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ABSTRACT 
 

For a tissue to regenerate, the cells living within it must be able to replace damaged 

or lost cells. Although some organs in the human body have this ability, injuries to the 

central nervous system often result in permanent functional damage. Therefore, direct 

glial reprogramming may offer significant potential for studying disease-modifying 

strategies. While there have been many substantial scientific findings in the field, in vivo 

results have been currently challenged, with reports showing limited-to-no neuronal 

conversion. As a result, several aspects must be considered when applying this strategy. 

We reason that the cell environment and maturity state influence these discrepancies. 

Accordingly, we mainly investigate the latter aspect to identify intrinsic factors possibly 

hindering astrocyte conversion. 
 

We tested the efficiency of reprogramming in different in vitro models in which 

we induced a maturation state in astrocytes by expressing the factors Rorb and Fezf2. 

Furthermore, by directly isolating and purifying astrocytes from the adult mouse. Already 

in vitro, we observed a drastic decrease in neuron yield compared to reprogrammed 

postnatal astrocytes. Interestingly, during astrocyte maturation, we identified a significant 

enrichment signal of the heterochromatin marks H3K9me3 and H3K27me3 accompanied 

by a loss of chromatin accessibility at many target sites of the proneuronal factor Ascl1, 

known to drive neurogenesis during development and widely used in cell conversion 

studies. Consequently, we hypothesized that in vivo, chromatin changes occur during 

maturation to protect cell identity, which might hinder transcriptional factors neuronal 

induction that is otherwise not observed during postnatal stages. 
 

Our current analyses add to the understanding of how the maturation state might 

impact the cell propensity to overgo reprogramming. We suggest that when targeting 

astrocytes for fate conversion, it should be contemplated that their functional maturity, at 

least in the cortex, can already influence their potential to be reprogrammed. 
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1. Introduction 

The human body comprises 37.2 trillion cells, forming all your tissues and 

organs. This is possible as various complex molecular processes take place during 

development, helping cells to specialize into different types, going from neurons to 

blood cells (Fasching et al, 2021). In particular, stem cells are pluripotent and 

uncommitted cells that differentiate, giving rise to various tissue-specific cell types, 

through a set of complex transcriptional and epigenetic networks (Bernstein et al, 

2007). Hereof, for the determination of cell identity, different cues are available 

guiding cell fate. Specifically, the way cells communicate is crucial for such a 

process, and they do so by releasing a variety of molecules acting as external cues. 

By doing this, there is a timely coordination in their division and differentiation 

taking place under different cellular environments. In this regard, the Bone 

Morphogenic Protein (BMP), Wnt, and Nodal pathways are known to induce 

specific lineage of cells (Hogan, 1996; Yamaguchi, 2001; Schier, 2003; Murry & 

Keller, 2008; Armingol et al, 2022). Additionally, besides these former cues, the 

internal aspects of the cell also contribute to this journey. For instance, they have a 

specific set of genes whose expression guides their behavior and indicates where 

they belong. This set of properties enables cells to develop unique features and 

particular functions (Perrimon et al, 2012; Aravantinou-Fatorou & Thomaidou, 

2020). Therefore, a variety of cell functions take place during development, 

including acting as inducers or responders within wide signaling networks, as the 

ones along with many other well-known molecular cascades, such as the Hippo, 

JAK/STAT, or Nf-k pathways. As a starting step, some cells need to be directed 

toward a determined fate, therefore they need to have the competence to do both, 

detect and receive signals induced by neighboring cells, known as inducers. 

Consequently, a fully committed cell may then serve as a guide for incoming cells 

(Jr & Waddington, 1943; Perrimon et al, 2012). Essentially, different signaling 

pathways are responsible not just for developmental switches but also for other 

important biological processes such as apoptosis, migration, and proliferation 

(Perrimon et al., 2012; Wilcockson et al., 2017). 
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Certainly, many milestones have been achieved in understanding the process of 

forming fully mature differentiated cells in multicellular organisms (Paksa & 

Rajagopal, 2017). In 1940, few years after DNA was recognized as the molecular 

basis of heredity, Conrad Hal Waddington proposed his classic view of cell fate 

hierarchy, according to which lineage commitment and differentiation was a 

unidirectional and irreversible process (Bhattacharya et al, 2011). His famous 

diagram illustrated this differentiation concept of lineage specification in an 

'epigenetic landscape' as a means of describing the developmental restriction upon 

cell differentiation (Figure 1.1) (Rajagopal & Stanger, 2016; Paksa & Rajagopal, 

2017). Interestingly, 19 years before the breakthrough work by Yamanaka came 

out, the transcription factor myoblast determination (MyoD) was already known to 

transdifferentiate fibroblasts into acquiring muscle-specific properties as early as 

1987 by Davis and colleagues (Davis et al, 1987). Certainly, the notion of cell 

plasticity has been substantiated in several experiments carried out during the past 

40 years. Accordingly, the ability of a cell to transform into another cell type is 

recognized not only by gene perturbation experiments, but also know to occur 

spontaneously (Zhou & Melton, 2018; Leaman et al, 2022) . Indeed, it is possible 

for cellular identities established during development to change during the lifespan 

of an organism (Rajagopal & Stanger, 2016). A particularly interesting example are 

the differentiated cells from the liver, the hepatocyte and the cholangiocyte, as they 

can regenerate itself when damaged. This is especially interesting, considering the 

mentioned fact that some cells have the intrinsic capacity to switch their fate when 

they need to. Indeed, previous studies have reported how upon an insult these two 

cell types can transdifferentiate into the lineage of the other (Raven et al, 2017; 

Schaub et al, 2018; Leaman et al, 2022). This is not limited to the liver, and other 

organs like the pancreas have shown de-differentiation and properties (Zhou & 

Melton, 2018). However, despite that nowadays the concept of cell state is seen as 

a dynamic process, not all fully differentiated cells inherit this endogenous cellular 

plasticity and upon damage or injury, they fail to regenerative (Zamboni et al, 

2020). 
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1.1 The brains regenerative capacity  

There is a limited capacity for spontaneous regeneration of the central nervous 

system (CNS), comprising the brain, spinal cord, and retina (Tam et al, 2014). 

Therefore, with few regenerative strategies available, patients with CNS injuries or 

diseases have few treatment options (Llorens-Bobadilla et al, 2020; Arvidsson et 

al, 2002; Zamboni et al, 2020). 

Neurodegeneration is an umbrella term subsuming a heterogeneous family of 

neurodegenerative diseases commonly characterized by the pathological hallmark 

of abnormally aggregated protein in the brain. This phenomenon results in the 

progressive deterioration of the CNS impairing its neuronal circuits and its proper 

function (Seeley et al, 2009; Arendt et al, 2016; Kempuraj et al, 2016). The fact 

that neurodegeneration involves a progressive loss of neurons in the brain, 

highlights the potential of cell replacement and regenerative therapy, 

transplantation, and gene therapy among others therapeutic possibilities (Qian et al, 

2020). 

 

1.2 Direct reprogramming 

Potential disease-modifying strategies for neurodegenerative diseases are being 

developed, with the last decades focusing on the restoration of the underlying 

diseased network, as with cell therapies. In line with this, studies to induce fate-

switch of neural and non-neural cells in a transcription factor based-manner have 

been increasingly performed over the last decade (Cieślar-Pobuda et al, 2017; 

Janowska et al, 2019). This technology employs somatic cells for the generation of 

induced pluripotent stem cells (iPSCs) and induced neuronal cells (iNCs). To apply 

this in human research, disease- and patient-specific cell lines have been derived 

from patients diagnosed with neurodegenerative disease (Park et al, 2008; Soldner 

et al, 2011). The conversion of a somatic cell type into another, while bypassing a 

pluripotent state, represents not only a rapid way by which researchers must 
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generate the needed cells in the laboratory compared to induced pluripotent stem 

cell reprogramming (Kelaini et al, 2014; Wang et al, 2021a), but also a way in 

which tumorigenesis is potentially avoided (Fang et al, 2018; Cieślar-Pobuda et al, 

2017) However, is worth mentioning that direct cell reprogramming, albeit 

avoiding a pluripotent state, an intermediate transcriptional state is induced until 

the desired phenotype is reached (Treutlein et al, 2016). 

In the past century, a paradigm shift has been experienced within the field of 

cell conversion. Currently, basic notions of cell differentiation are well established 

ever since the unidirectional process model by Waddington in 1957 for 

reprogramming was challenged (Waddington, 1957; Waddington, 2012). To 

recapitulate, Waddington’s landscape model firstly proposed how only cells 

belonging from the same germ layer can only differentiate from one type into 

another in a unidirectional manner. However, as aforementioned, nowadays this 

view has been reassessed with a huge body of evidence supporting the opposite, 

this new theory has been labelled as the cook island model (Gascón et al, 2017; 

Kelaini et al, 2014). What this model state is how cells from various lineages have 

the capacity to undergo trans-differentiation in vivo into cells belonging from other 

lineages, even from different germ layers, contrasting Waddington’s model 

(Masserdotti et al, 2016; Gascón et al, 2017). Accordingly, throughout the last 

years, different research groups have presented studies on the molecular 

mechanisms driving cell conversion using a diversity of cells, like fibroblasts, 

mouse embryonic stem cells (Berninger et al, 2007; Heinrich et al, 2010; Caiazzo 

et al, 2011; Liu et al, 2013; Rivetti Di Val Cervo et al, 2017; Colasante et al, 2019) 

and even peripheral blood mononuclear cells (Tanabe et al, 2018) providing more 

insights into the mechanisms safeguarding cell identity (Brumbaugh et al, 2019). 
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Figure 1.1 Conrad Waddington model of cellular manipulation a. Epigenetic landscape 
model proposed by Conrad Waddington with the current approaches to manipulate cell 
identity. Taken from (Takahashi & Yamanaka, 2015)  

 

1.2.1 Potential applications with direct reprogramming 

In order to understand and develop potential treatments for human disease, 

researchers are investing specifically, in the improvement of direct cell 

reprogramming methods. Reprogramming totally differentiated cells across 

lineages has uncovered how cells hold tremendous plasticity to reverse their fate 

commitment, arising new possibilities for generating powerful disease models and 

in regenerative medicine (Barker et al, 2018). Moreover, one favoring aspect of 

direct reprogramming as a promising approach for disease modelling relies on 

studies showing how patient-specific cell lines, retain age-associated cellular and 

epigenetics marks of the starter cell (Takeda et al., 2018). Accordingly, it has been 

reported how neurons induced from human fibroblasts by transcription factors 

retained donor-age-dependent transcriptomic signatures including their age-

associated defects. On the contrary, cellular parameters such as the telomere length, 

mitochondrial function, DNA damage response and global heterochromatin were 

reset after iPSC induction (Mertens et al, 2015). Therefore, direct reprogramming 
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seems an adequate technique for the study of a variety of diseases, such as 

neurodegeneration like PD (Addis et al, 2011; Park et al, 2008; Soldner et al, 2011; 

Gascón et al, 2017; Rivetti Di Val Cervo et al, 2017) and its applicability goes 

through a wide range of possibilities from cell transplantation to regenerative 

medicine (Fan et al, 2020; Fang et al, 2018; Barker et al, 2018). However, the field 

of cellular reprogramming still harbors important hurdles that need to be overcome 

before it can be clinically translatable. Besides the efficiency rate tends to be low, 

it is known how in vitro reprogrammed cells remain immature, another aspect that 

hinders cell conversion is the specific epigenetic mark designed to each cell during 

embryogenesis, potentially acting as a barrier for a full identity conversion 

(Masserdotti et al, 2015). Herein, it is of high interest to unravel the underlying 

molecular mechanisms behind the changes in cell identity during direct lineage 

reprogramming in both, healthy and pathological conditions (Ring et al, 2012; 

Gascón et al, 2017). 

 

1.2.2 Cell conversion with proneuronal factors expression 

Reprogramming somatic cells with defined factors, which converts them from 

one lineage into another, has fundamentally altered our perception of cell identity 

and fate. This is normally accomplished through the ectopic expression of different 

molecules like transcriptional factors (TFs), alone or in conjunction with small 

molecules or other proteins with facilitating properties to alter cell identity (Wang 

et al, 2021a) 

A wide variety of bioactive compounds have been identified to play a helpful 

role in boosting the enforced neurogenesis driving differentiation and, furthermore, 

prompting targeted cell maturation (Huangfu et al, 2008; Yamanaka, 2009; 

Federation et al, 2014; Ma et al, 2019; Janowska et al, 2019). Small compounds 

(SM) with a low molecular weight (900 Da) are known to act as potent modulators 

of glial activity, with epigenetic and transcriptional regulatory properties. A long 

list of small molecules has been tested and found to exert effective conversion 
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abilities. These compounds are becoming one of the preferred choices in research 

as they have differential effects depending on the cell type being used. A wide easily 

available selection of compounds exists, with diverse effectiveness in cell 

permeability and the possibility to develop sequential administration strategies 

(Figure 1.2) (Qin et al, 2017; Zhou & Sun, 2019; Basu & Tiwari, 2021). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. List of small molecules and pathways action widely used to directly induce 
neuronal reprogramming. Image taken from (Masserdoti et al, 2016). 

 

Additionally, and a wider approach used for converting cells, to modulate 

the transcription rate of genes involved in cell differentiation, DNA-binding 

proteins like transcriptional factors are also selected. These molecules specifically 

bind to regulatory sequences of the DNA known as distal cis-regulatory elements 

(Cre), or enhancer. Frequently, these elements affect which genes are turned on or 

off in the genome and are positioned thousands of base pairs from the transcription 
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start sites (TSSs) of their regulated genes (Hafner & Boettiger, 2022). Thereby these 

factors have a plethora of cellular functions by controlling gene transcription, 

protein synthesis, and ultimately cellular homeostasis (Adcock & Caramori, 2009). 

A characteristic feature of TFs is that some are ubiquitous, that is, common to 

several cell types, and some are cell-specific determining the phenotypic profile of 

a cell (Adcock & Caramori, 2009). The expression of the latter molecules has been 

previously shown to efficiently reprogram cell lineage conversion, both in vitro 

(Vierbuchen et al, 2010; Caiazzo et al, 2011; Masserdotti et al, 2015) and in vivo 

(Qian et al, 2012; Li & Chen, 2016; Liu et al, 2013; Colasante et al, 2019; Rivetti 

Di Val Cervo et al, 2017). 

In normal development, cellular specification is highly regulated also by the 

collective actions of TFs, controlling cell-specific gene networks. For instance, 

Oct4, Klf4 and Sox2 are three important pluripotency factors known to influence 

the epigenome beyond their initial binding points (Mayran et al, 2018). Indeed, a 

number of transcription factors have been shown to be capable of converting one 

type of cell into another, (Figure 1.3) after the discovery that one single factor was 

able to fully convert mouse embryonic fibroblasts (MEFs) into myoblasts just by 

the forced expression of MyoD2 (Davis et al, 1987). Accordingly, the lineage-

specific pro-neural factor such as Achaete-Scute Family bHLH Transcription 

Factor (Ascl1/Mash) is also known for its involvement in cell fate decisions and to 

be sufficient to convert cells from one lineage into another, making it a reliable 

master regulator. Indeed, Ascl1 is a well characterized factor shown to generate 

neurons from cells pertaining to unrelated lineages, (Pang et al, 2011; Chanda et al, 

2014; Vierbuchen et al, 2010) even from peripheral blood cells (Tanabe et al, 

2018). It is considered to be a key gene during development, usually being activated 

upstream in specialization pathways (Kelaini et al, 2014). In a later section, we will 

go into greater detail about this protein and its molecular effects during cell 

conversion. 
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Figure. 1.3 Trans-germ layer lineage conversion. Scheme taken from (Wang et al, 2021a). 

 

All in all, transcription factor-based reprogramming has been used for 

testing the effect of cell fate determinants that are known to be active during 

development. With gain-of-function experiments, it can be demonstrated how 

specific genes are necessary and sufficient to control certain processes of cell 

specification and differentiation. However, one potential limitation in this regard is 

that different factors can play a role in the establishment of lineage boundaries 

(Hersbach et al, 2022). However, this can be overcome by questioning and 

identifying key factors in the process and employing them accordingly to the 

efficacy strength they exert during cell fate implementation (Yamanaka, 2009; 

Gascón et al, 2017).  

In conclusion, the conversion process has thus, been thoroughly studied, 

resulting in extensive information on how both bioactive compounds, TFs and SM 

alone or in combination, can affect the generation of neural progenitors, glia cells 

and neurons, both in vitro and in vivo (Blanchard et al, 2015; Torper et al, 2015; 

Pereira et al, 2017; Steiner et al, 2018; Li et al, 2019; Yamanaka, 2009; Ring et al, 

2012; Liu et al, 2013). Furthermore, the differentiation of subtype-specific neurons 

by different combinations of transcriptional factors have demonstrated to 

successfully work in the conversion into functional induced neurons (iNs) (Yang et 

al, 2019; Pang et al, 2011; Colasante et al, 2019; Li et al, 2019). Interestingly, 
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reprogramming studies have shown promising results when aiming to apply the 

current knowledge to pathology, such as obtaining induced dopaminergic neurons 

from fibroblasts derived from PD patients (Caiazzo et al., 2011), or testing how 

brain injury can alter glial cell state to ease the identity switch in vivo, towards a 

neuronal fate (Zamboni et al, 2020). 

Although there have been many studies in the field, from in vitro, to in vivo 

employing different CNS areas and under pathological paradigms, some 

discrepancies have been reported, with positive and negative results of glial 

conversion towards neurons (Wu et al, 2020; Chen et al, 2020; Puls et al, 2020; 

Chen, 2021; Xiang et al, 2021; Wang et al, 2021a). In fact, current impactful studies 

are reporting contradictory results regarding the efficiency of reprogramming even 

when applying previous approaches to overcome conversion barriers (Leib et al, 

2022; Wang et al, 2021b). 

 

1.3 Challenging the field 

Indeed, since reprogramming can work fairly good in vitro, nevertheless, in 

vivo discrepancies appear, and results are met with skepticism (Leaman et al, 

2022). Generally, it can be speculated, that among many variables identified, in 

vitro settings, not only is missing the whole environment cells are in but also how 

this one changes upon an insult (Grande et al, 2013). It has been reported that the 

local microenvironments including injury conditions have significant influence on 

the efficacy of reprogramming and subsequent survival of newly generated neurons 

in the mature murine brain. 

Nevertheless, in vitro studies are still useful for elucidating many hurdles still 

encountered during trans differentiation that can then be applied to improve in vivo 

application. For instance, in vitro experiments using postnatal cortical astrocytes 

lead to the identification of a metabolic barrier that later proved useful in the injured 

mouse cerebral cortex by demonstrating the high conversion efficiency obtained by 
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protecting neurons from death and reactive oxidative species (ROS) during direct 

reprogramming of glia and many other types of cells (Gascón et al, 2016). This 

highlights how microenvironments are key players in the conversion process, as 

just by improving the environment to protect neurons from further damage 

promoted yield of induced neurons, ultimately aiming to promote circuit 

reformation and function  (Barker et al, 2018; Gascón et al, 2016). 

In this regard, it has been suggested that reprogrammed reactive astrocytes with 

stem cell characteristics can become neurons more easily and efficiently than 

quiescent astrocytes (Palmer et al, 1999; Grande et al, 2013). However, when trying 

to tackle this, new results reported how adeno-associated viruses (AAVs) had 

significant 'leakage' to nearby neurons when expressing Neurod1 (Wang et al, 

2021b) and since, other groups have confirmed limited glia conversion in cortex 

and striatum (Leib et al, 2022). Additionally, in PD mouse models, in the last few 

years new articles claim no astrocyte conversion in the substantia nigra and 

striatum, being devoid of astrocyte-originating dopaminergic neurons (Dans) when 

downregulating the repressor for reprogramming polypyrimidine tract binding 

protein 1 (Ptbp1) (Hoang et al, 2021; Chen et al, 2022; Wang et al, 2021b; Xiang 

et al, 2021; Qian et al, 2020). On top of that, they concluded that conversion was 

not observed regardless of the physiological or pathological conditions related to 

Parkinson's disease. It is extremely important to note that previous research has 

indicated the opposite, providing results on how astrocytes can become 

dopaminergic neurons when Ptbp1 is repressed (Qian et al, 2020). This is of 

importance as based on this latter positive finding with this strategy, gene therapy 

has been proposed as a new repair strategy for patients with neurological disorders, 

such as Parkinson's disease, by inhibiting Ptbp1. 

Additionally, when manipulating cell identity, inherent characteristics of the 

cells have been reported to determine their identity (Russo et al, 2021). Indeed, in 

neurons, mitochondrial function is particularly important, but the degree to which 

this organelle adapts to the induced fate is uncertain. Therefore, Russo and 

colleagues by monitoring fate transition during reprogramming revealed a delayed 
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and partial adaptation of mitochondrial function to the neuronal identity. By 

engineering the transcriptome of mitochondrial proteins through a deactivated or 

“dead” Cas9 (dCas9) they observed an improved reprogramming, thus 

demonstrating a broader role of mitochondrial proteins during fate conversion 

indicating that mitochondrial proteins act as enablers and drivers in this process 

(Russo et al, 2021). 

Apparently, there is still a great deal of uncertainty regarding fate erasure and 

mechanisms for resolving cell identity conflicts. Seemingly, it is currently possible 

to convert any cell type into any other cell using a variety of different 

reprogramming paradigms. However, despite this variety and studies investigating 

the underlying molecular mechanisms of cell fate switch (Aydin et al, 2019; Yagi 

et al, 2021; Hersbach et al, 2022), besides the mentioned potential limitations, basic 

question remains open. Indeed, recent studies, tackles this by looking at the binding 

properties of pioneer factors in the genome during reprogramming and also how 

different cocktails of factors may also compete with each other or reach synergy in 

their conversion program (Lee et al, 2020; Aydin et al, 2019; Hersbach et al, 2022). 

Ultimately, there has been much skepticism about the interpretation of the results 

from in vivo reprogramming due to their ambiguity. Certainly, after the meticulous 

study that genetically restricting AAVs transgene expression to glia might not be 

as specific as it appeared to be (Xiang et al, 2021; Leaman et al, 2022) increased 

the skepticism. Not only does this have implications for the extensive literature in 

this field, but it also raises questions about gene transfer tools for mediating 

conversion. Therefore, prior to aiming toward clinical application in pathological 

conditions, new and different approaches must be considered to really understand 

how conversion happens in a healthy adult brain, by understanding not only the 

nature of the different cells to target for conversion but also the one we aim to 

achieve (Barker et al., 2018) and in which manner. 

Considering these results, it is necessary to consider new variables that affect 

conversion efficiency, and moreover, consider them holistically to ensure a proper 

transdifferentiation. This raises several obvious questions, such as the potential 
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effect the environment has on a cell as well as the influence that the development 

state may have in reprogramming, especially in vivo. Thus, along with local 

(healthy and disease) environment influences, a necessary next step would be to 

investigate how the developmental stage of the starting cell can affect the outcome 

of neuronal reprogramming (Gascón et al, 2017). 

 

1.4 Factors influencing the In vivo vs In vitro discrepancies 

1.4.1 The role of the original cell: Astrocytes. 

In reprogramming the outcome of the cellular conversion depends heavily on the 

starting cell type, as it must be taken into consideration many factors such as the 

genetic or metabolic profile of both, the starting and the target cell. Therefore, 

considering that astrocytes are cells already within the CNS and that the bigger 

picture is also to restore an impaired network within the brain, they seem to be the 

perfect cells to target for this purpose. Besides, as each cell type of origin has a 

distinct chromatin structure and cellular environment, it can facilitate or hinder the 

reprogramming process (Gao et al., 2017; Aydin & Mazzoni et al. 2019). Indeed, 

during lineage conversion, it is believed that the epigenetic landscape of the starting 

cell is erased, and the cellular identity is reconfigured, often through a state similar 

to that of stem cells (Treutlein et al, 2016). Nevertheless, it is acknowledge that 

cells possess an epigenetic memory, which cannot be completely erased by direct 

lineage programming (Hörmanseder, 2021; Leaman et al, 2022). Indeed, 

reprogrammed somatic cells are known to retain memory of origin, such as DNA 

methylation signatures of its somatic tissue of origin, allowing the cell to 

differentiate toward lineages related to the donor cell and even also affecting the 

molecular network activated by transcriptional proteins to induce neuronal fate 

(Kim et al, 2010; Tian et al, 2011; Tobin & Kim, 2012). Indeed, this accounts for 

a current limitation in the field as complete reset of the epigenetic landscape is not 

reached (Basu & Tiwari, 2021). 
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Therefore, cells that are developmentally related to the target cell may result in 

a more feasible fate conversion as related gene regulatory networks, and chromatin 

landscapes contributes with the efficient upregulation of the genes associated with 

the new terminal fate (Wang et al, 2018; Leaman et al, 2022). Considering that 

astrocytes share a common progenitor with neurons, these cells are expected to be 

efficiently reprogrammed into neurons by the forced expression of TFs (Herrero-

Navarro et al, 2021; Heinrich et al, 2010). Nevertheless, previous work done in 

reprogramming in vitro has shown how to successfully differentiate either human 

or mice fibroblasts into functional neurons (Liu et al., 2012; Liu et al., 2013; 

Masserdotti et al., 2015; Brulet et al., 2017; Tanabe et al., 2018 & Yang et al., 2019; 

Li et al; 2019; Aravantinou-Fatorou & Thomaidou, 2020). However, in spite of 

these studies on transdifferentiation, it is still unclear whether this knowledge can 

be applied to brain repair upon injury or neurodegeneration as many barriers are 

still encountered, even when cells are ontogenetically close (Smith et al, 

2017)(Zhang et al., 2016; Guo et al., 2014). This lack of clarity is due to the 

overlooked fundamental molecular processes taking place, which are not yet 

understood nor fully known. Cell fate conversion, for example, entails a conflict of 

identity as a reprogramming transcription factor challenges the existing cell identity 

to induce a different (and even conflicting) program depending on the transcription 

factor and cell used. This was recently provided (Hersbach et al, 2022) in a new 

study in which multiple cell fate conversions were simultaneously analyzed through 

the development of a new single-cell based technique: Collide-seq, to tackle basic 

principles concerning fate erasure and the mechanisms to resolve cell identity 

conflicts. 

By using combinatorial and traceable reprogramming factors these scientists 

reached interesting conclusions regarding the base of the conversion process. In 

their in vitro model, from the same dish (hence, controlling for culture conditions) 

of fibroblast they (i) did not find a common mechanism through which fibroblast-

specific gene expression loss is initiated; (ii) that higher or lower levels of the 

factors used does not contribute to major changes, (iii) and that probably when 

using different factors together, a competition is triggered between cofactors. 
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Among all conditions they saw these effect to be heightened when combining Ascl1 

and MyoD1. Which is interesting considering how these two are mainly known to 

induce their relative programs based on their DNA-binding affinities. 

These results suggest that contrary to what it was expected, the relevant factors 

endogenously expressed in the initial cell, rather than the molecular capabilities of 

the fate determinant factors, may limit their reprogramming potential. Moreover, 

even when conversion is achieved, appropriate maturation of the final cell 

sometimes is not reached. Probably the failure in the maturation process is due to 

the potentially epigenetic conflicts between the original and yield cell (Kim et al, 

2021; Leaman et al, 2022). There is no doubt that this is a drawback, as the gain of 

functional properties is essential for proper integration and interaction with the local 

tissue where reprogrammed cells are grafted. Therefore, proper understanding of 

different factors, such as the epigenetic landscape of cells, even of those closely 

ontogenetically is fundamental to overcome barriers during conversion (Leaman et 

al, 2022). 

The work by Heins and colleagues in 2002, with the ectopic expression of the 

factor Pax6, was the first to successfully convert postnatal glial cells into neurons 

(Heins et al, 2002). From there, plenty of literature is found targeting postnatal 

astrocytes from the mouse to understand the conversion mechanisms towards 

obtaining neurons. A variety of factors combinations have been employed and 

characterized to further understand the final fate acquired. Thus, Ascl1, 

Neurogenin2, Dlx2, NeuroD1/D4 and Pax6 alone were reported to differentiate 

astrocytes into neurons in vitro (Heins et al, 2002; Berninger et al, 2007; 

Masserdotti et al, 2015). 

 

1.4.2 Health brain status during conversion 

An interesting point is that it has been reported that particularly reactive 

astroglia, or glial cells under injury conditions, are considered to be in a cellular 
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state facilitating reprogramming as after activation. However, the reprogramming 

capacity was different depending on the brain region (Grande et al, 2013). This is 

believed to be caused because they acquire stem cell potential, and becoming highly 

proliferative (Buffo et al, 2008; Sirko et al, 2013; Heinrich et al, 2014). However, 

contradictory results have been reported in this matter suggesting that a minor and 

selective population of these activated astrocytes has the potential to be 

reprogrammed (Bardehle et al, 2013; Heinrich et al, 2014) Indeed, the neuronal 

induction after an invasive injury or insult like a stroke has proven to be 

complicated, especially depending on the brain region (Buffo et al, 2005). 

Nevertheless, some studies have shown that this lassive environment seems a 

prerequisite to facilitate the action of some transcriptional factors, such as Ascl1 or 

NeuroD1 (Guo et al, 2014; Heinrich et al, 2014). More interestingly, it has been 

suggested that the reprogramming capacity due to factors co-expression enhanced 

the reprogramming outcome (Heinrich et al, 2014). 

In conclusion, many studies have  attempted to reprogram under pathologic 

conditions, with varying and even contradicting results (Leaman et al, 2022).  

Alternatively, it is plausible that in the adult brain, some regions such as the 

neocortex and striatum and some resident cells intrinsically retain precursor 

properties enabling them to be reprogrammed. However, it has even been proposed 

that for this capacity to be unlocked, strong stimuli like an insult is required (Grande 

et al, 2013). 

 

1.4.3 Developing an identity from the same source 

Considering neurons and astrocytes share a common progenitor, one important 

aspect to consider is the transcriptional program enabling astrocyte identity 

formation as in the end, these are two distinct cells with their own identity (Herrero-

Navarro et al, 2021). Therefore, despite coming from a common progenitor cell, 

transcriptional programs must harbor the differences these cells will display later in 

development. 
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Many transcriptional factors have been identified as triggers and regulators of 

astrocyte differentiation and latter maturation. Interestingly, among these studies 

there is compelling evidence for a relevant role of the family factors Nfi. More 

interestingly, Nfia has been observed to be important not only for the onset of 

astrogliosis but also throughout the whole maturation process of astrocytes (Lattke 

et al, 2021).  Indeed, it has been reported how this factor does so by regulating 

suppressive and inducting gene expression modules of neuronal and astrocyte fate 

(Tiwari et al, 2018; Lattke et al, 2021). Another transcriptional factor involved in 

defining the astroglia cell fate is SRY-Box Transcription Factor 9 (Sox9) (Caiazzo 

et al, 2015) as it was shown to be sufficient in the conversion of embryonic and 

postnatal mouse fibroblasts into astrocytes. Although few markers are currently 

used to identify astrocytes, including glial fibrillary acidic protein (Gfap) and 

glutamate transporter 1 (Glt1), however, it is also known how Sox9 is highly 

enriched in astrocytes (Sun et al, 2017; Klum et al, 2018; Neyrinck et al, 2021). 

Moreover, this factor shows to specifically label astrocytes outside neurogenic 

regions, in the subventricular zone (SVZ) and the subgranular zone (SGZ). 

Moreover, the expression of Sox9 at mRNA and protein level does not diminish 

with age or the functional stage cells are found, remaining nuclear also in fully 

mature astrocytes (Sun et al, 2017). The importance that Sox9 and Nfi factors have 

in astrogliosis has been supported by substantial studies showing how they 

physically associate in a protein complex and collaborate to control fate induction 

and glial-specific genes choice in early development (Lattke et al, 2021). Overall, 

many studies have added to the discovery of many markers to properly characterize 

astrocytes, highlighting the need to not just rely on Gfap as its expression has seen 

to vary greatly depending on the brain region and maturation state of astrocytes 

with a correlation that is not always proportional, being also expressed on 

progenitor cells (Escartin et al, 2021). 
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1.4.4 Astrocyte brain region specificity 

Single-cell sequencing experiments in adult tissues distinguished astrocyte 

heterogeneity showing how distinctive transcriptomic profiles predicts the 

morphological and functional specialization of individual astrocyte subtypes. 

Moreover, it appears that these complex molecular fingerprints between subtypes 

are large enough to indicate distinct specializations in the known functions of 

astrocytes (Batiuk et al, 2020). Overall, and together with previous reports (Lattke 

et al, 2021), it is now acknowledged the differentiations process in astrocyte during 

maturation, inter- and intraregional heterogeneity within the CNS and more 

intriguingly, a distinct cortical layering and hippocampal compartmentalization of 

astrocyte subtypes further displaying distinctive morphologies and physiologies 

(Batiuk et al, 2020). 

Hereof, the environment, as brain region, can impact chromatin organization and 

composition within a cell. Hence, chromatin modification in genes targeted by 

neurogenic TFs driving conversion can differ between these astroglia cells from 

different regions of the nervous system. As noted in some studies (Chouchane et al, 

2017; Pollak et al, 2013) astrocytes isolated from the cerebellum or neocortex can 

be converted to produce iNs with some of the hallmarks of neurons from these 

areas, regardless of TFs ectopic expression. Accordingly, it has also been reported 

how the same factor can trigger specific neuronal gene programs in astrocytes based 

on their origin within the brain (Herrero-Navarro et al., 2021). Moreover, the 

specification of neuronal fates can be modulated by microRNAs or long non-coding 

RNAs expressed in different astroglia cells from different regions (Flynn & Chang, 

2014; Jönsson et al, 2015). Moreover, it has been reported how Ascl1 lineage-

reprogrammed cortical and cerebellar astroglia generated granular cell layer (GCL) 

and periglomerular (PGL)-like interneurons at different ratios (Chouchane et al, 

2017). 

To summarize, when converting a cell, not only the type of cell matters, but the 

environment and brain region where the cell resides can also influence its fate. Even 
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from the same cell type, different TFs activate distinct gene networks in different 

CNS regions (Chouchane et al, 2017). 

 

1.4.5 The maturation trajectory of astrocytes during brain development 

Over the past century, the diversity of astrocytes function has emerged. 

Nevertheless, there is a gap in the progress done in understanding their early 

differentiation compared to how astrocytes become functionally (Yang et al, 2013). 

Indeed, within the CNS, astrocytes undergo a dramatic maturation process affecting 

not only morphology but in the acquisition of important functions. Immature 

astrocytes play an important role in the vascularization system of the brain 

vascularization, blood-brain barrier (BBB) establishment, and synaptic formation 

and elimination. Along with maturation these cells acquire new and fine functions 

adapted and required for the homeostasis of the mature brain. In this sense, neurons 

are supported metabolically and trophically by them, hence influencing neuronal 

activity; the already established BBB is further regulated and modulated, along with 

the local cerebral blood flow (Tabata, 2015; Lattke et al, 2021). 

Despite these known roles, the precise mechanisms orchestrating astrocyte 

maturation and development to form functional neurovascular circuits and carry out 

these diverse functions remains relatively unknown. Moreover, in vitro-

differentiated astrocytes are thought to remain immature. Therefore, possibly the 

mechanisms identified so far are still unclear as in vitro cells seem to lack the 

complete maturation profile as those of astrocytes in vivo. A study published this 

year by Lattke and colleagues., analyzed the molecular mechanisms operating in 

astrocyte maturation by performing an extensive study looking at the transcriptional 

and chromatin changes in both, in vivo and in vitro (Lattke et al, 2021). The authors 

concluded that a set of specific transcriptional factors have a pivotal role in inducing 

different sets of mature genes in cells, which are generally found to be 

downregulated in-vitro. According to the study, gene ontology analysis showed that 

these were related to biological functions controlling the establishment of different 
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astrocyte properties, which mature astrocytes need to function. These set of 

transcriptional factors identified pertain to the family of ROR (Ror), homeobox 

(Dbx2 and Lhx2) and Fezf2 family. In essence, these data provide a powerful 

ground to induce maturation of astrocytes In vitro by the ectopic expression of the 

aforementioned factors prior to reprogramming. This information is valuable 

considering it can impact the way studies regarding cell reprogramming, using 

astrocytes, have been taking place. A deeper understanding about astrocytic identity 

could be gamechanger for the improvements in transdifferentiation towards 

neurons, especially when applying it for adult subjects. 

Wrapping all in, since unlike any other tissue in the organism neurons upon 

damage or degeneration in the CNS are unable to regenerate, directed glial 

differentiation aimed towards the restoration of nervous tissue holds great potential 

for many medical purposes (Smith et al, 2017; Janowska et al, 2019). All in all, 

despite we still encounter many challenges contributing to the current lack of 

understanding of the molecular basis of the reprogramming process, over the past 

decade the scientific community have provided amazing strides in the advance of 

this technology (Wang et al., 2021). 

Based on the considerations, it is not inaccurate to propose how a cell's 

environment, epigenetic signatures and its maturation state may influence cell 

conversion outcome, contributing to the existing discrepancy between the results 

found in vivo and in vitro. 

 

1.5 Epigenetics 

During brain development, different gene expression programs guide the 

development of different cell types and thereby, the specification of brain regions 

in an interdependent manner to endow these areas with functional activities. Indeed, 

specific trajectories in cell identity are determined by the finely tuned co-regulation 

of specific set of transcripts in a particular and unique spatiotemporal window 
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(Herrero-Navarro et al, 2021). In the mammalian brain, this occurs most 

dramatically during the “neurogenic switch”, thus in the transition from the 

neurogenic towards the glycogenic competence in progenitor cells (Rowitch & 

Kriegstein, 2010; Ming & Song, 2011). 

This process is regulated by several epigenetic signatures (Figure 1.4), including 

the non-coding genome which harbors all the regulatory sequences involved in gene 

regulation (Statello et al, 2021). Additionally, contrary to permanent changes in the 

DNA sequence, which happens by genetic alterations as mutations, epigenetic 

modifications are instead reversible modifications occurring in the DNA and 

chromatin that regulates gene expression (Rodríguez-Paredes & Esteller, 2011; 

Lardenoije et al, 2015).The epigenetic machinery exerts multiple mechanisms of 

control, including covalent modifications of DNA, like methylation and 

demethylation, chromatin remodeling such as acetylation/methylation or 

phosphorylation and, as mentioned, the posttranscriptional alterations affecting the 

regulation of non-coding RNA. 

This complete set of epigenetics elements across the entire genome form, what 

is known as the epigenome (Berdasco & Esteller, 2019), and any abnormality can 

result in the inappropriate activation/inhibition of genes, influencing the tight 

control of the gene expression programs that governs, among others functions,  the 

proper balance between the stabilization and plasticity of cell differentiation and 

identity (Mohn & Schübeler, 2009; Asmar et al, 2015; Cosenza & Pozzi, 2018). 

The plethora of molecular processes behind the control of transcriptional programs 

are specified by synchronized mechanisms comprising transcriptional factors, 3D 

chromatin organization and the reinforcement action of epigenetics (Becker et al., 

2016; Peric-Hupkes et al., 2010). 

Accordingly, cell-fate decisions are determined by the complex interplay 

between the different epigenetic regulatory layers like DNA methylation, chromatin 

accessibility, histone modifications and the newly study field of 3D chromatin 

organization. 
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Figure 1.4. Illustration of the different epigenetic mechanisms. Taken from the NIH via 
Epigenomics - Epigenetic Mechanisms (nih.gov). 

 

1.5.1 DNA methylation  

De novo DNA methylation is crucial for embryonic brain development, 

occurring in a tissue-specific manner along the CpG sequence of the mammalian 

genome and associated with transcriptionally silent and active DNA (Aboelnour & 

Bonev, 2021). Together with histone proteins, DNA undergo reversible covalent 

modifications to establish genome contacts in cis regions. Indeed, DNA 

methylation can alter genome folding through the modulation of the protein-DNA 

binding properties. Thus, analyzing chromatin marks and DNA methylation 

patterns in the genome allows one to annotate and predict functions of genome 

regions .(Aboelnour & Bonev, 2022, 2021). 

During cardiac, neuronal, and pancreatic reprogramming it has been reported 

that DNA methylation changes occur globally(Khurana et al, 2021). When 

converting mice fibroblasts by forcing the expression of neuron-inducing factors, 

cells presented a reorganized pattern of genomic methylation resembling those of 

mature cortical neurons. Interestingly, the ectopic expression of Ascl1 shows to 

https://commonfund.nih.gov/epigenomics/figure
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generate De novo methylation at promoters of lineage specific genes through the 

upregulation of DNA methyltransferase Dnmt3a (Luo et al, 2019). Indeed, a 

significant reduction of conversion efficiency was observed when Dnmt3a was 

downregulated (Luo et al, 2019). This effect has also been observed in other cell 

types like acinar and cardiac cells (Fujita et al, 2019). In 2021, Zocher et al reported 

new insight of de novo methylation's role during mice adult hippocampal 

neurogenesis as a critical regulatory layer in mature neuron maturation and 

functional integration in the hippocampus (Zocher et al, 2021). The researchers 

demonstrate that hippocampal function depends on proper establishment of 

neuronal methylomes during adult neurogenesis. Overall, the coordination of 

reprogramming factors is crucial to reconfiguring the DNA methylation landscape 

globally to facilitate cell fate conversions. 

 

1.5.2 Chromatin remodelling 

DNA and histone methylation is a defining feature of mammalian cellular 

identity and essential for normal development (Hyland et al, 2005; Ziller et al, 

2013). When eukaryotic cells are not diving, the principal component of the cell 

nucleus is the chromatin, which is the result of the complex formed by DNA and 

the positively charged histones. This interaction makes it possible for the DNA to 

fold into a compacted microscopic space, known as nucleosomes (Annunziato, 

2012; Dey et al, 2021) .This latter component forms the basic structural unit of 

chromatin, and it consists of eight histone proteins and approximately 147 base 

pairs of DNA (Bradbury, 1989; Bendandi et al, 2020). It is in the diversity of the 

histone code states, which allows for the fine tuning in gene expression and 

regulation (Annunziato, 2012; Lardenoije et al, 2015). 

Eukaryotic genome is packaged in the form of chromatin , which exists in two 

conformational states influenced by histone disposition and its given code due to 

the modification at its N-terminal tails (Huisinga et al, 2006). Hence, euchromatin, 

refers to a decondensed form and open structure enabling transcriptional activation, 
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whereas a condensed chromatin or heterochromatin, is characterized by a gene-poor 

compacted structure, blocking transcription (Sebestyén et al, 2020; Huisinga et al, 

2006). 

Overall, the structure of chromatin within the nucleus of a cell is critical for 

regulating gene expression. In this way, heterochromatin regions are highly 

compacted and therefore, shows a distinct nuclear compartmentalization 

(Sebestyén et al, 2020). This versatile chromatin conformation orchestrates in a 

switch-like mode diverse genetic programs by the different modification affecting 

DNA and histones. Accordingly, histone acetylation is the most well-defined 

epigenetic mechanism known to modify the ɛ-amino group of a protein’s amino 

acid chain (Yang & Seto, 2007; Podobinska et al, 2017). Acetylation of the side 

chains of lysine’s neutralizes the charge on histones and therefore, increases 

chromatin accessibility enabling transcriptional activation as it diminishes their 

ability to bind to the negatively charged DNA molecule (Glozak & Seto, 2007). 

Equally important, histone and DNA methylation plays a variety of important roles 

during mammalian development (Greenberg & Bourc’his, 2019). This is a simple 

biochemical process which involves transferring one or more methyl groups to the 

5th position on the cytosines pyrimidine ring, to form 5-methylcytosine in the DNA 

and at all basic residues, especially lysine’s at histone tails (Jones, 2012; Moore et 

al, 2013; Lardenoije et al, 2015). In Vertebrates, and in the case of DNA 

modifications the establishment and maintenance of methylation is achieved by the 

help of a conserved family of DNA methyltransferases (DNMTs) in a dynamic or 

stable fashion (Greer & Shi, 2012). In general, methylation is frequently regarded 

a 'silencing' epigenetic mark found mostly in heterochromatin (Jones, 2012; 

Lardenoije et al, 2015). Overall, these former modifications are mediated by key 

proteins acting as epigenetic tools capable of adding, removing or recognizing 

specific markers in the chromatin. Therefore, depending on their function enzymes 

are known as erasers, writers and readers (Biswas & Rao, 2018). For instance, on 

methylation events, and as for lysine alterations occurring at histones, they are 

known as histone lysine methyltransferase (HKMTs) for histone writers, and 

histone lysine demethylases (HKDMs) for demethylation processes or erasers 
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(Lardenoije et al, 2015). Importantly, in order to understand where these alterations 

are, there are histone code readers containing evolutionarily conserved domains, 

such as the Bromodomain-proximal PHD finger (BPTF), that constitute cellular 

proteins with the ability to recognize and bind to specialized domains at different 

chromatin modifications to exert their effects (Mellor, 2006). All in all, a plethora 

of molecular effectors like methyltransferases and demethylases have been 

identified to orchestrate the addition and removal of methyl groups from different 

lysine residues on histones (Greer & Shi, 2012). 

Among the different modifications identified, tail methylation mostly occurs at 

lysins and arginine residues of H3 and H4. Interestingly, the complex interplay 

these modification holds are distinctive (Asmar et al, 2015). Therefore, depending 

on the histone protein affected, the amino acid being modified or even the number 

of adenyl or methyl groups added, DNA access can be regulated having different 

effects on the genetic expression pattern (Ziller et al, 2013). Thus, methylation of 

histone 3 lysine 36 (H3K36me) and try-methylation of lysine 4 (H3K4me3) are 

associated with gene expression, instead the addition of three methyl groups at 

histone 3 and 4 at specific lysine groups, H3K27me3, H3K9me3, H4K20me3, 

respectively are linked to gene repression (Bannister & Kouzarides, 2011; 

Lardenoije et al, 2015). Nevertheless, heterochromatin regions have been usually 

associated with methylation of H3, more specifically with the better understood 

H3K27me3 and H3K9me3 marks, referred as heterochromatin-associated histone 

marks (Becker et al, 2016) (Becker et al., 2016). 

There is considerable evidence that histone methylation plays a crucial role in 

nearly all biological processes ranging from DNA repair and cell cycle, 

transcription identity and development (Greer & Shi, 2012).Despite the fact 

nucleosome positioning and DNA methylation govern gene pattern expression, how 

they work together to maintain cell identity is yet unclear (Luo et al, 2017). For the 

establishment and maintenance of a cell differentiated state, besides the activation 

of the specific transcriptional programs, one integral feature for cells` identity is 

likewise, the proper silencing of genes of alternative lineages (Becker et al, 2017). 
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Therefore, for any given cell within an organism, the transcriptional landscape 

defines cell identity and its biological functions (Ye & Sarkar, 2018; Casamassimi 

& Ciccodicola, 2019). Despite the knowledge heretofore obtained to study gene 

activation in identity formation, lesser information is available regarding the 

epigenetic mechanisms behind cell type-inappropriate genes silencing. 

Overall, understanding gene repression is an important concern not only for the 

sake of cell fate control understanding, but for the proper development of models 

used in cell reprograming approaches. 

 

1.5.3 Epigenetic role in Cell identity and reprogramming 

Recapitulating from some notions previously introduced, different cellular 

features such as cell identity and physiological role are established during 

development by an orchestrated and complex interplay between the individual 

master transcriptional factors and the local epigenetic environment which ensures 

a specific genomic state (Baumann et al, 2019; Smith et al, 2016). As mentioned, 

mechanisms controlling these transcription programs are DNA methylation and 

posttranslational modifications of histones. These may enable for the establishment 

of an epigenetic footprint ensuring cell identity. Actually, heterochromatin is 

further divided between “constitutive” forming tightly packed genomic areas, 

which are found at centromeres and telomeres, and present in genes across 

developmental lineages; and then there is “facultative” heterochromatin for locus- 

or cell type-specific heterochromatin with a dynamic compaction and silencing 

during development (Nicetto & Zaret, 2019; Methot et al, 2021; Padeken et al, 

2022). 

The various proteins involved in the remodeling and modification at the 

chromatin level play a relevant role in cell reprogramming (Mertens et al, 2015). In 

line with this, several studies have seen how the chromatin domains rich in the 

constitutive heterochromatin marker H3K9me3 could impede direct 
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reprogramming (Peric-Hupkes et al, 2010; Becker et al, 2017). This is explained 

by the fact that during development it’s important for cell identity determination 

that some regions of the chromatin are more compacted and therefore more 

transcriptionally repressed to ensure lineage commitment and aberrant engagement 

in alternative fates. 

 

1.5.4 H3K9me3 as a barrier for cell conversion 

Transcriptional factors and epigenetic mechanisms work together to regulate 

gene expression to establish and maintain cell identity. As a key epigenetic 

mechanism, heterochromatin formation contributes to genome stability and gene 

silencing according to cell type. Despite traditionally being associated with 

noncoding gene regions of the genome, the histone mark H3K9me3 has as a key 

function in preventing TFs from activating genes that are inappropriate for the 

lineage in which cells belong (Becker et al, 2016; Wang et al, 2018). Indeed, 

H3K9me3-mediated heterochromatin regulates lineage commitment and cell 

identity in terminally differentiated cells (Nicetto et al, 2019; Becker et al, 2016; 

Nicetto & Zaret, 2019; Becker et al, 2017). A new understanding of how to 

modulate cell fate provides further insight into H3K9me3's ability to influence cell 

identity and goes beyond the idea that H3K9me3 is primarily a mark of constitutive 

heterochromatin. 

In this regard, it has been demonstrated that H3K9me3 domains prevent 

terminally differentiated cells from converting into different types of cells. 

Therefore, different strategies for modulating this mark have been applied. 

Consequently, depletion of Histone methyltransferases (HMTases) has been 

associated with an increase in Oct4 and Sox2 binding in fibroblasts (Soufi et al, 

2012); downregulation of H3K9me3-related proteins enhances fibroblast-to-

hepatocyte reprogramming (Becker et al, 2017); and by suppressing H3K9me3 

heterochromatin, iPSC cell reprogramming (Soufi et al, 2012) and  somatic cell 

nuclear transfer (SCNT) is improved, while H3K27me3-marked genes are only 
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marginally activated (Matoba et al, 2014; Liu et al, 2018; Becker et al, 2017), and 

some can still be bind by TFs and RNA polymerase (Breiling et al, 2001). 

Nevertheless, limitations are still encountered despite how promising these 

techniques are in terms of In vivo functionality. When directly reprograming, the 

converted cell still exhibits a differential gene expression profile in comparison to 

those of the target cell type (Becker et al, 2016). In light of these studies, repressive 

mechanisms in cell fate conversion should receive the same attention that activators 

mechanisms have had. 
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1.6 The 3D Genome Organization as an Epigenetic Determinant 

Nuclear organization of the folded genome conforms the three-dimensional 

(3D) architecture of the chromatin. Several layers have been characterized during 

the years, from the most simple ones such as chromosomal territories up to 

interaction between two specific genomic loci as little as 1kb  (Pelham-Webb et al, 

2020). Chromatin structure influence several cellular processes such as cell 

differentiation and identity (Boettiger et al, 2016). This 3D spatial positioning is a 

robust, yet flexible architecture (Bonev & Cavalli, 2016), that ensures resistance to 

perturbation during development but contemporaneously allowing the genetic 

material to be expressed and replicated properly (Rowley & Corces, 2018). 

First and foremost, our ability to detect different structural component inside 

the nucleus relies on our technological resolutions (Figure 1.5). Different 

technologies have been developed being pivotal to gain insight into genome folding 

(Kempfer & Pombo, 2020; Bonev & Cavalli, 2016). Specifically, two main 

techniques have pushed further our knowledge. Microscopy based technologies 

such as STORM (Rust et al, 2006) and PALM (Betzig et al, 2006), ligation-based 

technologies and ligation-free technologies (Rao et al, 2014). Even though each can 

carry their own limitations, the common theme remains their ability to discriminate 

contacts inside the nucleus, depending on the resolution they can reach. At this 

stage, the approach that can reach the highest resolution is the ligation-based Hi-C 

methods (Bonev et al, 2017; Rao et al, 2014). 
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Figure 1.5. Genomic layers and methodologies. a. Different structural chromatin features. b. 
Methodologies available to study the different layers of chromatin organization and gene 
regulation. Taken from (Kempfer & Pombo, 2020). 

 

 

At the lowest resolution, up to 1mb, it is possible to divide the genome into 

different compartments (Lieberman-Aiden et al, 2009; Rao et al, 2014). Which are 

widely known as A and B compartments. As we already pointed out, chromatin 

exist in two versions, depending on its degree of compaction: euchromatin and 

heterochromatin. Further segregation of these two chromatin types give rise into 

b a 
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these subnuclear A-B compartments. At a higher resolution (<100kb), it is possible 

to distinguish specific regions characterized by a high self-interaction frequency 

respect to neighboring domains (Dixon et al, 2012). These regions, termed for the 

first time by Dixon and colleagues, as contact domains or topological domains 

(TADs), are delimited by well-defined confinements called boundaries as they 

seem to represent abrupt transitions between these regions in the genome (Figure 

1.6). More interestingly, these confined regions, in many cases, contain divergent 

CCCTC-binding factor (CTCF) sites (Kempfer & Pombo, 2020). These anchors 

generally define another substructure in the chromatin called chromatin loops (Rao 

et al, 2014). Indeed, at a resolution scale of 10-5kb, these loops are thought to be 

responsible of long-range chromatin contacts, generally bringing into close spatial 

proximity enhancers with its target promoter, to regulate transcription (Bonev & 

Cavalli, 2016). Nevertheless, other non CTCF mediated loops types are being 

described, such as gene loops and polycomb-mediated loops (O’Sullivan et al, 

2004; Bonev & Cavalli, 2016). 
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Figure 1.6. Chromatin organization. The different levels of chromatin organization, with its 
corresponding genomic scale. Images illustrating each level and how these are presented in 
genomic analysis. Adapted from (Kempfer & Pombo, 2020; Jerkovic & Cavalli, 2021; Szabo et al., 
2019). 

 

Additionally, these structural elements, together with cohesin have been also 

described as mediators of lamina-associated domains (LADs) (van Schaik et al, 

2022) within the nuclear lamina, as another fundamental constituent of chromatin 

organization (Turgay et al, 2017; Rowley & Corces, 2018). These are formed by 

the interactions between the chromatin and the nuclear envelope via by the 

intermediate filament proteins A and B-type lamins (Figure 1.7) (Turgay et al, 
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2017). Interestingly, during cell differentiation processes, the spatial and temporal 

regulation of gene expression is linked to LAD association or detachment from the 

nuclear lamina (van Schaik et al, 2020). Indeed, there is a correlation between these 

LADs, heterochromatin and transcriptional repression (Leemans et al, 2019) due to 

the enrichment of H3K9me2 and H3K9me3 histone modifications  at LADs (Kind 

et al, 2013). Additionally, another heterochromatin mark, H3K27me3, is also 

present at LADs borders (Kind & van Steensel, 2010). Moreover, the association 

of LADs and a repressive environment has been described by several studies 

showing how Lamin A functionally interacts with polycomb-group proteins (PcG) 

(Cesarini et al, 2015; Marullo et al, 2016; Salvarani et al, 2019), which maintains 

highly condensed DNA genomic regions due to its unique packaging properties 

(Boettiger et al, 2016). Essentially, these form multimeric complexes known as 

Polycomb Repressive Complex 1 and 2 (PRC1 and PRC2) (Sebestyén et al, 2020). 

 

 
Figure 1.7. Lamina-associated domains in the nucleus. Adapted from (Amendola & van Steensel, 

2015). 

 

The biological importance of the nuclear lamina and its arrangement 

preservation was underlined by the presence of pathological mutations in lamin A 

protein in Hutchinson–Gilford Progeria Syndrome (HGPS) in humans (Ullrich & 

Gordon, 2015). Recently, it has been shown that early alterations in the nuclear 

lamina does not directly affect the normal distribution of H3K9me3 which is 

normally observed at later passages in HGPS fibroblasts. Instead, it was found a 

link with polycomb (PcG) associates loci, altering H3K27me3 distribution. 



43 

 

Therefore, despite there was no apparent changes in overall H3k9me3 distribution, 

it was those associated to LADs showing a rearrangement toward the center of the 

nucleus and not at the periphery(Masserdotti et al, 2015). 

These interesting results were obtained thank to the development of a newly 

designed technology called Sequential Analysis of Macro-Molecules accessibilitY 

(SAMMY-seq), for genome-wide characterization of lamina-associated 

heterochromatic regions. It does so by exploiting the biochemical properties 

associated with chromatin compaction, and thus its distribution across nuclear 

compartments as opposed to Hi-C technique, which relies in pair-wise contact 

interaction without considering the topology of the chromatin (Sebestyén et al, 

2020). 

Overall, chromatin folding is composed in a multi-scale manner where 

regulatory information resides at each of its levels. Clearly, the 3D genome folding 

cannot be seen merely as a structural disposition, but essential for relevant 

biological functions like cell differentiation and for its spatiotemporal regulation of 

gene expression. Indeed, alterations at any level can lead to genetic alterations and 

the development of different pathologies (Zheng & Xie, 2019). 

In conclusion, by applying chromatin-state mapping studies, inherited cellular 

states can de deeply analyzed. In the bigger picture, this technology holds great 

potential to unveil unknown genome function, encompassing the mechanisms of 

chromatin structure and its interrelationship with transcription, and its contribution 

to different pathologies (Baker, 2011). 

 

1.7 Ascl1 in neurogenesis and as a pioneer reprogramming factor. 

Neuronal circuits are formed by diverse types of neuronal cells in the nervous 

system. The combinatorial activity of transcription factors generates the array of 

cellular complexity within the brain. (Aydin et al, 2019). In this regard, mammalian 

neurogenesis is controlled by neurogenic fate determinants pertaining to the 

evolutionarily conserved basic-helix-loop-helix (bHLH) family, such as 
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Ascl1/Mash1, which are both, necessary and sufficient for the generation of 

newborn neurons (Raposo et al, 2015; Park et al, 2017). These factors ensure the 

proper balance by which the types of neuronal and glial cells are generated at a 

specific place and time during development for the formation of functional neural 

circuits. They regulate many genes and regulatory regions that are involved in 

cellular processes like proliferation, maturation and cell specification (Castro et al, 

2011; Dennis et al, 2019; Woods et al, 2022). More particularly, these factors have 

been used to reprogram neural cells based on their differentiation properties. 

Together with Ascl1, another important factor playing a key role in promoting 

neurogenesis is Neurogenin 1 and 2 (Ngn1/2), by supporting cell cycle exit and 

neuronal differentiation in a variety of progenitor cells (Bertrand et al, 2002; Castro 

et al, 2011; Raposo et al, 2015). In fact, these factors enable neuronal identity to be 

specified, and are considered main regulators of neural determination. Despite the 

known role of these factors in determining subtype neuronal identity, it has been 

shown in numerous losses and gain of function studies, that Nng2 and Ascl1 drives 

the acquisition of a pan-neuronal phenotype and neuronal subtype specification in 

an independent fashion (Aydin et al, 2019). This way, Ascl1 generally promotes 

the formation of GABAergic inhibitory interneuron differentiation, especially in 

the ventral telencephalon progenitor cells (Wonders & Anderson, 2006; Wong & 

Rapaport, 2009), while inhibiting astrocyte identity (Woods et al, 2022). Instead, 

Ngn2 promotes the generation of glutamatergic neurons in the dorsal telencephalon 

in progenitor cells (Chouchane & Costa, 2019). Nevertheless, despite Ascl1-

expressing progenitors are well recognized for their contribution to the generation 

of GABAergic interneurons in the neocortex, it cannot simply be seen as a 

GABAergic factor (Chouchane et al, 2017; Chouchane & Costa, 2019). With the 

application of many cell-lineage determination experiments it has been 

demonstrated how this transcription factor promotes diverse neuronal subtypes tall 

over the central nervous system in a region wise manner (Kim et al, 2008; Ali et al, 

2014; Parras et al, 2002). Hence, in the retina, it has shown to promote a 

glutamatergic fate, whereas in the locus coeruleus and in the basal ganglia it 

generates noradrenergic neurons and cholinergic neurons;(Kim et al, 2008; 
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Chouchane et al, 2017). This phenomenon could be partially explained due to post-

transcriptional modifications such as its phosphorylation, which influences its 

ability to activate target genes, causing alternative neuronal phenotypes to be 

acquired by regulating Ascl1 binding and activation of direct target genes involved 

in neurogenesis (Li et al, 2014; Castro et al, 2011; Ali et al, 2014; Chouchane & 

Costa, 2019; Raposo et al, 2015). Moreover, alterations in the expression levels of 

this factors, which oscillates in progenitor cells, could also add for the different 

effects it has when directing neuronal identity. In this matter, interestingly, Ascl1 

oscillatory pattern, promotes the activation of genetic networks important for both 

proliferation and differentiation of progenitors from the ventral telencephalon; In 

contrast, sustained expression of Ascl1 activates the genes responsible for cell cycle 

exit and neuronal differentiation (Jacob et al, 2013; Imayoshi & Kageyama, 2014). 

Indeed, all these factors influencing Ascl1-induced expression of target genes may 

explain how it modulates alternative neuronal phenotypes (Castro et al, 2011; Li et 

al, 2014; Parras et al, 2002; Ali et al, 2014). 

Essentially, Ascl1 is a key transcriptional regulator known to act as an on-target 

factor since it has the ability to bind to relevant genome sites independently of the 

chromatin status, therefore, regardless if they are at open or closed chromatin 

regions in the starting cells (Morris, 2016; Rao et al, 2021; Imayoshi & Kageyama, 

2014; Aydin et al, 2019). Thus, bequeathing this factor with the capability to bind 

directly to nucleosomes, restructuring the chromatin accessibility, and therefore 

facilitating the access of other transcription factors to their proper target sites. As a 

result, factors like Ascl1 can access silenced regions of the genome, shifting the 

transcriptional profile of the cell altering their fates, shown to occur as early as 12 

hours post induction (Larson et al, 2021; Rao et al, 2021). Additionally, new 

regulatory roles of TFs are being disclosed, acting as regulators of dynamic 

chromatin looping and DNA methylation (Noack et al, 2022). Consistently, besides 

changing accessibility in chromatin and its association with cell-type specific 

chromatin looping, demethylation of DNA has been disclosed. So far, only Ngn2 

overexpression has been described to lead to demethylation at its DNA binding 
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regions and strengthening, ultimately affecting chromatin looping between 

regulatory regions (Noack et al, 2022). 

1.7.1 Ascl1 in reprogramming  

The role of Ascl1 as a pan neuronal factor and not as a unique GABAergic 

determinant has been clarified previously. The same has been demonstrated in 

reprogramming studies of postnatal neocortical astrocytes in which converted 

neurons that are transplanted into specific brain regions eventually acquire a 

specific identity with mixed phenotypes between GABA and glutamatergic cells 

(Chouchane et al, 2017). Transplantation of Ascl1-reprogrammed neocortical 

astrocytes in postnatal cerebral cortex produces only a small number of 

interneurons, with GABAergic interneurons-like morphology. However, when 

transplantation occurred in the SVZ, a large fraction of neocortical astrocytes 

differentiated into Olfactory bulb interneurons (Chouchane et al, 2017). This is 

indicative of how likely environmental signals influence the instruction of different 

neuronal phenotypes (Chouchane & Costa, 2019). 

It is therefore important to note that many studies report how Ascl1 alone is not 

sufficient to establish a definite neuronal phenotype in vivo (Torper et al, 2013; 

Heinrich et al, 2010). Instead, for in vivo cell conversion the combination of Ascl1 

with other factors activating gene networks associated with the same 

neurotransmitter identity, could help for a higher efficiency in transdifferentiating 

cells (Heinrich et al, 2010; Masserdotti et al, 2015; Chouchane & Costa, 2019). 

Interestingly, new research is shedding some new light in the molecular 

mechanisms of this factor, demonstrating how not only promotes neuronal 

phenotypes but also alternatives one, such as cardiogenic and myogenic fates 

((h)Wang et al, 2022). It is the proper combination of additional factors that enables 

the right fate to follow. 

Overall, as a result of the binding to, and action on cis-regulatory DNA regions 

of pro-neural factors, these proteins are primarily responsible for the regulation and 

modulating of the gene expression and the cells transcriptome (de Martin et al, 
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2021). Each TF-DNA interaction is unique, so understanding its determinants needs 

to take into account multiple mechanisms through which a TF interacts to a specific 

DNA sequence (Inukai et al, 2017). The binding pattern of a given factor can be 

highly determined by the shape and motif preferences of a given sequence within 

the DNA (de Martin et al, 2021); in addition to phosphorylation as a post-

translational modification, dimerization partners and cofactors can also facilitate in 

a direct or indirect way the binding and molecular cascade activation a particular 

TFs may have (Hansen et al, 2022; Inukai et al, 2017). Another aspect that impacts 

the way a factor attaches to the chromatin is the epigenetic modifications at putative 

target regions (Mayran & Drouin, 2018; Inukai et al, 2017). These modifications 

include marks influencing chromatin compaction or as explained, variable 

methylation patterns throughout the DNA. Thus, even though some transcription 

factors are unaffected by DNA methylation and others are specific for methylation 

status, large-scale genome-wide mapping indicates that DNA methylation is 

significantly low at TF-bound genes (Héberlé & Bardet, 2019; Noack et al, 2022). 

Certainly, many factors can affect TFs binding specificity, including the co-

binding and/or competitive binding of additional factors, chromatin environment, 

and DNA shape. 

Therefore, we must understand how different factors engage with chromatin and 

ultimately affect the activities of other downstream factors during differentiation. 

This will enable us to better understand neuronal reprogramming and the subtypes 

that can be obtained (Aydin et al, 2019). Interestingly, both Ascl1 and Ngn2 bind 

divergently to preferred E-boxes owing to DNA sequence specificities of their 

bHLH domains (Masserdotti et al, 2015; Aydin et al, 2019). Additionally, the 

sequence context of many  TFs preferred motifs can  modulate DNA-binding 

sensitivity, showing how some genes may require co-factor cooccurrence to be 

properly activated upon binding (Hansen et al, 2022). Thus, different regulatory 

environments are created, affecting downstream factors' binding patterns and 

regulation activity to establish neuron-specific expression profiles. There are, 

however, barriers affecting binding and efficient reprogramming from these factors 
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(Soares et al, 2022). For instance, it has been reported how some environmental 

factors such as prolonged or short culture condition can alter the capacity of 

astrocytes to be converted by Ngn2 infection (Masserdotti et al, 2016, 2015). In this 

study they saw how the reprogramming process can be altered by simply adjusting 

the time a cell is in culture, which determines how accessible a transcriptional factor 

is to its binding sites. As a result, the permissive condition for conversion is altered. 

When looking at a possible mechanism mediating this resistance, they observed 

how the repressor complex REST blocks direct targets of Ngn2. However, when 

the expression of downstream targets was forced, this effect was overcome, 

suggesting a hierarchical model mediating reprogramming by which downstream 

factors are still accessible. Interestingly, they also proved how over time, at specific 

loci, chromatin remodeling occurred, leading to an enrichment in heterochromatin 

marks, rendering astrocytes resistant for reprogramming. Further supporting the 

idea that changes in the chromatin state might take place at target loci relevant for 

TFs action contributing to a refractory state in cells. 

Other variables modulating factors binding can be found at the post-

transcriptional level. It has already been mentioned that phosphorylation affects the 

pro-neural activity of bHLH proteins. Indeed, different in vitro cellular models have 

demonstrated that Ascl1 and Ngn2 are directly phosphorylated by proline-directed 

serine threonine kinases, such as GSK3 and ERK1/2; going from HEK293 cells (Li 

et al, 2014), to neuroblastoma cells (Woods et al, 2022) and glioblastoma lines 

(Azzarelli et al, 2022). Indeed, it has been reported how at low levels of activation 

of this kinase, Ascl1 activates neuronal differentiation genes, and how this is 

correlated with reduced Ascl1 phosphorylation; whereas at high levels of ERK, 

Ascl1 favors glial gene activation (Li et al, 2014; Dennis et al, 2019). More 

specifically, Ascl1 become phosphorilated on six serine-proline (SP) sites: S62, 

S88, S185, S189, S202, and S218 (Ghazale et al, 2022). Indeed, the activity of 

Ascl1 and how interacts with putative partners becomes altered through the 

phosphorylation of some residues outside its bHLH domain (Ali et al, 2014; Aydin 

et al, 2019; Ghazale et al, 2022). 
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Besides the effects that post-translational modification has on Ascl1 and 

following the argument on the influence of the environment, recently, researchers 

have reported genome-wide effects of over-expressed Ascl1 activity in 

neuroblastoma cells when expressed in a permissive neurogenic environment 

(Woods et al, 2022)..By creating a mutant form of this factor, altering its 

phosphorylation sites, they managed to over-express a mutated Ascl1 with 

enhanced activity. What they observed is that existing binding sites are boosted, 

and new, lower affinity binding sites are created. It appears that these changes in 

Ascl1 binding pattern led to a significant shift in neuroblastoma cells' transcriptome 

from one, favoring proliferative growth, toward one that promotes neuronal 

differentiation. More recently, this approach of tackling phosphorylation status of 

this factor was aimed to test whether it promotes a more efficient neuronal 

reprogramming of cortical postnatal (Galante et al, 2022) and mature astrocytes in 

the living brain of mice (Ghazale et al, 2022), providing nevertheless, opposite 

results of these in vivo experiments. 

Overall, these studies add up in our understanding of the molecular effects of 

this factor and its over-expression due to post-translational modification that can 

alter its strength and binding profile activity. This ultimately impacts the efficiency 

by which we can obtain not only functional neurons, but also heterogeneous and 

pure populations of reprogrammed cells both in vitro and in vivo. 

Taking together all the previous sections, it has been reported how some 

epigenetic marks, such as H3K9me3 or H3K20me3, can act as a barrier for 

reprogramming and the pioneering action of some factors (Mayran et al, 2018; 

Becker et al, 2016; Nicetto & Zaret, 2019). Moreover, the general distribution of 

these in the genome can also change during cell differentiation and maturation. 

Importantly, Ascl1 can, however potentially access to closed chromatin, but 

depending on the context can create de novo binding sites and even promote 

alternative fates. Therefore, in general the identification of potential barriers that 

prevent pioneer factors from functioning and the complex interactions with 

cofactors will be crucial for understanding the way chromatin organization and 
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gene expression is regulated differently at different stages of development (Mayran 

et al, 2018; Hansen et al, 2022). Further, it will be fascinating to determine if 

maturation differences in the cell can already alter the strategy of pioneer factor-

mediated chromatin accessibility and its downstream cascade in a cell-type-

dependent mechanism. 

Certainly, in the establishment of cell identity, numerous complex layers of 

epigenetic organization exist, controlling transcriptional access to DNA (Leaman 

et al, 2022). Particularly interesting, it has been recently evidenced that a subset of 

TFs can act as ‘molecular bridges’ (Noack et al, 2022) as they are associated with 

local dynamic chromatin looping at its binding sites in vivo, inducing chromatin 

accessibility and DNA methylation. This ultimately grant these factors the potential 

to rewire the regulatory 3D genome (Noack et al., 2022). As a whole, there is a 

complex regulatory system in place to safeguard the various mechanisms involved 

in gene repression for regulating cell identity. Nonetheless, processes associated 

with active enhancers and active transcription act in synergy for this purpose 

(Brumbaugh et al, 2019). 
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2 Main aim of this project 

Throughout this thesis work, it was intended to explore the molecular 

mechanisms behind cell identity and direct cell reprogramming in astrocytes. This 

study sought to identify new cell-type-specific challenges encountered in 

reprogramming, especially among adult glial cells in vivo. This work has been 

carried out to improve both our understanding of the mechanisms orchestrating cell 

identity induction and those that may hinder it. It is particularly the latter aspect we 

deem to be an essential knowledge with significant applications, to which we might 

humbly contribute to better manipulate cell fate conversion.  

In general, we set several but related research objectives. Consequently, we 

performed direct reprogramming of astrocytes into induced neurons (iN), under 

normal conditions by the ectopic expression of Ascl1 in culture to promote both, 

neuronal induction and maturation. Considering how the maturational state heavily 

impacts cell transcriptional profile and function, we decided to study different ways 

in which maturation could affect cellular conversion. Thereafter, we performed glia 

reprogramming in purified cortical astrocytes from the adult mice. During the fate-

switch conversion, in every model studied, we could score a general delay in 

neuronal induction, morphological differences and ability to downregulate 

astrocytic identity with a greater effect seen in mature cells derived from the brain 

as compared to postnatal astrocytes. To understand the mechanisms behind these 

reported differences in adult cells in vitro, deep knowledge of the starting cells is 

required. However, considering the lack of proper characterization of astrocytes 

upon maturation, we first studied their chromatin environment during brain 

development. CUT&Tag allows, in a fast and efficient way, to profile a diversity 

of histone modifications and factors binding to the chromatin. Our goal is to 

elucidate, at the transcriptome and chromatin levels, how intrinsic signals 

contribute to cell identity at different maturation stages in astrocytes and its 

potential effect in direct reprogramming. 
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3 Results 

 

3.1 In vitro conversion of postnatal cortical astrocytes efficiently give 

rise to functional neurons. 

While astrocyte heterogeneity has been documented at the morphological, 

functional and, more recently, at the single-cell level, little is known about their 

cellular specification and maturation process. A recently published study (Lattke et 

al, 2021) describes how astrocytes undergo significant transcriptional and 

chromatin changes from postnatal to mature stages, and that in vitro models fail to 

mimic the in vivo astrocytic phenotype. Thus, the mechanisms identified so far 

hardly account for astrocyte maturity in vivo. Hence, a major limitation is still 

encountered in the many studies aiming to reveal the molecular changes driving 

neuronal conversion. These studies are performed mainly in vitro and on cells 

which are not completely representative of those present in the adult brain. 

Therefore, understanding the full conversion process is still restricted, and the gap 

between in vitro and in vivo remains. 

In vitro models, however, are perfect for controlling potential cofounding 

variables in the experimental setting. Hence, to better analyze whether the 

maturation state in astrocytes can have an effect on the conversion outcome, we 

aimed to convert isolated young and adult cortical astrocytes in vitro. We first 

optimized a basal reprogramming protocol (NDR) using postnatal cells for neuronal 

conversion (Fig. 3). We followed the experimental conditions elsewhere explained 

(Heinrich et al., 2011) and after 21 days the yield neurons were characterized based 

on the expression of different neuronal markers through immunostaining, RTqPCR 

and its electrophysiological properties. 

Cortical astroglia cultures were prepared from postnatal mice at day 2-3 

(Supplementary Figure S1a), after a week, cells were passaged and transduced with 

a Tet-On inducible lentiviral vector encoding Ascl1 and V5 (rtTA-Ascl1.V5) (Fig. 
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3.1a). For the control conditions cells were not infected with the vector encoding 

for the rtTa. Over 60% of astrocytes were positive for V5, showing high efficiency 

in the infection rate (Fig. 3.1 b). In agreement with previous studies, after 4 days, 

the vast majority of Ascl1-transduced postnatal astrocytes had differentiated into 

βIII tubulin-positive cells. By 2–3 weeks post-transduction, astroglia-derived 

neurons exhibited MAP2 immunoreactivity, which is indicative of neuron 

maturation and dendritic formation. Consistent with the previously described 

influence that Ascl1 has in promoting a GABAergic identity (Introduction section 

1.7) during development in the cortex, cells revealed that they predominantly 

acquired a GABAergic neuronal identity. On the opposite, cells in the non rtTa 

condition, were negative for both, the microglia (IBA1) and neuronal markers 

(TUJ1 and MAP2), showing no presence of neurons or contaminating microglia. In 

the vast majority of transduced cells, drastic morphological changes associated with 

the expression  tubulin were observed only upon the addition of rtTa (Fig. 3.1 

c). This confirms the ability of the factor to activate the neurogenic differentiation 

program in an inducible manner. 
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3.2 Induced neurons present functional properties, eliciting action 

potentials. 

 

Considering the initial results, a further characterization was carried out. After 

10 d.p.i., there was still a significant expression of Ascl1 by RT-qPCR on infected 

cells (Fig. 3.2 a). We also observed a significant upregulation in RNA levels of 

neuronal genes like Tuj1 and Map2 (Fig. 3.2 b). The success in the conversion 

process was also measured by the ability of the iN to properly downregulate 

astrocyte-like genes. Converted cells showed a significant downregulation of some 

relevant genes for the astrocytic identity (Gfap, Sox9 and Nfia) through RT-qPCR 

after Ascl1 ectopic expression (Fig. 3.2 c). 

 

Moreover, at this time point, iN were characterized for their functionality, 

showing electrophysiological properties. Indeed, cells reprogrammed with this 

factor gave rise to functional synapses after 20 d.p.i, being able to elicit and receive 

action potentials (Fig.3.2 d). 

 

Overall, we obtained an efficient reprogramming protocol in accordance to 

already published studies showing high transdifferentiation of postnatal astrocytes 

in vitro, presenting distinctive neuronal morphological and functional properties. 
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3.3 Assessing mature astrocytes transcriptome changes upon In vitro 

maintenance. 

To test whether maturation could have an impact on cellular conversion, on top 

of the aforementioned tests we repeated astrocyte reprogramming directly on adult 

astrocytes isolated from Aldh1l1:CRE mice (Supplementary Figure S2). To do so, 

the same protocol used for the pups was used for the isolation step using the 

miltenyi purification kit (Fig. S2 a). After the purification of adult astrocytes with 

the surface marker ACSA-2, we performed Fluorescence-activated cell sorting 
(FACS) to check for the purity of the isolated cells acquired at each developmental 

stage (Supplementary Figure S2 b) and plated additional cells to perform 

immunostaining for the microglia mark IBA1, a cell type commonly presented as a 

contaminating cell in dissection approaches (Supplementary Figure S2 c). An 

observation made, is that mature cells greatelly struggle to attach after isolation, 

however, once they reached confluency manipulating them was equiparable to their 

immature counterparts. For this reason, before starting the conversion process, we 

tested whether the infection was equally efficient in both conditions (mature and 

immature cells). This way, we were able to discard this difference as a cofounding 

variable in our study (Fig. 3.3 a). After observing no significant differences in their 

capacity to be infected in vitro, we proceeded with further characterization of the 

mature isolated cells. Previous studies have shown that upon in vitro culture of 

postnatal astrocytes, the transcriptome of these changes acquires a more stem-like 

phenotype (Lattke et al, 2021). We, therefore, wanted to test if isolated adult 

astrocytes also undergo the same change (Fig 3.3 b). We checked for several 

astroglia markers (Gfap, Slc1a2, Aqp4) that are upregulated with maturation, and 

for generic progenitor genes (Ki67, Sox2 and Nestin) (Lattke et al, 2021). To do 

this, upon ACSA-2 purification, part of the cells were plated, and the other part was 

used for RNA extraction and qPCR analysis. When looking at RNA levels of 

mature and immature genes on the purified and plated adult cells we observed how 

there was an overall change in the gene expression compared to astrocytes that 

reside in the brain (Fig. 3.3 b). Whereas mature genes tended to get slightly 
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downregulated in vitro, immature genes, such as Ki67 or Nestin were upregulated 

(Fig 3.3.b). Moreover, we looked if this loss in maturation profile reached levels 

comparable to the postnatal astrocytes genetic expression or, if on the contrary, they 

still presented a more mature status (Fig.3.3c). Despite the described changes at the 

transcriptional level in mature cells that were plated, immature astrocytes still 

harbor a more progenitor-like gene expression than in vitro (Fig. 3.3 c).  

 

These data show how adult astrocytes upon cellular culture conditions change 

their maturation profile, acquiring a more immature feature expression. However, 

when comparing postnatal and adult cells, the former ones still present a higher 

degree of a progenitor profile. 
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Figure 3.3 In vitro characterization of isolated adult cells. 
a. Adult cells in vitro show equivalent capacity to be infected as postnatal astrocytes with 
an inducible lentiviral vector expressing GFP. b. Change in the transcriptional profile 
between adult astrocytes isolated from the brain and those maintained in vitro. c. 
Transcriptional profile comparison between in vitro postnatal and adult astrocytes before 
reprogramming experiments. Fold increase normalized on 18S.  
n=3 independent experiments. Error bars represent ± SEM. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. Statistical test: Unpaired Student t-test 
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3.4 During direct reprogramming, mature astrocytes fail in 

downregulating astrocytic identity. 

After characterizing our in vitro model, we carried on and performed the 

conversion of adult astrocytes in vitro. We employed a CRE inducible lentivirus 

expressing Ascl1 on Aldh1l1:CRE mouse derived astrocytes (Fig. 3.4 a). 

Following the analysis of conversion at day 7, 14 and 21 post infections, the 

population of adult astrocytes showed a depletion compared to the same cells in the 

control condition, an effect we also observed in pararllel experiements performed 

(Fig. S1). Despite the cells that were analyzed presented the capacity to become 

TUJ1 from the first week they morphollogically resembled astrocytes, or at a 

transitional stage (Fig. 3.4 b). To understand the underlying cause of this 

observation, we examined if these cells managed to downregulate their GFAP 

expression (Fig. 3.4 c, d). Interestingly, we observed that during the whole 

conversion process, adult cells derived iN cells presented a higher and consistent 

colocalization of TUJ1 and GFAP marks compared to P4 cells (one-way ANOVA, 

****p<0.0001). On the contrary, converted postnatal astrocytes, managed to 

overcome this colocalization as early as day 7 (One way Anova, ns, p>0.0001) (Fig. 

3.4 d). 

According to these results, immature astrocytes downregulate their starting 

identity more efficiently than adult astrocytes during transdifferentiation, resulting 

in a more elaborate neuronal morphological appearance in contrast to what was 

observed in adult astrocytes. 
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Figure 3.4 In vitro Direct reprogramming of mature and postnatal ACSA-2 isolated cells 

a. Schematic representation of the animal model (Aldh1l:CRE) and the Cre/lox site-

specific inducible lentivirus employed expressing Ascl1. b. Immunofluorescence analysis 

reveal an efficient neuronal conversion of cells expressing Ascl1 after 7 d.p.i. c. 

Immunofluorescence analysis reveal an efficient neuronal conversion of cells expressing 

Ascl1 after 15 d.p.i. (GFAP in red, TUJ1 in green). d. Quantification showing co-

localisation between the astrocytic marker GFAP and the neuronal TUJ1. n=2 

independent experiments. Scale bar 50µm. Error bars represent ± SEM. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. Statistical test: Unpaired Student t-test.  
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3.5 Postnatal cells convert faster and more efficiently than mature cells 

in vitro. 

Next we moved on to characterize further the neurons obtained from mature 

astrocytes. Indeed, they successfully converted in neurons positive for neuronal 

marks, such as TUJ1 and even the more mature MAP2 at 21 days post infection 

(Fig. 3.5 a, b). Additionally, with sholl analysis we analyzed the morphological 

differences of the iN from postnatal and adult astrocytes. These converted cells 

failed in reaching the elaborated bipolar shape as those from the postnatal cells, 

presenting less dendritic arborization and axonal intersections (Fig. 3.5 b). 

Based on these initial results, initially we quantified the reprogramming outcome 

by just considering how many induced neuronal cells became TUJ1 (Fig. 3.5 a). 

We observed a slight, yet statistically significant difference between P4 and 2M 

astrocytes at day 7 and at day 15 d.p.i. However, when considering the efficiency 

of the reprogramming based on how many also presented a neuron-like 

morphology, we observed a delayed and depleted effect on the mature condition 

(Fig. 3.5 c). Whereas 43,66% of postnatal astrocytes at the same time were positive 

for TUJ1  and acquired a bipolar phenotype from the first week of conversion, only 

a 6,4% of adult astrocytes presented a similar neuronal morphology at day 7, and 

17,82% at day 15. It was only after two weeks when a slight, yet significant 

increased in adult iN cells with a bipolar morphology was observed. However, 

reprogramming did not reach 20% of efficiency (Fig. 3.5 c). After 20 days in 

culture, yield neurons presented more mature neuronal markers, such as MAP2 and 

many presented a neuronal morphology, with some cells completely loosing GFAP 

signal (Fig. 3.5 d). Interestingly, even when comparing the percentage of cells 

presenting this mark between the two conditions, we found that adult cells did not 

reach half the value of postnatal astrocytes (Fig. 3.5 e), independently of whether 

they presented or not a bipolar appearance (Fig. 3.5 d-f). Nevertheless, during the 

experiement a significant depletion of adult astrocytes was observed after the 

neuronal induction, increasingly along timepoints as observed from the GFAP 

immunostainig panels (Fig. 3.5 a-d). 
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In conclusion, these data show how in this in vitro model using adult astrocytes 

directly purified from the brain resulted in a delayed and decreased conversion 

efficiency (Fig. 3.5 a, b). 
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Figure 3.5 Mature derived neurons present altered morphology and a delayed 

reprogramming. a. Quantification of conversion efficiency at 7 and 15 d.p.i. Analysing 

reprogramming separately based on TUJ1 cells (P4: 43.66±2,2%; 2M: 32.09±2,2%). b. 

Sholl analysis on postnatal and mature astrocytes derived iN (P4 vs 2M ****p<0.0001). 

c. Quantification of conversion outcome on TUJ1 cells with a bipolar neuronal 

morphology (P4: 43.66±3,7%; 2M: 18,31±3,4%). d-e. Immunofluorescence images and 

quantification graphs showing astrocyte conversion upon Ascl1 infection 20 d.p.i. (P4: 

MAP2 70,6±,4%; MAP2-Bipolar 69,8±4,1%) f. conversion of TUJ1 and bipolar cells (2M: 

MAP2 33±4,1%; MAP2-Bipolar 28,5±4,1%). n=2 independent experiments. Scale bar 

50µm. Error bars represent ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

Statistical test: Two-way ANOVA followed by Tukey’s post hoc correction (d). Unpaired 

Student t-test (a, c, e, f). 
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3.6 Postnatal and mature astrocytes present a distinctive chromatin 

accessibility profile. 

Among the mechanisms controlling cellular identity establishment and 

maintenance, DNA methylation and histone post-translational modification are 

essential for normal development (Ziller et al, 2013), establishing an epigenetic 

footprint and ensuring cell identity (Mertens et al, 2020). Hereof, the distinct 

chromatin and cellular environment of the cell type of origin certainly can facilitate 

or impede reprogramming efficiency (Gao et al, 2017). 

To confirm if indeed the chromatin is different in astrocytes across different 

developmental stages, we took advantage of available single cell ATAC-seq 

datasets of postnatal and adult cortex (Zaghi et al, 2022 & 10x Genomics). We 

performed dimensionality reduction analysis on the unified dataset and plotted it. 

We clearly distinguished 11 different cell populations, and, among them, we found 

two different clusters that were associated to astrocytes (Fig 3.6. a). Moreover, we 

plotted the predicted expression of key astrocytic markers such as Gfap and Sox9 

to validate their identity (Fig. 3.6 b). Interestingly, one of the two astrocytic 

clusters, showed a high level of predicted expression of the progenitor cells markers 

Sox2 and Ki67 (Fig. 3.6 b). This indeed was the cluster of astrocytes deriving from 

the postnatal cortical cells. The other astrocytic cluster showed a high level of 

predicted expression of more mature markers like Slc1a2 or Glu-1, and a low level 

of the aforementioned progenitors’ markers (Fig. 3.6 b). Hence, this separated 

cluster will correspond to the adult cells. Thus, these data confirm what has been 

previously described (Lattke et al, 2021), showing that astrocytes have a stage-

specific chromatin accessibility profile, in which they go through deep reshaping 

during differentiation. Despite this, no study has ever considered the contribution 

that repressive elements of the genome add to the process of cellular specification. 

We believe that during maturation cells need to repress certain regions to safeguard 

their identity and avoid the activation of improper gene programs. Hence, we 

investigated the genome distribution of the main known heterochromatin mark 

regions upon cell maturation. 
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3.7 Postnatal astrocytes present a permissive chromatin environment. 

To efficiently profile the epigenome of cortical astrocytes of C57BL6 mice 

at P4 and 2 months, we performed CUT&Tag. To implement chromatin profiling 

by tagmentation (Fig.3.7), we first isolated cells as previously explained (Fig.3; 

Fig. S2) and incubated intact permeabilized nuclei with antibodies against lysine- 

9, 27-trimethylation of the histone H3 tail (H3K27me3, H3K9me3, 3 replicates for 

each developmental stage), which are abundant histone modification that marks 

silenced chromatin regions. In contrast, we also incubated cells with a non-specific 

IgG antibody to measure the untethered integration of adapters. 

First, we quality-checked the experiment by performing a principal 

component analysis (PCA) and Pearson correlation to verify that all replicates had 

a good level of concordance (Fig.3.7 a). 

Moreover, to validate the correct distribution of each repressive marker 

across the genome, we plotted the average signal enrichment of the two markers 

across a pseudogene, which exemplifies the distribution of the markers around all 

the genes present in the mouse genome. Indeed, we obtained the expected 

distribution pattern, with a stronger signal of H3K9me3 at intergenic zones and an 

enrichment around transcription start sites (TSSs) for H3K27me3. (Fig.3.7 b). 

Afterwards, we calculated the regions with a significant signal enrichment 

compared to the IgG control, a.k.a peaks, for each replicate (see methods). 

Considering the high correlation between experimental replicates, we merge them 

together to build a consensus set of peaks per marker & developmental stage. 

Next, to simplify subsequent analysis we generated a consensus set of 

regions containing all the peaks obtained for both markers at each developmental 

stage. A total of 32.619 peaks were obtained for repressive regions, from which 

15420 (47,27%) were enriched for H3K27me3 and 19464 peaks (59,67%) for 

H3K9me3. Before moving on, we perform another quality check analysis. We 

plotted the ATAC-seq signal in all those regions and as expected the vast majority 
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of them resulted completely inaccessible (Fig.3.7 b). Conversely, to exemplify the 

specificity of our experimental approach we show the Nfia genomic locus (Fig.3.7 

c). This is a key gene for astrocytic biology and, as shown, it is completely depleted 

of any of the two repressive markers and presented a high degree of chromatin 

accessibility as expected. 
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Figure 3.7 Heterochromatin characterization of astrocytes upon development. 
a. Principal Component Analysis (PCA) and correlation plot of experimental replicates 
and IgG controls. b. Metagene profile plot of H3K9me3 and H3K27me3 in the mouse 
genome. On the right side, heatmaps of ATAC signal inside regions positives for 
heterochromatinic marks. c. Representative Integrative Genomic Viewer (IGV) tracks of 
the CUT&Tag for the Nfia locus. 
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3.8 Heterochromatin marks signal increase upon development. 

Then, we wondered if there was any difference between each marker at the 

two developmental time points. To do so, we took all the regions that were enriched 

for each heterochromatin markers at both stages. First, we plotted the signal 

enrichment (Fig.3.8 a) across all the significant regions, and we found that upon 

maturation, the chromatin seemed to have a higher enrichment of both markers. 

Then we analyzed more specifically which regions show a significant signal 

enrichment in both or in only one developmental stage. As shown in the Venn 

diagrams (Fig.3.8 a), for both markers, a bigger proportion is specific only mature 

stage, whereas a minor proportion is specific at postnatal stage or common. The 

genomic position of these subset is in accordance with the general distribution of 

H3K9/K27me3. Moreover, using the distance criteria, we associated a gene to each 

one of those regions and performed a functional enrichment analysis (Fig.3.8 b). 

Interestingly, the results showed that among different biological processes, the ones 

that were associated either with neuronal function or development were 

significantly and frequently more associated with regions specifically enriched with 

H3K9me3 or H3K27me3 in mature astrocytes (Fig.3.8 b). This concept is 

paradigmatically exemplified by the genomic loci containing Sema6a and Sox11, 

two key players in neuronal biology (Fig.3.8 c). As it is shown, these genomic 

regions tend to acquire a repressive chromatin signal and, at the same time, losing 

a certain degree of chromatin accessibility, thus resulting in a more repressive 

environment around those genes. 
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3.9 The increase presence of H3K27me3 in adult astrocytes has the 

biggest impact on gene repression. 

To further investigate where the most significant differences are located, we 

divided our data set into three different clusters. We identified that for both marks, 

cluster 3 contains the biggest number of heterochromatin regions and the ones 

showing the biggest difference between the postnatal and the mature stage(Fig. 3.9 

a, c highlighted cluster). Next, we looked again at the most proximal gene to each 

peak and performed a functional enrichment analysis, showing a prevalence of 

associated neuronal genes (Fig. 3.9 b, d). Considering that there are published 

RNA-seq datasets from the same developmental stages on astrocytes (Lattke et al., 

2021), we analyzed the expression levels of the genes associated with the 

highlighted functional enrichment categories from cluster 3 (Fig. 3.9b, d). This was 

conducted for both marks, H3K9me3 and H3K27me3. Interestingly, we found that 

a proportion of them were differentially expressed, as shown in the Venn diagram 

and heatmaps, indicating a possible direct effect of the differential chromatin marks 

distribution (Fig.3.9 b, d). Again, we put two genomic loci as an example, in this 

case we selected NeuN and Sema5b (Fig.3.9 e). As for NeuN we have a strong 

enrichment of H3K9me3 and slighter of H3K27me3, whereas as for Sema5b the 

strong enrichment is only of H3K27me3. For both genes this result in a decrease of 

the expression level. 
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3.10 H3K27me3 has the biggest impact on gene repression. 

Our next goal was understanding if there was any correlation between these 

changes on gene expression and the differences present at the level of 

heterochromatinic marks. We therefore focused our attention on neuronal genes 

that we found associated to regions of the aforementioned 3rd cluster for both 

markers (Fig.3.10 a). We first plotted a Venn diagram to understand how many of 

those genes were in proximity of cluster 3 H3K9/27me3 marked regions or both. 

When plotting where in the genome these regions were located, compared to the 

associated genes, we observed that the H3K27me3 marked regions were more 

proximal to gene promoters compared to the H3K9me3 marked ones. We then 

plotted the average gene expression level of those genes (Fig.3.10 b), and we found 

a significant decrease of the average expression of neuronal genes that were marked 

by H3K27me3 alone or in combination with H3K9me3, like NeuN, but not by 

H3K9me3 alone (Fig. 3.10 b, c). 

We investigated if this behavior was also true for the differentially expressed 

genes present in these subsets. We performed the same identical analysis (Fig.3.10 

d, e), and again we found a significant difference in the average gene expression 

level between genes that were marked by H3K27me3 alone or in combination with 

H3K9me3, and the genes marked by H3K9me3 alone. Together these results seem 

to indicate a more direct correlation of the H3K27me3 level with gene expression 

in comparison with H3K9me3. 

These data indicate that as an astrocyte undergoes maturation, its chromatin 

not only becomes more compacted by the presence of more heterochromatin marks 

and an overall drop in the ATAC signal from P4 to 2m, but that this occurs at 

genomic regions corresponding to genes important for neuronal identity and 

function. Moreover, these histone modifications have a preferred genomic 

distribution, at promoters for H3K27me3 and distal zones for H3K9me3. A curious 

finding from merging our data set with the RNA-seq, is that postnatal cells, despite 

presenting some degree of heterochromatin marks, still manage to express in a 
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higher degree some neuronal-associated genes than mature cells. When looking at 

the possible effect these repressive marks could have on gene regulation, we found 

that, especially H3K27me3 has the biggest influence on gene repression. Which 

goes in accordance with its increased preference for transcriptional starting sites 

shown in our data and literature (Cai, Zhang, Loh et al 2021). Interestingly, GO 

terms for neuronal morphogenesis and neurotransmission were among the genes 

showing this increase in repressive marks and less expression in mature astrocytes. 
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3.11 As an astrocyte matures, heterochromatic marks appear at 

neuronal-associated loci. 

To further analyze these data, we wondered if there were regions that at postnatal 

stages were free from repressive marks, and later gained heterochromatin signal 

with maturation (Fig.3.11 a). 

 

We observed that from all 32.619 heterochromatin regions found, 17.890 peaks 

(54,84%) represented newly acquired marks for H3K9me3, H3K27me3, or both at 

2 months (Fig. 3.11 b). Moreover, the ATAC signal for these peaks showed a 

reduction in the chromatin accessibility signal (Fig. 3.11 c). When trying to identify 

the biological function of these regions, we associated each peak to it closest gene 

and performed functional enrichment analysis. We found out that the categories 

were enriched for many neuronal identity properties (Fig. 3.11 d), associated with 

important genes, like Dcx, among the genes acquiring this repressive signature as 

astrocytes mature (Fig. 3.11 e). 

 

To understand the significance of these changes on gene expression, we plotted 

a Venn diagram comprising of the genes associated with those regions and the 

neuronal ones that were associated with regions inside cluster 3 (Fig. 3.9 b, d) that 

gained either mark during development (Fig. 3.11 f). A greater proportion of them 

is present in this subset and we have already shown how these genes present 

significant changes in their expression level (Fig.3.10 b). Thus, these data suggest 

that the overall gain of repressive marks is somewhat significant in driving the 

identity changes that is present in astrocytes across development.  

 

In conclusion, our CUT&Tag data shows a transition of the neuronal-associated 

genomic regions, like for Dcx, toward a repressive state in mature astrocytes, 

indicated by the acquisition of heterochromatin marks, loss in chromatin 

accessibility and gene expression levels. 
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Figure 3.11 At postnatal stages, many repressive mark-free regions gain 
heterochromatin upon maturation. 
a. Schematic illustration showing a gain of the repressive marks with astrocytic 
maturation. b. Signal profile plot of H3K9me3, H3K27me3, and ATAC (c.) inside regions 
gaining repressive marks in mature astrocytes (17.890 peaks). d. Functional enrichment 
analysis of the genes associated by distance to the identified peaks in (b). e. IGV shot 
illustrating a representative trace for the neuronal gene Dcx gaining repressive marks 
upon maturation and a corresponding loss in chromatin accessibility compared to the 
postnatal state (grey traces). f. Venn diagram showing the specific heterochromatin 
signature of these acquired repressed genes upon maturation (172 genes with just 
H3K27me3; 270 doubled marked genes and 226 genes marked with H3K9me3). Most 
genes identified associated with neuronal signature belong to cluster 3 of regions showing 
increased heterochromatin signal in adult cells. 
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3.12 With maturation there are higher dense heterochromatin 

domains. 

The increase in the two markers is indicative of heterochromatic regions. 

Nevertheless, these modifications are also found in euchromatic regions that permit 

transcription. Indeed, different degrees in chromatin compaction has been described 

(Fig. 3.12 a), with high enriched H3K9me3 regions correlating with tighter 

chromatin, impeding transcription factor binding and pioneer activity (Becker et 

al., 2017; Mayran et al., 2018). 

Based on our findings, showing a general enrichment of repressive marks in 

astrocytes at 2 months, we wanted to go one step further to discriminate regions 

harboring different degrees of chromatin compaction, rendering more inaccessible 

certain regions of the genome. 

To discriminate different degrees of compaction in the chromatin during 

astrocyte development we employed SAMMY-seq (Sequential Analysis of 

MacroMolecules accessibilitY). It is a high-throughput sequencing-based method 

for genome-wide characterization of chromatin dynamics, based on its compaction 

degree. We were able to isolate and map four different chromatin fractions of 

postnatal and mature cells separated by solubility and DNase sensitivity. In the first 

step, we separated all soluble proteins (S1 fraction), and obtained a crude intact 

nuclei extract, from which we further isolated different chromatin fraction by 

adding different concentrations of DNase and high salt buffers. We obtained the 

second fraction (S2 fraction), as the first released after DNase treatment. To isolate 

the remaining fractions, first, a high salt buffer helps in the release of high insoluble 

proteins contained in the third fraction, which are DNase-resistant chromatin (S3). 

Finally, to get the most condensed and insoluble portion of chromatin (S4 fraction), 

we treat with urea (8U). This way we can solubilize the remaining proteins and 

nuclear membranes (Sebestyén et al, 2020). After sequencing of each fraction, to 

visualize and perform all the subsequent analysis, the SAMMY-seq signal is 

expressed as a ratio between S3-S2 fractions (S3-S2. S). To check the experimental 
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quality, we performed Spearman correlation between the SAMMY-seq signal and 

our chromatin marks, dividing the genome in bins of 1mb (Fig.3.12 b). The plot 

shows a high correlation between the H3K9me3 dataset and the S3-S2. S ratio (Fig. 

3.12 b), in line with what has been previously described (Mayran et al, 2018; 

Sebestyèn et al, 2020). 

Consequently, we compared the signal from the SAMMY-seq with our 

H3K9me3 results and the ATAC signal from P4 and 2M astrocytes, along different 

chromosomes. This way we can see at the chromosome level a “zoom-in” of the 

H3K9me3 trace, discriminating among it regions with an enriched S3-S2. S signal, 

corresponding to more condensed chromatin, (Fig. 3.12 c, red traces) or depletion 

(Fig. 3.12 c, purple traces). The latter one corresponding to more euchromatic sites 

correlating with chromatin accessibility from the ATAC-seq. 

When comparing astrocytes at the two different stages, we observed how mature 

cells tend to present a higher SAMMY signal in enriched H3K9me3 regions 

compared to the one at P4, despite presenting the histone repressive mark in the 

same locus. Interestingly, in postnatal cells, the ATAC signal is still present on 

those regions with H3K9me3, but lesser SAMMY signal compared to the same sites 

in 2 months astrocytes (Fig. 3.12 c, Chromosome 10). This goes in line with our 

previous results in which, with maturation, there is an overall gain in H3K9me3 and 

loss in chromatin accessibility.  

Using this approach, our preliminary analysis suggests the presence of higher 

compact regions that are rich in H3K9me3 displaying lower chromatin accessibility 

that are not present at postnatal stages and are rather gained with time. These data 

support the notion that during maturation astrocytes develop a more restrictive 

chromatin environment. 
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3.13 With maturation there is an increase DNA methylation signal at 

neuronal genes. 

To better understand and further characterize astroglia maturation, we wanted to 

tackle an additional layer of regulatory information and wondered whether we 

could see the same effect described so far at the level of the DNA methylation.  

To answer this question, we performed methylated-DNA immunoprecipitation 

sequencing (meDIP-seq) (2 technical replicates and 1 input control for postnatal 

and mature astrocytes). After performing initial data processing, we identified 

significant enriched regions over the input conditions. We then merged all the 

significant regions from each replicate, for each developmental stage, in a unique 

dataset obtaining a total of 364442 peaks. Then, we plotted the normalized signal 

of postnatal and mature astrocytes on two heatmaps based on those regions (Fig. 

3.13 a). In any case, we did not observe any evident difference in the signal 

enrichment between the two different developmental stages. Nevertheless, we 

wanted to understand how the DNA methylation signal was found within the 

genome between postnatal and mature cells (Fig. 3.13 b). Interestingly, the specific 

regions identified followed a location pattern concentrated in intergenic and distal 

zones, similarly to what we observed with the heterochromatin marks. We then 

associated to each peak its most proximal gene and performed functional 

enrichment analysis. We noticed that as an astrocyte matures, there was an increase 

in DNA methylation signal and enrichment on genes important for neurogenesis 

and its regulation. 
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3.14 Mature astrocytes present significantly higher DNA methylation 

sites and a preference for intergenic regions. 

Considering the increase in DNA methylation upon maturation, we wanted to 

identify the regions that were differentially methylated between the two 

developmental stages. Therefore, to understand if there were any significant 

difference in the methylation profile, we used an approach similar to the one used 

for RNA-seq. In this case, we treated each significant peak as a gene and then we 

used Deseq2 R package to calculate the statistically different ones (threshold, padj 

<= 0.05, log2FC > 0.5). We found a total of 1369 regions in postnatal astrocytes, 

and 4345 in mature astrocytes showing an increase in DNA methylation level 

compared to the counterpart (Fig. 3.14 a). Again, using the criteria of the most 

proximal gene, we associated a gene to each one of those regions and performed a 

functional enrichment analysis (Fig. 3.14 b). Interestingly the regions that showed 

an increased DNA methylation level were significantly proximal to genes 

noteworthy for the neuronal development and function. This concept is exemplified 

by the genomic loci containing the two pro-neuronal factors important for 

neurogenesis during brain development, Ascl1 and Ngn2 (Fig. 3.14 c). 
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Figure 3.14 Differentially methylated regions during astrocyte maturation 
a. MA plot for the differentially methylated regions between P4 and 2M astrocytes and the 
distribution of the DNA methylation in the genome. b. Venn diagram showing common 
methylated regions between postnatal and mature cells together with the genomic 
distribution and functional enrichment results from associating each peak to its closest 
gene. c. IGV shot with the gained DNA methylation traces upon maturation of the pro-
neuronal factors Ascl1 and Neurogenin2. 
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3.15 Many associated genes methylated with maturation show less RNA 

levels.  

To better investigate the significance of these changes and identify a possible 

link between methylation and gene regulation, we integrated our data with the 

RNA-seq data publicly available from Lattke et al., 2021, as previously done. We 

focused our attention specifically on the regions that showed an increase in DNA 

methylation at the mature stage. We plotted in a Venn diagram (Fig. 3.15 a) the 

genes related to the neuronal development and we found out that the ones that were 

significantly different in expression levels (padj <= 0.05) were mostly upregulated 

in the postnatal (Fig. 3.15 b). We therefore observed how DNA methylation 

negatively correlated with gene expression. Indeed, among genes important for 

neuronal fate specification, such as Dll1, we found together with a loss in their RNA 

expression, a gain in DNA methylation and a loss in chromatin accessibility with 

maturation (Fig. 3.15 c). 

Finally, to better define the relation between the different repressive marks that 

we analyzed so far, we used chromHMM software (Ernst et al., 2013). The software 

takes as an input the binarized genomic signal (200 bp) of the epigenomic data of 

interest and use a Hidden Markovian Model to understand the relationship between 

them and determine different chromatin states. In our case, we used our methylated 

DNA immunoprecipitation (meDIP), H3K9me3 and H3K27me3 dataset (Fig. 3.15 

d) and we found out that the two tri-methylated H3 marks are distributed separately 

from each other, with H3K27me3 present in two different states, one with a stronger 

signal and one with a weaker signal. Overall, the DNA methylation signal is co-

occurring together with both H3K27me3 profiles, with an intense signal where the 

two modifications are stronger and were H3K9me3 is present. 
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Figure 3.15 Methylated genes upon maturation show less RNA levels.  
a. Venn Diagram showing the proportion of differentially expressed genes among 
neuronal/development genes subset associated with DNA methylated regions and relative 
heatmap (b.). c. IGV trace for the neuronal fate specification gene Dll1 showing an 
acquisition of DNA methylation throughout the gene body and surrounding. d. 
ChromHMM results showing the different chromatin states (1-6) identified in postnatal 
and adult astrocytes based on the signal of different chromatinic and DNA methylation 
marks. 
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3.16 Mature developmental stages impact on Ascl1 binding pattern. 

Having observed that astrocytic maturation brings about a global restructuring 

of the chromatin architecture in regions involving alternative cell fate identities, we 

hypothesized that this chromatin state change might have an impact on the general 

molecular activity of Ascl1 in promoting neurogenesis. 

To address this, we examined cortical astrocytes isolated from Aldh1l1:Cre/tdT 

mice at early postnatal stages (P4), when astrocytes are mainly immature and still 

proliferating, and at a later stage, when astrocytes have achieved full maturity (2 

months). Following the collection and dissociation of the brain tissue, target cells 

were purified using magnetic-activated cell sorting (MACS) with the astrocyte 

surface antigen ACSA2 (Fig. S2a). To perform the in vitro conversion at the same 

time, for the two different developmental stages, we performed the purification of 

adult cells 10 days before than the postnatal animals, this was done considering 

mature astrocytes takes around 10 to 14 days to properly attach and reach 

confluency before any conversion process. Once properly attached, for each stage, 

1x106 cells were plated and infected with a Cre inducible lentivirus encoding for 

Ascl1.V5. Passed 3 days from infection, we performed CUT&Tag to map the 

interaction between Ascl1 and DNA to identify its binding sites on postnatal and 

adult astrocytes during conversion towards a neuronal phenotype (Fig. 3.16 a). 

Throughout the 3 days in culture, the medium was serum/small molecule free, to 

properly analyze the effect of the factor and avoid any external cue influence (Fig.3 

16 a). We performed immunoprecipitation and library preparation from a total of 

200.000 postnatal and 1x105 adult nuclei from three independent preparations. 

After sequencing and first preprocessing steps, we identified regions with a 

signal enrichment significantly above the one of IgG control for all replicates of 

every experimental condition. Afterwards, we merged all the peaks from every 

experimental replicate, for each condition. We obtained a total of 38223 Ascl1 

bound genomic loci in postnatal and 37516 in mature astrocytes. We first analyzed 

their genomic distribution (Fig.3 16 b), finding no major differences between the 
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two stages, confirming the already described tendency of Ascl1 to bind 

preferentially far from TSS either intergenic or intronic (Wapinsky et al., 2013; 

Raposo el at., 2015). After this initial assessment, we proceeded to perform a 

qualitative analysis of the binding in the two developmental stages. For both the 

experimental conditions, we clustered the bound regions based on the normalized 

signal value (Strength in binding). Then, for each obtained cluster, we mapped its 

position across the genome (Fig.3 16 c, d). In this initial data there is already a 

glimpse of some differences in the binding action of Ascl1, showing that especially 

in the first 2 clusters from the mature astrocytes there is a changed preference for 

the factor to bind preferentially to promoter proximal regions. At the same time, we 

also linked each peak to the proximal gene and performed functional enrichment 

analysis (Fig.3 16 c, d), showing how overall, in both cases, Ascl1 target genes 

revealed an enrichment of biological processes linked to neuronal differentiation 

and neuronal activity. Nevertheless, it was noticeable how in mature cells Ascl1 

binding was less significant and enriched on genes pertaining to cluster 1, where 

the strongest signal in its binding was found (Fig.3 16 c, d). 
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Figure 3.16 Ascl1 binding profile in postnatal and adult astrocytes in vitro. a. Graphic 

scheme of the experimental rational (n=4 Adult mice, n=6 Postnatal mice). b. Genomic 

distribution of Ascl1 in postnatal and adult astrocytes. c. Heatmap for Ascl1 binding, 

clusters (C1, C2, C3) showing binding sites ordered by their signal strength in postnatal 

(c) and adult mice (d). Next to each figure functional enrichment results obtained by 

linking each peak with the closest gene. 
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3.17 Ascl1 binds to more genomic regions at P4 than at 2M astrocytes 

In vitro. 

To better understand the different action Ascl1 has between postnatal and mature 

astrocytes we performed a differential binding analysis using Deseq2 R package. 

First, we generated a consensus set of Ascl1 bound regions merging the peaks from 

the postnatal and the mature stage, obtaining a unique set of 48562 regions. After 

running the analysis, to obtain the differentially bound regions (DBRs), we filtered 

(padj<=0.05, log2FC > 0.5) 11223 peaks that were more bound to the postnatal 

stage and 8681 more bound to the mature astrocytes (Fig. 3. 17 a). We then wanted 

to identify where in the genome these DBRs were located, finding how at postnatal 

stages the TF does not change its binding towards intergenic regions, whereas in 

adult astrocytes there is an acquisition of many promoter sites (Fig. 3.17 a). We 

then identified how the majority of DBRs were associated with genes enriched for 

GO terms related to the regulation of neuron differentiation and the morphological 

changes involved in neuron differentiation (Fig 3.17 b, c). Additionally, we 

wondered if these differences in Ascl1 binding were also located at genes regulating 

the functional properties of neurons during differentiation, such as Shank3. Gene 

Ontology analysis of the DBRs of Ascl1 revealed an enrichment of biological 

processes linked to synaptic properties, including synapse assembly, synaptic 

signaling or chemical synaptic transmission (Fig. 3. 17d, e).  

Ascl1 genome binding has been described in few other cellular types, always 

showing a preference for intergenic regions, in line with our current results. 

Interestingly, when looking at mature cells differential binding sites, we found an 

increase at promoters (Fig. 3.17 a, f). Ascl1 seems to bind new 1509 additional 

promoters on mature cells (Fig. 3.17 f, g) which were associated to many genes 

regulating a variety of biological and cellular processes. However, we identified a 

group of promoters, related to the regulation of the nervous system development 

that was only present on postnatal astrocytes (Fig. 3.17 h). This suggests that 

besides the gain in binding sites on mature cells at promoter sites, only at a postnatal 
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stages Ascl1 binds specifically to a set regulating the development of the nervous 

system.  

Overall, these results are indicative of a significant difference in the number of 

regions that are bound by Ascl1 between postnatal and adult cells, with a loss, or 

delayed binding to genomic sites associated with genes regulating the process of 

neuronal induction in vitro. 
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Figure 3.17 In vitro comparison differential bound regions at promoters. 
a. MA plot for the Ascl1 differential bound regions between P4 and 2M astrocytes and their 
genomic distribution. b. Functional enrichment results for the top 10 neuronal processes 
were obtained by linking each peak with the closest gene. c. IGV trace for the neuronal 
gene DCX.  Highlighted the lost Ascl1 peaks in adult astrocytes. d. Functional enrichment 
results for the top 10 synaptic processes were obtained by linking each peak with the closest 
gene. e. IGV trace for the neuronal gene regulating synaptic assembly and activity Shank3.  
Highlighted the lost Ascl1 peaks in adult astrocytes. f. Upregulated promoters after Ascl1 
infection in P4 and 2M astrocytes. g. Venn diagram with specific and shared promoters 
that are differentially bound regions (DBR) of Ascl1 in both developmental stages. h. GO 
terms for the differentially bound promoters in astrocytes. 
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3.18 An increasing number of genes driving neuronal differentiation are 

lost targets of Ascl1 in mature astrocytes. 

We next sought to identify the regions that were more specifically bound by 

Ascl1 at each stage. With this purpose, we decided to filter regions not only by the 

Deseq2 filters, but we also plotted on a Venn diagram the regions that were found 

to be significant peaks in one or the other timepoint (Fig.3.18 a). We ended up 

obtaining 5201 peaks that were stage specific at postnatal stage and 3375 peaks that 

were specific in the mature astrocytes (Fig.3.18 a). A set of 23334 peaks were found 

to be in common between the two conditions. We then associated to each specific 

peak the closest gene and use the RNA-seq data previously mentioned to understand 

how the transcriptional landscape surrounding these subsets of bound regions is 

shaped. We plotted in a histogram for each subset the number of differentially 

expressed genes (DEGs) based on the log2 fold change between postnatal and 

mature astrocytes (Fig.3.18 b). These data seem to indicate that a more favorable 

transcriptional landscape is present around those genes in the juvenile astrocytes. 

Interestingly, this effect was also observed even in the subset of targets that are 

specific in the adult stage (Fig. 3.18 b). In accordance with our previous results, the 

genes identified within these Ascl1 binding stage-specific sites are regulating the 

overall process of neuronal identity (Fig. 3.18 c). Among the gene targets that are 

loss in mature astrocytes, we identified the transcriptional repressor Myt1l, a known 

cofactor of Ascl1 during conversion that represses the starting cells’ transcriptional 

program (Fig. 3.18 c, d). On the contrary, some neuronal targets are only identified 

later in development, like the Isl1, which plays an essential role in neuron 

differentiation and cholinergic neuron identity (Fig. 3.18 e). 

Overall, these results suggest that despite no big differences are found between 

the pattern in Ascl1 binding between the two developmental stages, there is 

however an important set of genes relevant for the conversion towards a neuronal 

fate that are lost in mature astrocytes. 
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Figure 3. 18 Ascl1 specific peaks for each astrocytic developmental stage.  
a. Venn diagram illustrating the statistically significant specific peaks for P4 and 2M 
astrocytes. b. Histogram plot, showing the number of differentially expressed genes targeted 
by Ascl1 at different developmental stages ordered by the log2 fold change between the post 
natal and mature stage. c. Functional enrichment results for the top 10 neuronal processes 
obtained by linking each peak with the closest gene for the lost targets at each stage. d. Venn 
diagram illustrating the statistically significant specific peaks for P4 and a representative 
IGV tracing shot for the transcriptional repressor Myt1l, lost in mature cells. e. Venn 
diagram illustrating the statistically significant specific peaks for 2M and a representative 
IGV tracing shot for the neuronal Isl1 gene, lost in mature cells 
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3.19 Target genes important for neuronal functionality are lost in 

mature astrocytes 

Based on the general goal of cell conversion to produce a mature, and 

subsequently functional neuron, we sought to analyze how certain genes in this 

regard are found in postnatal and adult astrocytes. Considering our in vitro results, 

postnatal cells as early as 20 days post infection already presented 

electrophysiological properties. Unfortunately, mature cells in vitro at the same 

time point fail to reach the confluency required for induced neurons to generate 

contact and promote these properties. However, with the genomic analysis, we are 

able to gain a better understanding on whether there are any differences by 

examining further these Ascl1 binding sites that were lost as a result of maturation. 

Accordingly, we looked for genes regulating the acquisition of synaptic properties 

in the converted cells. Following our in vitro observations, postnatal cells displayed 

an enhanced and significant proportion of specific target genes involved in synaptic 

development. On the contrary, many of these regions, like lrrtm4 which regulates 

synaptic assembly, were lost with maturation (Fig. 3. 19 a, b). These results indicate 

that in our model, Ascl1 binds to a lesser extent to neuronal identity genes, and more 

specifically to genes that are important in the determination of a mature and 

functional neuron. 
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3.20 Ascl1 preferentially binds to already accessible chromatin. 

Ascl1 is well established as a pioneer transcription factor, with evidence 

demonstrating its capacity to bind closed chromatin and promote local DNA 

accessibility (Wapinski et al., 2013; Raposo et al., 2015; Park et al., 2017). 

However, how this factor behaves in different developmental stages has not been 

described yet. What it has been shown is how a permissive chromatin environment 

allows for a promiscuous binding of Ascl1 to the chromatin (Woods et al., 2022) 

and how a highly compacted chromatin environment blocks the pioneer activity of 

some proteins (Mayran et al., 2018). Considering how we have described an 

acquisition of a more restricted environment with maturation in astrocytes, and the 

difference in the binding preference, we wondered how Ascl1 might deal with such 

a difference. 

 Consequently, to gather further evidence for Ascl1 pioneer activity at the 

identified binding sites we used chromHMM again to understand which chromatin 

states were predominantly in the regions bound by the factor (Fig. 3. 20 a). As it 

shown in the figure, the preference goes toward a chromatin which is in active state, 

as indicated by a strong presence of active marks such as H3K27ac and open 

chromatin. In both cases, there is also a very mild co-occurrence in regions that 

present some degree of DNA methylation and H3K27me3, indicating that Ascl1 

might also bind to a portion of poised/mildly repressed regions. The preference for 

active chromatin is also underlined by the heatmaps (Fig. 3. 20 a) which shows that 

the stronger the factor signal is, the higher the degree of chromatin accessibility and 

H3K27ac is. Indeed, when looking at the chromatin state among the specific bound 

regions previously identified, we can see how this is the case also when looking at 

the mature-specific sites, where Ascl1 is binding in chromatin slightly more 

accessible and active than at postnatal one. Overall, these results are indicating that, 

at least in our model, Ascl1 binds at already open and active DNA, representing 

permissive environments. 
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To conclude, this work provides strong results proving how during astrocyte 

maturation there is an increase presence in repressive marks and DNA methylation 

on genes regulating neuronal identity. The direct repression of many genes 

important for neuronal differentiation, maturation and function seems to be mainly 

polycomb mediated; whereas the heterochromatin mark H3K9me3 correlates with 

higher chromatin condensation in mature stages but seems to not affect directly 

Ascl1 binding. Moreover, we provide the first in vitro characterization of Ascl1 

binding profile in mature astrocytes with many unknown effects. Initially, we 

described how this protein binds more genomic regions regulating conversion at 

postnatal stages than for adult astrocytes. Interestingly, we also observed a shift in 

Ascl1 genomic binding preference towards promoters in more mature cells, and 

despite this, there is a loss of many targeted promoters associated with genes 

regulating the nervous system development. Additionally, in adult astrocytes, we 

could see that Ascl1 targets in a lesser extent neuronal identity associated genes and 

despite this transcriptional factor is regarded to have a pioneer activity, in 

astrocytes, Ascl1 preferentially binds mostly on accessible chromatin. 
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4 On-going work. 

Currently, looking at the relationship found between all the omics performed 

(Fig. 3.20 a) we are trying to understand the realtionship between DNA methylation 

dataset, the described Ascl1 results in vitro, and the presence of the repressive mark 

H3K27me3.  

To further characterize the chromatin landscape during astrocyte maturation we 

are looking at the overall arrangement of distal regulatory regions, to test if at this 

level there are differences among the two developmentals stages (Fig. S3). 

Preliminary data, done by mapping the active histone mark H3K27ac, indeed goes 

in accordance with this idea, showing a rearrangement in some cluster groups of 

CREs during maturation (Figure 4.1). Additionally we have performed the same 

experimental approach, but on postnatal and adult mice infected with an AAV 

expresing Ascl1 (Fig. S3). Here we intend to study the impact Ascl1 has in vivo on 

these regulatory regions and on chromatin accessibility. This way we aim to 

describe the whole enhancer-Superenhancer reorganization during maturation and 

reprogramming. This will enable us to study how cell heterogeneity affects 

differently astrocytes capacity to initiate reprogramming, even from cells within the 

same brain region, as astrocytes do still show a level of idiosyncrasy (Siletti et al, 

2022). 

 

 

 

 

 

Figure 4.1 H3K27ac signal across the genome during astrocyte maturation. 
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5. Discussion 

The perspective of cellular identity and plasticity has evolved from early 

reprogramming studies using somatic cell nuclear transfer (SCNT) to enucleated 

vertebrate eggs (GURDON et al., 1958; Wilmut et al., 2002; Takahashi & 

Yamanaka, 2006). Nowadays, not only is cell fate reprogramming possible starting 

from a fully differentiated cell, but it is aimed towards an application to human 

disease, by restoring and replacing the structure and function of an affected brain 

network (Barker et al., 2018; Leaman et al., 2022). The potential benefits of direct 

reprogramming for regenerative medicine are in addition to increasing our 

understanding of cell fate specification and plasticity (Fang et al, 2018; Wang et al, 

2021a). Indeed, countless in vitro and in vivo studies on mice and in human cells 

have shown how cell fate can be manipulated, albeit with varying and relatively 

low efficiency, especially when employing it directly in the brain. However, this 

field is currently looked with skepticism as recent studies have shown limited to no 

neuronal conversion in vivo, questioning the lack of proper tracing and delivery 

methods, overall challenging the field (Xiang et al, 2021; Wang et al, 2021b; Leib 

et al, 2022), and further incrementing the discrepancies found up until now. 

 

Despite these methodological problems recently highlighted (Xiang et al, 2021), 

for the past two decades, a plethora of studies have been published, elucidating 

numerous factors that can both, enhance and diminish the outcome of the 

conversion of specific cell types into neurons (Bocchi et al, 2022). Direct 

reprogramming applied for the repair of the CNS has the major advantage of the 

use of endogenous cells as a source of cell-based replacement for neurons lost due 

to an insult or neurodegeneration (Bocchi et al, 2022; Leaman et al, 2022). In this 

sense, astrocytes, a peculiar star-shaped cell, are regarded as the ideal candidate cell 

type for this purpose. This is not only due to their numerosity in the CNS or their 

closer ontogenetic relationship with the terminal cell, the neuron, but because of 

their functional heterogeneity across the nervous system and the fact that they share 
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a common progenitor with them. Indeed, developmentally related cells allow for a 

more feasible conversion (Leaman et al, 2022). Due to their regional identity, 

astrocytes differ from other glia, in their shared gene regulatory networks with 

neurons residing within the same brain region (Herrero-Navarro et al, 2021). 

Fundamentally, these cells bear, to a certain degree, a similar transcriptional 

program with neurons, hence making them great candidates for ease of 

transdifferentiation. 

 

Besides the close developmental relationship, other variables have shown to 

influence the amenability of cellular reprogramming. The developmental stage, that 

is, the maturation state of the starting cell can highly impact the proneness of a cell 

to change its identity (Jorstad et al, 2017). The most successful transdifferentiation 

experiments done in vitro have, indeed, used cortical astrocytes from postnatal 

mice, yet when replicating the procedure in vivo, the animals used are at a young 

adult age. Thus, at two distinct stages of development. While astrocyte 

heterogeneity has been documented at the morphological, functional, and, more 

recently, at the single-cell level, little is known about their cellular specification and 

maturation process. A recently published study by Lattke and colleagues in 2021, 

describes how astrocytes undergo significant transcriptional and chromatin changes 

from postnatal to mature stages in the brain. More intriguingly, it also reveals that 

in vitro models using these cells fail to mimic the in vivo astrocytic phenotype 

(Lattke et al, 2021). The differences between the transcriptional profiles of 

astrocytes in these two environments, increase exponentially, with astrocytes 

failing to recapitulate in vitro the maturation state found in the living brain even at 

postnatal stages (Lattke et al, 2021). 

 

All in all, this study strongly indicates that the mechanisms identified so far 

hardly account for the astrocyte maturity in vivo. This paper, without a doubt, 

constitutes a valuable resource for future research. Therefore, when looking at the 
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field of direct reprogramming, a major limitation is still encountered when aiming 

to reveal the molecular changes driving conversion or even the molecular signature 

of the factors ectopically employed to rewrite cell identity. So far, the currently 

available results are from studies performed mainly on in vitro conditions and on 

cells which, apparently, are not completely representative of those in the adult brain 

(Tiwari et al, 2018). 

 

Therefore, we believe that despite the encouraging results supporting glia-to-

neuron, there is, however, an important limitation this field encounters, which 

regards the proper understanding of the starting cell. 

 

Consequently, our research rises upon a simple question: are the cells employed 

for in vitro conversion studies resembling those from the brain? At first glance, it 

would appear that this is not the case. Accordingly, and to broaden these findings 

and their application in reprogramming, we performed in vitro astrocyte-to-neuron 

conversion from astrocytes isolated from the mice cortex at two different 

developmental stages (postnatal day 4, P4 and at 2 months mice, 2M), an approach 

that has never been attempted before. 

 

First, we aimed to develop an efficient protocol for generating induced neurons 

(iN). Thus, we first tested and characterized already published protocols to 

postnatal cells to generate a proper control condition (Heinrich et al, 2010). As 

expected, our in vitro immature astrocytes started to change morphologically after 

only a few days post-infection and began expressing the early neuronal marker β-

Tubulin III (TUJ1). When iN were characterized, converted cells were positive for 

more mature markers like NEUN, GABA, and MAP2. Additionally, cells presented 

electrophysiological properties, such as the capacity to elicit and receive action 

potentials, indicating that our induced neurons were mature and functionally active. 
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Overall, as expected, over 60% of in vitro postnatal cortical astrocytes were 

efficiently reprogrammed into neurons with the sole expression of an inducible 

lentivirus expressing Ascl1 (Fig. 3.1 d). We then applied our initial conversion 

protocol on adult cells and wondered if this impacted conversion in the maturation 

state. Thrillingly, this difference in cell state already led to a noticeable perturbation 

in conversion efficiency throughout reprogramming, with adult astrocytes 

conversion averaging half of that from postnatal cells (Fig. 3.5). Interestingly, the 

morphological changes of many converted cells were altered, displaying mixed 

phenotypes representing an intermediate state supported by the expression of 

neuronal and astrocytic markers (Fig. 3.4). Overall, already with this in vitro 

characterization, we reported a delayed and decreased conversion of adult cells in 

vitro. Nonetheless, it is noteworthy to mention, that, after isolation, mature cells 

struggled in attaching compared to postnatal ones. Therefore, when examining 

whether moving them from the brain to the dish significantly changed their 

transcript profiles, results proved that this environmental change has an effect 

rendering them more immature, the same way Lattke and colleagues reported in 

postnatal astrocytes (Fig. 3.3). This result is indicative that, in general, when 

experimenting with cells in vitro these are not representing completely the in vivo 

behavior. 

 

In this regard, when comparing the morphological differences of the iN in the 

two conditions we observed significant differences. With mature astrocytes 

presenting a less elaborated neuronal appearance and a prevalence of an astrocytic 

phenotype (Fig. 3.5 b). Despite many functional neurons can have different shapes, 

considering that postnatal and adult astrocytes shared identical experimental 

conditions, brain origin, and overexpression of the same transcriptional factor, we 

did not expected for the differentiation to produce alternative neurological 

morphologies. However, the drastic transcriptional and morphological changes of 

adult astrocytes in vitro before conversion, could be a plausible influential variable 

in determining the iN morphology. This, indeed, accounts for a limitation in the 
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study, as the experimental environment itself alters greatly the status of the mature 

astrocyte. Thus, the conversion effect observed, not only is showing an effect of the 

developmental state, but also an environmental change effect, which can potentially 

alter the cells chromatin organization, a factor important when aiming to manipulate 

cellular identity. Overall, these results reinforce the belief that although mature 

astrocytes harbor the potential to be reprogrammed, they might need more 

assistance. 

 

Naturally, as cells differentiate and commit to a specialized cell fate, different 

molecular layers safeguard their cellular identity (Brumbaugh et al., 2019). Besides 

the proper control of genetic programs, the 3D chromatin organization, occupancy 

of nucleosomes, and histone modifications are controlled by a diversity of 

chromatin factors and transposable elements, which regulates and maintains cell 

identity and genome integrity (Brumbaugh et al., 2019). Consequently, choosing 

the most suitable cell for conversion is essential. As previously indicated, many 

variables influence the extent to which the target cell is optimally achieved. 

Consistent with our in vitro results, immature and intermediate phenotypes 

challenge the objective of obtaining a fully terminal and mature cell, even if an 

intermediate pluripotent state is skipped during direct cell conversion (Kelaini et al, 

2014). It has been explained how the conflict between the donor and the target cell 

can prevent full maturation of the iN, which implies the acquisition of 

electrophysiological activity and complete neuronal morphology. Without doubt, 

this is a pivotal goal, as the gain of functional properties is essential for proper 

integration and interaction within the local tissue in which reprogramed cells are 

grafted. Therefore, one can consider whether is it possible that the differences 

between postnatal and adults’ astrocytes genomic architecture could affect, first, 

the proneness of these cells to transdifferentiate efficiently and secondly, to reach 

a maturation state of the iN. 
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Considering all this, we wanted to start by focusing on the diverse chromatin 

landscapes in astrocytes. Accordingly, we wanted to corroborate the sustantial 

differences between mature and immature cortical astrocytes in their chromatin 

landscape during development. This can be done by merging available data of 

dynamics in accesible chromatin of cortical cells during development at the single 

cell level. This way, we could identify how astrocytes form two distinct and 

separated cellular clusters depending on the expression of progenitor or mature 

astrocytic marks (Preprint: Zaghi et al, 2022 & 10x Genmics dataset). Interestingly, 

we noticed how postnatal astrocytes resembled more to neuronal stem cells (Fig. 

3.6). However, we aimed to understand not only how the active portion of the 

chromatin help the cells to reach its final stage of maturation. As a matter of fact, 

we wanted to shed light on the process allowing the cells to inhibit and repress 

different molecular programs that are related to other fates. A process that is 

essential to reach its final identity, but many times overlooked. Therefore, for 

chromatin profiling, we opted to perform Cleavage Under Target and Tagmentation 

(CUT&Tag), which efficiently reveals regulatory information in the genome 

(Kaya-Okur et al, 2019). Chromatin profiling of repressive marks and/or DNA 

methylation, unlike RNA sequencing, allows for the identification of silenced 

genome regions, which, as exhaustively explained, is crucial for establishing cell 

fates in development and acts as a barrier for reprogramming. Therefore, with this 

technique, we mapped the general distribution in the genome of the two best 

described heterochromatin marks, H3K9me3 and H3K27me3, in astrocytes at two 

different maturation states, P4 and 2M. 

 

Initially, we found that upon cell maturation, there is a global enrichment in 

heterochromatin marks and loss in chromatin accessibility in astrocytes, suggesting 

that chromatin is found in a more repressive state as these cells mature and adapt to 

the requirements of the developing brain (Fig. 3.7). Probably, this is a mechanism 

to safeguard their identity and hence their functionality for the proper homeostasis 

of their environment. Interestingly, at both developmental stages, we found that the 
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general distribution of the heterochromatin marks tends to locate at distal regulatory 

areas and, to a lesser extent, at promoters or in the gene body (Fig. 3.7). 

Specifically, each mark showed its expected pattern, with H3K9me3 distally 

distributed and H3K27me3 highly enriched at transcription start sites (TSS) (Fig. 

3.7 b). This fact prompted us to examine where precisely in the genome these marks 

were enriched, especially upon maturation. Additionally, to better understand what 

these regions are controlling we aimed to identify genes associated to these 

repressive signals. When associating the repressive peaks with their most proximal 

genes, many regions corresponded predominantly to genes involved in neuron 

determination and function (Fig. 3.8). This enrichment was mainly observed on 

genes when cells are on a mature stage. Therefore, to determine whether these 

alterations of the repressive marks have a direct effect on gene expression, once we 

associated each region a gene (based on distance), we found that postnatal cells, 

despite having heterochromatin marks, can express some neuron-associated genes 

more strongly than mature cells (Fig. 3.9). Interestingly, mature astrocytes exhibit 

less expression of genes associated with neuronal morphogenesis and 

neurotransmission (Fig. 3.9 e). This latter function is of interest as astrocytes, the 

more they differentiate, the more synaptic functions they acquire (Lattke et al, 

2021). It appears that essential genes regulating neuronal morphological properties 

and neuronal maturation functions are, somehow, more repressed and less 

accessible than their postnatal counterparts. Considering these early results, it may 

be a plausible explanation for why under the same conditions in vitro, 2-month-old 

cells have a more challenging time acquiring the same morphological changes than 

postnatal cells during conversion. In accordance with this, we further found how 

some neuronal-associated genomic regions, like for Dcx or MeCP2, transition from 

a non-marked state toward a more repressive one in mature astrocytes compared to 

postnatal cells (Fig. 3.11e). 

 

We went one step further and looked at the relationship between these marks 

and gene regulation. Interestingly, when looking at the differential expression of 
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genes gaining a repressive signature upon maturation, only those harbouring 

H3K27me3 alone or together with H3K9me3 had the biggest repression effect (Fig. 

3.10). This can be explained as H3K27me3 is located near promoter regions. 

Alternatively, it is well described how H3K9me3 is associated with constitutive 

heterochromatin, therefore we did not expect such a difference or strong effect on 

gene regulation. Certainly, to better elucidate the real effect that H3K9me3 has on 

gene regulation, 3D chromatin organization data will be helpful, especially 

considering its genome distribution and, in this regard, how our annotation system 

(gene association based on distance) does not account for the real effect it may have. 

 

To better analyze how during development this increased in repressive signal 

occurs, and its impact in cell identity, we selected regions showing a progressive 

acquisition of repressive marks upon maturation. Interestingly, we identified over 

17.000 sites with a heterochromatic signature that were not present at immature 

stages or to a lesser extent (Fig. 3. 11). This gained heterochromatin signal was 

accompanied by a decline in the chromatin accessibility and RNA expression on 

regions associated to genes regulating neuron differentiation and functions. 

 

So far, these results are in line with the notion that heterochromatin is integral to 

cell identity maintenance by impeding the activation of genes for alternate cell 

fates. Moreover, heterochromatic regions are associated with histone 3 lysine 9 and 

27 trimethylation, but these modifications are also found in euchromatic regions 

that permit transcription. In this regard, Kenneth Zaret work has helped in revealing 

how highly enriched H3K9me3 regions correlates with higher compacted 

chromatin domains and how these have shown to impede direct reprogramming 

(Soufi et al, 2012; Becker et al, 2017). Along this line, different levels of chromatin 

compaction have been described (Becker et al, 2017), with heterochromatin 

regions, despite having repressive marks, revealing euchromatin properties. These, 

known as sonication-resistant regions, show diverse biochemical properties, which 
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will partially explain why at P4, some repressive marked areas still present a higher 

degree of transcriptional activity compared to 2M cells. To better understand if in 

our cells, these strongly marked regions at a mature state are more present, we 

performed SAMMY-seq to, literally, untangle heterochromatin properties of the 

different astrocytes' populations (Sebestyén et al, 2020). Our preliminary results 

indicate a difference within heterochromatin regions, at the chromosomal level, in 

astrocytes during their maturation process (Fig. 3.12). This suggest that, in 

accordance with published studies, within repressive sites, identified by the 

presence of H3K9me3, there are high chromatin compacted regions, and that these 

are mainly present on mature astrocytes. Interestingly, there are studies reporting a 

correlation in the gain of repressive marks in adult cells and a coincidence with 

more compacted regions that tend to be at LADs, modifying the whole 3D 

chromatin architecture (Sebestyén et al, 2020). It would be interesting to perform a 

Lamin-B genomic mapping in our cells, to see whether this is the case in astrocytes, 

and perform deeper analysis on where in the genome these differentially highly 

compacted regions are. 

 

Overall, this approach could entail a powerful tool to potentially identify 

important targets driving neuronal reprogramming. These different fractions can 

represent a more accurate measure than the histone marks alone in predicting 

transcriptional silence and resistance of alternate fate genes to activation during 

direct cell conversion. 

 

With this result we could observe that, even if at each cell stage the 

heterochromatin pattern is similar, the presence of a different level of chromatin 

compaction, demonstrated by different biochemical properties, and the increased 

presence of the marks themselves, suggest a different level of plasticity at each cell 

state. This might be especially true for the neuronal-associated loci, as many of 

them, although proximal to repressive marks, show a higher degree of 
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transcriptional activity at the postnatal stage compared to the adult one. Recently, 

it has been suggested that active transcription determines the chromatin state rather 

than being a consequence of it (Wang et al, 2022). Therefore, if we follow this lead, 

we can speculate that these loci might be more prone to be fully activated, hence 

more transcribed and probably defining the distinct epigenetic landscape between 

the two developmental stages. Without a doubt, further analysis in this regard will 

be needed to generate robust conclusions in the future. 

 

As an additional layer of regulatory information, we wondered if in terms of 

DNA methylation, we could identify the same effect as described so far for the 

chromatin compaction. This idea stems from previous work highlighting the role of 

DNA methylation as key player during the developmental process of various cell 

types in the cerebral cortex (Moore et al, 2013). Moreover, DNA methylation is 

possibly the first step of a chain of modifications that leads to the silencing of 

different genomic loci, guiding both the deposition of H3K27 and H3K9 

methylation (Moore et al, 2013; Jeltsch et al, 2018; Methot et al, 2021). 

 

To profile DNA methylation on mature and immature astrocytes we applyed 

meDIP. Our data show that the global pattern of DNA methylation is quite 

preserved between postnatal and mature astrocytes (Fig. 3.13). This comes to no 

surprise, considering that we are comparing the same cell type at two different 

stages of maturation. Despite this, some interesting differeces are present and 

among the few genomic regions presenting a differential methylation level, we see 

that at the mature stage there is an increase in DNA methylation proximal to 

important neuronal genes, such as Ngn2 and Ascl1 itself (Fig. 3.14). Moreover, it 

seems that this alterations seems to lead to a significant loss in chromatin 

accessibility and a decrease in the gene expression level on some of those genes 

(Fig. 3.15). Still, we observed that many of those differential methylated regions 

are located, in many cases, far from a TSS. Therefore it is not always possible to 
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precisily link those alterations directly with gene expression. More specific analysis 

on the promoter-enhancer network are needed in the future to solve this issue. 

 

When talking about cells identity manipulation and the conversion process, 

several intrinsic variables, such as metabolic shifts (Gascón et al, 2016), epigenetic 

memory, and missing environmental conditions, have significantly impacted how 

well the differentiation process occurs and how well cells can undergo complete 

differentiation (Hörmanseder, 2021). Equally important, transcriptional factor 

dynamics matter. A large body of literature has examined the molecular dynamics 

of pioneer factors alone, in combination, and with downstream targets to understand 

how they behave in various cell types to induce neural phenotypes (Aydin et al, 

2019). Indeed, several reprogramming barriers for transcriptional factors are 

reported (Cheloufi et al, 2015; Masserdotti et al, 2015; Gascón et al, 2017; 

Brumbaugh et al, 2019). Nevertheless, one basic limitation this field still faces is 

that many studies aimed at revealing the molecular changes driving conversion and 

the binding pattern of the factors employed have been conducted mainly in vitro 

and on cells that are not completely representative of those from the adult brain. By 

doing so, the reprogramming process overlooks both the effects of the environment 

as well as the developmental stages at which it is intended to be used. Thus, the 

direct binding and molecular activity of Ascl1 on astrocytes to date has left 

unanswered questions, and the variety of results reported in vivo suggests that it is 

not yet clear to what extent the molecular diversity of the targeted astrocytes as well 

as the specific environment affect the outcome of reprogramming. 

 

Thus, the lack of understanding about astrocytic chromatin environment together 

with the literature available showing how the activity of the same factor changes in 

other models of reprogramming to induce conversion, illustrate that despite the 

identification of the mechanisms by a specific factor, differential environmental 

cues can have an impact on their induction properties (permissive or restrictive) 
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(Woods et al, 2022), cofactors availability, and possibly changes in the DNA 

binding affinities (Lee et al, 2020). Among the plethora of possibilities, one we 

considered is the fact that the underlying epigenetic variation in the donor cell, can 

also influence. 

 

Having observed that astrocytic maturation brings about a global restructuring 

of the chromatin architecture in regions involving alternative cell fate identities, we 

hypothesized that this change in chromatin state might have an impact on the 

general molecular activity of Ascl1 in promoting neurogenesis. 

 

In our attempt to study how the different maturation state could affect 

reprogramming, we opted to characterize, for the first time, the binding profile of 

Ascl1 in vitro on immature and mature astrocytes with CUT&Tag. When 

manipulating only one variable, such as the cell stage, this provides a proper 

controlled mean to compare its effects. Therefore, we overexpressed Ascl1 for three 

days, under a controlled medium condition to avoid any extrinsic influence (Fig. 

3.16). Initially, when comparing the results, we observed how the protein follows a 

similar action plan in tuning the new cellular identity. However, with further 

analysis, we could observe how specifically on mature cells, it significantly bonds 

milder to high affinity regions associated with neuronal genes and how it reshaped 

its genome binding locus on high affinity sites (Fig. 3 16 c, d), targeting many 

additional promoter sites. Nevertheless, when comparing in the two condition this 

promoter difference, we found that despite the gain upon maturation, only in 

immature cells the protein specifically bound to promoter regulating nervous 

system development (Fig. 3. 17 f-h). Moreover, Ascl1 not only suffers a reshape in 

its genome distribution, but when looking deeper these results, we also found how 

this happened within some targets like Dcx, presenting some level of binding 

rearrangement within the gene body and at its surrounding. The idea that this could 

be related with the different chromatin environment previously described, is 
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supported by the observation that this alteration change cooccurred with an increase 

in repressive marks at this site upon maturation (Fig. 3.17 c). 

 

Taking together all the information known until now, one can argue that P4 cells 

share a more similar transcriptional program to a neuron, even presenting a less 

hostile environment for the action of chromatin remodeling proteins. Thus, they 

might find the path to generate fully mature neurons smoother as their chromatin 

environment seems to be somehow permissive. In accordance with this, we show 

that among the differential binding profile of Ascl1 during astrocyte specification, 

there a is a significant number of genes regulating neuronal maturation and 

functionality that are lost (Fig. 3.17 a-e). Hence, we found how genes like Lrrtm4 

or Shank3, playing a role in synapse assembly and formation, and dendritic spine 

maturation, are only targeted at postnatal stages (Fig. 3.17 e; Fig. 3.19 b). These 

finding are interesting, as in our in vitro model observed that conversion of mature 

cells give rise to neurons presenting shorter axonal extensions and less dendritic 

arborization, possible consequences of a blocked or delayed differentiation process. 

Alternatively, among the specific subset of genes associated to Ascl1 binding in 

mature cells, we identified new target genes promoting alternative subtype neuron 

differentiation, like Isl1 promoting a cholinergic neuron identity (Fig. 17 e; Fig. 18 

e). 

 

Despite, the repressive signature astrocytes seem to gain during development, 

there is evidence supporting Ascl1 role as a pioneer transcription factor, capable of 

binding closed chromatin and increasing local DNA accessibility. By doing so, 

factors with different pioneer activity can interact, and cell fate can be regulated, 

bypassing the hustle of a more compacted astrocytic chromatin (Chanda et al, 2014; 

Park et al, 2017; Raposo et al, 2015; Wapinski et al, 2013). However, our results 

provide evidence on how, in our model, Ascl1 mainly binds to already active and 

open chromatin even at a mature state (Fig. 3.20). A fact also supported by the 
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rearrangement of the binding sites Ascl1 has on some genes acquiring a 

heterochromatic environment in adult cells. Which, considering how at this point 

the chromatin presents a more restrictive environment, shown with our SAMMY-

seq data, it could explain the loss in many targets present at postnatal stages. This 

different pioneer effect we describe, can additionally be explained since whereas 

we use cells closely related with the terminal fate, previous studies describing Ascl1 

prominent pioneer activity have employed cells from a distant ontogenetic 

relationship, such as fibroblast (Wapinski et al, 2013). 

 

We have also tried to assess the relationship between DNA methylation and the 

binding profile of Ascl1 in the context of astrocytes-to-neuron conversion, as we 

observed a co-occurrence between the two (Fig. 3.20a). So far, there is clear 

evidence that a subset of the genomic sequences targeted during neuronal 

reprogramming are found to be methylated, especially on mature cells. Further 

analysis on this subject is needed to understand if and how this is impacting the 

reprogramming process. It has been shown how in fibroblast undergoing 

conversion, Ascl1 alone is able to rewire the methylome of the starting cell towards 

the acquisition of a particular methylation profile found in mature neurons (Luo et 

al, 2019). Interestingly, they also described how with the addition of synergic 

factors enabled a more efficient a precise way in doing so. With our results, we can 

speculate that just the diverse chromatinic environment could already change the 

rewiring activity of the factor, alone or when in combination. With this data 

obtained from in vivo astrocytes, we provide a meaningful tool to better understand 

changes at this layer, underlying neuronal induction. 

 

Taking all together, in our case, even the slightest difference in the chromatin 

rearrangement and epigenetic signature, which we observed just from the 

developmental age, could potentially influence the fate switch trajectory astrocytes 

undergo. Following this argument, an interesting approach will be to study the 
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synergic effect cofactors may have in improving the chromatin remodeling during 

cell conversion. However, some cofactors or indirect targets may have a double 

knife effect, probably also due to these genomic differences. So, for instance, 

whereas Ascl1 is thought to bind closed genomic regions, this is not the case for 

many of its identified cofactors. Therefore, Brn2, who forms a complex to ease 

neuronal induction and elicits a downstream molecular cascade, ultimately could 

be altered by some epigenetic barrier, such as DNA methylation or histone 

modifications (Parkinson et al, 2022). 

 

Currently within the field, it is becoming more apparent that adult cells, 

especially astrocytes, have different requirements for conversion in vivo. Indeed, 

new research is covering this issue, even with no previous characterization of the 

cells, together with the specificities of the factor selected. Hence, some groups are 

approaching this by examining Ascl1's phosphorylation status and how it improves 

neuronal conversion in vivo and in vitro (Galante et al, 2022; Ghazale et al, 2022; 

Woods et al, 2022). So far, whereas some groups have shown an increase in the 

yield of iN in adult cortical astrocytes in vivo, showing an enhanced capacity of 

Ascl1 to downregulate the donor identity and acquire a more mature neuronal 

phenotype with elaborate dendritic arbors (Ghazale et al, 2022). However, these 

results do not tackle the recent problems regarding the no specificity of the delivery 

methods to induce conversion when using AAVs (Xiang et al, 2021). On the other 

hand, other studies have reported, with the same approach, a propensity of Ascl1 to 

create additional new binding sites depending on the chromatinic environment it 

encounters (Woods et al, 2022) and when increasing its activity further (via 

phosphorylation sites mutations) it aberrantly activates alternative pathways such 

as myogenesis, and interestingly, on cells not undergoing conversion, Ascl1 

potentially promotes an oligodendrogliogenic fate (Galante et al., 2022). These 

studies, are in line with other papers (see introduction 1.7.1 ) showing this 

alternative direction of Ascl1 (Kim et al., 2010; Mall et al., 2017; Hersbach et al., 

2022). Consequently, it has been previously reported, that the addition of the 
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repressor Myt1l, the neuronal reprogramming is improved, highlighting the idea 

that cofactor and additional molecular interventions might be required for 

conversion on adult cells in vivo (Mall et al, 2017). Interestingly, in this regard, our 

findings show how upon maturation, Ascl1 is no longer able to bind and activate 

the gene encoding for Myt1l, a factor known to guide the fate-specific activation of 

Ascl1 (Rao et al, 2021). This further supports how on adult cells, some molecular 

mechanisms underlying neuronal conversion are lost. 

 

An important aspect we consider relevant, is the fact that the environmental 

context (in vitro vs. in vivo) can highly affect TFs chromatin sensitivity. This is 

supported by some data, showing that whereas the factor Hepatocyte Nuclear Factor 

4 Alpha (Hnf4a), when in vitro, is highly sensitive and does not bind to 

nucleosomes; in vivo has been shown to open closed chromatin when highly 

expressed (Isbel et al, 2022; Hansen et al, 2022). However, according to new 

research questioning the pioneer activity hypothesis, the pioneer activity of 

transcription factors may be more dependent on their cis-regulatory context, as well 

as on the synergistic co-expression of multiple factors to activate genes not 

otherwise activated (Hansen et al, 2022). This may lead to the idea that despite 

Ascl1 can induce neuronal phenotype and downregulate the donors' identity genes, 

this does not preclude the possibility that a restrictive environment or a significant 

change in chromatin accessibility may, on the contrary, limit these affinities. 

Actually, we show how a difference just on the developmental state brings about a 

global restructuring of the chromatin architecture in regions involving alternative 

cell fate identities, and how an alteration in Ascl1 binding occurs upon astrocytic 

maturation. Probably, this can be a product of Ascl1 binding to alternative regions 

of lower affinity or an alteration of its chromatin sensitivity and specific affinities 

to different cofactors or heterochromatin marks, directly modifying the availability 

of some chromatin remodelers. Indeed, during development, it has been recently 

described how Ascl1 interacts with the chromatin remodeling complex mSWI/SNF 

at distal regulatory elements to regulate neural differentiation (Păun et al, 2022) and when 
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looking at how the repressive signature during astrocytic specification happens at distal 

regulatory regions, this accounts for a plausible explanation for the modified binding of 

the factor. 

 

Overall, when looking at the literature and the diversity in the results, cells 

employed, and experimental conditions (living brain or dish), it is clear, that many 

variables can influence conversion. Although some groups have shown that the 

intrinsic properties of a cell play a very important role in how a specific factor 

behaves, our study is the first one providing clear evidence on how a difference in 

the developmental time of a cell can highly shape the reprogramming course. We 

believe that this apparent interaction between cellular developmental age and 

transcriptional factors action may assist in the understanding of how cells safeguard 

their identity and unravel molecular candidates for improving engineering 

strategies. Indeed, as these preliminary results indicate, numerous complex layers 

of epigenetic organization exist in establishing cell identity and controlling 

transcriptional access to DNA. 

 

When analysing the interactions between multiple regulatory layers in the 

maturation process in astrocytes from the mouse cortex, we can build a better 

rationale for the elements enabling lineage decisions and identity specification. The 

general take-home message from this work is that mature astrocytes, despite having 

the ability to be differentiated, they may take a longer time and struggle to acquire 

a fully functional mature neuron phenotype. When carefully applying this to the 

field of direct conversion we consider it to be of relevance, as the goal is not only 

to obtain a cell resembling a neuron, but a functional one, able to integrate to a pre-

existing network and fundamentally, to survive in it. Considering how the different 

developmental stage seems to alter the general activity of the proneuronal factor 

Ascl1, probably due to the more hostile environment it encounters once the cell 

matures, it would be interesting to search ways in which this landscape could 
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become less restrictive on alternative fates, when the goal is to manipulate it (Image 

4). 

 

To put it in a nutshell, considering our preliminary results, we think that for 

conversion, it is essential (i) to determine and analyze the stage of development and 

the intrinsic chromatin landscape that cells might have before and during 

conversion, (ii) the environment in which studies are performed (living brain or 

culture dish), and (iii) the interplay with the transcriptional factor of election. All 

in all, astrocytes are considered suitable cells for in situ reprogramming goals to 

overcome neuronal phenotypic conversion, and differences in chromatin 

landscapes due to different developmental stages and transcriptional programs 

could explain how reprogramming becomes a challenge in vivo. Ultimately, as a 

cell becomes more specialized and reaches its terminal fate, additional strategies 

probably are helpful to compensate for the loss in cellular plasticity upon cell 

maturation (Jorstad et al, 2020; Sun et al, 2021). We hope these findings may also 

provide valuable insight into how these intrinsic properties may affect the 

mechanisms by which other fate-determinant factors operate. 

 



143 

 

Overall, direct reprogramming is, in its essence, a holistic procedure that requires 

attention at every step, with a particular emphasis on the more basic molecular 

principles of cellular identity. Therefore, by understanding the cellular basis of 

identity manipulation, we can be one step closer towards an improved neuron 

conversion in the living brain. In this regard, our preliminary study is the first one 

providing strong insight into the differences in the chromatin environment of 

astrocytes at different developmental stages that can potentially impact the 

mediated conversion process of different transcriptional factors. 
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5 Material and Methods 

5.1 Lentivirus preparation 

• LV-Ef1-Ascl1.V5-ires-GFP 
• LV- Ef1 - GFP 
• LV-Tet-On-Ascl1.V5 
• LV-Tet-On- Ror 
• LV-Tet-on-Fezf2 

 
For the generation of LV, I followed a general protocol from our laboratory 

provided by Dr. Serena Giannelli. Lentiviral replication-incompetent were 

produced by co-transfection of different plasmids (third generation vector): transfer 

construct, packaging construct, Rev-encoding construct and envelope construct. 

The packaging constructs mix is made of pMDLg/pRRE, important to package third 

generation vectors; pRSV - REV, Rev-encoding constructs and pMD2.VSV-G, for 

the envelope construct. 

 

Vector stocks were prepared by calcium phosphate transfection and 

concentrated by ultracentrifugation. Briefly, vectors were produced by transfection 

of HEK293T cells in 150mm dishes. To produce LV, a transfection mix was first 

prepared with H2O SALF, containing 30ug of the packaging constructs and the 

construct with the gene of interest. Finally, 125μl of 2.5M CaCl2 were added, 

following the widely used transfection procedure. The precipitate was formed by 

the addition of 1250μl, drop wise, of 2X HBS solution to the total 1250μl DNA-

TE-CaCl2 mixture while vortexing at full speed. The precipitate was added to 293T 

cells immediately following addition of the 2X HBS and cells were incubated at 

37°C overnight. After 14-16 hours post- transfection, the medium was replaced. 

After 30 hours the produced viruses found in the supernatant were collected, filtered 

through a 0.44μm Stericup GP cellulose acetate (Sigma-Aldrich), placed on the 

ultracentrifuge special tubes, and ultra-centrifugated for 2 hr at 20°C at 20.000 rpm. 

Afterward, medium was removed, and the ultracentrifuge tube properly cleaned. 

The pellets containing the vector were re-suspended in 80ul of sterile PBS. The 
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concentrated vector preparation was then divided into small aliquots and stored at 

–80°C. 

 

5.2 Animals 

For in vitro and in vivo experiments C57BL6N wild type and ALDH1ert2::CRE 

mice were bought from Jackson laboratories. Mice were maintained at the San 

Raffaele Scientific Institute Institutional mouse facility, and experiments were 

performed in accordance with experimental protocols approved by local 

Institutional Animal Care and Use Committees (IACUC). 

 

5.3  In vitro studies 

5.3.1 MACS-based astrocyte purification. 

To obtain a pure populating of postnatal and adult astrocytes for in vitro and in 

vivo genomic studies brain tissue was obtained from C57BL/6Jaz mice at postnatal 

day 4 and 6-10 weeks (2 months). First, animals were anesthetized with CO2 and 

perfused through the heart with Sodium Chloride 0,9% (S.A.L.F) to ensure removal 

of blood cells form the brain tissue. The skull was removed, and brains were 

carefully extracted and dissected to isolate the cortex. Afterward, Isolation and 

purification of young and adult astrocytes was done using the “Anti-ACSA-2 

MicroBead Kit, mouse” (Miltenyi, Biotec) following the manufacturer protocol for 

adult astrocytes,elsewhere explained (Lattke et al, 2021). Briefly, once dissected 

the tissue was cut to small pieces and dissociated with the Neural Tissue 

Dissociation Kit (P) (Miltenyi Biotec) in a C Tube. Afterward, tissue was 

dissociated while incubated for 30 min at 37 °C using the OCTO-dissociator 

machine. To remove the remaining tissue that did not dissociated, we filtered the 

tissue using a 70 μm cell strainer. All subsequent steps and centrifugations were 

performed at 4 °C with pre-cooled reagents. The cells were collected by 

centrifugation (300 × g, 10 min, 4 °C) and resuspended in proper quantity of cold 
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DPBS, depending on tissue mg processed (3.1-6.2 ml respectively) and (900ul- 

1.8 ml) ‘Debris removal solution’ (Miltenyi Biotec). The suspension was carefully 

overlaid with 4 ml DPBS, and centrifugated at 3000 × g, 10 min, 4 °C with 

maximum acceleration and no deceleration. This allowed for the formation of three 

layers, with a middle ring of debris. Next, the upper two gradient layers were 

removed and extra cold DPBS is added reaching 15ml centrifugated at 1000 × g, 

10 min, 4 °C. Afterwards, the supernatant is removed, and cell pellet is resuspended 

in 80 μl of MACS buffer (1x PBS, 0,5% BSA, 2mM EDTA) and 10 μl of Fc-Block 

from the ACSA2-Kit for incubation for 10 min in the dark at 4ºC. Then, further 

incubation with 10 μl of magnetic-bead conjugated Anti-ACSA2-antibody for 

15 min was performed at 4ºC. To collect and clean cells, the suspension was 

centrifugated and resuspended in 500 μl of MACS buffer. Meanwhile, the magnetic 

separator (OctoMACS, Miltenyi 130-042-109) was set up, and a MS column 

(Miltenyi 130-042-201) pre-equilibrated with 500 μl of MACS buffer. Then, the 

cell suspension was passed through a 70 μm cell strainer. The column was then 

washed twice with MACS buffer before its removal from the separator and wash 

out the purified astrocyte preparation with a flush of 1ml of buffer. Cells are purified 

and ready to perform genomic experiments. 

 

5.3.2 Flow cytometry  

To estimate the number of ACSA-2 positive cells after isolation and purification, 

cells were further incubated with ACSA-2 antibody (1:50) for 10 minutes at 4ºC. 

Then, samples were immediately analyzed with Fluorescence-activated cell sorting 

(FACS) Canto II (BD) flow cytometer at the San Raffaele hospital, and the number 

of ACSA positive cells was analyzed using FCS Express 7 Flow (De 

NovoSoftware) and presented it as a percentage value. 
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5.3.3 Cell culture 

After astrocytes isolation, once 90% confluency was reached astrocytes were 

incubated with 0.025% trypsin (Gibco) at 37ºC for 10 minutes to detach them. Cells 

were centrifuged at 1200 rpm for 5 minutes and counted using Countess™ II 

Automated Cell Counter (ThermoFisher Scientic). Astrocytes were seeded on a 

previously treated with Poly-L-Lysine/Laminin/Fibronectin (all from Sigma-

Aldrich, 100 µg/ml, 2 µg/ml, 2 µg/ml) 24 well plate (Cornig) at a confluency of 7-

8x104 cells/cm2. Cells initially are always resuspended in AstroMACS medium 

(Miltenyi Biotec, 130-117-031), composed of the MACS neuro medium (130-093-

570), supplemented with  MACS NeuroBrew-21 and a AstroMACS Supplement, 

lyophilized. This is an optimized serum-free cell culture medium developed for the 

cultivation of primary astrocytes from both neonatal and adult mouse neural tissue. 

For the first 3 days it was complemented with 10% of Gibco Fetal bovine serum 

(FBS) (ThermoFisher scientific) to ensure proper attachment. After 3 days half of 

the medium was changed once or twice a week, without FBS. 

 

5.3.4 Profiling of Ascl1 binding in vitro 

After isolation and purification of astrocytes as previously described, once 

astrocytes reached confluency, 1x106 cells were plated in a 6 well plate coated with 

Matrigel, in 3 replicates. After 24 hours, ectopic expression of Ascl1 in a CRE 

inducible lentivirus was added for 20 hours. After 3 days, the conversion was 

stopped, and cells were employed for genomic experiments. To ensure during the 

conversion process that the binding is solely due to Ascl1 alone and no other signal 

contained in the medium, cells were always in AstroMACS medium (Miltenyi 

Biotec, 130-117-031). 

 

https://www.miltenyibiotec.com/IT-en/products/astromacs-medium.html#copy-to-clipboard
https://www.miltenyibiotec.com/IT-en/products/macs-neuro-medium.html#copy-to-clipboard
https://www.miltenyibiotec.com/IT-en/products/macs-neuro-medium.html#copy-to-clipboard
https://www.miltenyibiotec.com/IT-en/products/astromacs-medium.html#copy-to-clipboard
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5.3.5 Maturation induction 

After dissection of Postnatal cortical astrocytes, cells were infected with the two 

inducible lentiviruses expressing Ror and Fezf2. After 20 hours the medium was 

replaced with fresh AstroMACS medium complemented with antibiotic selection 

(Puromycin 1μg/ml) cells for 48h and Doxycycline (2 μg/ml) for an additional 

week. Afterwards cells were characterized via RTqPCR and others undergo 

reprogramming with LV expressing Ascl1. 

5.3.5.1 Directed Neuronal conversion 

To induce glial directed neuronal conversion, astrocytes were plated at a 

confluency of 8x104 cells/well and transduced with a Tet-On lentiviral vector 

expressing Ascl1 as the pro-neural factor in AstroMACS medium. After 24 hours 

post-infection, the virus was removed and cells were then replaced with fresh 

induction media containing DMEM-F12 with 1% of P/S, Glutamine supplemented 

with Doxycycline (2μg/ml), B27 (1X), BDNF & GDNF (Peprotech, 20 ng/ml), 

Forskolin (10 μM) overnight. The procedure was the same for al conversion 

experiments in vitro. Doxycycline was maintained for all the experiment; 

afterwards half of the medium was replaced with fresh Neuronal induction medium 

twice a week. 

Different control conditions will be set up by adding lentiviral vectors without 

Tetracycline-Controlled Transcriptional Activation (tTA), or lentivirus expressing 

GFP. Various controls will be established also for the process over time, as cells 

with induction medium containing DMSO as well as astrocytes just with the full 

maturation medium to see whether this is sufficient to induce neurons and normal 

astrocytes with its specific medium to check sporadic differentiation into neurons. 

Secondly, some cover glasses are tested in parallel to validate the purity of the cell 

population by performing immunostaining for glial markers (GFAP) and for 

immature cells, (SOX2) for neural stem cell markers. Moreover, during direct 

reprogramming and when neurons are starting to be observed, we perform 

immunostaining to check for neural markers MAP2 and BIII tubulin along with the 
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astrocyte marker GFAP and SOX9(Heinrich et al., 2010) at three different 

timepoints (Day7, Day 14 and Day 20). During differentiation, the proliferative and 

pluripotency marker KI67 and SOX2 are used to make sure cells don’t require 

passage through a pluripotent state. 

 

5.3.5.2 Sholl Analysis 

Neuron morphological properties of induced neurons derived from postnatal 

and mature astrocytes was performed by transducing with a lentiviral vector 

expressing GFP (EF1a-GFP) at low titer 10 d.p.i of differentiation for 1 hour. This 

way we can obtain sparse GFP cell-labelling. After 20 d.p.i, cells were processed 

for immunofluorescence analysis as previously described. Images of the dendritic 

tree of double positive GFP+/TUJ1 or MAP+ cells were analyzed using Sholl 

Analysis plugin in ImageJ software (NIH, USA). The graphical representation and 

the two-way ANOVA statistical analysis was performed using GraphPad Prism 8. 

 

5.3.6 Electrophysiology of iN 

For the electrophysiological characterization of induced neurons, the experiment 

was performed following previous studies from our laboratory (Mattia et al, 2022), 

it was performed clamp recordings in whole cell configuration. Cells were 

superfused with ACSF containing (in mM): 125 NaCl, 4KCl, 10mM HEPES, 

1.3MgCl2, 2CaCl2, 10mM Glucose, (pH 7.3 with NaOH). Patch pipette (2-4 M) 

were filled with internal solution containing (mM): 125 KH2PO4, 2 MgCl2, 10NaCl, 

10 HEPES, 0.5 EGTA, 2 NaATP and 0.5 NaGTP (pH 7.25 with KOH). 

Current step protocols were used to evoke APs, injecting 500-ms-long 

depolarizing current steps of increasing amplitude (Δ 5 pA, max 400 pA). 

Recordings were acquired using a Multiclamp 700A amplifier (Axon Instruments, 

Molecular Devices) and a Digidata 1550 (Axon Instruments, Molecular Devices) 
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D/A converter combined with Clampex (Axon Instruments, Molecular Devices). 

Signals were filtered at 10 kHz and digitized at 50-100 kHz. Passive properties were 

calculated using Clampfit (Axon Instruments, Molecular Devices) from the 

hyperpolarizing steps of the current-clamp step protocol. capacitance was 

calculated in the current-clamp hyperpolarizing step as follows. First, the resistance 

was determined as voltage derivative (dV)/DI (voltage/current), and then the cell 

time constant (tau) was obtained, fitting the voltage changing between baseline and 

hyperpolarizing plateau. Capacitance was calculated as tau/resistance. Capacitance 

is the time constant of the voltage between the baseline and the plateau during a 

hyperpolarizing step. An event was detected as an AP when cross 0 mV and when 

the rising slope was more than 20 mV/ms. Threshold was defined as the voltage at 

which the first derivative (dV/dT) reach 10 mV/ms. 

For EPSCs/IPSCs recording cell were voltage-clamped at -70 mV. EPSCs were 

recorded using the same solution used for firing profile characterization. The cell 

capacitance and series resistance (up to about 75%) were always compensated. 

Currents were low-pass filtered at 2 kHz and acquired on-line at 5–10 kHz with 

Molecular Devices hardware and software. Synaptic events were analyzed using 

MinyAnalysis (Synaptosoft). 

 

5.3.7 RNA extraction and qRT-PCR 

To quantify gene expression we followed an established protocol in our 

laboratory (Banfi el al, 2021), cells were collected for RNA extraction using the 

TRI Reagent isolation system (Sigma-Aldrich) according to the manufacturer’s 

instructions. In all experiments, 500 nanograms of RNA was reverse transcribed 

into cDNA using the ImProm-II Reverse Transcription System (Promega). 

Thereafter quantitative real time polymerase chain reaction (qRT-PCR) was 

performed in duplicates or triplicates with custom-designed oligos using the CFX96 

Real-Time PCR Detection System (Bio-Rad, USA). Then, the obtained cDNA was 

amplified in a 16µl reaction mixture containing 2 μl of diluted cDNA, 1× Titan Hot 
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Taq EvaGreen qPCR Mix (Bioatlas, Estonia) and 0.5 mM of each primer. 18S 

rRNA as housekeeping gene for each experimental condition. The quantitative 

analysis of the relative fold expression was performed using the CFX Manager 

software (Bio-Rad, USA) and the ∆∆Ct method. 

 

5.3.8 Immunostaining  

The procedure for IF is done with a shared protocol from (Mattia et al, 2022). 

Briefly, cells were seeded on PLL-coated glass coverslips, and they were fixed for 

60 minutes on ice or 30 minutes at room temperature in 4% paraformaldehyde 

(PFA, Sigma-Aldrich), solution in phosphate-buffered saline (PBS, Euroclone). 

Afterwards, they were washed with PBS and permeabilized for 45 minutes in 

blocking solution, containing 0.1% Triton X-100 (Sigma-Aldrich) and 10% donkey 

serum (Sigma-Aldrich), and incubated overnight at 4 °C with the primary 

antibodies diluted in blocking solution (see table 1). The following day, cells were 

washed in fresh PBS 3 times for 3 minutes and then incubated in blocking solution 

for 1 hour at room temperature with Hoechst 33342 (ThermoFischer Scientific) 

together with the proper secondary antibodies (ThermoFIsher Scientific). Images 

were acquired with epifluorescence microscope Nikon DS-Qi2 and analyzed with 

ImageJ software. 

Antigen Species Company IF 

GFP Chicken ThermoFisher A10262 1:1000 

V5 Rabbit Abcam ab15828 1:500 

GFAP Chicken Abcam ab4674 1:1000 

GFAP Rabbit Millipore MAB360 1:1000 

Tuj1 Rabbit/Mouse Covance PRB-435P 1:500 

Map2 Chicken Abcam ab92434 1:1000 

NeuN Rabbit Abcam AB104225 1:500 

GABA Rabbit Sigma-Aldrich A2052 1:400-1000 
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Sox2 Mouse R&D ab59776 1:200 

Iba1 Rabbit Abcam ab48004 1:1000 

ACSA 2 PE-Vio 770 Mouse Miltenyi Biotec 130-116-246 1:50 

Secondary    

488 Mouse Thermo-Fisher A21202 1:1000 

546 Rabbit Thermo-Fisher A10040 1:1000 

647 Chicken Thermo Fisher A21449 1:1000 

Table 1. Antibodies 

5.3.9 Statistics for In vitro Reprogramming 

For in vitro studies regarding reprogramming conditions, all values are 

expressed as mean ± standard error (SEM) of at least 3 independent experiments. 

Statistical analysis and graphs were prepared in GraphPad Prism 8. Normality of 

distribution was assessed using Shapiro-Wilk test and the significance of the 

differences between groups was analyzed either by Student’s t test or by One-Way 

and Two-Way ANOVA depending on the number of groups and variables in each 

experiment, followed by Bonferroni post-hoc test. P-values are indicated in the 

figures or figure legends. 

 

5.4 Genomic experiments 

5.4.1 CUT&Tag 

CUT&Tag was performed following the detailed protocol available at nature 

protocol, previously described by (Kaya-Okur et al., 2019). Briefly, after obtaining 

a single-cell suspension for each experimental condition, cells were counted, and 

three biological experimental replicates of 100,000 cells were used (per condition). 

Afterwards, nuclei are extracted with nuclear extraction buffer (Glycerol, 

Spermidin, Protease Inhibitor, Hepes 7.9 ph, KCl), light-fixed with 0.1% 
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formaldehyde, bound to pre-activated concavalin beads, and then incubated over-

night with a primary antibody (V5, Abcam, ab15828) or control anti-body (rabbit, 

immunoglobulin G). The following day, nuclei suspensions are incubated with 

secondary antibody and washed with washing buffer. Fragmentation of DNA is 

performed using protein A-Tn5 conjugates (Diagenode, C01070001). Next, DNA 

is then released from the nuclei, and sequencing libraries are amplified using a 

single-indexed barcode according to a previously published protocol. Lastly, each 

individual library has been paired end and sequenced on an Illumina NovaSeq 

platform by Genewix. 

 

5.4.2 SAMMY-Seq 

All experiments were performed in collaboration with the research group of 

Doctor Chiara Lanzuolo at the IEO Genomic Unit in Milan, performing protocols 

found in (Sebestyén et al, 2020). 

Chromatin fractionation was carried out as previously described in (Marasca et 

al, 2016; Sebestyén et al, 2020) with minor adaptions. Briefly, 200.000 postnatal 

and mature astrocytes purified from the mice brain were washed in PBS (1×), 

centrifuged at 300g for 5 minutes. To obtain the different chromatin fractions: 

First, the supernatant was discarded, and cellular pellet was resuspended in 

cytoskeleton buffer (CSK: 10 mM PIPES pH 6.8; 100 mM NaCl; 1 mM EGTA; 

300 mM Sucrose; 3 mM MgCl2; 1× protease Inhibitors by Roche Diagnostics; 

1 mM PMSF) supplemented with 1 mM DTT and 0.5% Triton X-100. After 10 min 

at 4 °C on a wheel rotator, the cytoskeletal structure was separated from soluble 

proteins by centrifugation at 900×g for 3 min at 4ºC, the supernatant was then stored 

in a new Eppendorf corresponding to the S1 fraction. 

Then pellets were washed with an additional volume of cytoskeleton buffer. 

Chromatin was solubilized by DNA digestion with 10U of RNase–free DNase 

(Turbo DNAse; Invitrogen AM2238) in CSK buffer for 60 min at 37 °C. To stop 
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digestion, ammonium sulfate (NH4)2 SO4 was added in CSK buffer to a final 

concentration of 250 mM. After 5 min at RT, samples were pelleted at 2350×g for 

3 min at 4 °C. Here we obtained the S2 fraction. 

To further obtain the S3 fraction, pellets were again washed in CSK buffer. Next, 

we added 2 M NaCl in CSK buffer for 5 min at 4 °C, centrifuged at 2400×g 3 min 

at 4 °C. This treatment enabled us to remove most histones from the chromatin. 

To finally obtain the S4 fraction, which corresponds with highly compacted 

chromatin, the pellets were solubilized in 8 M urea buffer to remove any remaining 

protein component by applying highly denaturing conditions.  

In parallel, for the scaled-down experiment, samples of 100,000 or 10,000 cells 

were treated analogously, except for a reduction of buffers volumes to half of those 

used for 10 million cells and a decrease of DNase to 7.5U. Afterwards, samples 

were stored at -80ºC or -20ºC depending on the time before DNA extraction and 

library preparation. 

 

5.5 Genomics data analysis 

5.5.1 Single ATAC Data processing 

Single cell ATAC preprocessed dataset for postnatal (Mattia et al, 2022) and adult 

mice cortex (10xGenomics, https://support.10xgenomics.com/single-cell-

atac/datasets/1.2.0/atac_v1_adult_brain_fresh_5k). Data were analyzed using 

ArchR package (Granja et al., 2021). Latent Semantic Indexing (LSI) (Cusanovich 

et al., 2015) to perform dimensionality reduction and clustering. Subsequently 

UMAP algorithm was used to obtain dimensionality reduction coordinates to 

visualize the result. Clusters where manually inspected to associate each one to a 

specific cell type based on markers peaks. Feature plot of expressed markers were 

obtained using ArchR a command plotEmbedding. 

https://support.10xgenomics.com/single-cell-atac/datasets/1.2.0/atac_v1_adult_brain_fresh_5k
https://support.10xgenomics.com/single-cell-atac/datasets/1.2.0/atac_v1_adult_brain_fresh_5k
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5.5.2 ATAC-seq and CUT&Tag data pre-processing 

All data processing was performed as described (Mattia et al, 2022). Publicly 

available ATAC-seq data of postnatal and mature astrocytes were obtained from 

(Lattke et al, 2021) GSE152219. A Custom-made pipeline available at GitHub - 

edobelini/Sessa-Lab, was to perform all the initial steps of the data analysis. 

Briefly, FastQC (Andrews, S. FastQC A Quality Control tool for High 

Throughput Sequence Data) was used to perform an initial quality check on raw 

sequencing data. Reads adaptor trimming was performed using Trimmomatic 

(v0.39) (Bolger et al, 2014). Trimmed reads were aligned to the mouse reference 

genome (mm10) using Bowtie2 (Langmead & Salzberg, 2012) with the -very-

sensitive optional command. PCR optical duplicates were removed with Picard 

tools (“Picard Toolkit.” 2019. Broad Institute, GitHub Repository. 

https://broadinstitute.github.io/picard/). Before moving on with further data 

processing, reads aligned to the non-canonical, the X and M chromosomes were all 

removed from the files containing the aligned reads with Samtools (v1.9) (Danecek 

et al, 2021). Normalized genomics tracks for visualization and for subsequent 

analysis were generated using deepTools (v3.5.1) command (Ramírez et al, 2016) 

‘bamCoverage with the following parameters –normalizeUsing RPKM --binSize 

10 --smoothLength 300 – effectiveGenomeSize --ignoreDuplicates --skipNAs –

exactScaling’. Normalized tracks of each experimental replicate were then merged 

to create a single file for each experimental condition using UCSC bigWigMerge. 

Significantly enriched regions a.k.a peaks for Cut & Tag were calculated using 

GoPeaks (Yashar et al, 2022) with the following parameters ‘ -p 0.01 –broad’ using 

IgG as control for each condition. For ATAC-seq, peak calling was performed on 

the Tn5 corrected single base using Macs2 (Zhang et al, 2008) insertions using the 

following parameters ‘ shift 75 extsize 150 --nomodel --call-summits –keep-dup all 

–nolamba -q 0.01’. After evaluating the correlation level between the different 

replicates, we move on to obtain a unique consensus region set for sample and mark. 

This was performed using BedTools (Quinlan & Hall, 2010) sort and merge 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE152219
https://github.com/edobelini/Sessa-Lab
https://github.com/edobelini/Sessa-Lab
https://broadinstitute.github.io/picard/
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function. We did not exclude any significant peak associated with each replicate to 

avoid any signal loss. 

 

5.5.3 Differential histone marks/Open Chromatin enrichment during 

astrocytes maturation 

To determine regions with increase/decrease in heterochromatinic marks or 

chromatin accessibility presence comparing the postnatal and mature astrocytes, the 

H3K27me3/K9me3 or Ascl1 peaks, were divided into three different clusters using 

deeptools (v3.5.1) computeMatrix and plotHeatmap functions by k-means 

clustering (n=3) based on H3K27me3/K9me3 or ATAC normalized signal of the 

postnatal and mature astrocytes condition. The median of the signal for each region 

was then plotted in the heatmap. To annotate the genomic position of each region 

associated with each cluster we used ChipSeeker R package (Yu et al, 2015), setting 

the promoter region between -3kb /+3kb from TSS. Functional enrichment was 

performed using gprofiler2 R package for all genes associated to a specific peak. 

 

5.5.4 Motif enrichment in ATAC analysis. 

Motif enrichment inside genomic regions of interest was performed using 

HOMER package scanning around 200bp from each peak center using the 

command findMotifsGenome.pl. The following options were used ‘-mask - 

nomotif’ to perform just the scanning for known motif. 

 

5.5.5 RNA-seq data analysis  

Astrocytes RNA-seq data and analysis were obtained from publicly available data-

set (Lattke et al, 2021) (GSE152223). Data were processed using the publicly 

available pipeline Pypette built by the Centre of Omics San Raffaele (COSR). 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE152223
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Differential gene expression was calculated with DESeq2, using a p-adjusted value 

cut-off of 0.05 (Love et al, 2014). 
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7 Supplementary results. 
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S1. Ectopic expression of Ror and Fezf2 Induces maturation in 

postnatal cortical astrocytes in vitro. 
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Supplementary Figure S.1. In vitro direct reprogramming of young astrocytes-induced 

maturation. a. Diagram illustrating the experimental workflow to isolate, infect and 

reprogram with Ascl1 postnatal (P4) astrocytes. b. Immunostaining and RNA levels for the 

characterization of postnatal (P3-P4) cortical astrocytes at 7 d.p.i of Ror and Fezf2. 

Immunostaining markers shown are Glutamine synthetase (GS.) and SOX2; cells in control 

(top) and treated conditions (below). Mature and immature genes mRNA expression 

through RTqPCR. Normalization of all conditions was done based on S18 mRNA 

expression.  c. Panel showing the fold expression of the transcriptional factors used to 

induce maturation in postnatal astrocytes by RTqPCR 7d.p.i. d. Scheme of the 

reprogramming conditions. (NDR: Normal direct reprogramming, MDR: Mature direct 

reprogramming). Immunostaining panel of in vitro induced mature astrocytes during 

reprogramming with Ascl1 alone. Timepoint shown 20 d.p.i. Next to the panel is the graph 

with the efficiency of the conversion calculated based on percentage of bipolar TUJ! 

positive cells (NDR: 46,64 ±5,4%; MDR: 13,05 ±2%). n=6 independent experiments. Error 

bars represent ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical test: 

Unpaired Student t-test.  

 

In vitro, differentiated astrocytes are thought to maintain an immature profile 

(Lattke et al, 2021). Therefore, possibly the mechanisms identified so far are still 

unclear, as cells in culture seem to lack the complete maturation profile shown in 

vivo. This immature profile can bias reprogramming results as it may add to the 

enhanced ease to undergo differentiation. Initially, to tackle this maturation aspect, 

we first followed previous work (Lattke et al, 2021), where the forced expression 

of the factors, Ror and Fezf2 induced maturation in the primary culture of 

postnatal cortical astrocytes. In parallel to our optimized conversion experiment 

(Fig.3.1), we performed conversion to measure the reprogramming outcome in both 

conditions. 

When assessing maturation in vitro, we treated cells obtained from the cortex 

of postnatal (P3-P4) C57BL6-J mice with two Tet-On inducible lentiviruses 

expressing Ror and Fezf2 (Fig. S1a). To ensure proper expression of the factors 

in culture, we treated cells for a week with doxycycline. Then, cells were 
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characterized in parallel, for a mature profile by looking at Glutamine Synthetase 

(GS) and SOX2 in the immunostaining (Fig. S1 b). Moreover, we tested the fold 

expression of the factors employed (Fig S1 c). We confirmed how the former (GS) 

increased whereas the latter, an immature marker, got downregulated. For immature 

genes, we choose genes that were seen to be upregulated in culture astrocytes 

(Lattke et al, 2021); (Sox2, Nestin, and Ki67) and the same criteria for mature genes 

(GS, Slc1a2, Aqp4, and Dbx2). We observed how the first set of genes got 

downregulated and in contrast, the latter group showed an increased in their 

expression (Fig. S1 b). Overall, these results confirm previous results where upon 

expression of Ror and Fezf2, postnatal cortical astrocytes mature in vitro (Lattke 

et al, 2021). 

To test if these new in vitro cells could efficiently convert into neurons, we 

repeated the experiment together with normal postnatal astrocytes (Fig. S1 d). 21 

d.p.i., cells were fixed and tested immune-positive for TUJ1 (Fig. S1 d). The 

analysis showed that around 20% of cells transfected were TUJ1+ bipolar cells 

(Fig.s1 e). Interestingly, in this experiment many converted cells presented a 

complete astrocyte morphology, despite being positive for a neuronal marker (Fig. 

S1 d). Overall, these results show that in vitro, with a change in gene expression in 

the direction of a more mature state, cells are less prone as immature astrocytes to 

be converted into a neuronal fate. 
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S2. ACSA2 purification of in vivo postnatal and adult astrocytes. 

 

Supplementary Figure S.2. ACSA2 purification of in vivo postnatal and adult astrocytes. 
a. Diagram illustrating the experimental work flow to isolate post-natal and adult 
astrocytes. b. Analysis for the quantification of the yield ACSA2 cells per developmental 
stage (P4: 97,37%; 2M: 96,68%). c. Immunostaining of the characterization of ACSA2 
purified astrocytes from postnatal and adults mice looking at the astrocytic marker GFAP 
and the microglial mark IBA1. (n=4 adult and n=7 postnatal mice). 
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S3. In vivo characterization of Ascl1 induced chromatin 

rearrangement. 




