which in turn 
induce expression of  transcription factors specific to 
the area. Adapted from Sur and Rubenstein 2005 !!!!

!
1. 2.  Neuronal Differentiation in the developing CNS 
!
The human brain is estimated to contain roughly 100 billion neurons (Herculano-Houzel 

2009). The variety of the building blocks of the CNS mirrors the multitude of functions of 

the system itself.  For instance, according to their position, function, even “birthdate” they 

can greatly differ from each other in morphology, connectivity, neurochemistry etc., despite 

the fact they all generate from the same pool of immature progenitors. The journey from a 

progenitor cell to a mature neuron with specific functions has different stages that involve 

cell cycle exit, downregulation of progenitor markers, migration, expression of neuronal 

genes and repression of genes of other lineages. During these processes, the 

morphological metamorphosis of a cell is matched by changes in gene expression. 

Consequently, neuronal differentiation of a cell leads to a final epigenetic and 

transcriptional landscape quite distinct from the one of the cell of origin.  !!
1.2.1. Neuronal Differentiation in the developing spinal cord !
In the developing spinal cord, proliferative progenitor cells reside in the ventricular zone 

surrounding the central canal and their proliferation expands the progenitor pool (Matise 

and Sharma 2013). As the cell cycle progresses, they extend long processes from the pial  

(outside) part of the spinal cord to the apical (close to the central canal) part along which 

they translocate their nuclei during what is known as interkinetic nuclear migration (Matise 

and Sharma 2013). Once a progenitor cell has exited cell cycle, it migrates towards the 

mantle zone, upregulates expression of neuronal genes and thus terminally differentiates 

into a neuron.  !
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In the developing spinal cord, cell cycle exit is accompanied by upregulation of cyclin-

dipendent kinase inhibitors CKI proteins, inhibitors of G1 cyclins, in particular two CDK 

(cyclin dependent kinase) interacting protein/kinase interacting protein (CIP/KIP) class CKIs, 

P27 and P57. Despite the fact that both factors can be induced by proneural basic-helix-

loop-helix (bHLH) factors such as Ngn2, they are not necessary for cell cycle exit (Gui et al. 

2007). It has also been suggested that cell cycle exit in the ventral spinal cord is triggered 

by the diminishing concentrations of G1 cyclins which is due to reduced concentrations of 

dorsal WNT signaling. In fact, lower levels of WNT in ventral regions result in a decrease of 

cell proliferation (Megason and McMahon 2002). !
Self-renewing progenitors in the ventricular zone express SOXB1 transcription factors 

(SOX1-SOX3) and when cells exit cell cycle the levels of SOX1, SOX2, and SOX3 are 

downregulated. SOXB1 transcription factors belong to the SOX family, an HMG-box 

transcription factors known to be among the first regulators of neurogenesis and they can 

act as both transcriptional activators and repressors. It has been shown that these 

transcription factors when overexpressed in the chick developing spinal cord, block 

neuronal differentiation and maintain progenitor cells in an undifferentiated state by 

maintaining the expression of progenitor properties and inhibiting the capacity of bHLH 

proteins to promote cell cycle exit and consequently neuronal differentiation (Bylund et al. 

2003, Holmberg et al. 2008).  !!
1.2.2. Notch signaling  !
One signaling strategy in the developing spinal cord, also well studied in other tissues and 

many organisms and adopted for maintenance of uncommitted progenitor pool, is the 

NOTCH pathway (Andersson et al. 2011). The Notch genes (Notch1–4 in mammals) 

encode membrane-bound receptors whose cognate ligands include the DELTA (DLL11, 

DLL3, DLL4) and JAGGED (JAG1, JAG2) families of membrane-bound proteins (Lai et al. 

2013). !
The NOTCH pathway is activated by cell-cell communication with a NOTCH-ligand 

expressing cell. In the proliferative cells of the VZ of the spinal cord three Notch receptors 

have been found to be expressed: JAGGED 1, JAGGED 2, and DLL1. Once a Notch 

receptor has been activated by contact with an adjacent Notch positive cell, the 

intracellular domain of the Notch receptor is cleaved releasing the NOTCH intracellular 

domain (NICD) that is then transported to the nucleus. Once in the nucleus, NICD binds to 

the transcription factor CSL (CBF1/Suppressor of Hairless/Lag-1) which leads to an 

allosteric change, consequent activation of CSL and recruitment of the transcriptional 

coactivator protein Mastermind-like (MAML). The formation of the ternary complex NICD-

CSL-MAML is necessary for activating expression of NOTCH target genes (Louvi and 

Artavanis-Tsakonas, 2006, Kopan and Ilagan 2009, Wang et al 2015).  !
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Among the target genes of activated NOTCH are the bHLH transcription factors Hes1 and 

Hes5 that act as DNA binding repressors and counteract the expression of proneural genes 

(Louvi and Artavanis-Tsakonas 2006, Ohtsuka et al 1999). It has also been suggested that 

HES transcription factors antagonise neurogenesis by forming non-functional pairs with 

proneural proteins or E-proteins (Fischer and Gessler, 2007; Sasai et al., 1992, Holmberg et 

al 2008).  !
One role of NOTCH in the developing CNS is to control the balance of undifferentiated 

and differentiated neural cells via regulation of proneural bHLH proteins and E-proteins 

(ubiquitously expressed bHLH proteins) expression levels. It has been suggested that E –

proteins fact as obligatory heterodimerizing partner factors of proneural proteins 

preventing this way neuronal differentiation (Holmberg et al. 2008). 

During early development of CNS, Notch mediated lateral inhibition is initiated by bHLH 

proneural genes: bHLHs upregulate expression of NOTCH ligands that in turn activate 

NOTCH signaling in the neighbouring cell (Huang et al. 2014; Skeath and Carroll 1994; 

Johnson and Glasgow 2009) which will block neurogenesis via Hes1 and Hes5 as 

described previously and keep the neighboring cells in a progenitor state (Figure 4).  !
 !!!!!!!!!!!!!!!!!!
Figure 4. Interaction between Notch signaling and bHLH transcription factors. High levels of bHLH proneural 
protein in one cell enhances the expression of Delta ligand that in turn activates Notch signaling in the 
neighboring cell. Activation of Notch signaling induces expression of bHLH transcription factors Hes1and Hes5 
which in turn represses the proneural bHLH transcription factors in that cell. High levels of Notch and low levels of 
proneural bHLH transcription factors will maintain the progenitor state whereas low levels of Notch and high 
levels of proneural bHLH transcription factors will induce neuronal differentiation. From Johnson and Glasgow 
2009 !!

�8



!
1.2.3 bHLH proneural genes !
bHLH proneural genes encode for a family of transcription factors that are involved in the 

regulation of different developmental processes comprising cellular differentiation and 

lineage commitment not only in the nervous system but also in other organs such as heart 

and muscle. During the entire development of the nervous system their role is crucial from 

neural fate determination to neuronal subtype specification (Johnson and Glasgow 2009). 

The ubiquity of these transcription factors and the ability to regulate different processes is 

partly due to the structure of the proteins they encode for. Their basic domain is 

responsible for contacting the major groove of the DNA while the HLH (Helix-Loop-Helix) 

domain composed by two helices divided by a loop mediates protein hetero or 

homodimerization (Bertrand et al. 2002; Powell and Jarman 2008, Huang et al. 2014). The 

60 amino acid bHLH (basic-Helix-Loop-Helix) motif binds to a core hexa-nucleotide e-box, 

CANNTG (Johnson and Glasgow 2009).  !
The bHLH family, highly conserved through evolution, was first discovered in Drosophila 

melanogaster responsible for promoting a neural identity, rather than an epidermal one, 

onto naïve ectodermal cells (Skeath and Carrol 1994, Huang et al 2014). This family 

included members of the achete-scute complex (achete (ac), scute (sc), lethal of scute (lsc) 

and asense (as)), ato, amos and cato (Bertrand et al 2002). In vertebrates, ato genes 

belong to three different families: neurogenin genes (Neurog1, Neurog2, Neurog3) 

neurogenic differentiation genes (NeuroD1, NeuroD2, Neurod4/Math3/Atoh3, Neurod6/

Math2/Atoh2, Atoh1/Math1, Atoh7/Math5) and Olig genes (Olig1, Olig2, Olig3) (Huang et 

al. 2014). !
According to their dimerization capabilities, DNA binding specificities and expression 

pattern, the bHLH transcription factors have been classified in two groups: class A and 

class B. Broadly expressed and often called E-proteins, class A comprises all class I bHLH 

transcription factors including HEB (TCF12, MGI), E2-2 (TCF4, MGI), and the two splice 

variants of E2A (TCFE2A, MGI), E12 and E47 in vertebrates. E-proteins form homodimers 

as well heterodimers with class B proteins. Class B proteins comprises from class II to class 

VII, which vary in protein motifs and activity, can act both as repressors and activators of 

downstream target genes resulting in both inhibition or activation neuronal differentiation.  !
Class II includes Mash1 (Ascl1, MGI), Math1 (Atoh1, MGI), Math5 (Atoh7, MGI), Ngn1, 2, 3 

(Neurog1, 2, 3, MGI), and Neurod1 which are known to form heterodimers with E- 

proteins, bind DNA at e-box elements and promote neurogenesis, regulation and 

activation of neuronal specification. It has been shown that class II factors such as AsclI, 

AtohI, Neurog1 and Neurog2 promote neuronal differentiation while inhibiting gliogenesis 

(Bertrand et al 2002). Also, introduction of Ascl1, Neurog1/2, Neurod4 or Atoh1 in chick 

spinal cord resulted in excess neurons (Lee et al 2005, Nakada et al 2004, Lai et al 2013) 

while forced expression of Neurog1 in cortical progenitor cultures promoted neurogenesis 
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(Sun et al 2001, Lai et al 2013).  Moreover, misexpression of Ascl1 and Neurog1 induced 

neuronal differentiation in P19 embryonal carcinoma cells by inducing cell cycle exit and 

neuronal specific genes (Farah et al 2000, Lai et al 2013). Forced cell cycle exit and 

consequent neuronal differentiation was observed also after electroporation of Mash1, 

Math1, Ngn1 and Ngn2 in the chick neural tube (Johnsons 2009). In fact, it is well 

accepted that upregulation of proneural genes results in cell cycle exit and neuronal 

differentiation (Bertand et al. 2002, Lai et al. 2013).  !
Class VI bHLH transcription factors include HES proteins (homologs to Drosophila hairy 

and enhancer-of-split) and are known inhibitors of neurogenesis by binding to N-boxes 

with recognition site CACNAG located in the upstream regulatory regions of proneural 

genes inhibiting this way their function (Huang at el 2014, Lai et al 2013) 

As described previously, another functional characteristic of proneural genes is their ability 

to transactivate and initiate NOTCH signaling. For instance, class II and class VI 

transcription factors participate in a regulatory circuit based on cell-cell communication via 

the NOTCH-DELTA signaling pathway that serves to limit the number of differentiating 

cells and maintain the progenitor population (Johnson and Glasgow 2009) 

Also, it has been shown that genes encoding for NOTCH ligands Dll1 and Dll3 are direct 

targets of Ascl1 in the telencephalon and neural tube together with other genes involved 

in cell cycle exit and differentiation (Castro et al. 2006). !
The omnipresence of bHLH transcription factors during the entire process of neurogenesis 

and given the complexity and sophistication of the process itself requires a great number 

of such factors that are activated at different stages of neurogenesis and development in 

general. For instance, some proneural bHLH proteins are crucial for neural fate 

determination while others are needed for neuronal differentiation. !!
1.2.4. Neuronal Diversity and Differentiation in the developing cortex !
The human cerebral cortex makes up two thirds of the neuronal mass and contains about 

three quarters of all our synapses. The cerebral cortex is organised in cytoarchitectonic 

areas with distinct cellular, biochemical, connectional and physiological features that were 

found to serve specific functions such as language, facial recognition or spatial orientation 

(Rakic 1988, Parnavelas 2000). These specific areas and the interactions among them are 

established during development of the cerebral cortex. In 1988, Pasko Rakic formulated a 

currently well accepted theory describing cortical development and neuronal 

differentiation, the radial unit hypothesis: it postulated that areas of the cortex develop in 

cortical columns or “radial units” which originate form a neural stem cell (known as radial 

glial) layer called the ventricular zone. Neurons generated from a specific proliferative 

radial unit migrate along the radial glial guides through the intermediate zone until they 

reach the subplate. Moreover, formation of specific cytoarchitectonic areas depends on 
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spatial distribution while position within specific layers and neuronal phenotype depend on 

their time of origin, (Rakic1988). !
In spite of functional differences among different areas in which the cerebral cortex is 

subdivided, it displays a general organisation of neurons into six histologically distinct 

layers defined as supragranular (layer I/II-III), granular (layer IV), and intragranular layers 

(layers V-VI). Layers contain different type of neurons endowing them with diverse 

morphological characteristics that vary in an area- specific manner. (Lodati and Arlotta 

2015, Greig et al. 2013). !
There are two main classes of cortical neurons: interneurons responsible for local 

connections and projection neurons whose axons extent to distant intracortical, subcortical 

and subcerebral targets. Interneurons, together with Cajal- Retzius neurons, are GABA 

(gamma aminobytiric acid) inhibitory neurons and are generated from progenitors located 

in the ventral telencephalon and cortical hem respectively, that migrate long distances in 

order to reach their final destination in the neocortex (Molyenaux et al. 2007, Wonders and 

Anderson 2006). Projection neurons characterized by a pyramidal morphology and 

responsible for transmitting information between different areas of the neocortex and 

other regions of the brain, are excitatory glutamatergic neurons that are generated from 

progenitors situated in the ventricular zone of the dorsal lateral wall of the telencephalon. !
With interneurons making up for 20-30% of the neuronal population in the cortex (Arlotta 

and Lodato2015), glutamatergic pyramidal neurons are the most represented type of 

neurons and based on their hodology, they are classified into three basic classes of cortical 

projection neurons. Associative projection neurons extend axonal projections within a 

single hemisphere, commissural projection neurons within the cortex to the opposite 

hemisphere through the corpus callosum or the anterior commissure whereas corticofugal 

projection neurons, such as subcerebral and corticothalamic projection neurons reach 

targets outside the cortex (Molyenaux et al. 2007, Greig et al. 213). Layers of the cerebral 

cortex are occupied by a variety of distinct neurons: for instance, while layer I is mostly 

composed of Cajal–Retzius neurons, layer II/III is populated by different classes of 

commissural neurons such as callosal projection neurons (CPN). CPNs reside also in layer V 

together with subcerebral projection neurons that connect the cortex with other areas of 

the brain (brain stem, spinal cord and superior colliculus). Layer VI is the result of different 

classes of corticothalamic projection neurons (CThPN) projecting to distinct thalamic nuclei 

and CPNs that connect through the corpus callosum (CC). Specific cortical projection 

neurons express a distinct gene signature: for example, SatB2 is expressed in CPNs of 

layer II/III, and V; FezF2 is expressed in CThPN of layer VI while Cux1 is expressed in CPNs 

of layer II/IIII (Lodato and Arlotta 2015). !
All neurons forming the mammalian cortex are generated in a determined window of time 

that is species specific: for example, in humans cortical neurogenesis lasts from gestation 

week 5 to 20 (Bystron et al. 2008) whereas in mice it lasts from embryonic day E11 to E19 
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(Lodato and Arlotta 2015). During early development, the undifferentiated epithelial cells 

of the telencephalic wall proliferate via symmetric divisions in order to expand the 

progenitor pool and start differentiation into radial glia (around E10.5 in mice) that will 

result in the formation of the ventricular zone (Haubensak et al. 2004) (Figure 5). Radial glia 

divides asymmetrically to self-renew while also giving rise to outer radial glia and 

intermediate progenitor that will constitute the subventricular zone (SVZ) and act as transit 

amplifying cells to increase neuronal production (Noctor et al. 2004). The first neurons to 

be generated are the Cajal-Retzius ones at E10.5 in mice and they migrate from the 

ventricular surface to form the preplate. The next wave of neurons migrates into the 

preplate and divides it into preplate and subplate while establishing the cortical plate 

around E12.5 in mice. From now on, neurons will be generated in an inside-out manner: 

early born neurons will reside in deeper layers (layer VI then layer V) whereas late born 

neurons will migrate past them, using radial glia as a scaffold, to populate the upper layers 

(first layer IV, then layer II/III) (Figure 5). At the end of neurogenesis, around E17.5 in mice, 

the radial scaffold begins to be dismantled and neural progenitors switch to gliogenesis 

giving rise to subependymal zone astrocytes and to a layer of ependymal cells (Kwan et al. 

2012, Molyenaux et al. 2007, Greig et al. 2013) 
 

Figure 5. Schematic of inside-out manner of generation of projection neurons form diverse progenitor types in 
the VZ/SVZ during development of the mouse brain. From Greig et al 2013 !
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The diversity of neuronal subtypes, their controlled organization and, the capability to 

interpret spatial and temporary clues in order to give rise to specific neurons, is mirrored 

by the unique transcriptional signature in each step of neuronal differentiation from 

progenitors to postmitotic neurons.  

Initially, the transition from neuroepithelium (NE) to radial glia (RG) at the onset of 

neurogenesis in the dorsal telencephalon corresponds to activation of NOTCH signaling 

and expression of NOTCH ligand delta like (Dll1). This activation, as mentioned earlier, is 

followed by upregulation of Notch downstream genes Hes1 and Hes5 (Martynoga 2012, 

Hatakeyama et al. 2004). Induction of Dll1 is accompanied by the appearance of proneural 

proteins Ngn2 and Ascl1, known transcriptional regulators of neurogenesis. It has been 

suggested that in order for Ngn2, at first characterized by oscillatory expression, to induce 

neuronal differentiation it has to be stably expressed. Progenitors exposed to stable levels 

of NGN2 have more time to respond to its proneural effect and undergo neuronal 

differentiation (Huang et al 2014). In fact, it has been observed that an increase in number 

of progenitors undergoing neuronal differentiation coincides with G1 lengthening 

(Shimojo, Ohtsuka, Kageyama 2008, Calegari, Haubensak, Haffner and Huttner 2005, 

Huang et al 2014). Moreover, in 2006 Castro et al. showed that NGN2 activates 

downstream transcription factors necessary for neuronal differentiation such as Neurod1, 

Neurod4, Tbr2, Rnd2, Dll1 and Dll3. Similarly to Ngn2, Ascl1, because of its ability to 

transactivate Notch signaling and initiate Notch mediated lateral inhibition, keeps 

progenitors in a proliferative state when its expression is oscillating whereas it promotes 

differentiation when it is stably expressed (Imayoshi et al 2013, Huang et al 2014). !
During the generation of early born neurons, which will give rise to deep layers neurons, 

specific transcription factors, such as SOX5, have been found to be expressed or enriched 

in particular layers or subtype of cortical projections. SOX5 is expressed in post mitotic SP 

and layer VI projection neurons and it has been shown that it regulates migration, 

molecular differentiation and axonal projection of deep layer neurons (Kwan et al. 2008, 

Lai et al. 2008). Moreover, it has been shown that SOX5 downregulates Fezf2 (fez family 

zinc finger 2) and Ctip2 that are specific to layer V neurons (Kwan et al 2008, Lai et al 

2008). 

Another transcription factor involved in the regulation of early born neurons is TBR1 which 

is expressed in corticothalamic projection neurons and similarly to SOX5, it downregulates 

Fezf2 and regulates laminar positioning, molecular differentiation and axonal path finding 

(Hevner et al., 2001; Han et al., 2011; McKenna et al., 2011). !
Laminar position and differentiation of late-born neurons, which will occupy upper layers of 

the cortex, are similar to the early born ones but they are regulated by different 

transcription factors. One important transcription factor that controls multiple aspects of 

upper layer neurons development is special AT rich sequence binding protein SATB2 

(Alcamo et al. 2008) and is present in corticocortical projection neurons of layer II-V, 

starting at E13.5 in mice. SATB2 is also a positive regulator of layer specific markers of 
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corticocortical projection neurons such as Cux2 and cadherin10 (cdh10) (Alcamo et al 

2008).  

Other well studied regulators of upper layer neurons migration and identity are POU3F2 

(Brn2) and POU3F3 (Brn1), two domain transcription factors that are expressed at layers II-

V starting at E14.5. In fact, double deletion of these transcription factors reduces not only 

expression of some upper layer markers but also proliferation in the VZ and SVZ form 

E14.5 affecting in this way, the generation of late born neurons (McEvilly et al. 2002, 

Sugitani et al. 2002). !
Neuronal differentiation in the developing cortex is a highly coordinated process where 

transcriptional regulation plays a vital role during each step and every aspect of it. In spite 

of the great knowledge acquired in the past years regarding the molecular mechanisms 

behind transcriptional regulation, many aspects remain to be elucidated.  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!
2. AIMS 
!!
During neuronal differentiation in the developing CNS, transcriptional regulation plays 

fundamental role in each step of the process from neural fate determination to neuronal 

specification. Control of gene regulation by transcription factors has been extensively 

studied in all cardinal stages of neuronal differentiation such as cell cycle exit, loss of 

progenitor properties, restriction of other lineages, migration and acquisition of neuronal 

features. However, despite the progress made in the field, due to the abundance of 

transcription factors, their ubiquity, their multiple functions and short timing of distinct 

differentiation stages, a lot remains to be clarified about regulation of gene expression and 

regulation of transcription factors themselves. The papers presented in this thesis aim to 

shed some light on the role of specific transcriptional factors at different stages of neuronal 

differentiation. Specifically, we explore the following aspects: !
Paper I focuses around two specific aspects of terminal neuronal differentiation: induction 

of neuronal features and repression of other lineages determinants. Particularly, we 

investigate the role of chromatin remodeler CHD5 during neurogenesis and the 

mechanisms that cause aberration of neuronal differentiation upon CHD5 downregulation.  !
Paper II investigates the importance of controlling expression levels of transcription factors 

during neurogenesis. We aim to understand how elevated levels of the Zac1 transcription 

factor block neuronal specification and induce non-neuronal lineage determinants.  !
Paper III aims to deconstruct interpretation of environmental cues and consequent 

regulation of gene expression during neurogenesis. More precisely, the authors investigate 

the mechanisms responsible for altering gene expression in stem cells during development 

upon changes in the cellular environment, such as heat shock  induced stress and how it 

leads to Notch sumoylation and repression of its target genes: the bHLH transcription 

factors Hes1 and Hes5. !!
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3. RESULTS 
!
3.1 Paper I: CHD5 is required for neurogenesis and has a dual 
role in facilitating gene expression and polycomb gene repression 
!
During development, generation of new cortical neurons from neural stem cells requires a 

loss of progenitor properties, acquisition of neuronal features (Molyenaux et al. 2007) and 

restriction of possible alternative lineages. Even though acquisition of neuronal properties 

via transcriptional regulation has been extensively studied, molecular mechanism 

responsible for repression of alternative lineages remain still unclear.	!
It has been shown that during lineage specification, chromatin regulators, seen as 

facilitators of such process rather than “main protagonists” (Holmberg and Perlman 2012), 

are involved in gene control regulation by “writing” and “reading” posttranslational 

modifications (Kouzadires 2007, Schubeler 2009). “Writer” proteins include Polycomb 

Repressive complex 2 that is associated with gene repression by mediating trimethylation 

of histone 3 at lysine 27 (H3K27me3) (Margueron and Reinberg 2011) whereas Trithorax 

group proteins are associated with gene activation by mediating deposition of H3K4me3 

(Schuetengruber et al. 2011). Chromatin “reader” proteins have a conserved structural 

domain such as chromodomains, plant homeodomains (PHDs) and Tudor domains (Yap 

and Zhou 2010) responsible for interaction with histone N-terminal tails that allows them to 

bind or read posttranslationally modified histone proteins (Taverna et al. 2007).	!
The chromatin remodeler CHD5 belongs to the CHD1-9 family of reader proteins 

characterised by the presence of two N-terminal chromodomains and a helicase-like motif 

associated with nucleosome remodelling (Clapier and Cairns 2009). The reader proteins 

belonging to the subgroup CHD3-5 have also double PHD domains that have been 

shown, for CHD4 and CHD5 to bind unmodified H3K4 (Musselman et al. 2009; Paul et al. 
2013). 

CHD5 gene is located, together with other 23 genes, at 1p36 a region commonly lost in 

high-risk neuroblastoma (Brodeur 2003; Okawa et al. 2008). Even though CHD5 is 

expressed in the adult CNS (Garcia et al. 2010; Potts et al. 2011), very little is known about 

its role during development.	!
Several members of the CHD family have been suggested to be key players during 

development (Ho and Crabtree 2010) and CHD5 has been shown to be expressed in 

neuronal tissue (Garcia et. al. 2010). Thus, we wanted to determine whether CHD5 played 

a role during neurogenesis. And, if so, how it affects neuronal differentiation.	!
We first established via qRT-PCR, western blot and immunohistochemistry that CHD5 is 

expressed in neural tissue during development and, it is upregulated during terminal 

differentiation of late stage neuronal progenitors. CHD5 expression pattern suggested that 

CHD5 is a neuron specific chromatin remodeler with roles in both CNS and peripheral 
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tissues of neural origin. In agreement with what observed in adult tissue, we found that 

CHD5 is expressed in the developing spinal cord and cortex as cells downregulated 

progenitor properties, exited cell cycle and acquired neuronal identity. 	!
To determine the role of CHD5 during cortical development we performed in vivo 

knockdown via in utero electroporation at E14.5. CHD5 knockdown resulted in failure of 

cells to exit the proliferative zone (VZ/SVZ and intermediate zone) while a slight but 

significant upregulation of proliferative markers (KI67) was observed. Failure to move out 

of the proliferative zone was accompanied by failure to reach upper layers and 

consequently terminally differentiate into neurons. In vivo experiments showed that cells 

where CHD5 had been depleted are not able to downregulate progenitor properties and, 
consequently, to terminally differentiate. 	!
We next performed knockdown of CHD5 into an in vitro model of neurogenesis in order to 

be able to perform qRT-PCR and gene expression array that would allow us to better 

understand the mechanisms by which CHD5 facilitates neuronal differentiation. Our data 

showed that inhibition of neuronal differentiation due to CHD5 reduced levels was 

accompanied by failure to activate several neuronal genes such as Tubb3, NeuN, and 

Ncam. Moreover, upon CHD5 depletion, polycomb target genes were upregulated. 	!
Peptide pull down-assays performed in nuclear lysates generated from mouse cortices and 

human SH-SY5Y neuroblastoma cell line showed that CHD5 binds to H3K27me3 via its 

tandem chromodomains. In addition, genome wide ChIP-seq analysis showed that CHD5 

binds a large cohort of genes and is required to activate neuronal genes during neuronal 

differentiation while. Also, CHD5 chromodomains bind to H3K27me3 while localization of 

CHD5 on a cohort of Polycomb target genes is necessary to maintain their repressed state. 	!
Our in vitro combined with the in vivo data supports a dual role for CHD5 where it both 

facilitates the activation of neuronal genes and synergizes with Polycomb group proteins to 

facilitate the repression of genes encoding regulators of alternative lineages.	
Our study suggests that, in addition to cell cycle exit, downregulation of progenitor 

features and upregulation of neuronal traits ,there is also a need to restrict expression of 

factors determining non-neuronal lineages.  !!
3.2 Paper II: Elevated levels of ZAC1 disrupt neurogenesis and 
promote rapid in vivo reprogramming. 
!
During neurogenesis, timing of cell cycle exit is crucial for proper neuronal differentiation 

and generation of new neurons requires strict control of gene expression during each step 

of the process: from proliferation of a progenitor until migration and maturation of the 

newly born neuron. In paper II we focused on the role of the transcription factor ZAC1 

during cortical development. ZAC1, already shown to induce apoptosis and cell cycle 
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arrest (Spengler et al. 1997) belongs to an imprinted gene network (IGN) that is involved in 

embryonic growth (Varrault et al. 2006). Zac1 is expressed in the germinal zone (Valente et 

al. 2005) and recently, it has been shown that ZAC1 is necessary in the developing cortex 

for proper neuronal migration (Adnani et al. 2015).  Despite this, a lot remains to be 

elucidated regarding the role of ZAC1 during neurogenesis. 	!
To elucidate its role during neurogenesis, we first established, via immunohistochemistry in 

chick spinal cord and mouse cortex, that ZAC1 is expressed in proliferating progenitors 

both in the forebrain and spinal cord during CNS development whereas its expression is 

lost upon cell cycle exit and in postmitotic neurons. In vivo overexpression of Zac1 in 

cortex and spinal cord via, respectively, in utero and in ovo electroporation led to 

premature cell cycle exit and, differently to what observed upon overexpression of 

proneural genes, there was no precocious differentiations. On the contrary, further 

immunostaining with post mitotic markers showed that neuronal differentiation was 

obstructed. 	!
To elucidate the mechanisms that led to precocious cell cycle exit and obstructed neuronal 

differentiation we performed genome wide analysis via RNA-Seq in FACS sorted cells from 

mouse cortices electroporated with Zac1. Cell cycle exit observed initially was mirrored 

also in the genome wide analysis by reduced expression of positive regulators of cell cycle 

such as MycN, Ccnf and Cxl12. Moreover, RNA-seq showed that, while expression levels of 

early proneural bHLH factors such as Neurog1 and Neurog2 were unaltered, their 

downstream targets such as Neurod1, Neurod6, Dlx2 and Rnd3 together with pan-

neuronal genes such as Map2 and Tubb3 showed decreased expression. In Zac1 

overexpressing cells, we also observed an increased expression of genes belonging to IGN 

such as Igf2, H19, Dlk1, Gnas and Igf2as. Interestingly, GO analysis of the sequencing data 

showed an enrichment of mesodermal and muscle associated genes in cells 

overexpressing Zac1 and a significant increase of determinants of early mesoderm/

endoderm formation such as Tbx6 (Takemoto et al. 2011) myogenic fate determination 

such as (Myod1 and Myog) together with Desmin and Myoz1 known structural proteins of 

muscle fibers. This data, was supported by further RT- qPCR performed in mouse neuronal 

Neuro2a and human neuronal SHSY-5Y cell lines electroporated with Zac1.	!
Other genes that resulted enriched from the RNA sequencing analysis upon Zac1 

overexpression were pluripotency associated genes such as FoxH1, an inducer of 

mesenchymal to epithelial transition and Glis1 both inducers of iPSC formation (Takahashi 

et al. 2014). The newly acquired “pluripotency” of Zac1 overexpressing cells was confirmed 

in Zac1 electroporated cortices by staining for AP activity, a common marker for increased 

“stemness” together with augmented levels of Alpl observed in the RNA sequencing data 

suggesting that elevated levels of Zac1 cause a loss of neuronal identity via induction of 

pluripotency and non-neuronal genes. !

�18



Further analysis on electroporated cortices together with luciferase activity assay 

demonstrated that Zac1 triggers precocious cell cycle exit via activation Cdkn1c (P57). 

However, when a rescue experiment (electroporation of both Zac1 and shRNA for Cdkn1C) 

was performed, we observed that while cell cycle is restored thus dependent from P57 

activation, induction of non neuronal factors such as DESMIN was still there suggesting the 

latest is an event triggered solely by Zac1 levels and it is not related to precocious cell 

cycle exit. 	!
In addition, ChiP-Seq analysis for SOX2 performed on E11.5 mice cortices, showed that 

Zac1 is bound by SOX2 in a conserved region containing the TTTGT motif. Moreover, data 

analysis from in utero electroporations of Sox2 exhibited decreased levels of Zac1 

transcript whereas data from electroporations with shRNA against Sox1-3 showed 

increased levels of Zac1 transcript thus, suggesting that Zac1 is negatively regulated by 

SOXB1 transcription factors. !!
3.3 Paper III: Stress-Inducible sumoylation of NOTCH1 represses 
its target gene expression. 
!
One crucial aspect of neurogenesis and proper neuronal differentiation is the capability of 

a progenitor cell to process environmental information and adapt by effectuating changes 

in gene expression. An extensively studied signaling pathway during neurogenesis is the 

one mediated by NOTCH. During development, many processes require oscillating and 

dynamic expression of Notch genes (Kobayashi and Kageyama 2014). Activation of 

NOTCH signaling, which is strictly dose-dependent (Anderson et al. 2011, Anderson and 

Lendhal 2014) results in induction of NOTCH target genes which in turn need to be fine-

tuned for cells in order to meet changes in their physiological environment (Main et al. 

2010, Gustafsson et al. 2005, Sahlgren et al. 2008). Despite the abundance of literature 

regarding NOTCH signaling during neurogenesis, the mechanisms behind its diversity and 

the dynamic regulation of NOTCH target genes are not fully understood.  !
Notch signaling is activated by direct contact with a cell expressing a Notch ligand. An 

activated notch receptor results in release and translocation of the NOTCH intracellular 

domain (NICD) to the nucleus where it activates specific target genes by forming a 

complex with other transcription factors (Pezeron et al. 2014). Once NICD translocates to 

the nucleus, it forms a transcriptional complex with the DNA binding protein RBPJ and 

coactivators of the mastermind like family (MAML) that in turn interacts with P300, a crucial 

step for transcriptional activation (Wang et al. 2014).  !
Regulation of NOTCH transcriptional activity can be regulated by interaction with other 

signaling pathways and post-transcriptional modifications (PTM) (Andersson and Lendhal 

2014). A PTM shown to affect NOTCH activity is modification by small ubiquitin–like 

modifiers (SUMO), also known as sumoylation, which leads to degradation of the modified 
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protein. It has been reported that inhibition of sumoylation increases NOTCH target genes 

(Licciardello et al. 2014). However, it is not known how sumoylation affects modification 

and regulation of NICD1. In mammals, four different isoforms of SUMO (SUMO 1-4) have 

been reported (Betterman et al. 2012). They are involved in cell fate determination and 

various differentiation processes during development (Lomeli and Vazquez 2011). Many 

sumoylated lysines are also targets of other PTMs, such as ubiquitination and acetylation 

suggesting there is a cross talk between SUMO and other PTMs (Hendriks et al 2014). 

SUMO binds to its substrates via E1 activating enzyme, an E2 ubiquitin enzyme 9 (Ubc9) 

and, in most cases, E3 ligases (Watts 2013). Desumoylating proteins rapidly reverse 

sumoylation and, for sumoylation to mediate a specific function, usually several cycles of 

conjugation/deconjugation are needed (Wilkinson & Henley 2010; Bossis & Melchior 

2006).  !
It has been reported that class II histone deacetylases (HDACs), including HDAC4, function 

as SUMO E3 ligases (Sando et al. 2012) and they have been shown to regulate gene 

expression during stem cell differentiation (Zhang et al 2014). Acetylation and 

deacetylation affect chromatin landscape and regulate gene expression (Abend and Kehat 

2015): in fact, it has been shown that histone deacetylases have a crucial role during 

differentiation (Clocchiatti et al 2011). HDACs are divided into 4 classes according to their 

function and DNA sequence similarity: class I (HDACs 1,2,3,8), class II (HDACs 4, 5, 6, 7, 9, 

10), sirtuin class III and class IV (HDAC 11) (Foti et al. 2013). !
The aim of this study is to understand the molecular mechanisms behind the regulation of 

Notch target genes upon sumoylation, in response to environmental stimuli. 

To understand how sumoylation influences Notch activity, we first assessed, via previously 

developed approaches (Bloomster et al. 2009; Bloomser et al. 2010), that NOTCH1 is a 

putative substrate of SUMO2 and that sumoylation of NOTCH1 may occur within a 

sequence of the RAM domain containing 4 lysine residues (K1774, K1780, K1781, K1782). 

Immunoprecipitation of whole cells extract of HeLa cells transfected with Notch1 and 

SUMO1 showed sumoylation of NICD.  !
To assess the effect of stress, immunoprecipitation performed on heat shocked treated 

HeLa cells showed that heat shock increases modification of NOTCH1 by SUMO1 and 

SUMO3. To establish which endogenous isoform of SUMO was capable of modifying 

NOTCH1, immunoblot with antibodies against SUMO1 and SUMO2/3 was performed on 

immunoprecipitated NOTCH1 from HeLa cells extract transfected with NICD1. Only 

endogenous SUMO2/3 was able to modify NOTCH1. Immunofluorescence analysis COS7 

cells transfected with Notch1 and/or SUMO showed that they interact in the nucleus and 

that this interaction increases NICD nuclear levels. Moreover, stronger nuclear localization 

was observed when heat shock was combined with overexpression of NOTCH and SUMO. 

To determine the effects of NOTCH accumulation due to stress induced sumoylation we 

analyzed NOTCH1 activity by using a 12XCSL luciferase reporter gene in cells that were 

transfected with SUMO+NICD1 and cells transfected with SUMO and a tetra SUMO 
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mutant of NICD, where all four conserved lysines in the RAM domain were mutated to 

arginine so it cannot be sumoylated. Upon heat stress, the accumulation of TSM in the 

nucleus was weaker that the wild type and interestingly, TSM diplayed higher NOTCH 

activity than the wild type NICD upon luciferase assay with 12XCSL. To verify whether the 

repressive effect of sumoylation applies also to target gene expression, RT-qPCR analysis 

was performed for classical NOTCH1 target genes. RT-qPCR analysis showed that Hes1, 

Hey1 and Hey2 decreased upon heat treatment when NICD1 was overexpressed but Hey1 

and Hey2 increased when TSM was overxpressed instead. !
To determine if proper sumoylation is needed to activate downstream target genes and 

negatively regulate neurogenesis in vivo, in ovo electroporation was performed with 

vectors encoding either for the wild type NICD or TSM lacking the domains necessary for 

sumoylation.  When electroporated, both constructs inhibited upregulation of the neuronal 

marker TUJ1 and induced expression of NOTCH1 target genes such as Hes5. Upon heat 

induced stress however, there was a reduction of Hes5 RNA levels in neural tubes 

electroporated with wild type NICD whereas in embryos electroporated there was still a 

robust increase of Hes5 suggesting that sumoylation of NOTCH1 is needed for activation 

of it downstream target genes. 	!
To unravel the mechanisms beyond suppressed NOTCH1 activity upon sumoylation we 

focused on HDAC4, a known negative regulator of transcription. 

Downregulation of HDAC4 with small interfering RNAs (siRNA) increased the stressed 

induced Notch1 activity and even more in the presence of SUMO. Moreover, the 

interaction between HDAC4 and NICD was increased in the presence of SUMO and it was 

more increased upon heat shock. Whereas binding of TSM to HDAC4 was reduced 

suggesting sumoylation of NICD enhanced binding to HDAC4. Analysis of Notch target 

genes expression upon overexpression and siRNA medated knock down of HDAC4 in the 

presence of heat shock, showed that silencing of HDAC4 activated Notch target genes 

whereas overexpression of HDAC4 had an opposite effect. Taken together, our data 

showed that HDAC4 has a repressive role in the regulation of NOTCH target genes upon 

NICD sumoylation due to heat-induced stress.  !
!
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4. DISCUSSION  
!
During development stem cells undergo sequential fate restriction from a pluripotent cell 

to neural progenitor and finally to a differentiated neuron. Throughout this process the 

ability of a cell to generate cell types is reduced during each developmental stage 

(Hirabayashi and Gotoh 2010). Reduced potential is accompanied by dramatic changes in 

gene expression, which are mostly coordinated by transcriptional activity. For instance, 

whereas in pluripotent stem cells global transcriptional activity is hyperactive, in NPCs its 

levels drop to 50% (Hirabayashi and Gotoh 2010). The change in transcription regulation is 

mirrored by the changes in chromatin compaction suggesting that the chromatin is in a 

loosened state and more readily accessible to transcription in ESCs than NPCs (Meshorer 

et al. 2006).  !
Neurogenesis begins with neural induction: stem cells undergo fate restriction from a 

pluripotent state to being able of producing only neural lineages. During this stage, the 

ability to sense stimuli from the surrounding environment and consequently respond by 

changing gene expression is crucial. In fact, expression of proneural genes during neural 

induction is determined not only by intrinsic factors but also spatial and temporal cues. An 

extensively described pathway, vital during neurogenesis is the one mediated by Notch 

signaling. In paper III we show that cues form the surrounding environment have a great 

influence on neurogenesis and consequently on neuronal differentiation. Indeed, we 

showed that stress induces sumoylation and accumulation of NICD in the nucleus. This 

accumulation results in interaction of NICD with HDAC4 that in turn suppresses the 

expression of NOTCH target genes suggesting that environmental cues such as stress, by 

changing transcriptional activity, have the potential to influence neurogenesis. !
Once neural fate has been established in the progenitor population, NPCs (neural 

progenitors) will undergo further fate restriction in order to produce first, neuronal cell 

types during the neurogenic phase and, later, glial cell types during the gliogenic phase 

(Hirabayashi and Gotoh 2005). Moreover, during the neurogenic phase, different types of 

neurons, which will be located in different layers of the neocortex, are produced. 

Generation of new neurons is the result of further fate restriction mirrored by changes in 

gene expression that in turn is coordinated by specific transcriptional signatures. Gradual 

fate restriction of a progenitor cell to a more differentiated state, occurs by expression of 

neuronal genes and downregulation of other lineages determinants. The elevated number 

of changes in gene expression and the short window of time during which they have to 

occur require a strict and precise control of transcriptional activity. In paper I we show that, 

beside upregulation of neuronal genes, repression of other lineage determinants is as 

important for neuronal differentiation to occur. Our data suggest that CHD5 chromatin 

remodeler is essential for neurogenesis because not only it facilitates the activation of 

neuronal genes but also interacts with Polycomb group (PcG) proteins to mediate the 

repression of genes regulating of alternative lineages.  !
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PcG proteins play a crucial role in the repression of key developmental genes via 

trimethylation at histone H3 lysine 27 (H3K27me3) (Margueron and Reinberg 2011; 

Hirabayashi and Gotoh 2010). Many developmental genes are bivalent (also known as 

poised state) during early development i.e. they have both a repressive mark (such as 

H3K27me3) and active mark (such as H3K4me3). It has been shown that neural genes such 

as Ngns, Pax6 (paired box gene 6), Sox1, Nkx2.2 (NK2 transcription factor related, locus 2) 

and Ascl1 are bivalent in ESCs and they become active, i.e. lose their repressive mark but 

keep the active one, at the onset of neural specification (Hirabayashi and Gotoh 2010; 

Mikkelsen et al. 2007).  !
Similarly to the concept of poised state, the seesaw model proposes that pluripotency of 

stem cells is defined by transcriptional competition of lineage specifying transcription 

factors. According to this model, many individual transcription factors, responsible for 

differentiation into various lineages, constantly attempt to specify stem cell differentiation 

to their own lineage of interest.This constant tug-of-war, balances out the effects of single 

transcription factors and serves to maintain the cell in a pluripotent state (Loh and Lim 

2011). Loss or downregulation of individual transcription factors will result in differentiation 

of the stem cell towards lineages of the other pluripotency factors.  Hence, activation and 

repression of specific transcription factors is essential during development but is not the 

only modality of transcriptional regulation. For instance, fine-tuning of expression levels of 

certain transcription factors is a determining aspect of neuronal differentiation. In paper II 

we show that elevated in vivo levels of the imprinted transcription factor Zac1 inhibit 

neuronal differentiation and induce upregulation of mesodermal/myogenic lineage 

determinants accompanied by expression of genes known to regulate pluripotency. The 

study shows that SOXB1 transcription factors, despite being in the same NPC population, 

negatively regulate Zac1 suggesting that its expression levels need to be controlled in 

order to avoid aberrant induction of non neuronal genes and premature cell cycle exit.  !
Transcription factor control of gene expression is crucial for development. Thanks to 

intense research efforts the last decades, our understanding of this process have been 

much improved. Despite this, a lot remains to be elucidated regarding their mode of 

activity, regulation, interaction between each other and how non-autonomous stimuli 

exerts control over their mode of action. 

!
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