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POPULAR SCIENCE SUMMARY 
Multiple sclerosis (MS) is a disease that affects the communication of the brain and spinal 
cord with the rest of the body. This communication is carried out by neurons that transmit 
information through their axons in the form of electrical signals. Oligodendrocytes are cells 
that form fatty layers around neuronal axons called myelin sheaths and they protect the axon 
and promote signaling. When this insulating layer is damaged, the electrical signal leaks and 
the efficiency of conduction is compromised. This is exactly what happens in MS. 
Oligodendrocytes are attacked by the immune system resulting in the degeneration of the 
myelin sheaths. The underlying axons are now exposed and signaling is disrupted. This leads 
to a wide variety of symptoms in MS patients, depending on the site of the immune attack. 
An example of a common symptom is the feeling of weakness in one or both legs.  

The underlying cause of MS is still unknown but research has shown environmental factors in 
people with a genetic predisposition for the disease. In this thesis, we investigate the role of 
oligodendrocytes, the target cells in MS. We first investigated how they are generated during 
development, as this could help us recognize how we could aid these cells in disease. We 
studied an enzyme called peptidylarginine deiminase (PAD) that modifies proteins resulting 
in altered function. We discovered that PAD2 modifies proteins important for the regulation 
of gene transcription. In the absence of PAD2, there is a failure in the transcription of critical 
genes required for oligodendrocyte differentiation. PAD2 also modifies proteins important for 
the myelin sheath, therefore loss of PAD2 results in unstable myelin and motor dysfunction. 

As oligodendrocytes are targeted by the immune system in MS, we also studied how these 
cells are affected by the immune response. The immune system releases cytokines, which are 
signaling molecules that communicate to other cells that inflammation is ongoing. We 
discovered that oligodendrocytes exposed to cytokines are captured in an immune state and 
actively communicate with the immune cells. This directly affects their ability to produce 
myelin. We therefore investigated the mechanisms of this switch from a myelin to an immune 
state. Surprisingly, we identified that regions in the DNA containing immune genes are 
accessible within oligodendrocytes. These regions can contain a variation in the DNA 
associated with increased risk of MS. These variations were thought to be only relevant in 
immune cells, but we identified that they could also be relevant in oligodendrocytes.  

Lastly, we developed a method to investigate how different DNA regions interact within 
different brain cell types in 3D, including oligodendrocytes. Interactions between DNA 
regions influence which genes can be transcribed. We found interactions that are specific for 
certain cell types in the brain and could therefore identify different mechanisms that regulate 
gene transcription. This information is important as future research could use this to 
determine defects within cells that are associated with diseases such as MS. 

With our research, we hope to shed light on the mechanisms of how oligodendrocytes 
develop and how they respond and are affected in disease. We specifically looked at the 
mechanisms of gene regulation in these processes. This will hopefully lead to the discovery 
of new future therapies that could improve the symptoms in MS patients. 

  



  



 

 

POPULAIR WETENSCHAPPELIJKE SAMENVATTING  
Multiple sclerose (MS) is een ziekte die de communicatie van de hersenen en het ruggenmerg 
met de rest van het lichaam aantast. Neuronen geven informatie door in de vorm van 
elektrische signalen via hun axonen. Oligodendrocyten zijn cellen die vetlagen vormen rond 
neurale axonen, wat ook wel myeline genoemd wordt. Wanneer deze laag beschadigt, lekt het 
elektrische signaal en wordt de communicatie belemmerd. Dit is precies wat er gebeurt in 
MS. Oligodendrocyten worden aangevallen door het immuunsysteem, wat resulteert in het 
afbreken van myeline. De onderliggende axonen worden blootgelegd en de signalering is 
verstoord. Dit leidt tot een breed scala aan symptomen bij patiënten, afhankelijk van de plaats 
van ontsteking. Een veel voorkomende klacht is bijvoorbeeld krachtvermindering in de 
benen.  

De onderliggende oorzaak van MS is nog niet bekend, maar onderzoek wijst uit naar 
omgevingsfactoren in personen met een genetische aanleg voor de ziekte. In dit proefschrift 
doen we onderzoek naar de oligodendrocyten. We onderzoeken eerst hoe ze tijdens de 
ontwikkeling worden gevormd, waardoor we hopelijk deze cellen kunnen beschermen. We 
onderzoeken een enzym, genaamd peptidylarginine deiminase (PAD), dat eiwitten verandert. 
We ontdekten dat PAD2 eiwitten wijzigt die belangrijk zijn voor de regulatie van 
gentranscriptie. Wanneer PAD2 ontbreekt, worden de oligodendrocyten niet op de juiste 
manier gevormd tijdens de ontwikkeling. PAD2 verandert ook eiwitten die belangrijk zijn 
voor myeline, daarom resulteert verlies van PAD2 in instabiele myeline en motorische 
afwijkingen. 

Omdat oligodendrocyten het doelwit zijn van het immuunsysteem in MS, hebben we ook 
onderzocht hoe deze cellen worden beïnvloed door de ontstekingsreactie. Het 
immuunsysteem communiceert door middel van cytokines dat er een ontsteking aan de gang 
is. We ontdekten dat oligodendrocyten die aan cytokines worden blootgesteld actief 
communiceren met immuuncellen, wat hun myeline productie beïnvloedt. Daarom 
onderzochten we de mechanismen die deze verandering teweegbrengen. We vonden stukjes 
DNA die immuungenen bevatten en bereikbaar zijn in oligodendrocyten. Deze stukjes DNA 
kunnen een variatie in het DNA bevatten die gepaard gaat met een verhoogd risico op MS. 
Van deze variaties werd gedacht dat ze alleen relevant waren in immuuncellen, maar we 
hebben vastgesteld dat ze ook relevant kunnen zijn in oligodendrocyten. 

Ten slotte hebben we een methode ontwikkeld om te onderzoeken hoe verschillende stukjes 
DNA met elkaar in verbinding staan in de verschillende soorten cellen van de hersenen. Deze 
interacties beïnvloeden welke genen kunnen worden overgeschreven. We vonden interacties 
die specifiek zijn voor bepaalde soorten cellen in de hersenen en konden daarom 
verschillende mechanismen vaststellen die gentranscriptie reguleren. Deze informatie is 
belangrijk omdat dit door toekomstig onderzoek gebruikt zou kunnen worden om defecten in 
cellen vast te stellen die verband houden met verschillende ziektes zoals MS. 

Met ons onderzoek hopen we duidelijkheid te kunnen scheppen hoe oligodendrocyten zich 
ontwikkelen en hoe ze worden aangetast in ziekte. We hebben specifiek gekeken naar de 
mechanismen van genregulatie in deze processen. Dit zal hopelijk leiden tot de ontwikkeling 
van nieuwe therapieën die de symptomen bij MS-patiënten zouden kunnen verbeteren. 

  



  



 

 

ABSTRACT 
Oligodendrocytes are the myelinating cells of the central nervous system (CNS). They 
contribute to the neuronal network through the insulation of neuronal axons, facilitating 
communication between neurons and providing metabolic support. In multiple sclerosis 
(MS), oligodendrocytes are attacked by the immune system leading to a wide variety of 
symptoms. Remyelination is necessary for functional recovery, which can occur through the 
recruitment and differentiation of oligodendrocyte precursor cells (OPCs) that reside in the 
adult CNS. During development and in disease, oligodendrocytes and OPCs 
(oligodendroglia) undergo significant changes at the transcriptional level. However, the 
genomes remain the same within these cells, so how do these transcriptional changes occur? 
In this thesis, we investigate gene regulatory mechanisms in the oligodendrocyte lineage in 
development and disease.  

In Paper I we investigate the role of citrullination in the differentiation of oligodendrocytes. 
We identify peptidylarginine deiminase 2 (PAD2) as the major citrullinating enzyme in 
oligodendrocytes, promoting oligodendrocyte differentiation through the upregulation of 
myelin genes. Interestingly, the main targets of PAD2 are proteins involved in transcriptional 
and posttranscriptional regulation. Other PAD2 targets are myelin proteins, which might 
explain the motor and cognitive deficits and the decrease in myelinated axons we observe 
upon loss of PAD2.  

In Paper II we characterize how the oligodendrocyte lineage is affected in disease, using 
single-cell transcriptomics in the MS mouse model experimental autoimmune 
encephalomyelitis (EAE). Oligodendroglia in EAE mice show an increase in immune 
pathway genes including major histocompatibility complex (MHC) class-I and -II genes 
involved in antigen processing and presentation. Furthermore, OPCs stimulated with 
interferon-gamma interact with and activate CD4 positive T cells. Thus, oligodendroglia 
might have a more active role in mediating the inflammatory response in MS than previously 
thought.  

In Paper III we investigate how oligodendroglia transition to the immune state, using single-
cell ATAC-seq in EAE mice. We find that immune genes are primed and increase their 
expression in an inflammatory environment through changes in the histone modification 
landscape, in chromatin interactions, and in transcription factor binding. Overall, we identify 
gene regulatory mechanisms of the immune program in oligodendroglia that could be 
possible therapeutic targets for MS. 

In Paper IV we develop an extension of the method genome architecture mapping 
(immunoGAM), which we apply to study genome-wide chromatin interactions in intact brain 
tissue. We find interactions and mechanisms that are specific for different brain cell types. 
Long neuronal genes that are active, often show decondensation or ‘melting’. Furthermore, 
topologically associating domains and A/B compartments reorganize extensively upon 
differentiation, and cell type-specific interactions form mediated by specific transcription 
factor pairs.  

To conclude, this thesis examines different layers of gene regulation including chromatin 
accessibility, histone modifications, genome interactions, and transcription factor binding. 
More specifically, we investigate how these different layers are involved in the transitioning 
of oligodendroglia during differentiation or to disease states. The findings in this thesis will 
hopefully contribute to the development of improved treatment strategies for MS. 
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1 INTRODUCTION  

1.1 Oligodendrocytes and myelination 
Oligodendrocytes are a critical part of a highly complex and heterogeneous network of 
various cell types that together compose the central nervous system (CNS). Oligodendrocytes 
enwrap neuronal axons with myelin sheaths, thereby facilitating electrical signal transduction 
within neurons. The myelin sheaths allow for saltatory conduction, which is the jumping of 
action potentials between nodes of Ranvier. In this way, the signaling speed increases, being 
able to cover greater distances in a shorter time (Hartline and Colman, 2007). This is 
particularly important for neurons in the brain that extend their axons through the spinal cord, 
covering distances of several meters in large vertebrates (Nave, 2010a; Salzer and Zalc, 
2016). Saltatory conduction is also important for the synchronization of neuronal signals, for 
example with relaying sensory and motor signals between the thalamus and the much larger 
cortex (Salami et al., 2003). The timing of signals is crucial in this neuronal network and is 
regulated partially by the differential coverage of myelin sheaths. Electrical signaling through 
longer axons becomes faster with myelination and therefore can match signaling speed of less 
myelinated shorter axons (Salami et al., 2003; Seidl, 2014). Thus, oligodendrocytes can 
contribute to the timing of neuronal signaling over long and short distances forming a 
functional, synchronized neuronal network.  

Although myelination improves signaling, its insulation limits access of the axon to the 
extracellular space containing metabolites such as glucose (Nave, 2010b). Oligodendrocytes 
facilitate myelinated axons in their energy consumption by producing lactate, which they 
provide to the axons through monocarboxylate transporters (Lee et al., 2012; Fünfschilling et 
al., 2012). In the absence of glucose, axons take up the released lactate from the periaxonal 
space between the axon and myelin sheath for their mitochondrial ATP generation. Saltatory 
conduction also reduces axonal energy consumption, as most sodium channels are 
concentrated at the nodes of Ranvier and therefore fewer channels are needed. 
Oligodendrocytes additionally contribute to restoring ionic imbalance after neuronal activity, 
for example with buffering of potassium from the periaxonal space (Menichella et al., 2006; 
Larson et al., 2018). Most of the potassium channels are located beneath the myelin sheaths 
in the juxtaparanodal area, where potassium is released after an action potential and 
subsequently cleared by oligodendrocytes. In this way, oligodendrocytes do not only 
contribute to faster signaling, but also to energy saving and maintenance of ion homeostasis. 
Oligodendrocytes, together with neurons, provide an axon-myelin framework for accurate 
functional signaling. 

1.1.1 Development 
Oligodendrocytes are derived from oligodendrocyte precursor cells (OPCs), which are 
generated from neuroepithelial cells in the developing CNS. In the mouse spinal cord, OPCs 
are generated in two different waves (Figure 1). The first wave starts at embryonic day 
(E)12.5 in the ventricular zone of a ventral progenitor domain called pMN, where 
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neuroepithelial cells are exposed to the morphogen Sonic hedgehog (SHH) secreted from the 
notochord and floor plate (Ericson et al., 1996). SHH regulates the expression of patterning 
transcription factors via a concentration gradient, resulting in the overlap of NKX6.1 and 
PAX6 at the height of the pMN domain (Ericson et al., 1997; Sun et al., 1998; Liu et al., 
2003). This overlap leads to the expression of OLIG2 in this domain, which first induces the 
generation of motor neurons and then OPCs (Lu et al., 2002; Takebayashi et al., 2002; Zhou 
and Anderson, 2002; Liu et al., 2003). Although the first wave of OPCs depends highly on 
SHH (Pringle et al., 1996; Poncet et al., 1996; Orentas et al., 1999), the second wave in the 
spinal cord is SHH independent and starts around E15 from the dorsal domains dP3-dP5 (Cai 
et al., 2005). These domains are under the influence of BMP signaling from the roof plate and 
co-express PAX7 and ASCL1 (MASH1; Liem et al., 1997; Lee et al., 2000; Müller et al., 
2002). BMP inhibits OLIG2 expression and the induction of OPCs (Mekki-Dauriac et al., 
2002; Miller et al., 2004), however, BMP signaling in the dorsal domains diminishes over 
time (Vallstedt et al., 2005). Furthermore, FGF signaling inhibits BMP and promotes OLIG2 
expression (Bilican et al., 2008). FGF signaling together with reducing levels of BMP allow 
for the expression of OLIG2 and the generation of OPCs in the dorsal domains (Chandran et 
al., 2003; Vallstedt et al., 2005). Dorsal OPCs give rise to around 10-15% of the final 
population of OPCs in the spinal cord while the ventral OPCs dominate with 85% 
(Richardson et al., 2006).  

In the mouse brain, the first wave of OPCs is generated around E12.5 in the ventricular zone 
of the medial ganglionic eminence and the anterior entopeduncular area in the ventral 
telencephalon. This domain is defined by NKX2.1 expression and, similar to the ventral 
spinal cord OPCs, relies on SHH signaling (Nery et al., 2001; Tekki-Kessaris et al., 2001). 

Figure 1. Schematic overview of oligodendrocyte development. A) Depicted are the different developmental waves and 
their origin in the different regions of the forebrain and spinal cord. B) OPCs are generated from neural progenitor cells and 
differentiate into myelin-forming oligodendrocytes.  
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After their generation, OPCs migrate laterally and dorsally throughout the entire 
telencephalon and populate the cerebral cortex from around E16 (Tekki-Kassaris et al., 
2001). Another wave of ventral OPCs is generated around E15.5 in the lateral and caudal 
ganglionic eminences. These OPCs are GSX2 positive (GSH2) and rely also on SHH for their 
generation. This second wave enters the cerebral cortex around E18. Lastly, a third late 
embryonic/postnatal wave of OPCs is generated from the cortical subventricular zone 
(Ivanova et al., 2003; Kessaris et al., 2006; Winkler et al., 2018). This dorsal wave of OPCs 
comes from an EMX1 positive lineage (Gorski et al., 2002). It was long thought that this 
wave was SHH independent, however, a population of EMX1 positive cells depends on SHH 
secreted by migrating interneurons and choroid plexus at late-embryonic stages to generate 
OPCs (Winkler et al., 2018). EMX1 positive OPCs take over from the earlier generated 
ventral OPC waves in populating the cortex (Kessaris et al., 2006). In the adult brain, OPCs 
generated from the third wave are the main residing population in the dorsal areas of the 
forebrain, whereas the second wave is enriched in the ventral areas (Richardson et al., 2006; 
Crawford et al., 2016).  

As described above, OPCs migrate away from their place of birth toward other areas of the 
brain and spinal cord. They populate the entire CNS in a homogenous distribution pattern 
because of self-repulsive mechanisms (Zhang and Miller, 1996). The process of migration is 
highly dynamic and coincides with ongoing proliferation, differentiation, and apoptosis to 
maintain the correct number of OPCs and to generate sufficient numbers of myelinating 
oligodendrocytes (Barres et al., 1992; Hughes et al., 2013). OPC density reaches its peak in 
the first postnatal week. From then onwards, OPCs begin differentiating into myelinating 
oligodendrocytes starting in the caudal part of the spinal cord continuing rostrally, with the 
cortex to be myelinated last (Coffey and McDermott, 1997). Differentiation reaches its peak 
around postnatal day (P)14 and then slowly declines (Sturrock et al., 1980). A substantial 
number of OPCs remain in the progenitor state in the adult CNS and take up 2-9% of the total 
cell population (Dawson et al., 2003). These adult OPCs can be recruited to differentiate and 
integrate into the cellular network when needed (Fancy et al., 2004). Proliferation, 
differentiation, and myelination continue in the adult brain, contributing to the plasticity of 
the neuronal network but also to remyelination in the case of injury (Young et al., 2013; 
McKenzie et al., 2014; Gensert and Goldman, 1997; Franklin et al., 1997; Levine and 
Reynolds, 1999).  

1.1.2 Heterogeneity of OPCs  
The regional and temporal differences of the origins of OPCs and their distribution in the 
adult CNS could suggest that OPCs are heterogeneous. Interestingly though, when any of the 
three forebrain OPC waves are ablated, the other two waves can compensate by populating 
the areas that are lacking OPCs (Kessaris et al., 2006). At later stages, no major differences 
are observed, which suggests that the different waves have no intrinsic restrictions on 
populating other areas of the forebrain and contributing to myelination. Similar in the spinal 
cord, the dorsal wave can also populate ventral regions upon the loss of ventral OPCs 
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(Vallstedt et al., 2005). Furthermore, postnatal OPCs derived from ventral or dorsal areas of 
the brain or spinal cord have no, or very little, transcriptional differences and similar 
electrical properties (Tripathi et al., 2011; Marques et al., 2018; Zeisel et al., 2018). Thus, 
evidence points to that OPCs derived from different regions in the CNS are homogeneous and 
functionally redundant. Nevertheless, more and more studies show that differences exist in, 
for example, a disease context. Dorsal spinal cord OPCs that extend into the ventral domain 
upon loss of ventral OPCs obtain an altered morphology and distribution and fail to aid 
injured motor neurons, which ventral derived OPCs would normally do (Starikov et al., 
2020). Dorsal OPCs also contribute more to remyelination in both the brain and spinal cord 
(Crawford et al., 2016). In normal conditions, dorsal OPCs have a preference to myelinating 
dorsal areas and dorsal axonal tracts, such as the dorsal corticospinal tract (Kessaris et al., 
2006; Tripathi et al., 2011; Crawford et al., 2016). Why this preference exists is not known, 
although it has been suggested that competition between the different waves probably plays a 
role.  

Although OPCs generated in different areas of the CNS do not have major cell-intrinsic 
differences in homeostatic conditions, their local environment might influence their behavior 
differently. The cell composition of white and gray matter regions is quite different. White 
matter regions contain more OPCs, oligodendrocytes, myelinated axon tracts, and fewer 
neuronal cell bodies (Dawson et al., 2003; Dimou et al., 2008). These characteristics can 
affect the properties of OPCs, for example, both proliferation and differentiation are more 
extensive in white matter (Rivers et al., 2008; Kang et al., 2010; Zhu et al., 2011; Young et 
al., 2013). White matter OPCs are more prone to differentiate even when displaced into the 
gray matter, and conversely gray matter OPCs are less prone to differentiate in white matter, 
which suggests some form of long-lasting environmental influence (Viganò et al., 2013). 
White matter OPCs also respond differently to growth factors and have different ion channel 
compositions and electrical properties (Chittajallu et al., 2004; Hill et al., 2013). These 
studies suggest that environmental cues have a critical role in shaping short- and long-term 
properties of OPCs.  

A unique aspect of OPCs is their ability to proliferate and populate the entire CNS throughout 
life to be able to differentiate when needed. However, the prenatal environment differs from 
the postnatal and adult CNS. OPCs in the ventral forebrain and spinal cord have the potential 
to generate astrocytes in the gray matter at embryonic stages (Zhu et al., 2008a; Zhu et al., 
2008b). Postnatally they lose this potential and OPCs are restricted to the oligodendrocyte 
lineage (Rivers et al., 2008; Zhu et al., 2011). In adulthood, their proliferation and 
differentiation frequency declines (Zhu et al., 2011; Young et al., 2013), likely due to a 
saturation in myelinated axons. They also undergo transcriptional changes such as an increase 
in the expression of myelin genes, and the downregulation of Pdgfra and Cspg4 (Moyon et 
al., 2015). They become more heterogeneous in terms of electrophysiological properties, as 
they obtain a differential expression of ion channels influenced from their environment 
(Spitzer et al., 2019). However, upon injury, adult OPCs can become ‘reactivated’ and 
increase their migration, proliferation, and differentiation potential (Moyon et al., 2015).  



 

 5 

To conclude, OPCs derived from different areas of the CNS have functionally different 
properties to a certain extent. OPCs rely on the interaction with other cell types and signaling 
factors such as chemokines and growth factors, which can alter their migration, proliferation, 
and differentiation potential (Calver et al., 1998; van Heyningen et al., 2001; Tsai et al., 
2002). Furthermore, these potentials can also be regulated by neuronal activity (Gibson et al., 
2014; Gautier et al., 2015). This shows that OPCs are a highly adaptive cell type in order to 
aid in neuronal signaling whenever needed. 

1.1.3 Heterogeneity of oligodendrocytes  
Del Río-Hortega was the first to describe the heterogeneity of oligodendrocytes and their 
morphology in 1928. He could identify four distinct types based on their myelination pattern. 
Type 1 has many different myelin segments on small diameter axons in diverse orientations 
and is found in both gray and white matter. Type 2 has many different myelin segments on 
small diameter axons parallel to each other and is only present in white matter. Type 3 has 
few myelin segments on axons of large diameter, found only in white matter. Lastly, type 4 
has its flat and elongated cell body adjacent to a single very large axon of medium or large 
diameter, which it myelinates. Similar subtypes were later identified based on morphology 
and biochemical properties (Butt et al., 1995). However, it is not clear if these differences are 
intrinsically regulated or determined by the neuronal axons. 

Neuronal subtype populations are located in different regions of the CNS and differ in many 
properties including axon thickness and length. They also have different needs in myelin 
sheaths, for example in number, length, and thickness. Often larger diameter axons have 
longer and/or larger diameter myelin sheaths. It has been suggested that oligodendrocytes do 
not show any preference for axon size upon myelination (Fanarraga et al., 1998). They can 
myelinate axons of differing sizes at the same time, and they adjust the sheath thickness to the 
axon diameter (Friedrich and Mugnaini, 1983; Waxman and Sims, 1984). Furthermore, deep 
layer cortical neurons are less myelinated than neurons in superficial layers, despite the 
availability of OPCs in the area (Tomassy et al., 2014). Neurons affect myelin through 
different signals, such as electrical activity, GABA signaling, and synaptic vesicle release 
(Demerens et al., 1996; Wake et al., 2015; Koudelka et al., 2016; Hamilton et al., 2017). 
These findings suggest that myelin sheath generation is determined and affected by the axon. 
However, a group of researchers investigated the intrinsic properties of oligodendrocytes to 
regulate myelin sheath length, by using microfibers of various diameters to remove any 
axonal influence. They observed that oligodendrocytes generate longer myelin sheaths on 
larger diameter microfibers (Bechler et al., 2015). They also noticed that spinal cord and 
cortical oligodendrocytes myelinate the same number of microfibers, although spinal cord 
oligodendrocytes generated longer sheaths than cortical oligodendrocytes, indicating that 
oligodendrocytes in different regions have intrinsic factors contributing to myelin sheath 
length determination.  

Oligodendrocytes are heterogeneous in their morphology and their generation of myelin 
sheaths. However, axonal input largely contributes to that heterogeneity. To investigate the 
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cell-intrinsic contribution to this heterogeneity further, single-cell transcriptomics has been 
used (Marques et al., 2016). Here, twelve distinct populations along the oligodendrocyte 
lineage were identified, from OPCs to multiple myelin-forming and mature oligodendrocyte 
subclusters. They found two different myelin-forming oligodendrocyte states (MFOL1-2) and 
six different mature oligodendrocyte states (MOL1-6). The two myelin-forming states and the 
first four mature states were enriched in the juvenile CNS at P21, while MOL5 and 6 are 
enriched in the adult. This suggests that a higher heterogeneity exists during development, 
probably representing intermediate transitional stages, and that mature oligodendrocytes in 
the adult are more homogeneous. Nevertheless, different mature oligodendrocyte states locate 
to specific areas in the spinal cord in the adult (Floriddia et al., 2020). MOL2 is preferentially 
located in the spinal cord compared to the cortex and corpus callosum. Even in the spinal 
cord, MOL2 is enriched in white matter, while its occurrence in the gray matter is lower and 
decreases over time. MOL5 and 6 are located more in the gray matter of the spinal cord and 
their density increases over time. In the dorsal column, MOL2 has specific localization to the 
fasciculi gracilis and cuneatus containing the ascending sensory tracts, while MOL5 and 6 
localize specifically to the dorsal corticospinal tract in the adult. The different mature 
populations do not have a preference for dorsal or ventral areas and OPCs from different 
waves contribute to different mature states (Floriddia et al., 2020). Overall, the transcriptome 
of OPCs converges during development, whereafter they go through a single differentiation 
pathway and diverge when they mature. This diverging most likely is linked to where they 
are located and which axonal tracts they are myelinating. While MOL5 and 6 are the main 
mature oligodendrocytes in the adult, other smaller populations might contribute to specific 
areas and axonal tracts. The observed heterogeneity is probably for the most part regulated by 
axonal and environmental input, rather than cell-intrinsic factors.  

 

1.2 Disease 

One of the major diseases affecting oligodendrocytes is multiple sclerosis (MS). MS is 
characterized by inflammatory demyelinating lesions, leading to a variety of symptoms in the 
patients depending on the site of inflammation. In most cases, remyelination occurs early in 
the course of the disease and patients recover. However, in more severe cases, a chronic 
demyelination of axons can lead to axonal degeneration and long-term loss of function 
(Franklin, 2017). 

Two different hypotheses that try to explain the cause of MS have been around in the field 
(Trapp and Nave, 2008; Stys et al., 2012; Stys, 2013). The first and most accepted hypothesis 
is the ‘outside-in’ hypothesis, which proposes dysregulation of the immune system as a 
primary event leading to an autoimmune response against myelin peptides. The immune cells 
infiltrate the CNS, possibly because of a leaky blood-brain barrier, and subsequently attack 
myelin. This would then result in the demyelination observed in MS. The second hypothesis 
is the ‘inside-out’ hypothesis, which proposes that myelin degeneration or injury is the 
primary event, which triggers an autoimmune reaction.  
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1.2.1 Demyelination and remyelination  
Demyelination has severe consequences for the transmission of electrical signals in neurons 
and can lead to a cascade of detrimental events. Neurons can partially compensate for the loss 
of saltatory conduction by the redistribution and upregulation of ion channels along its axon 
where demyelination has occured (Smith et al., 1982; England et al., 1990; Craner et al., 
2004). However, this leads to a local increase in sodium signaling along the demyelinated 
area which increases energy demand. Persistent sodium currents and an increase in 
sodium/calcium exchangers lead to rising levels of sodium and calcium within the axon 
(Kapoor et al., 2003; Craner et al., 2004) and in turn, increased calcium levels can be toxic as 
it activates calcium-dependent enzymes and degradation pathways (Lehning et al., 1996; 
Bechtold and Smith, 2005). Furthermore, the exposed axons are subject to reactive oxygen 
species from ongoing inflammation. Nitric oxide released by microglia diffuses into 
demyelinated axons and disrupts mitochondrial ATP generation (Su et al., 2009; Mancini et 
al., 2018). Reduced levels of ATP lead to the failure of ATP-mediated sodium export that is 
required for uninterrupted neuronal signaling. Demyelination also results in loss of trophic 
and metabolic support from the oligodendrocyte, which leads to a further reduction of ATP 
generation. Overall, demyelination leads to an increase in energy demand of neurons that are 
energy depleted, have an ion imbalance, and are exposed to a toxic environment, all 
cumulating in axonal degeneration. 

To prevent axonal degeneration and loss of long-term function, remyelination needs to occur. 
Remyelination often results in the recovery from symptoms in MS, which is why it is 
important to understand what leads to successful remyelination (Bodini et al., 2016). In 
rodents, adult OPCs respond to demyelination by migrating to the lesion site where they 
proliferate and differentiate (Figure 2; Gensert and Goldman, 1997; Levine and Reynolds, 
1999; Watanabe et al., 2002; Kang et al., 2010; Moyon et al., 2015). The ability to migrate 
and differentiate, however, also declines with age (Sim et al., 2002; Crawford et al., 2016; 
Neumann et al., 2019), and the progenitor pool becomes depleted over time (Mason et al., 
2004). Differentiation itself is also inhibited by the accumulation of myelin debris at the site 
of lesions (Robinson and Miller, 1999; Kotter et al., 2006; Plemel et al., 2013). Macrophages 
can aid in the clearing of myelin debris, especially in newly demyelinated lesions (Brück et 
al., 1995; Bogie et al., 2011). Macrophages can also promote the recruitment and 
differentiation of OPCs, independent of myelin debris clearing (Kotter et al., 2005). 
Astrocytes and microglia within the lesion can promote the recruitment of OPCs through the 
secretion of chemotactic molecules, such as SEMA3F (Boyd et al., 2013). However, OPC 
differentiation is inhibited by cytokines secreted by inflammatory cells, such as interferon-
gamma (Turnley et al., 1991; Agresti et al., 1996; Chew et al., 2005; Kirby et al., 2019). This 
illustrates that remyelination in the context of inflammatory disease is very complex and the 
interplay between oligodendroglia and other cell types within the lesion, such as neurons, 
astrocytes, microglia, and immune cells all affect the remyelination potential and disease 
outcome. 
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In MS, different lesion characteristics within the same patient or among the population 
complicates the situation even more (Lucchinetti et al., 2000; Patrikios et al., 2006). For 
example, active lesions contain oligodendrocytes and show signs of remyelination, but mixed 
and inactive lesions show areas of oligodendrocyte loss, especially in the center of the lesions 
where they can be almost completely depleted (Lucchinetti et al., 1999; Heß et al., 2020). 
Remyelination might occur in some lesions early in the disease, in the presence of 
macrophages that clear debris, yet repeated demyelination of the same area could deplete the 
progenitor pool and affect the remaining oligodendrocytes (Prineas et al., 1993a, 1993b). 
Furthermore, in the case of chronic lesions, oligodendrocytes fail to remyelinate due to 
axonal degeneration (Chang et al., 2002). Similar to the mouse models, an increase in the 
number of proliferating OPCs is found in some MS lesions, but the number of OPCs 
decreases with age or duration of the disease (Maeda et al., 2001; Wolswijk et al., 2002; 
Kuhlmann et al., 2008). Also, heterogeneity of chemokines is observed in different lesions 
(Williams et al., 2007). SEMA3F, which attracts OPCs, has higher expression in active 
lesions with signs of remyelination, while SEMA3A, which inhibits OPC recruitment, has 
higher expression in chronic active lesions where less remyelination occurs.  

While the focus has been mostly on OPC recruitment and promoting differentiation, some 
studies suggest that remyelination rather occurs by remaining oligodendrocytes that survive 
the immune attack and generate new myelin sheaths (Yeung et al., 2019; Jäkel et al., 2019). 
A technique using carbon dating can assess if cells have undergone cell division or if they 
have been around for longer, which has been termed ‘old’ (Yeung et al., 2019). A large 
amount of newly generated oligodendrocytes were only found in patients with very 
aggressive MS and short disease duration leading to death. In other patients, remyelinated 
lesions had mainly old oligodendrocytes, suggesting that not proliferating OPCs, but already 
existing mature oligodendrocytes contribute to remyelination instead (Yeung et al., 2019). 
Single-nuclei RNA-seq also showed that remyelinated lesions mainly consisted of a specific 

Figure 2. Schematic overview of remyelination after myelin injury. A) Injury can result in myelin degeneration. B) 
Myelin debris clearance by macrophages/microglia. C) Secreted factors from cell types at the injury site can recruit OPCs. D) 
Differentiated OPCs than contribute to remyelination. 
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stable mature oligodendrocyte state and that OPCs and intermediate oligodendrocytes were 
depleted in MS, especially in remyelinated lesions (Jäkel et al., 2019). Mature 
oligodendrocytes in MS had in general upregulated myelin gene expression, suggesting that 
their myelination program is activated. Moreover, active lesions had enrichment of an 
actively myelinating oligodendrocyte state, which corresponds to earlier studies where active 
lesions have ongoing remyelination (Williams et al., 2007; Heß et al., 2020). A possible 
explanation for the lack of OPCs could be that they have already differentiated or have been 
depleted because of disease duration (Prineas et al., 1993a, 1993b; Maeda et al., 2001; 
Wolswijk et al., 2002; Kuhlmann et al., 2008). We can also not exclude that remyelinated 
lesions could represent demyelinating lesions instead. It is difficult to assess these aspects in 
the human CNS, as we can only analyze oligodendroglia composition post-mortem. It could 
be that early in the disease, OPCs contribute to myelination, but these newly formed 
oligodendrocytes might be more susceptible to subsequent inflammatory attacks. One 
specific mature oligodendrocyte state was strongly depleted in MS, while others were 
enriched (Jäkel et al., 2019). This could suggest that some oligodendrocytes are more 
vulnerable to disease and that others are very stable and remain intact, even after their myelin 
sheaths have been attacked. Remyelinated lesions might therefore not require OPCs while 
other more affected areas, such as active lesions, depend on recruited OPCs.  

More research has to be done to understand the heterogeneity of oligodendroglia and if 
certain oligodendrocytes or areas of the CNS are more susceptible to degeneration than 
others, which could also explain the heterogeneity of lesions. Depletion and enrichment of 
certain subtypes could also represent transcriptional subtype switching in response to disease, 
instead of the loss of a certain subtype. Lastly, an oligodendroglia cell state with immune 
gene expression was also found in MS patients (Jäkel et al., 2019; Kirby et al., 2019), which 
suggests that some oligodendroglia are captured in an immune state.  

These studies indicate that MS is a very complex condition and remyelination depends on 
many factors. Either OPCs or remaining oligodendrocytes within the lesion could contribute 
to remyelination if they are not severely affected by the ongoing inflammatory insult. Within 
the cellular environment, many other cell types such as microglia, astrocytes, neurons, and 
immune cells affect the migration, proliferation, differentiation, and myelination potential of 
OPCs and oligodendrocytes. 

1.2.2 Animal models 
To be able to study such diseases as MS, the use of model organisms is needed due to the 
difficulty of studying progressive diseases at the cellular level in humans. The most common 
MS mouse model is experimental autoimmune encephalomyelitis (EAE), a model used to 
study the immune response targeting oligodendrocytes and supports the ‘outside-in’ sequence 
of events. EAE is induced in rodents through immunization with a myelin antigen, such as a 
myelin oligodendrocyte glycoprotein (MOG) peptide, together with an immune booster 
(CFA, see below). Additional boosting of the immune system occurs with the addition of 
pertussis toxin, which opens the blood-brain barrier to facilitate the infiltration of T cells into 
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the CNS. The pathology in EAE is mostly observed in the spinal cord. The model can also be 
induced with the adoptive transfer of myelin antigen-specific T cells instead of the 
immunization with myelin peptides (Paterson, 1960; Pettinelli and McFarlin, 1981).  

The development of the model is based on an observation during the development of the 
rabies vaccine in 1888 (Baxter, 2007). Sporadic cases of paralysis were reported when people 
were injected with spinal cord tissue from rabbits. Other researchers inoculated animals with 
CNS tissue, which resulted in similar paralysis. Later, the observed paralysis was associated 
with demyelination in the CNS (Rivers et al., 1933; Rivers and Schwentker, 1935). As the 
paralysis specifically occurred when CNS-specific antibodies were used, they reasoned that 
the demyelination must be caused by an immune response. Around the same time, Freund 
developed complete Freund’s adjuvant (CFA), which is a strategy to boost an immune 
response against an antigen by injecting an emulsion of that antigen with killed 
Mycobacterium tuberculosis (Freund and McDermott, 1942). Using this adjuvant in 
combination with CNS tissue resulted in a strong immune reaction against myelin, which was 
the beginning of the EAE model. The first induction of EAE in mice occurred in 1949 
(Olitsky and Yager, 1949). After that, the immunization was improved with the use of CNS 
white matter, then with only myelin, and lastly, with myelin peptides.  

EAE can be used to study the interactions of immune cells with oligodendroglia and other 
cell types of the CNS. A disadvantage of the EAE model is the difficulty to study 
demyelination and remyelination events. Therefore, toxin-induced demyelination models 
have been developed (Blakemore and Franklin, 2008). Cuprizone and lysolecithin are the 
most commonly used toxins, they induce widespread, or focal demyelination, respectively. 
To study both aspects of the disease, a combination of the EAE and cuprizone models has 
been developed (Baxi et al., 2015). The model works by first inducing cuprizone-mediated 
demyelination and then transferring myelin-reactive CD4 positive T cells. This allows for the 
possibility to study the effect of inflammation on remyelination. 

1.2.3 Immune response in oligodendroglia 
Oligodendrocytes are exposed to cytokines secreted by T lymphocytes in MS (Link, 1998). 
One of the main cytokines secreted is interferon-gamma, which can be harmful to 
oligodendroglia and can even lead to apoptosis in vitro (Vartanian et al., 1995). However, 
some studies show that susceptibility to apoptosis is dependent on its developmental stage. 
For example, OPCs appear to be more sensitive to interferon-gamma-induced apoptosis than 
mature oligodendrocytes (Baerwald and Popko, 1998) and a possible explanation could be 
that interferon-gamma affects the cell cycle, which would leave OPCs more vulnerable 
(Chew et al., 2005; Horiuchi et al., 2006). Furthermore, OPCs are more sensitive to 
endoplasmic reticulum (ER) stress than mature oligodendrocytes and interferon-gamma can 
induce ER stress because of overloading with major histocompatibility complex (MHC) class 
I proteins (Baerwald et al., 2000; Lin et al., 2005). Newly formed myelinating 
oligodendrocytes could also be more vulnerable to ER stress as they process an enormous 
amount of myelin proteins to generate myelin sheaths, which reduces the ER capacity to 
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process additional proteins (Lin et al., 2005). Accordingly, interferon-gamma overexpression 
during development is associated with ER stress and leads to loss of oligodendrocytes, 
hypomyelination, infiltration of lymphocytes, and the upregulation of MHC molecules 
(Corbin et al., 1996; Baerwald et al., 2000; Lin et al., 2005). On the other hand, 
overexpression of interferon-gamma after development leads to similar responses, including 
demyelination (Horwitz et al., 1997). Another way by which interferon-gamma could be 
detrimental in oligodendroglia is through the upregulation of chemokines. For example, the 
chemokine CXCL10 is induced in oligodendroglia by interferon-gamma, and through the 
locally produced concentration gradient, it chemoattracts immune cells (Balabanov et al., 
2007). Additionally, it has been shown that inhibition of CXCL10 activity reduces 
inflammation in EAE (Liu et al., 2001). 

Nevertheless, the negative effect of interferon-gamma on oligodendroglia is controversial and 
interferon-gamma can even be beneficial (Billiau et al., 1988; Lublin et al., 1993; Ferber et 
al., 1996; Krakowski et al., 1996; Willenborg et al., 1996). Some studies show that 
interferon-gamma promotes signaling pathways that protect oligodendroglia from apoptosis. 
For example, the expression of interferon-gamma in the pre-symptomatic phase of EAE 
activates the integrated stress response in oligodendrocytes which is protective and prevents 
demyelination, axonal damage, and oligodendrocyte loss (Lin et al., 2007). Interferon-gamma 
also induces protective mechanisms against oxidative stress in EAE (Espejo et al., 2002), 
possibly through the induction of genes with antioxidant function and the promotion of 
proteasome activity (Balabanov et al., 2007). The proteasome is involved in the removal of 
oxidized proteins that accumulate, which may otherwise lead to cell death (Poppek and 
Grune, 2006). Microglia release nitric oxide in response to interferon-gamma, which is toxic 
to oligodendrocytes (Merrill et al., 1993). Inflammation in general releases reactive oxygen 
species, which oligodendrocytes are more sensitive to than other cell types (Juurlink et al., 
1998; Goldbaum et al., 2006; Lassmann and van Horssen, 2016). Inhibiting interferon-
gamma signaling in oligodendrocytes leaves them susceptible to early apoptosis and 
increased severity of EAE (Balabanov et al., 2007). A possible explanation could be that 
oligodendrocytes undergo early apoptosis because of oxidative stress, which promotes a 
stronger inflammatory response resulting in a worse outcome of disease symptoms (Hisahara 
et al., 2000; Balabanov et al., 2007; Traka et al., 2016). While interferon-gamma signaling 
seems mainly protective in EAE, it is the timing of the signaling that is important for this 
protective mechanism to occur. Increased interferon-gamma signaling during the recovery 
phase of EAE delayed and impaired recovery of symptoms and reduced remyelination (Lin et 
al., 2006).  

From the previous studies, we can conclude that probably the timing and the concentration of 
interferon-gamma are the most critical factors. Low doses before the onset of symptoms 
could protect oligodendroglia from inflammation, while prolonged higher doses could lead to 
ER stress, apoptosis, and inflammation. In the in vitro studies, the purity of the culture is 
important, as contaminating microglia could release nitric oxide in response to interferon-
gamma, resulting in apoptosis of oligodendroglia. Other studies have shown that a lower dose 
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of interferon-gamma in culture does not induce apoptosis, but instead affects the potential of 
OPCs to differentiate into mature oligodendrocytes (Turnley et al., 1991; Agresti et al., 1996; 
Chew et al., 2005; Kirby et al., 2019). This could be problematic in MS when OPCs are 
recruited to the site of injury to differentiate into myelinating oligodendrocytes. Instead, they 
are exposed to interferon-gamma from T lymphocytes, which induces the expression of 
MHC-I in OPCs (Suzumura et al., 1986; Turnley et al., 1991; Kirby et al., 2019). Induction 
of MHC-II expression in OPCs and in some cases in oligodendrocytes has also been 
observed, but to a much lesser extent (Bergsteindottir et al., 1992; Itoh et al., 2009). OPCs 
expressing MHC-I are vulnerable to T cell-mediated cytotoxicity. They can present 
exogenous proteins, such as myelin peptides, and activate CD8 positive T cells, which can 
lead to OPC death (Kirby et al., 2019). The presentation of antigens by OPCs requires LRP1 
(Low-density lipo-protein receptor-related protein 1; Fernández-Castañeda et al., 2020). 
LRP1 is a phagocytic receptor involved in the clearing of myelin debris (Gaultier et al., 
2009), and is highly expressed in OPCs (Fernández-Castañeda et al., 2020). LRP1 prevents 
OPC differentiation after cuprizone-mediated demyelination and loss of LRP1 reduces EAE 
symptoms and inflammation. These studies suggest that OPCs mediate inflammation in the 
CNS through LRP1 and antigen presentation. To conclude, OPCs can contribute to the 
spreading of the immune response by presenting myelin peptides to T lymphocytes, thereby 
stalling their own differentiation, limiting their contribution to remyelination, and even 
inducing their own cell death.  

 

1.3 Peptidylarginine deiminases  
Peptidylarginine deiminases (PADs) are enzymes that convert the positively charged 
peptidylarginine into a neutral peptidylcitrulline, a reaction that is calcium dependent (Figure 
3). This conversion is called citrullination or deimination and affects the structure and 
function of the targeted protein by reducing its positive charge. Five family members (PAD1-
4 and PAD6) exist in mammals, which are highly conserved and show many similarities at 
the mRNA and protein level (Zhang et al., 2004; Chavanas et al., 2004). Nevertheless, PADs 
show restricted expression patterns to different tissues and show high specificity in their 
citrullination targets (Darrah et al., 2012).  

1.3.1 Citrullination in oligodendroglia and multiple sclerosis 
Hypercitrullination of MBP (myelin basic protein) has been implicated in MS as it could 
affect myelin stability. MBP has an abnormally high positive charge and is by itself 
extremely disordered. MBP becomes neutral and forms a stabilized highly compacted 
network through binding with negatively charged myelin membranes (Aggarwal et al., 2013). 
This results in the stacking of myelin layers ensuring a tightly compacted myelin sheath that 
covers the neuronal axon. However, regions of decompacted or loose compacted myelin are 
necessary to form cytoplasmic channels connecting the oligodendrocyte with the underlying 
axon. These channels are important for metabolic support and ion homeostasis. CNP, another 
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myelin component, contributes to the formation of these channels, as it antagonizes the 
function of MBP through association with the actin cytoskeleton to keep regions 
decompacted (Snaidero et al., 2017).  

Citrullination of MBP results in the reduction of the positive charge of the protein and 
therefore also reduced myelin compaction (Beniac et al., 2000). MBP contains 19 arginine 
residues of which 6 are citrullinated in its citrullinated charge isomer (Brady et al., 1985; 
Wood and Moscarello, 1989). In the healthy adult brain, 20% of total MBP is found in its 
citrullinated form compared to 45% in chronic MS (Moscarello et al., 1994). The increase of 
citrullinated MBP in MS could affect the myelin compaction and stability. In comparison, the 
majority of MBP is citrullinated in human infants up to 2 years of age. This amount of 
citrullinated MBP decreases as the CNS matures. The percentage of citrullinated MBP found 
in MS is comparable with infants of 3-4 years old, which suggests that the myelin found in 
MS is developmentally immature. While during development high levels of citrullinated 
MBP are functional, in MS it could have severe consequences. The amount of arginine 
residues citrullinated further affects myelin compaction. In an acute, fulminating type of MS, 
90% of MBP is found citrullinated and the amount of arginine residues citrullinated goes up 
to 18 (Wood et al., 1996). This increase in the number of arginines found citrullinated on 
MBP correlates with the severity of the disease.  

In the mouse CNS, PAD enzyme and activity are mainly found in myelin (Pritzker et al., 
1999). The mRNA and protein were detected at P5 in the mouse brain with peak expression 
levels at 1 month and peak protein level and enzyme activity at 2 months after birth. In 
compact myelin, PAD activity reached its peak at P15 and reduced significantly at 1 and 2 
months of age, while in loose myelin, PAD activity remained at high levels up to 8 months of 
age. Thus, PAD activity in compact myelin correlates highly with the timing of myelination 
and decreases when the myelin matures. The family member responsible for MBP 
citrullination is PAD2, which is highly expressed in oligodendrocytes and in myelin 

Figure 3. Schematic overview of PAD2 mediated citrullination of MBP. A) PADs convert peptidylarginine into 
peptidylcitrulline. B) Binding of MBP to the myelin membrane leads to the formation of compacted sheaths. Citrullination of 
MBP results in a change in the conformation of the protein and the affinity to bind to the membrane, which results in 
decompacted myelin sheaths. 
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(Akiyama et al., 1999; Gould et al., 2000). Also, the promoter of Padi2 is hypomethylated 
and the PAD2 protein levels are upregulated in the CNS of MS patients (Mastronardi et al., 
2007). While it has been suggested that PAD4 is also localized in myelin, more evidence 
points out to the role of PAD2 (Wood et al., 2008). In a transgenic demyelination animal 
model, where demyelination occurs around 3 months of age, increased levels of PAD2 
protein are observed at 1 month of age. This increase was followed by MBP citrullination and 
preceded the spontaneous demyelination, which suggests that citrullinated MBP is an early 
change in demyelination (Moscarello et al., 2002). Accordingly, overexpression of Padi2 in 
the CNS of transgenic mice leads to demyelination and thinner myelin sheaths (Musse et al., 
2008). In EAE, an inflammatory mouse model mimicking some aspects of MS, an increase in 
citrullinated proteins is observed within inflammatory lesions in the spinal cord (Nicholas et 
al., 2005; Raijmakers et al., 2005). Inhibiting PAD activity in different models of 
demyelination and/or inflammation, resulted in decreased PAD activity, a reduction of 
disease symptoms and an increase in remyelination (Moscarello et al., 2013; Caprariello et 
al., 2018). Also, a decrease in CD3 positive T cells and interferon-gamma was observed. 
Nevertheless, induction of EAE in Padi2 knockout mice did not show any difference in 
disease onset or development despite the decrease of citrullinated proteins in the CNS 
(Raijmakers et al., 2006), possibly because of compensatory mechanisms by other PADs. To 
conclude, increased levels of citrullinated proteins can lead to myelin defects, which could 
evoke an immune response. 

Other implications for citrullinated MBP are in degradation and stability of the protein itself, 
which could cause immune reactivity. As citrullination alters the structure and conformation 
of the protein, it can become more susceptible for degradation by cleavage enzymes. 
Citrullination of MBP results in a more neutral and open conformation, which allows for 
digestion by both cathepsin D and stromelysin-1, releasing an immunodominant epitope of 
MBP (Pritzker et al., 2000; D’Souza & Moscarello, 2006). The citrullinated form of MBP 
additionally enhances the response of T cells isolated from MS patients compared to controls 
(Tranquill et al., 2000). However, one study shows that citrullination of MBP prevents 
degradation by the proteasome (Kuzina et al., 2016). The high positive charge of MBP results 
in a structure susceptible for degradation. Citrullination leads to reducing this charge, which 
prevents it from presentation as antigenic peptide and recognition by T cells. Therefore, if 
hypercitrullination of MBP evokes an immune response resulting in MS or if it protects MBP 
from being recognized by T cells is still to be investigated.  

Overall, these studies imply that elevated levels of PAD2 and subsequent MBP 
hypercitrullination can lead to demyelination and MBP degradation, thereby possibly 
inducing an immune response. However, if hypercitrullination by PAD2 is the cause or 
mediator of disease is currently unknown. Immune infiltration and demyelination could 
possibly progress without MBP hypercitrullination in different types of MS. 
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1.3.2 Histone citrullination as an epigenetic modifier 
Besides MBP citrullination, increased histone H3 citrullination is observed in MS and in 
demyelinating animal models (Mastronardi et al., 2006). First it was thought that only PAD4 
could citrullinate histones as it is the only PAD with a nuclear localization signal (Arita et al., 
2004). However, other PADs have been characterized to be localized in the nucleus as well, 
including PAD2 (Jang et al., 2011). Since then, numerous of studies have found histones as 
possible substrates of the different PADs. Especially histones H3, H4 and the linker histone 
H1 have been described to be citrullinated in various systems (Wang et al., 2004; Zhang et 
al., 2012; Cherrington et al., 2012).  

Like MBP, histones also contain a highly disordered protein structure. Their intrinsic 
disordered properties are important for their heterodimerization and formation of octamers, 
crucial for the nucleosome complex (Peng et al., 2012). These properties are also important 
for the interactions with DNA and other proteins. Intrinsically disordered proteins are highly 
dynamic and extremely sensitive to changes in the environment, and posttranslational 
modifications can alter their function and stability (Darling and Uversky, 2018). 
Posttranslational modifications on histone tails, therefore, regulate critical aspects of their 
function. Citrullination on histone tails usually results in reduced binding to the DNA and 
thus chromatin decompaction, as the positive charge of the arginine is reduced. Chromatin 
decompaction is associated with gene activation as the DNA would be more accessible. 
Histone citrullination can also serve as a histone arginine demethylase, by replacing the 
arginine containing methyl groups with citrulline (Wang et al., 2004; Cuthbert et al., 2004). 
Histone arginine methylation is associated with gene activation and by demethylation, 
citrullination could act as a repressor. These contradicting outcomes show that citrullination 
of histones has variable effects on the underlying DNA depending on the context.  

Histone citrullination has most extensively been studied as a defense mechanism by 
neutrophils. Neutrophils are a type of immune cell that can release DNA to bind and kill 
extracellular pathogens. The release of DNA by neutrophils is called neutrophil extracellular 
trap formation. This process occurs through PAD4-mediated citrullination of linker histone 
H1, which results in decondensation of the chromatin and release of DNA in the extracellular 
space (Li et al., 2010; Dwivedi et al., 2014). PAD4 citrullinates linker histone H1 also in 
embryonic stem cells, which likewise leads to decondensation of the chromatin 
(Christophorou et al., 2014). Histone H1 citrullination serves as a mechanism involved in 
pluripotency through which PAD4 activates genes. 

In bone marrow progenitor cells, PAD4 binds to the promoter region of the gene c-myc, 
where citrullinated histone H3 is also found (Nakashima et al., 2013). In cells depleted of 
PAD4, increased histone H3 arginine methylation at the c-myc promoter region was found 
accompanied by increased histone H3 acetylation levels and the upregulation of c-myc. These 
findings suggest that within bone marrow progenitor cells, histone H3 citrullination prevents 
histone H3 arginine methylation and acetylation and therefore activation of c-myc. 
Citrullination of histone H3 arginine 8 can also lead to exclusion of HP1a from the chromatin 
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(Sharma et al., 2012). HP1a normally binds to methylated lysine 9 on histone H3, which is 
associated with gene repression and the formation of heterochromatin. The release of HP1a 
from the chromatin because of citrullination of the adjacent residue can lead to gene 
activation. These are some of the mechanisms by which histone citrullination could affect 
gene transcription. The role of histone citrullination depends on the cellular context and may 
vary in different cell types and systems. How histone H3 citrullination affects gene 
transcription within MS is still to be investigated.  

 

1.4 Gene regulatory mechanisms 
Oligodendroglia experience many different changes throughout their life, from cell fate 
specification to differentiation into myelinating oligodendrocytes. They are influenced by 
numerous signals from their environment, but they also have cell-intrinsic mechanisms to 
regulate how they respond to those signals. When oligodendroglia transition to different 
states, they undergo significant changes at the transcriptional level. Gene regulatory 
mechanisms mediate those transitions, and they also ensure the maintenance of 
transcriptional programs in homeostasis. Among those mechanisms are regulatory elements, 
transcription factors, chromatin-modifying enzymes, posttranslational modifications of 
histones, chromatin remodelers, chromatin architecture proteins, and genome interactions.  

1.4.1 Transcription factors  
Transcription factors are important regulators of gene transcription. They can be repressors or 
activators of transcription. They bind to regulatory elements on the DNA, which are often 
located in promoters or enhancers. The binding of the transcription factor to the DNA is 
sequence-specific and depends on the DNA-binding domain. One of the most important 
transcription factors in OPCs is the basic-helix-loop-helix (bHLH) transcription factor OLIG2 
(Lu et al., 2000; Zhou et al., 2000; Takebayashi et al., 2002). OLIG2 is important for the 
specification of motor neurons and subsequent specification of OPCs, but its expression is 
downregulated in motor neurons and maintained in the oligodendrocyte lineage. OLIG2 is 
important for the maintenance of OPC fate in development, as the loss of OLIG2 results in 
the conversion to astrocytic fate (Zhu et al., 2012; Zuo et al., 2018). OLIG2 is also important 
for the differentiation of OPCs into oligodendrocytes (Mei et al., 2013). Another bHLH 
transcription factor important in the oligodendrocyte lineage is OLIG1 (Lu et al., 2000). 
OLIG1 and OLIG2 functions are partly redundant, however, OLIG1 is not involved in the 
specification of motor neurons or OPCs, but it is important in differentiation, myelin gene 
expression, and myelin formation, especially in the brain (Lu et al., 2002; Xin et al., 2005). 
The high-mobility-group transcription factor SOX9 is important for the specification of 
astrocytes and OPCs and mediates the switch from neurogenesis to gliogenesis (Stolt et al., 
2003). SOX9 is downregulated upon differentiation of OPCs but remains high in astrocytes. 
After specification, OLIG2 induces the expression of SOX10 by binding to its enhancer 
(Zhou et al., 2000; Küspert et al., 2011). SOX10 is one of the major regulators of 
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oligodendroglia-specific gene transcription and is required for terminal differentiation and 
myelination (Inoue et al., 1999; Stolt et al., 2002). SOX9 and SOX10 are co-expressed in 
OPCs and regulate the expression of Pdgfra (Finzsch et al., 2008). PDGFRA regulates the 
expansion, survival, and migration of OPCs through PDGF signaling and is often used as an 
OPC marker (Calver et al., 1998). Another marker of OPCs is NG2, encoded by Cspg4. 
PDGFRA and NG2 are both downregulated upon differentiation and in quiescent OPC stages 
in the adult CNS (Moyon et al., 2015). Cspg4 expression is regulated by an enhancer, which 
contains binding sites for both SoxE and bHLH transcription factors in close proximity 
(Gotoh et al., 2018). SOX10 and OLIG2 bind to these binding sites to induce Cspg4 
expression.  

The transcription factor NKX2.2 is transiently expressed before differentiation and 
downregulated immediately after differentiation. NKX2.2 promotes OPC differentiation 
through repression of Pdgfra by directly binding to its promoter (Qi et al., 2001; Fu et al., 
2002; Zhu et al., 2014). NKX2.2 is also transiently upregulated in adult OPCs in response to 
demyelination (Fancy et al., 2004; Watanabe et al., 2004). Upon differentiation, SOX10 is 
responsible for the induction of Myrf by binding to its enhancer (Hornig et al., 2013). MYRF 
is a transcription factor important for myelination as it cooperates with SOX10 to induce 
myelin gene expression (Emery et al., 2009; Hornig et al., 2013). MYRF is also important for 
the maintenance of mature oligodendrocyte identity and myelin in the adult CNS (Koenning 
et al., 2012). Interestingly, MYRF is anchored to the membrane of the ER with its C-terminal 
region (Bujalka et al., 2013). The N-terminal of MYRF, when cleaved, travels into the 
nucleus where it binds to and activates the regulatory regions of myelin genes (Bujalka et al., 
2013). Several transcription factors have been identified as negative regulators of OPC 
differentiation, such as HES5, ID2, and ID4, and their expression decreases upon maturation 
(Kondo & Raff, 2000a, b; Wang et al., 2001). HES5 inhibits Ascl1 (Mash1) expression, 
which is a transcription factor involved in early OPC specification and differentiation 
(Sugimori et al., 2008). HES5 also inhibits myelin gene expression through promoter binding 
(Liu et al., 2006). Increased levels of SOX10 during differentiation inhibit HES5 through 
sequestration and myelin gene promoter displacement. Another transcription factor, TCF7L2, 
is temporarily upregulated upon differentiation and involved in remyelination (Fancy et al., 
2009). It cooperates with KAISO to antagonize WNT signaling at the onset of differentiation 
and cooperates with SOX10 to induce myelin gene expression and genes important for 
cholesterol biosynthesis (Zhao et al., 2016). These are some of the transcription factors that 
regulate different processes in the oligodendrocyte lineage. Transcription factors often 
cooperate with other transcription factors to regulate varying sets of genes, thereby being able 
to have distinct functions dependent on cell type and stage. They often also work together 
with chromatin-modifying enzymes.  

1.4.2 Chromatin-modifying enzymes 
Chromatin-modifying enzymes regulate the epigenomic landscape by altering the tails of 
histones through deposition of modifications, such as methylation and acetylation among 
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others. These histone modifications can affect the compaction of the chromatin and the 
recruitment of non-histone proteins, which in turn regulate gene silencing or activation 
(Kouzarides, 2007). Histone deacetylases (HDACs) remove acetylation marks from histones, 
while histone acetyltransferases are the enzymes that add acetylation. Acetylation at lysines, 
for example at lysine 27 of histone H3 (H3K27), results in the loss of a positive charge and a 
more open chromatin conformation. H3K27ac is an active mark often associated with active 
enhancers and promoters (Roth et al., 2001). Methylation of lysines is often associated with 
repression, but at some sites also with activation. For instance, H3K4me3 is associated with 
active promoters, while H3K27me3 and H3K9me3 are associated with repression. The 
association can also be dependent on the number of methyl groups added to the lysine, for 
example, H3K4me1 is associated with active and primed enhancers (Rada-Iglesias, 2018). 
Methylation is deposited by histone methyltransferases and removed by histone 
demethylases. Multiple histone modifications often occur in the same loci, even active and 
repressive marks. When H3K27me3 and H3K4me3 occur in the same locus it is called 
bivalency. Loci that have bivalent marks are called poised or primed, which suggests that the 
gene can be activated by removal of the repressive mark or further repressed by removal of 
the active mark (Voigt et al., 2013). Bivalent marks often resolve into either an active or 
repressed state when the cell differentiates. 

Chromatin-modifying enzymes play a big role in lineage commitment and the maintenance of 
phenotypes. During development, ventral forebrain OPCs arise from the ganglionic 
eminences, in which first interneurons are generated. When OPCs commit to oligodendrocyte 
fate they lose the ability to generate interneurons. However, OPCs have fewer repressive or 
bivalent marks and more active marks at interneuron genes than other cell types (Boshans et 
al., 2019). This suggests that these OPCs have an epigenetic memory or potential to express 
interneuron genes, which they might lose upon differentiation or maturation. Another 
example is the regulation of oligodendrocyte lineage genes versus astrocytic genes by 
HDAC3. Loss of HDAC3 in OPCs results in the conversion to astrocytic fate, mediated 
directly through OLIG2 regulation and is identical to the Olig2 knock-out phenotype (Zhu et 
al., 2012; Zhang et al., 2016). HDAC3 cooperates with the histone acetyltransferase p300 and 
OLIG2 to maintain oligodendrocyte lineage fate and repress astrocytic fate. H3K27me3 is 
also often associated with the repression of alternative lineages (Sher et al., 2012; Bartosovic 
et al., 2021). EZH2, the enzyme responsible for H3K27me3, is highly expressed in neural 
stem cells, reduces expression upon specification into neurons and astrocytes, but remains 
high upon specification into oligodendrocyte lineage fate (Sher et al., 2008). In 
premyelinating oligodendrocytes, EZH2 suppresses genes associated with astrocytic and 
neuronal fate while promoting oligodendrocyte fate (Sher et al., 2012). H3K27me3 is also 
important in the differentiation into myelinating oligodendrocytes as it promotes the 
expression of transcription factors important for differentiation, such as MYRF, SOX10, 
NKX2.2, TCF7L2, through the suppression of NOTCH, WNT and BMP signaling (Wang et 
al., 2020a, b). The NOTCH pathway promotes astrocytic fate and is suppressed in the 
oligodendrocyte lineage by H3K27me3 (Wang et al., 2020a). While H3K27me3 is not 



 

 19 

necessary for myelin maintenance, it is important in remyelination (Wang et al., 2020b). 
Another repressive mark is H3K9me3, which suppresses genes associated with the neuronal 
lineage and promotes OPC differentiation (Liu et al., 2015). Single-cell CUT&Tag profiling 
showed that astrocyte genes had higher levels of H3K4me3 in OPCs compared to 
oligodendrocytes but had H3K27me3 in both cell types (Bartosovic et al., 2021). 
Furthermore, H3K27me3 was observed at OPC genes in astrocytes but not in mature 
oligodendrocytes. This suggests that astrocyte genes are still poised in OPCs and become 
more repressed upon maturation. OPC genes are not repressed through H3K27me3 in 
oligodendrocytes, but other genes from other cell fates, such as astrocytic fate, are. 

HDACs are also important during the specification and differentiation of the oligodendrocyte 
lineage. HDAC2 is a negative regulator of oligodendrocyte specification as it represses Sox10 
and Sox8 expression (Castelo-Branco et al., 2014). However, HDAC inhibition leads to 
impaired differentiation into mature oligodendrocytes (Marin-Husstege et al., 2002; Shen et 
al., 2005). HDACs are required during remyelination in the adult CNS as they directly 
suppress genes that encode proteins that inhibit the differentiation process, such as Hes5 and 
Sox2 (Shen et al., 2008). These studies indicate that HDACs are important for differentiation 
and myelin gene expression, but specific HDACs, such as HDAC2 could have a negative 
effect dependent on context and timing. OLIG2 is involved in the recruitment of the histone 
methyltransferase SETDB1, which is responsible for H3K9me3, to the Sox11 locus resulting 
in reduced expression (Zhang et al., 2022). SOX11 is an inhibitor of differentiation and 
SETDB1 promotes differentiation and myelination through its repression. OLIG2 also 
recruits SMARCA4 (BRG1), a chromatin remodeler that acts as a transcriptional activator, to 
induce myelin gene expression and promote differentiation (Yu et al., 2013). Other important 
chromatin remodelers are CHD7 and CHD8 as they promote the survival and differentiation 
of OPCs (He et al., 2016; Marie et al., 2018; Zhao et al., 2018). They simultaneously bind to 
genes important for these processes, often overlapping with SOX10 and OLIG2 binding. 
They induce the expression of important regulators in OPC differentiation, such as Sox10 and 
Nkx2.2. Thus, important transcription factors regulate oligodendrocyte gene expression 
through the recruitment and interactions with chromatin-modifying enzymes and chromatin 
remodelers. Chromatin-modifying enzymes can regulate oligodendrocyte fate by repressing 
other cell fates or activating oligodendrocyte-specific gene programs.  

1.4.3 Assay for Transposase-Accessible Chromatin using 
sequencing  

Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) is a method to 
identify functional regulatory elements to understand gene regulatory mechanisms 
(Buenrostro et al., 2013). The method uses a hyperactive Tn5 transposase to introduce 
adapters into open regions on the genome, which is called tagmentation (Figure 4). 
Tagmentation is followed by amplification of the accessible chromatin regions with sample-
specific primers that bind to the inserted adapters. After amplification, the libraries are ready 
for sequencing, unlike other techniques that require fragmentation and subsequent ligation of 
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the fragments with sequencing adapters. Another advantage of the technique is that it requires 
only a small number of cells (50.000 cells), which makes it possible to analyze the chromatin 
of rare cell types. 

ATAC-seq data gives similar data as earlier developed chromatin accessibility techniques, 
such as DNase-seq (Song & Crawford, 2010), FAIRE-seq (Formaldehyde Assisted Isolation 
of Regulatory Elements; Giresi et al., 2007), and MNase-seq (Schones et al., 2008). Both 
DNase-seq and MNase-seq rely on the digestion of open chromatin by nucleases, while 
FAIRE-seq uses sonication to shear the open chromatin. Using nucleases, all accessible 
chromatin is digested except for chromatin occupied by nucleosomes or other DNA binding 
proteins, such as transcription factors and chromatin-modifying enzymes. With FAIRE-seq 
the open chromatin fractions are not digested, but isolated and sequenced, which results in 
direct identification of all open chromatin. The use of nuclease digestion leads to the 
identification of nucleosome positions and DNA binding motifs. The identification of the 
latter is called footprinting (Boyle et al., 2011; Hesselberth et al., 2009) and when combined 
with protein-DNA binding methods such as ChIP-seq, Cut&Run, or CUT&Tag, specific 
transcription factor motifs can be characterized. This is not possible with FAIRE-seq as the 
resolution of the shearing is not high enough. ATAC-seq allows for direct identification of all 
open chromatin, nucleosome positioning, and transcription factor footprinting at the same 
time, because of the high resolution and the capture of both short fragments that are 

Figure 4. Schematic overview of tagmentation in open chromatin. A) The displacement of nucleosomes leaves chromatin 
in an open conformation; transcription factors can bind to these open regions. B) The Tn5 transposase tagments open 
chromatin regions with sample specific adapters. C) The fragments are purified, amplified, sequenced, and analyzed.  
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nucleosome-free and 200-600 bp fragments that contain nucleosomes. As some of these 
methods are enzyme-based they are biased in their activity towards specific sequences, for 
example, MNase-seq has a bias towards A/T-rich sequences and the Tn5 used in ATAC-seq 
has a bias towards G/C-rich sequences (Meyer and Liu, 2014). 

To study the variability in accessible chromatin regions between cells, single-cell versions of 
the method have been developed. The first versions used microfluidics (C1, Fluidigm) with a 
throughput of 96 cells at a time (Buenrostro et al., 2015) or combinatorial barcoding with a 
throughput of +- 2.400 cells at a time (Cusanovich et al., 2015). The first approach led to 
more sequencing reads per cell, while the second approach could process more cells 
simultaneously. The combinatorial barcoding approach has been optimized and used to 
identify the chromatin states of 15.000 single nuclei from flash-frozen mouse forebrain tissue 
at seven developmental stages (Preissl et al., 2018). They find 20 distinct cell populations 
corresponding to different cell types in the brain during development and in the adult, 
including one oligodendrocyte cluster. This combinatorial barcoding approach was then used 
to profile 100.000 cells from 13 different tissues (Cusanovich et al., 2018). They found 85 
different chromatin patterns and around 400.000 sites differentially accessible. They used 
label transfer from a single-cell RNA-seq data set to assign clusters in the single-cell ATAC-
seq data set. They used Cicero, which is a computational method that identifies correlations 
in accessibility between regulatory regions (Pliner et al., 2018). A high correlation means 
those regions are ‘co-accessible’, and they could be linked to each other. Based on co-
accessibility patterns, Cicero maps enhancer regions to the genes they might regulate (Pliner 
et al., 2018). Other single-cell ATAC-seq methods have been developed since then, with 
some of them being commercialized for easier access. First, a nano dispensing technique, in 
which they use the iCELL8 from Takara bio (Mezger et al., 2018). One chip has space for 
5184 cells, but only one-third of the chip is generally used per experiment. This technique 
allows for fluorescent imaging within the chip prior to processing, which could be used for 
the identification and exclusion of, for example, dead cells. In this paper, ChromVar is used 
to identify the variation of transcription factor motif accessibility between cells (Schep et al., 
2017). Then, a plate-based approach was developed, protein-indexed ATAC-seq (PI-ATAC), 
in which you could fix the cells and sort based on transcription factors or other intracellular 
markers (Chen et al., 2018). This method is non-commercial and easy to implement within 
any lab space. Lastly, two droplet-based single-cell techniques became available. The first 
one is through 10x Genomics, in which 6.000 – 10.000 cells per sample can be processed 
(Satpathy et al., 2019). The second one is through Biorad, in which 10.000 cells per sample 
can be processed (Lareau et al., 2019). Combining the last approach with combinatorial 
indexing, the authors could process 100.000 cells per run. Thus, high throughput methods to 
profile chromatin accessibility at the single-cell level are now available. These assays allow 
for the identification of novel regulatory regions and the mapping of those regions to the 
genes they regulate. They also allow for the identification of transcription factor motif 
variability to point to transcription factors that could be important for different transcriptional 
programs. 
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1.4.4 Chromatin organization and looping 
To activate gene expression, enhancers are looped towards the promoter they regulate. These 
are specific and highly dynamic interactions between different loci that are regulated by 
mechanisms at the higher-order chromatin structure level. Chromosomes are divided in 
dynamic large-scale domains in which interactions between regions occur more frequently 
than between different domains (Figure 5). These are called topologically associating 
domains (TADs; Dixon et al., 2012). TAD boundaries prevent unspecific interactions 
between neighboring domains. They can differ between cell types, depending on the genes 
needed to be activated and the location of their regulatory elements (van Bortle et al., 2014). 
Architectural proteins, such as CTCF, facilitate the formation of chromatin loops and bring 
promoters and enhancers in contact (Kurukuti et al., 2006). 

Chromosomes can also be divided at a larger scale into different domains in which chromatin 
is either open and more susceptible to activation or chromatin that is in a repressed state. The 
domains associated with open chromatin are called A compartments and often associate with 
active gene transcription (Lieberman-Aiden et al., 2009). These domains usually reside in the 
interior of the nucleus. Multiple TADs can locate to one overlapping A compartment. B 
compartments are associated with closed chromatin and silenced gene transcription, they 
reside at the nuclear periphery and frequently associate with the laminin and nucleolus. 
Compartment A and B regions can alternate on the linear sequence, but in the 3D nuclear 
space are frequently found close to the regions from their own compartment (Lieberman-
Aiden et al., 2009). During differentiation, parts of compartments can switch from A to B and 
vice versa (Dixon et al., 2015).  

1.4.5 Genome Architecture Mapping 
Genome architecture mapping (GAM) is a technique developed to map DNA interactions 
genome-wide (Beagrie et al., 2017). This technique identifies interactions between regulatory 
elements on the genome and relies on the concept that DNA regions that interact are found 
more often in close proximity within the nucleus than regions that do not interact. To obtain 

Figure 5. Schematic overview of higher-order chromosome organization. Chromosomes are divided in structural domains 
in which frequent interaction between regulatory regions take place. Active (A compartments) and repressive (B 
compartments) domains are shown. 
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such data, first ultra-thin cryosections are made from tissue or cells. These cryosections result 
in a section through the nuclei in a random orientation. Then, nuclear slices are laser 
microdissected and the DNA is amplified and sequenced. The frequency that two DNA 
regions are found together in one slice is determined with computational methods. The 
technique is similar to Hi-C, a chromatin conformation capture method (3C) that also maps 
DNA interactions genome-wide (Lieberman-Aiden et al., 2009). However, Hi-C requires 
millions of cells and ligation of the DNA fragments. GAM only requires 400 cells and is 
ligation free. Another advantage of GAM over Hi-C is that contacts between multiple regions 
can be identified simultaneously, while with Hi-C, interactions between only two regions are 
captured at the same time. GAM identifies gene regulatory mechanisms at the chromatin 
architecture level, such as A/B compartments, TADs, and long- and short-range interactions. 
Genome-wide chromatin interaction data was not available for the oligodendrocyte lineage 
until paper IV in this thesis. 
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2 RESEARCH AIMS 
The overall aim of the thesis is to investigate the gene regulatory mechanisms of the 
oligodendrocyte lineage in development and disease.  
 
We specifically investigated the following aims: 
 
Paper I  
- To identify the role of PAD2 in oligodendrocyte differentiation 
- To analyze the citrullination targets of PAD2 in the oligodendrocyte lineage 
- To characterize the role of histone citrullination on gene transcription during 
oligodendrocyte differentiation 
 
Paper II 
- To identify the effect of the inflammatory environment of EAE on the oligodendrocyte 
lineage transcriptional state 
 
Paper III 
- To understand the gene regulatory mechanisms involved in the immune response in the 
oligodendrocyte lineage 
- To characterize which transcription factors could be involved in the immune response in the 
oligodendrocyte lineage 
- To map MS-associated single-nucleotide polymorphisms (SNPs) that overlap with 
accessible regulatory regions in the oligodendrocyte lineage 
 
Paper IV 
- To map genome-wide chromatin interactions in intact brain tissue 
- To characterize the chromatin conformation of different neural cell types including 
oligodendrocytes 
- To understand the mechanisms of regulation at the chromatin level that could relate to 
differences in gene transcription between cell types 
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3 RESULTS AND DISCUSSION 

3.1 Paper I: PAD2-mediated citrullination contributes to efficient 
oligodendrocyte differentiation and myelination  

3.1.1 Results  
MBP hypercitrullination is a hallmark of MS and Padi2 overexpression leads to 
demyelination (Moscarello et al., 1994; Musse et al., 2008). Inhibiting PAD activity leads to 
the amelioration of disease symptoms (Moscarello et al., 2013; Caprariello et al., 2018). It is 
clear that too much citrullination and PAD activity are disadvantageous, yet MBP seems to 
be heavily citrullinated at specific stages during development. While PAD2 is the main PAD 
enzyme expressed in oligodendrocytes, its function besides MBP citrullination is not 
completely known. Increased levels of histone H3 citrullination have been observed in MS 
and could affect gene transcription. In paper I, we asked whether PAD2 plays a role in 
normal oligodendrocyte development and if PAD2 citrullinates histone H3 in this process. 
We additionally asked if we could identify other potential citrullination targets of PAD2 in 
oligodendrocytes. 

We confirmed that Padi2 is the main Padi expressed in oligodendrocytes and its expression 
increases with maturation, with the highest expression in adult oligodendrocytes. PAD2 
protein levels plateaued around P21 in the spinal cord, at the peak of myelination. Inhibition 
of PAD activity and knockdown with siRNAs targeting Padi2 specifically, resulted in 
decreased upregulation of myelin genes upon differentiation of oli-neu (embryonic mouse 
OPC cell line; Jung et al., 1995) or mouse and rat primary OPCs. Thus, Padi2 increases upon 
differentiation and promotes myelin gene expression.  

We next investigated if PAD2 has a similar effect on the differentiation of oligodendrocytes 
in vivo. Loss of Padi2 under the Pdgfra promoter, which results in loss of Padi2 in the entire 
oligodendrocyte lineage (Padi2 cKO), led to a reduced number of CC1 positive 
oligodendrocytes in the dorsal funiculus of the spinal cord at P21, which recovered in the 
adult (at 4 months old). We did not observe a change in CC1 positive cells in the corpus 
callosum and anterior commissure. These results show that while PAD2 is not involved in the 
generation of oligodendrocytes in the brain, it is involved in the spinal cord and its loss leads 
to a transient decrease in oligodendrocytes.  

We then examined if the loss of Padi2 leads to motor and/or cognitive symptoms and if its 
loss affects myelin formation. Both Padi2 cKO and full Padi2 KO mice showed impaired 
motor coordination, spending less time on the rotarod. The Padi2 cKO also showed an 
increase in the number of slips on the beam test and they performed worse on the novel object 
recognition test. The full Padi2 KO had a decrease in myelinated axons in the corpus 
callosum and differences in the g-ratio of axons with a smaller diameter. Hence, confirming 
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the role of Padi2 in the formation of healthy myelin and showing that loss of Padi2 results in 
impaired motor and cognitive functions. 

We observed that PAD2 is located both in the nucleus and cytoplasm in OPCs and 
oligodendrocytes. We therefore further explored the possible role of Padi2 in the nucleus. 
Using a SILAC (stable isotope labeling of amino acids in cell culture) proteomics approach in 
Padi2 overexpressing oli-neu, we found that citrullination targets were enriched in 
differentiation. Among those targets, we found different histones (H1, H2b, and H3) and gene 
regulatory enzymes such as the histone demethylase KDM3b and the chromatin remodeler 
CHD6. We also found myelin, ribosomal and RNA-binding proteins among the citrullination 
targets. RNA-binding proteins contain many arginines and are involved in important 
mechanisms such as RNA splicing, processing, stabilization, transport, and translation. These 
targets point to the possible additional roles of PAD2 in the oligodendrocyte lineage besides 
MBP citrullination. We also investigated the potential protein interactors with the same 
approach, this time by pulling down biotin-tagged PAD2. Among the targets were again 
proteins involved in translation and posttranscriptional regulation of gene expression and 
different components of the myelin sheath. 

To continue exploring the role of PAD2 in the nucleus we looked at specific histone H3 
targets, often citrullinated in other cell types. Citrullination at arginine 26 of histone H3 
(H3R26cit) and at arginines 2, 8, and 17 of histone H3 (H3R2+8+17cit) was present in oli-
neu and reduced upon PAD inhibition. Padi2 overexpression increased both H3R26cit and 
H3R2+8+17cit, with a stronger increase in differentiation. Thus, showing that PAD2 
citrullinates histone H3, especially during the differentiation of OPCs. Therefore, we 
analyzed the chromatin landscape, specifically if PAD2 could affect chromatin accessibility. 
Indeed, we observed decreased chromatin accessibility at the regulatory regions of Mag and 
Mbp. These results show that PAD2 regulates the expression of myelin genes possibly 
through histone H3 citrullination.  

3.1.2 Discussion 
The loss of PAD2 in development has not been investigated before. Padi2 overexpression 
had previously been shown to lead to demyelination (Musse et al., 2008). Here we show that 
Padi2 loss can also result in myelin sheath dysregulation. MBP is heavily citrullinated during 
development around the time that myelin sheaths are formed. A decompacted state of the 
myelin sheath is necessary during myelin sheath elongation. This allows for the formation of 
cytoplasmic channels that facilitate the transport of membrane material, such as MBP mRNA, 
to the active growth zone (Snaidero et al., 2014). Citrullination of MBP, and possibly also 
other myelin sheath components, is one way to maintain decompaction. Loss of Padi2 could 
affect the decompaction and therefore the transport of membrane material. However, if loss 
of Padi2 results in a decrease in cytoplasmic channels remains to be investigated. Also, a 
reversal of arginine citrullination has thus far not been found, so how would MBP 
citrullination levels decrease after development? Possibly through replacement of 
citrullinated MBP by newly synthesized MBP. PAD2 activity reduces in compact myelin 
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upon maturation so newly synthesized MBP will not be exposed to PAD2 activity to the same 
extent (Pritzker et al., 1999). For this, a high turnover of MBP protein is required. 

As mentioned in the previous paragraph, the reversal of arginine citrullination has not been 
found thus far. The turnover of nucleosomes at promoters and enhancers is important for 
transcription factor binding and gene activation (Klemm et al., 2019). A high nucleosome 
turnover rate is associated with active promoters and enhancers. As histone H3 citrullination 
is considered an active mark, high turnover rate could be a mechanism to decitrullinate 
histone H3. The maintenance of histone H3 citrullination in that case, has to occur through 
continues active citrullination. 

Many RNA-binding proteins were found among the citrullination targets, especially in 
differentiation. RNA-binding proteins are involved in mRNA processing and transportation. 
Mbp mRNA is transported to the myelin sheath in granules and locally translated (Müller et 
al., 2013). Some of the proteins that are involved in this process, such as HnRNPa2b1 and 
HnRNPk, are among PAD2 citrullination targets in the differentiation condition. These 
proteins bind to Mbp mRNA directly and regulate its transport to the processes (White et al., 
2008; Laursen et al., 2011). RNA-binding domains contain many arginines as they are 
positively charged, citrullination could therefore result in reduced binding affinity of these 
proteins to mRNA. This is one way in which PAD2 could affect Mbp mRNA trafficking and 
translation. Thus, PAD2 could regulate MBP at the transcriptional, posttranscriptional, and 
posttranslational level. Furthermore, increased levels of calcium stimulate MBP synthesis 
(Wake et al., 2011; Friess et al., 2016), which is one way in which neuronal activity regulates 
myelin formation (Krasnow et al., 2018; Baraban et al., 2018). As citrullination is calcium-
dependent, calcium influx could affect PAD2 activity and citrullination of RNA-binding 
proteins and MBP during myelination. PAD2 could have a dual role in the active growth 
zone, maintaining an open decompacted myelin structure through MBP citrullination, and 
release of Mbp mRNA through citrullination of RNA-binding proteins. Further research 
would be necessary to examine in what way PAD2 contributes to healthy myelin sheath 
formation and what the role of citrullination of MBP and other proteins is during 
oligodendrocyte development. 

We observed a transient decrease of mature oligodendrocytes in the dorsal column of the 
spinal cord of Padi2 cKO mice, which was not observed in the brain regions that we 
analyzed. The dorsal spinal cord population seems to be more susceptible to Padi2 loss, 
despite the uniform expression of Padi2 in all oligodendrocyte populations. If the spinal cord 
origin contributes to this susceptibility or because they are from this specific dorsal region, is 
not known. It could be that the brain regions also had a delay but recovered faster. Future 
research could consider more time points and areas to understand why the brain populations 
are unaffected at P21 and in the adult. Compensatory mechanisms from other PADs could 
also have affected this difference, although other PADs are very low or not expressed in the 
oligodendrocyte lineage.  
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Although we observed an increase in histone H3 citrullination upon Padi2 overexpression 
and a decrease upon PAD2 inhibition, we could not link the histone H3 citrullination directly 
to the loss of chromatin accessibility and the increased myelin gene expression upon Padi2 
knockdown. We would need to assess in which genomic loci histone H3 citrullination is 
found on the genome, for example by ChIP-seq or CUT&Tag. We have tried multiple 
experimental set-ups, but the antibody, unfortunately, did not work in our hands in such 
applications. Thus, the changes at the chromatin level could be due to citrullination of histone 
H3, other histones, chromatin-modifying enzymes, or other mechanisms. 

Previous studies have shown that hypercitrullination can be detrimental. In our study, we 
showed that loss of Padi2 is equally harmful. This is an important aspect to consider when 
modulating PAD2 activity in future applications.  

3.2 Paper II: Disease-specific oligodendrocyte lineage cells arise 
in multiple sclerosis 

3.2.1 Results  
Oligodendrocytes are attacked by the immune system in MS, which leads to oligodendrocyte 
degeneration and demyelination. Activated lymphocytes within the lesion secrete cytokines, 
which can affect the cells residing there. These lymphocytes and cytokines also affect OPCs 
that are recruited to contribute to remyelination. In Paper II, we performed single-cell RNA-
seq on oligodendroglia from the spinal cords of mice at the peak of EAE, to investigate how 
oligodendroglia are affected by the inflammatory environment.  

We found disease-specific populations of oligodendroglia in EAE, which had enriched 
expression of MHC-I genes and genes involved in antigen processing. Interestingly, some 
smaller disease populations also had increased expression of MHC-II genes, normally only 
expressed in professional antigen-presenting cells. MHC-II protein was also found in 
OLIG1/2 positive cells in postmortem brain tissue of MS patients. Another interesting group 
of genes enriched in EAE are the Serpins, which are serine protease inhibitors. Granzyme-B 
is a serine protease secreted in EAE by cytotoxic T cells that causes neuronal damage. One of 
the Serpins upregulated in EAE populations is Serpina3n, which has been shown to inhibit 
Granzyme-B resulting in neuroprotection against T cells and reduced EAE severity (Haile et 
al., 2015). Thus, the upregulation of Serpins could have a protective effect in 
oligodendroglia. Genes identified to be involved in MS susceptibility have been associated 
with microglia, however many of the non-MHC locus associated genes were enriched in 
OPCs and in a specific population of mature oligodendrocytes enriched in EAE (MOL1/2-
EAE).  

We identified that CD45 positive immune cells isolated from the spinal cord of EAE mice 
specifically induce MHC-II expression in OPCs in culture. We found that interferon-gamma 
was responsible for MHC-II induction in oligodendroglia and the upregulation of many of the 
gene modules we found in EAE. Furthermore, OPCs were able to phagocytose myelin, 
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independent of interferon-gamma treatment. MOG peptide-specific CD4 positive memory T 
cells were activated in co-cultures with OPCs pre-treated with interferon-gamma and MOG 
peptide. These CD4 positive T cells had increased survival, proliferation, and cytokine 
production. This shows that OPCs can present antigen to CD4 positive memory T cells. 

To conclude, oligodendroglia undergo a major switch in the transcriptional program in 
inflammation. Some of the genes are protective against disease, while others could promote 
interactions with the immune system. OPCs could mediate and spread the immune response 
by phagocytosing myelin and presenting antigens to CD4 positive T cells. 

3.2.2 Discussion 
Previous research on the effect of interferon-gamma on oligodendroglia is controversial. 
Some studies suggest that interferon-gamma is harmful and could even lead to apoptosis 
(Vartanian et al., 1995; Baerwald and Popko 1998; Chew et al., 2005; Horiuchi et al., 2006), 
while others showed that interferon-gamma could be protective (Billiau et al., 1988; Lublin et 
al., 1993; Ferber et al., 1996; Krakowski et al., 1996; Willenborg et al., 1996). In our study, 
we did not observe any signs of apoptosis in primary cells treated with interferon-gamma. We 
did observe differential expression of genes encoding ER proteins, suggesting ER stress 
might occur in oligodendroglia in EAE. ER stress in oligodendroglia has been observed 
previously, in response to overexpression of interferon-gamma during development 
(Baerwald et al., 2000; Lin et al., 2005). On the other hand, protective mechanisms were also 
induced in oligodendroglia in EAE, such as the upregulation of Serpins, which suggests 
oligodendroglia might regulate their own survival upon inflammatory insult.  

MHC-II upregulation in oligodendroglia has only been reported in a few studies 
(Bergsteindottir et al., 1992; Itoh et al., 2009). Although MHC-I expression is much more 
widespread, MHC-II expression was observed in about 3.4% of Sox10 positive cells in the 
lesion area in EAE and in a large percentage of primary oligodendroglia treated with 
interferon-gamma. This result was surprising, as normally MHC-II is only expressed by 
professional antigen-presenting cells. We showed that OPCs could phagocytose myelin 
debris and present antigen to CD4 positive T cells through MHC-II, which is in agreement 
with a study showing OPCs phagocytosing myelin debris and presenting antigen to CD8 
positive T cells through MHC-I (Kirby et al., 2019). OPCs could therefore be involved in the 
initiation or amplification of an immune response. What this implies for MS still needs to be 
investigated.  

3.3 Paper III: Epigenomic priming of immune genes implicates 
oligodendroglia in multiple sclerosis susceptibility 

3.3.1 Results  
Oligodendroglia in an inflammatory environment are captured in an immune transcriptional 
state, which inhibits their capacity to contribute to remyelination and could leave them 
vulnerable to cytotoxicity. In Paper III, we wanted to understand how oligodendroglia 
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transition to the immune state by identifying their gene regulatory mechanisms. We used 
single-cell ATAC-seq in EAE at peak to map the chromatin accessibility landscape and to 
identify transcription factors that could be important in the transition. 

Single-cell ATAC-seq revealed chromatin signatures in EAE which were in accordance with 
the transcriptional state, as enriched chromatin accessibility was mainly found at gene loci 
involved in immune processes. However, a subset of immune genes had already accessibility 
in control, while they were not or low expressed. The transcription of these immune genes 
was induced in EAE, but we did not observe such changes at the chromatin accessibility 
level. This suggests that other gene regulatory mechanisms are involved in the activation of 
these genes. We additionally performed multi-ome profiling of oligodendroglia in EAE, 
where we measured chromatin accessibility and RNA from the same nuclei. This confirmed 
our earlier observation, that many immune genes were primed in control.  

To investigate how immune genes are induced, we treated OPCs with interferon-gamma in 
culture and performed bulk ATAC- and RNA-seq. There was a considerable induction of 
genes at the RNA level, including interferon response genes, and MHC-I and -II genes. 
However, at the chromatin level, the changes that were observed were limited. Single-cell 
ATAC-seq revealed a set of transcription factors that had enriched motif accessibility in 
oligodendroglia in EAE. Among those transcription factors were IRF1, STAT1, STAT3, and 
BACH1. Knockdown of Bach1 in primary OPCs treated with interferon-gamma resulted in 
induced expression of MHC-I genes, H2-Q4 and H2-Q7, and MHC-II pathway gene Cd74. 
BACH1 could therefore be involved in the negative regulation of MHC-I and -II expression 
in OPCs in EAE. In contrast, knockdown of Stat1 in primary OPCs treated with interferon-
gamma resulted in decreased upregulation of interferon response genes, and MHC-I and -II 
genes. CUT&Tag using an antibody against STAT1 showed increased binding of STAT1 at 
those genes upon interferon-gamma treatment. This shows that STAT1 activates the immune 
profile in OPCs upon interferon-gamma signaling.  

To understand how primed genes are induced, other than STAT1 activation, we profiled the 
histone modification landscape with Cut&Run and H3K27ac HiChIP in interferon-gamma-
treated OPCs. We observed an increase in H3K27ac and CTCF binding at immune genes and 
increased enhancer-promoter contacts. This suggests that chromatin remodeling rather than 
chromatin accessibility is involved in the induction of immune genes. Profiling H3K4me3 
and H3K27me3 showed that many MHC-I and -II genes were bivalent, which means they 
had both marks. Upon interferon-gamma treatment, the repressive mark H3K27me3 was 
removed, which then induced expression. Primed genes switch from a bivalent state 
(H3K4me3 and H3K27me3) to an active state (H3K4me3, CTCF, and H3K27ac) upon 
interferon-gamma treatment. Inhibiting EZH2, the enzyme responsible for H3K27me3, led to 
an increased upregulation of MHC-I and -II genes in interferon-gamma-treated OPCs. Thus, 
STAT1 binding, together with H3K27ac, chromatin remodeling, and H3K27me3 removal 
induces expression of immune genes in OPCs. 



 

 33 

Next, we were interested if the priming of immune genes also occurred in the healthy human 
brain. We performed single-cell multi-omics to assess the chromatin and RNA profiles of 
different CNS cell types. We observed that especially MHC-I genes were primed in all cell 
types of the CNS, while MHC-II accessibility was more restricted. Some MS-associated 
SNPs overlapped with chromatin accessibility sites in all cell types, for example at the HLA-
B locus. Some SNPs also overlapped with regions in mice that had no accessibility in control, 
but upon interferon-gamma treatment would gain accessibility. For example, at the Socs1 
locus, where an enhancer region gained accessibility, H3K27ac, CTCF binding, and predicted 
interactions with the Socs1 promoter. Thus, MS-associated SNPs could also be relevant in 
other cell types besides microglia.  

3.3.2 Discussion 
Within the general immune response, only a small subset of genes was found enriched in 
oligodendroglia, even in EAE. The hallmarks ‘interferon-gamma’ and ‘interferon-alpha 
response’ were enriched in EAE oligodendroglia, but other signaling pathways, such as ‘IL6 
JAK STAT3 signaling’ and ‘IL2 STAT5 signaling’ were only enriched in microglia. While 
the inflammatory environment in EAE changes the transcriptional profile of oligodendroglia, 
they remain committed to their own lineage, showing many differences compared to 
microglia. OPCs might be able to perform certain microglial functions, such as phagocytosis 
of myelin debris and antigen presentation in vitro (Kirby et al., 2019; Fernández-Castañeda et 
al., 2020), however, they might be missing other pathways important for other microglial 
functions. These data imply that microglia have specialized functions compared to immune 
OPCs and probably are still the dominating cell type for immune regulatory functions in the 
CNS.  

Although many genes enriched in EAE were also enriched in interferon-gamma treated 
OPCs, we found only low overlap in different gene categories (primed vs. induced) between 
EAE and interferon-gamma OPCs. In EAE many other cytokines and signals are around that 
could affect the chromatin and transcriptional state of OPCs, which might contribute to those 
differences. For example, interleukin-17 signaling has been shown to inhibit the 
differentiation potential of OPCs but does not alter MHC-I and -II gene expression (Kirby et 
al., 2019). 

H3K27me3 has previously been shown to suppress astrocytic and neuronal fate in 
oligodendroglia (Sher et al., 2012). We show here that besides the suppression of those cell 
fates, we also observed suppression of MHC-I and -II genes and some chemokine genes. 
However, those genes remained repressed upon EZH2 inhibition and were only induced 
when OPCs were spiked with interferon-gamma, then their induction was much greater than 
treatment with interferon-gamma without EZH2 inhibition. Some of these genes even showed 
bivalency. These results indicate that an additional cue, besides H3K27me3 removal, is 
necessary for MHC-I and -II genes to be induced and their induction is potentiated by 
H3K27me3 removal. 
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We observed one SNP within a regulatory region with predicted interactions with the Bcas1 
promoter, a gene important for early myelination. The SNP region overlaps with high levels 
of H3K27me3. H3K27me3-rich regions have been shown to repress genes through chromatin 
interactions (Cai et al., 2021). Bcas1 levels are reduced upon interferon-gamma treatment, 
possibly through increased interactions with this region. These results show an example of 
how MS-associated SNPs could affect neighboring genes in other cell types than microglia in 
the context of disease. 

3.4 Paper IV: Cell-type specialization is encoded by specific 
chromatin topologies 

3.4.1 Results  
GAM is a method to delineate genome-wide interactions from low cell numbers in a ligation-
free manner (Beagrie et al., 2017). In Paper IV, we adapted GAM, now called 
ImmunoGAM, to enable the use of antibodies to detect cell type-specific proteins or 
reporters. This addition allows for the selection of specific cell types from intact 
heterogeneous tissues. We applied ImmunoGAM to characterize the chromatin conformation 
of different cell types in the brain. Ultra-thin (220 nm) cryosections are antibody labeled and 
nuclear slices are laser microdissected from selected cells, therefore avoiding tissue 
dissociation. The DNA content from each nuclear slice is then amplified and sequenced. As 
only few cells are needed (~1000 cells), ImmunoGAM profiles can be generated from single 
animals. We characterized the chromatin conformation of three cell types: oligodendroglia 
from the somatosensory cortex, pyramidal glutamatergic neurons (PGNs) from cornu 
ammonis 1 of the dorsal hippocampus, and dopaminergic neurons (DNs) from the ventral 
tegmental area of the midbrain. We compared the profiles of these cells to the profiles of 
mouse embryonic stem cells (mESC) that were publicly available (Beagrie et al., 2021). 

We were able to show that ImmunoGAM detects differences in both short- and long-range 
interactions between cell types. An example of this is at the Pcdh locus, a cluster of genes 
encoding protocadherins. Contacts between the three genes, Pcdha, Pcdhb, and Pcdhg, 
correlated with gene expression. The contacts were stronger in neurons and oligodendroglia, 
where all three genes are expressed, compared to mESC, where only Pcdhg is expressed. 
Short-range interactions were often mediated by specific transcription factor pairs. 
NEUROD1/2 were most often associated with interactions in PGNs, while CTCF was the 
most enriched in DNs, followed by FOXA1. ImmunoGAM also detected cell type-specific 
TAD boundaries. Many TAD boundaries were unique for each cell type and often contained 
genes that were expressed and related to cell type-specific functions. For example, 
oligodendroglia had genes involved in mechanical stimulus and fatty acid biosynthesis.  

Extensive reorganization also occurred at the compartment level. Compartment B to A 
switching, from mESC to brain cell type, often contained genes more strongly expressed in 
the brain cell types related to specific functions such as behavior and regulation of synaptic 
transmission. A to B transitions often contained genes that were silent in all cell types. 50 of 
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those genes were highly expressed in mESC and were involved in transcriptional regulation. 
A-B switching also often contained sensory genes, such as the Vmn (vomeronasal) and Olfr 
(olfactory) receptor gene clusters. These genes were in B compartments in brain cells and had 
strong contacts with other B compartments, possibly mediating their sustained repression. To 
conclude, we found cell type-specific chromatin interactions that were functional. The 
interactions mainly linked genes that should remain repressed, or active genes with special 
functions for that cell type. Also, short-range interactions between active genes were often 
mediated by specific transcription factor pairs. 

Lastly, we identified a distinct feature for long, active genes in neurons. Long neuronal genes 
(>300 kb) lose contact density when active in that cell type. Grik2 is highly expressed in 
PGNs and loses many of its interactions compared to mESC. The same was observed for 
Dscam in DNs, although Grik2 mostly lost contacts at the transcription start site and end site 
while Dscam lost contacts throughout the entire gene body. We called this decondensing of 
the gene locus ‘melting’ and it was often observed in highly expressed genes in PGNs and 
DNs but not in oligodendroglia or mESC. Melting genes also often had higher levels of 
chromatin accessibility and often belonged to compartment A. Two other examples are Nrxn3 
(Neurexin 3) and Rbfox1 (RNA binding Fox1 homolog 1). We showed with polymer 
modeling and cryo-FISH that their loci decondensed in DNs (Nrxn3) and PGNs (Rbfox1).  

3.4.2 Discussion 
Pluripotent mESC have a relatively open chromatin landscape as all genes need to be able to 
be transcribed depending on the differentiation path they will initiate (Mattout and Meshorer, 
2010; Gaspar-Maia et al., 2011). Other local regulatory mechanisms are in place to keep 
lineage-specific genes silent in mESC. Upon differentiation, more defined chromatin 
structures are formed, reflected in our study at the TAD boundary and compartment level. 
TAD boundaries that were shared between mESC and brain cell types had stronger insulation 
in the brain cell types, suggesting that brain cell types have more specific and more frequent 
interactions between the same loci. In mESC, these similar interactions are probably more 
sparse because of the open chromatin landscape. Furthermore, A to B compartment 
switching, from mESC to brain cell type, often contained genes that were silent in both cell 
types, suggesting other mechanisms are in place to maintain silencing of genes in A 
compartments in mESC.  

We showed that chromatin interactions occur to maintain genes in either a repressed or active 
state. Short-range interactions between active genes often involved cell-specific transcription 
factor and/or CTCF motifs, suggesting that CTCF and transcription factors mediate such 
interactions. Cell type-unique TAD boundaries were often associated with active genes for 
that cell type. The data from this paper show that, upon differentiation, cell type-specific 
interactions are formed that facilitate gene transcription for that specific cell type. Some of 
these mechanisms were already known to correlate with gene expression. However, here we 
show that we can identify these mechanisms in specific cell types in heterogeneous tissues. 
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Only around 1000 nuclei are necessary, which makes it possible to uncover cell-specific 
chromatin interactions in rare cell populations.  
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4 CONCLUSIONS 
This thesis has presented some of the gene regulatory mechanisms that regulate the 
transcriptional states of oligodendroglia during development and in disease.  

In Paper I we have shown that PAD2 is involved in oligodendrocyte development by 
promoting differentiation through the chromatin accessibility and upregulation of myelin 
genes and through histone H3 citrullination. PAD2 also contributes to healthy myelin sheaths, 
important for motor skills and cognitive function. We also showed that PAD2 citrullinates 
myelin proteins and proteins involved in transcriptional and posttranscriptional regulation. 
Among the citrullination targets were histones, chromatin-modifying enzymes, and RNA-
binding proteins. This suggests that PAD2 could have additional roles in regulating gene 
expression and RNA processing. 

In Paper II we have shown that the oligodendrocyte lineage transitions to an immune state in 
the inflammatory environment of EAE. Oligodendroglia in EAE upregulate immune pathway 
genes including MHC-I and -II genes involved in antigen processing and presentation. We 
have shown that OPCs are able to phagocytose myelin debris and present antigen to CD4 
positive memory T cells. In this way, OPCs could mediate and amplify the inflammatory 
response in MS.  

In Paper III we have shown some of the mechanisms behind the oligodendroglia immune 
state transitioning. A subset of immune genes exists in a primed conformation in 
oligodendroglia, showing open chromatin or bivalency in a healthy state. Immune gene 
transcription in OPCs is induced through the removal of H3K27me3 and the increase in 
CTCF-mediated interactions of active enhancers with promoters. Transcription factors 
BACH1 and STAT1 are also involved in this process. In the human healthy brain, MHC-I 
genes are also in a primed state in oligodendroglia, while MHC-II genes are more restricted. 
We have shown that MS-associated SNPs can be accessible in other cell types than microglia 
and that chromatin accessibility at SNPs can be induced in specific conditions, such as 
inflammation.  

In Paper IV we have shown that immunoGAM detects differences in both short- and long-
range interactions between cell types. Sort-range interactions were often mediated by specific 
transcription factor pairs for that cell type. We were also able to detect cell type-specific 
TADs, with unique boundaries containing genes expressed and related to cell type-specific 
functions. We have shown extensive reorganization at the compartment level, with A to B 
and B to A compartment switching upon differentiation. We also showed that long active 
genes in neuronal populations undergo decondensation or melting.  

The findings of these four papers involve different mechanisms that regulate gene expression 
in oligodendroglia in development and in disease contexts. We have investigated 
citrullination of proteins, transcriptional changes in disease, chromatin accessibility, CTCF 
binding, histone modifications, transcription factor binding, chromatin-modifying enzymes, 
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and genome interactions. There are many layers of gene regulation and together they regulate 
different functional aspects of the cell. The transcriptional state of oligodendroglia is affected 
by the inflammatory environment in MS. To protect oligodendroglia and promote 
remyelination, we need to understand the changes they go through in disease and how we can 
regulate those changes. Understanding the regulatory mechanisms of gene transcription in 
oligodendroglia in development and disease provides us with new targets for therapeutical 
approaches relevant to MS.  
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5 POINTS OF PERSPECTIVE 
Based on the concepts discussed in this thesis and the conclusions from the presented papers, 
we can speculate how oligodendroglia are affected in disease, how an inflammatory attack 
could be initiated, and in what way gene regulatory mechanisms play a role.  

It has been proposed that MS is caused by a dysregulation of either the immune system 
(outside-in) or a component within the CNS, such as myelin (inside-out; Trapp and Nave, 
2008; Stys et al., 2012; Stys, 2013). Many theories which involve PAD2-mediated MBP 
citrullination support the inside-out hypothesis (Yang et al., 2016; Luchicchi et al., 2021). 
Neuronal activity during development can lead to rising levels of calcium within 
oligodendrocytes, which mediates myelin sheath formation (Krasnow et al., 2018; Baraban et 
al., 2018). However, elevated calcium levels in later stages, because of axonal damage or 
infection among others, could lead to destabilized myelin due to MBP displacement from the 
myelin membrane (Weil et al., 2016), possibly through PAD2-mediated citrullination. 
Citrullinated MBP might be more susceptible to degradation, releasing an immunodominant 
epitope (Pritzker et al., 2000; D’Souza & Moscarello, 2006). The immunodominant epitope 
of MBP could be phagocytosed and presented to CD4 positive T cells, which would evoke a 
myelin-specific inflammatory response.  

On the contrary, citrullination could be important for the stabilization of MBP, reducing its 
charge and preventing it from proteasomal degradation (Kuzina et al., 2016). Upon myelin 
degeneration, because of injury or inflammation, MBP could be released from the membrane 
in its highly disordered and unstable form. PAD2-mediated citrullination could protect MBP 
from degradation and recognition by the immune system. This might lead to the accumulation 
of citrullinated MBP observed in MS (Moscarello et al., 1994). Another possibility could be 
that increased levels of citrullinated MBP are found because of remyelination. It has been 
proposed, based on citrullinated MBP levels, that myelin in MS is immature (Moscarello et 
al., 1994). PAD2-mediated citrullination is important for myelination in development (Paper 
I) and might be equally as important in remyelination.  

As both injury and inflammation can lead to the accumulation of calcium within the myelin 
sheath, both the outside-in and inside-out hypotheses could explain the increased levels of 
MBP citrullination. Citrullinated MBP is probably not the actual trigger in all MS patients, 
but it could be the case in some. The higher levels of citrullinated MBP in MS might facilitate 
remyelination at the start. However, sustained levels, due to ongoing inflammation and 
injury, might lead to unstable myelin which is vulnerable to degradation and leads to the 
release of myelin epitopes with the potential of stimulating and amplifying the immune 
response.  

We and others have shown that OPCs can phagocytose myelin debris and present antigen to 
T cells (Paper II, Kirby et al., 2019; Fernández-Castañeda et al., 2020). This capability can 
induce their own cell death (Kirby et al., 2019) and could possibly lead to the OPC depletion 
observed in MS (Chang et al., 2000; Jäkel et al., 2019). However, if OPCs with immune 
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properties are functional in EAE or MS, is not yet understood. We have shown that only a 
small subset of genes expressed by oligodendroglia in EAE overlaps with genes expressed by 
microglia (Paper III). The immune gene upregulation observed in oligodendroglia could be 
merely a signal to the cell that it is under attack and could in some cases even be beneficial. 
For example, interferon-gamma can promote different protective mechanisms (Paper II, 
Espejo et al., 2002; Lin et al., 2007; Balabanov et al., 2007). Newly differentiated OPCs in an 
inflammatory environment could be extremely vulnerable due to the high upregulation of 
myelin proteins and associated ER stress (Lin et al., 2005). Interferon-gamma could, by 
inhibiting OPCs from differentiation (Turnley et al., 1991; Agresti et al., 1996; Chew et al., 
2005; Kirby et al., 2019), therefore be protective. 

While interferon-gamma might have some protective effects, it is not recommended for use 
as a therapeutic agent. The effect of interferon-gamma on the cell is highly dependent on the 
timing and the dose, and administration, while inflammation is ongoing, can increase the 
release of reactive oxygen species and ER stress, leading to increased apoptosis of 
oligodendroglia and axonal degeneration. Some of the protective mechanisms could, on the 
other hand, be considered as potential therapeutic targets, for example, research into the role 
of Serpins (Paper II) in oligodendroglia in the context of inflammation would be worth 
pursuing. 

The transcriptional changes in response to inflammation or interferon-gamma signaling in 
oligodendroglia are not observed to the same extent at the chromatin accessibility level 
(Paper III). A subset of immune genes resides in a poised or primed state, presenting 
chromatin accessibility or bivalency in a non-disease context. Chromatin accessibility 
depends on nucleosome turnover rates and binding of transcription factors and other 
molecules to the DNA (Klemm et al., 2019). A high nucleosome turnover at the promoter 
allows for potential transcription factors to bind and activate genes. Open chromatin at 
primed immune genes, therefore, allows for activation. However, activation still relies on 
environmental cues, such as interferon-gamma signaling, to induce activation pathways 
including transcription factor binding, H3K27ac, CTCF binding, genome interactions, and/or 
removal of H3K27me3.  

If primed or poised genes are activated faster than non-primed genes is still up for debate, 
however, it has been shown in mESC that bivalent genes are not activated faster or with 
higher levels than non-bivalent genes (Kumar et al., 2021). It could be that priming or poising 
of genes allows for greater plasticity, the possibility for a gene to be expressed in the future. 
For example, alternative lineages become more repressed upon differentiation in mESC. This 
has also been shown in the oligodendrocyte lineage in which astrocytic and neuronal fates 
become more repressed through combined mechanisms such as H3K27me3, HDAC3, and 
H3K9me3 (Sher et al., 2012; Liu et al., 2015; Zhang et al., 2016; Bartosovic et al., 2021).  

Ultimately, the activation of a gene depends on many regulatory levels that cooperate. If a 
region is not accessible, the gene can often not be activated by transcription factors, except 
for some transcription factors with pioneering functions. Pioneer transcription factors can 
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bind to the nucleosome containing DNA and can displace nucleosomes (Cirillo et al., 1998, 
2002; Zaret and Carroll, 2011), while other transcription factors are dependent on chromatin 
remodelers to actively displace nucleosomes before they can bind to the DNA (Klemm et al., 
2019). It would therefore be interesting to investigate which chromatin remodelers are 
involved in immune gene priming and upregulation in oligodendroglia. Also, immunoGAM 
in oligodendroglia in an inflammatory context would be very valuable to identify which 
higher-order chromatin processes are involved in immune gene regulation. We already 
observed differences in CTCF binding and predicted genome interactions (Paper III), but 
immunoGAM could identify specific short- and long-range interactions and changes at the 
TAD and A/B compartment level (Paper IV). This type of information could give us insights 
into which regulatory regions map to which genes and what the factors are that regulate those 
interactions.  

To conclude, in this thesis we unveil several new facets of oligodendroglia in development 
and disease, finding that PAD2 is important in differentiation, myelination, and gene 
regulation at the transcriptional and posttranscriptional level. Further research on the role of 
PAD2 in MS would be necessary to unveil if higher citrullinated MBP levels could contribute 
to remyelination or if they contribute to inflammation instead. We could identify that 
oligodendroglia upregulate immune genes in inflammation and we characterized the gene 
regulatory mechanisms responsible for that upregulation. The function of immune OPCs in 
MS is still unclear and future research will unravel if they are involved in the initiation and/or 
mediation of inflammation in MS. Lastly, we identified that interactions at the higher-order 
chromatin level are cell type-specific and associated with gene expression. Thus, our results 
highlight the considerable impact of epigenomics in development and disease. The 
advancement of new technologies to study gene regulatory mechanisms is very important as 
it strengthens our knowledge of how genes are regulated and the potential to influence those 
processes for future therapies in diseases such as MS. 

  



 

42 

 

  



 

 43 

6 ACKNOWLEDGMENTS 
I am so thankful for all the people that have supported me during these years and all the 
amazing people I have met. I shed many tears writing this part of the thesis. It is really hard to 
leave a place behind that you love so much, especially when it felt like a home away from 
home.  

First of all, Gonçalo, I don’t know if I can thank you enough for everything you have done 
for me. Thank you for believing in me from the start and making sure I could do a PhD in 
your group. Thank you for always being so supportive, for always being optimistic, but 
critical when I needed it, for always being really understanding and super patient, for giving 
me so many opportunities to do all the things I wanted, for always being there if I needed to 
talk and for your amazing supervision. I have learnt so much from you.  

Ana (Luisa), from the beginning you joked that you were my big sister and it still feels like 
that. You taught me everything I needed to know in and outside the lab, everything necessary 
to lead my own projects, that weird results were always interesting, that failed experiments 
were fine because we could redo them, that integrity is more important than success. We had 
so many great discussions. Thank you for everything! 

Thank you Maja for being my co-supervisor. We did not meet often, but it was great 
knowing that I could talk to you if I needed it.  

Thank you Akiko Nishiyama, for being my opponent! Thank you Thomas Perlmann, 
Johan Jakobsson and Johan Holmberg for being part of the examination board. Thank you 
Ulrika for chairing my defence and making MolNeuro such a great environment to work in. 

A big thank you to all the PI’s of MolNeuro, including Ernest, Jens, Patrik, Sten and Per. 
From the very beginning MolNeuro was a very welcoming place to me, you made this 
environment of close collaboration and the mindset of having fun while working hard. Thank 
you for all the inspiring conversations over the years! 

Thank you Ana Pombo for having me in your lab, for being so supportive and for all the 
productive discussions. I really enjoyed my time in your lab and our collaboration. Thank you 
Warren for being so welcoming and teaching me GAM and for all the fun times when we 
met at conferences!  

I would also like to thank all other collaborators, without your help and hard work this thesis 
would not have been possible. Especially Xingqi, the number of e-mails that you got from 
me and always answered, I really appreciated it! And André, always there to help out and for 
great conversations! 

Thank you Elina and Katarina, your work at KMB is so important, and you helped me so 
much over the years. You always took the extra step to take care of things and I am so happy 
that we were able to work together. 

I would like to thank everyone in the GCB lab, current and past members. Leslie, you came 
exactly at the time that I needed you the most, we clicked immediately and I can talk with 
you about everything, I am sure you will miss looking at the back of my head in the office 
and I will miss joking about it. Tony, for all your managing around the lab, you always make 
me laugh with your stupid jokes and I can always come to you with all my problems, I love 
our conversations, especially after a glass of wine. Eneritz, my co-author, it also always feels 
like that, we are a team. Sueli, for setting up so many things in the lab and for being so 
organized, it was great starting in a place where so much effort was put in to make everything 
work well. Mukund, for all your help and all the great discussions we had, you made me 
think about everything and you gave me the time to develop things further. I don’t think I 



 

44 

would have made it this far without you. Chao, I sometimes don’t know what I would do 
without you, you are always helping me especially when I need it the most, I owe you forever 
stroopwafels. Cassandra, during your short time you really helped me a lot. Marek, for 
making us look so unproductive, I am sure you will do great with your new lab and I am very 
much looking forward to see what comes next! Neemat, you only joined recently, but you 
already made such a big impact, always there to help anyone, anywhere, anytime. Petra for 
making me look less direct and for making all the situations more awkward. Fabio for the joy 
of seeing you pipette and for waving at me. Karl for making the right funny comments at the 
right times and for scaring me on my bike rides. Bastien for your elaborate labmeetings with 
150 slides and for coming up with great ideas to improve the ‘computer part’ of the lab. 
David, for first ‘stealing’ my job but then being so nice I had to instantly forgive you. Tanja, 
for bringing your love for PADs to the lab for a while. Yonglong, you just started but I am 
sure you will do great. Lili, for bringing such positive energy. Shreya, for helping me when I 
only had one useful arm. Sam, for your dry sense of humor. And of course, all the students, 
thanks for being around and making it so much more fun to work in the lab. 

I would also like to thank all the other members of MolNeuro. Thank you Fatima for being 
my office neighbor from the very first day and for being an amazing friend, we can always 
say so much just looking at each other, which is a great skill to have in the office. Lars, for 
following me to Stockholm and all the dinners and game nights. Leo, for sharing the love for 
red wine. Carmen, for your warm and loving energy. Roland, for always being in the office 
when I arrive in the morning and for your Friday fika e-mails. Shigeaki, for sometimes 
opening up and telling the greatest stories. Mingdong, for being super kind and always 
helpful. Yizhou, for never missing to say hi. Songbai, for helping me with western blot 
issues. Kasra, for sometimes making time to come for a drink with us. Lijuan, for saving me 
a couple of times. Anna J, for your strong opinions. Camiel, Emilia and Emelie, for all the 
fun lunch conversations. And thank you Alejandro, Ka Wai, Jussi, Dmitry, Dongoh, Jie, 
Michael, Aisha, Elin, Lisbeth, Hayley, Milda, Razieh, Kimberley, Jokubas, Ivana, 
David, Yana, Ziwei, Zoe, Peter, Guochang, Natalie, Connla, Göran and many others!! 

I would like to thank also past members of MolNeuro. Alessandra Nanni, Ahmad and 
Johnny, for everything you did for us! Enrique, for being the walking encyclopedia and for 
all the conversations in the lab and at home. Dagmara, for forcing me to be more social and 
for rowing with me that very first summer. Simone, for all the fun lunch conversations. 
Hermany, for the deep conversations. Carolina, for all the gym session. Boris, for teaching 
me Italian curse words in the office. Gioele, for being an inspiration. Viktoria, Moritz and 
Allessandro F, for our 12 o’clock lunches, I will never forget those. Ana Munoz, for having 
breakfast with me every morning in Portugal. Karol, for being my bestie and western blot 
buddy. Amit and Hannah, for always being in the lab and helping me. Anneke and Jana, for 
the BBQs and camping trip. And thank you Shanzheng, Lauri, Ivar, Jinan, Martin, 
Blanchi, Manuel, Pia, Willy, Jose and many more!! 

Dieke and Matheusz, it is thanks to your partners that we met, but I am forever grateful for 
our friendship and all the fun dinners and game nights.  

Lieve Rowan, jij ook heel erg bedankt voor alles, voor de mooie herinneringen, de reizen, de 
avondjes met een paar glaasjes wijn en dat je er nu nog steeds altijd voor me bent ook al zien 
we elkaar niet vaak. 

Rowena & Wouter, Iris & Friso, Wendel & Martien, Dinna & Wesley en jullie families, 
ik wil jullie bedanken dat jullie er altijd voor me zijn, voor de super leuke weekendjes weg, 
de leuke etentjes en omdat jullie me vaak een reden geven om naar Nederland te komen. 

My Swedish family, Marcus & Stine, Mattias & Amy and of course your families, and 
Thomas & Monica, thank you for being so welcoming to me. 



 

 45 

En dan natuurlijk mijn Nederlandse familie, Thom (en Clara), dankje voor al je diepe 
gesprekken en om zo’n inspiratie te zijn! Niels, May Lin, Yip en Lou, dat jullie altijd aan me 
denken met de kleine dingen en voor alle mooie kunstwerken en leuke video’s. En dan 
natuurlijk Papa & Mama, bedankt voor alles wat jullie voor me doen, dat jullie altijd voor 
me klaar staan als ik naar Nederland kom en dat jullie ook zo vaak naar Zweden komen, 
bedankt voor alle gezellige tijden!  

Thank you Daniel, you are such an amazing and caring person, I think I have to thank you 
the most, you have supported me so much, always taking care of me and Otis and making 
sure that I have an amazing place and a loving home to go to when I have had a long day at 
work. Of course, I would also like to thank little Otis, for being so annoying sometimes but 
also so funny and cute.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

46 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 47 

7 REFERENCES 
Aggarwal, S., Snaidero, N., Pähler, G., Frey, S., Sánchez, P., Zweckstetter, M., ... & Simons, M. 

(2013). Myelin membrane assembly is driven by a phase transition of myelin basic proteins into a 
cohesive protein meshwork. PLoS biology, 11, e1001577. 

Agresti, C., D'Urso, D., & Levi, G. (1996). Reversible inhibitory effects of interferon‐γ and tumour 
necrosis factor‐α on oligodendroglial lineage cell proliferation and differentiation in 
vitro. European Journal of Neuroscience, 8(6), 1106-1116. 

Akiyama, K., Sakurai, Y., Asou, H., & Senshu, T. (1999). Localization of peptidylarginine deiminase 
type II in a stage-specific immature oligodendrocyte from rat cerebral hemisphere. Neuroscience 
letters, 274, 53-55. 

Arita, K., Hashimoto, H., Shimizu, T., Nakashima, K., Yamada, M., & Sato, M. (2004). Structural 
basis for Ca 2+-induced activation of human PAD4. Nature Structural and Molecular Biology, 11, 
777. 

Baerwald, K. D., & Popko, B. (1998). Developing and mature oligodendrocytes respond differently to 
the immune cytokine interferon‐gamma. Journal of neuroscience research, 52(2), 230-239. 

Baerwald, K. D., Corbin, J. G., & Popko, B. (2000). Major histocompatibility complex heavy chain 
accumulation in the endoplasmic reticulum of oligodendrocytes results in myelin 
abnormalities. Journal of neuroscience research, 59(2), 160-169. 

Balabanov, R., Strand, K., Goswami, R., McMahon, E., Begolka, W., Miller, S. D., & Popko, B. 
(2007). Interferon-γ-oligodendrocyte interactions in the regulation of experimental autoimmune 
encephalomyelitis. Journal of Neuroscience, 27(8), 2013-2024. 

Baraban, M., Koudelka, S., & Lyons, D. A. (2018). Ca2+ activity signatures of myelin sheath 
formation and growth in vivo. Nature neuroscience, 21(1), 19-23. 

Barres, B. A., Hart, I. K., Coles, H. S. R., Burne, J. F., Voyvodic, J. T., Richardson, W. D., & Raff, M. 
1. (1992). Cell death and control of cell survival in the oligodendrocyte lineage. Cell, 70(1), 31-46. 

Bartosovic, M., Kabbe, M., & Castelo-Branco, G. (2021). Single-cell CUT&Tag profiles histone 
modifications and transcription factors in complex tissues. Nature biotechnology, 39(7), 825-835. 

Baxi, E. G., DeBruin, J., Tosi, D. M., Grishkan, I. V., Smith, M. D., Kirby, L. A., ... & Gocke, A. R. 
(2015). Transfer of myelin-reactive th17 cells impairs endogenous remyelination in the central 
nervous system of cuprizone-fed mice. Journal of Neuroscience, 35(22), 8626-8639. 

Baxter, A. G. (2007). The origin and application of experimental autoimmune 
encephalomyelitis. Nature Reviews Immunology, 7(11), 904-912. 

Beagrie, R. A., Scialdone, A., Schueler, M., Kraemer, D. C., Chotalia, M., Xie, S. Q., ... & Pombo, A. 
(2017). Complex multi-enhancer contacts captured by genome architecture 
mapping. Nature, 543(7646), 519-524. 

Beagrie, R. A., Thieme, C. J., Annunziatella, C., Baugher, C., Zhang, Y., Schueler, M., ... & Pombo, 
A. (2021). Multiplex-GAM: genome-wide identification of chromatin contacts yields insights not 
captured by Hi-C. bioRxiv, 2020-07. 

Bechler, M. E., Byrne, L. & ffrench-Constant, C. (2015). CNS myelin sheath lengths are an intrinsic 
property of oligodendrocytes. Current Biology, 25(18), 2411-2416. 

Bechtold, D. A., & Smith, K. J. (2005). Sodium-mediated axonal degeneration in inflammatory 
demyelinating disease. Journal of the neurological sciences, 233(1-2), 27-35. 

Beniac, D. R., Wood, D. D., Palaniyar, N., Ottensmeyer, F. P., Moscarello, M. A., & Harauz, G. 
(2000). Cryoelectron microscopy of protein–lipid complexes of human myelin basic protein charge 
isomers differing in degree of citrullination. Journal of structural biology, 129(1), 80-95. 

Bergsteindottir, K., Brennan, A., Jessen, K. R., & Mirsky, R. (1992). In the presence of 
dexamethasone, gamma interferon induces rat oligodendrocytes to express major 
histocompatibility complex class II molecules. Proceedings of the National Academy of 
Sciences, 89(19), 9054-9058. 

Bilican, B., Fiore-Heriche, C., Compston, A., Allen, N. D., & Chandran, S. (2008). Induction of 
Olig2+ precursors by FGF involves BMP signalling blockade at the smad level. PLoS One, 3(8), 
e2863. 

Billiau, A., Heremans, H., Vandekerckhove, F., Dijkmans, R., Sobis, H., Meulepas, E., & Carton, H. 
(1988). Enhancement of experimental allergic encephalomyelitis in mice by antibodies against 
IFN-gamma. The Journal of Immunology, 140(5), 1506-1510. 

Biorender.com (2022). All figures created with Biorender.com 



 

48 

Blakemore, W. F., & Franklin, R. J. M. (2008). Remyelination in experimental models of toxin-
induced demyelination. Advances in multiple sclerosis and experimental demyelinating diseases, 
193-212. 

Bodini, B., Veronese, M., García‐Lorenzo, D., Battaglini, M., Poirion, E., Chardain, A., ... & Stankoff, 
B. (2016). Dynamic Imaging of Individual Remyelination Profiles in Multiple Sclerosis. Annals of 
neurology, 79(5), 726-738. 

Bogie, J. F., Stinissen, P., Hellings, N., & Hendriks, J. J. (2011). Myelin-phagocytosing macrophages 
modulate autoreactive T cell proliferation. Journal of neuroinflammation, 8(1), 1-13. 

Boshans, L. L., Factor, D. C., Singh, V., Liu, J., Zhao, C., Mandoiu, I., ... & Nishiyama, A. (2019). 
The chromatin environment around interneuron genes in oligodendrocyte precursor cells and their 
potential for interneuron reprograming. Frontiers in Neuroscience, 829. 

Boyd, A., Zhang, H., & Williams, A. (2013). Insufficient OPC migration into demyelinated lesions is 
a cause of poor remyelination in MS and mouse models. Acta neuropathologica, 125(6), 841-859. 

Boyle, A. P., Song, L., Lee, B. K., London, D., Keefe, D., Birney, E., ... & Furey, T. S. (2011). High-
resolution genome-wide in vivo footprinting of diverse transcription factors in human 
cells. Genome research, 21, 456-464. 

Brady, G. W., Fein, D. B., Wood, D. D., & Moscarello, M. A. (1985). The role of charge 
microheterogeneity of human myelin basic protein in the formation of phosphatidylglycerol 
multilayers. Biochemical and biophysical research communications, 126, 1161-1165. 

Brück, W., Porada, P., Poser, S., Rieckmann, P., Hanefeld, F., Kretzschmarch, H. A., & Lassmann, H. 
(1995). Monocyte/macrophage differentiation in early multiple sclerosis lesions. Annals of 
Neurology: Official Journal of the American Neurological Association and the Child Neurology 
Society, 38(5), 788-796. 

Buenrostro, J. D., Giresi, P. G., Zaba, L. C., Chang, H. Y., & Greenleaf, W. J. (2013). Transposition 
of native chromatin for fast and sensitive epigenomic profiling of open chromatin, DNA-binding 
proteins and nucleosome position. Nature methods, 10, 1213-1218.  

Buenrostro, J. D., Wu, B., Litzenburger, U. M., Ruff, D., Gonzales, M. L., Snyder, M. P., ... & 
Greenleaf, W. J. (2015). Single-cell chromatin accessibility reveals principles of regulatory 
variation. Nature, 523, 486-490. 

Bujalka, H., Koenning, M., Jackson, S., Perreau, V. M., Pope, B., Hay, C. M., ... & Emery, B. (2013). 
MYRF is a membrane-associated transcription factor that autoproteolytically cleaves to directly 
activate myelin genes. PLoS biology, 11(8), e1001625. 

Butt, A. M., Ibrahim, M., Ruge, F. M., & Berry, M. (1995). Biochemical subtypes of oligodendrocyte 
in the anterior medullary velum of the rat as revealed by the monoclonal antibody Rip. Glia, 14(3), 
185-197. 

Cai, J., Qi, Y., Hu, X., Tan, M., Liu, Z., Zhang, J., ... & Qiu, M. (2005). Generation of 
oligodendrocyte precursor cells from mouse dorsal spinal cord independent of Nkx6 regulation and 
SHH signaling. Neuron, 45(1), 41-53. 

Cai, Y., Zhang, Y., Loh, Y. P., Tng, J. Q., Lim, M. C., Cao, Z., ... & Fullwood, M. J. (2021). 
H3K27me3-rich genomic regions can function as silencers to repress gene expression via 
chromatin interactions. Nature communications, 12(1), 1-22. 

Calver, A. R., Hall, A. C., Yu, W. P., Walsh, F. S., Heath, J. K., Betsholtz, C., & Richardson, W. D. 
(1998). Oligodendrocyte population dynamics and the role of PDGF in vivo. Neuron, 20(5), 869-
882. 

Caprariello, A. V., Rogers, J. A., Morgan, M. L., Hoghooghi, V., Plemel, J. R., Koebel, A., ... & Stys, 
P. K. (2018). Biochemically altered myelin triggers autoimmune demyelination. Proceedings of 
the National Academy of Sciences, 115(21), 5528-5533. 

Castelo-Branco, G., Lilja, T., Wallenborg, K., Falcão, A. M., Marques, S. C., Gracias, A., ... & 
Hermanson, O. (2014). Neural stem cell differentiation is dictated by distinct actions of nuclear 
receptor corepressors and histone deacetylases. Stem cell reports, 3, 502-515. 

Chandran, S., Kato, H., Gerreli, D., Compston, A., Svendsen, C. N., & Allen, N. D. (2003). FGF-
dependent generation of oligodendrocytes by a hedgehog-independent pathway. 

Chang, A., Nishiyama, A., Peterson, J., Prineas, J., & Trapp, B. D. (2000). NG2-positive 
oligodendrocyte progenitor cells in adult human brain and multiple sclerosis lesions. Journal of 
Neuroscience, 20, 6404-6412. 

Chang, A., Tourtellotte, W. W., Rudick, R., & Trapp, B. D. (2002). Premyelinating oligodendrocytes 
in chronic lesions of multiple sclerosis. New England Journal of Medicine, 346(3), 165-173. 



 

 49 

Chavanas, S., Méchin, M. C., Takahara, H., Kawada, A., Nachat, R., Serre, G., & Simon, M. (2004). 
Comparative analysis of the mouse and human peptidylarginine deiminase gene clusters reveals 
highly conserved non-coding segments and a new human gene, PADI6. Gene, 330, 19-27. 

Chen, X., Litzenburger, U. M., Wei, Y., Schep, A. N., LaGory, E. L., Choudhry, H., ... & Chang, H. 
Y. (2018). Joint single-cell DNA accessibility and protein epitope profiling reveals environmental 
regulation of epigenomic heterogeneity. Nature communications, 9(1), 1-12. 

Cherrington, B. D., Zhang, X., McElwee, J. L., Morency, E., Anguish, L. J., & Coonrod, S. A. (2012). 
Potential role for PAD2 in gene regulation in breast cancer cells. PloS one, 7, e41242. 

Chew, L. J., King, W. C., Kennedy, A., & Gallo, V. (2005). Interferon‐γ inhibits cell cycle exit in 
differentiating oligodendrocyte progenitor cells. Glia, 52(2), 127-143. 

Chittajallu, R., Aguirre, A., & Gallo, V. (2004). NG2‐positive cells in the mouse white and grey 
matter display distinct physiological properties. The Journal of physiology, 561(1), 109-122. 

Christophorou, M. A., Castelo-Branco, G., Halley-Stott, R. P., Oliveira, C. S., Loos, R., 
Radzisheuskaya, A., ... & Kouzarides, T. (2014). Citrullination regulates pluripotency and histone 
H1 binding to chromatin. Nature, 507, 104-108. 

Cirillo, L. A., McPherson, C. E., Bossard, P., Stevens, K., Cherian, S., Shim, E. Y., ... & Zaret, K. S. 
(1998). Binding of the winged-helix transcription factor HNF3 to a linker histone site on the 
nucleosome. The EMBO journal, 17(1), 244-254. 

Cirillo, L. A., Lin, F. R., Cuesta, I., Friedman, D., Jarnik, M., & Zaret, K. S. (2002). Opening of 
compacted chromatin by early developmental transcription factors HNF3 (FoxA) and GATA-
4. Molecular cell, 9(2), 279-289. 

Coffey, J. C., & McDermott, K. W. (1997). The regional distribution of myelin oligodendrocyte 
glycoprotein (MOG) in the developing rat CNS: an in vivo immunohistochemical study. Journal of 
neurocytology, 26(3), 149-161. 

Corbin, J. G., Kelly, D., Rath, E. M., Baerwald, K. D., Suzuki, K., & Popko, B. (1996). Targeted CNS 
expression of interferon-γ in transgenic mice leads to hypomyelination, reactive gliosis, and 
abnormal cerebellar development. Molecular and Cellular Neuroscience, 7(5), 354-370. 

Craner, M. J., Newcombe, J., Black, J. A., Hartle, C., Cuzner, M. L., & Waxman, S. G. (2004). 
Molecular changes in neurons in multiple sclerosis: altered axonal expression of Nav1. 2 and 
Nav1. 6 sodium channels and Na+/Ca2+ exchanger. Proceedings of the National Academy of 
Sciences, 101(21), 8168-8173. 

Crawford, A. H., Tripathi, R. B., Richardson, W. D., & Franklin, R. J. (2016). Developmental origin 
of oligodendrocyte lineage cells determines response to demyelination and susceptibility to age-
associated functional decline. Cell reports, 15(4), 761-773. 

Cusanovich, D. A., Daza, R., Adey, A., Pliner, H. A., Christiansen, L., Gunderson, K. L., ... & 
Shendure, J. (2015). Multiplex single-cell profiling of chromatin accessibility by combinatorial 
cellular indexing. Science, 348, 910-914. 

Cusanovich, D. A., Hill, A. J., Aghamirzaie, D., Daza, R. M., Pliner, H. A., Berletch, J. B., ... & 
Shendure, J. (2018). A single-cell atlas of in vivo mammalian chromatin accessibility. Cell, 174(5), 
1309-1324. 

Cuthbert, G. L., Daujat, S., Snowden, A. W., Erdjument-Bromage, H., Hagiwara, T., Yamada, M., ... 
& Kouzarides, T. (2004). Histone deimination antagonizes arginine methylation. Cell, 118, 545-
553. 

Darling, A. L., & Uversky, V. N. (2018). Intrinsic disorder and posttranslational modifications: the 
darker side of the biological dark matter. Frontiers in genetics, 9, 158. 

Darrah, E., Rosen, A., Giles, J. T., & Andrade, F. (2012). Peptidylarginine deiminase 2, 3 and 4 have 
distinct specificities against cellular substrates: novel insights into autoantigen selection in 
rheumatoid arthritis. Annals of the rheumatic diseases, 71, 92-98. 

Dawson, M. R., Polito, A., Levine, J. M., & Reynolds, R. (2003). NG2-expressing glial progenitor 
cells: an abundant and widespread population of cycling cells in the adult rat CNS. Molecular and 
Cellular Neuroscience, 24, 476-488. 

del Rio Hortega, P. (1928). Tercera Aportación al Conocimiento Morfológico e Interpretación 
Funcional de la Oligodendrología. Madrid: Real Sociedad Española de Historia Natural. 

Demerens, C., Stankoff, B., Logak, M., Anglade, P., Allinquant, B., Couraud, F., ... & Lubetzki, C. 
(1996). Induction of myelination in the central nervous system by electrical activity. Proceedings 
of the National Academy of Sciences, 93(18), 9887-9892. 



 

50 

Dimou, L., Simon, C., Kirchhoff, F., Takebayashi, H., & Götz, M. (2008). Progeny of Olig2-
expressing progenitors in the gray and white matter of the adult mouse cerebral cortex. Journal of 
Neuroscience, 28(41), 10434-10442. 

Dixon, J. R., Selvaraj, S., Yue, F., Kim, A., Li, Y., Shen, Y., ... & Ren, B. (2012). Topological 
domains in mammalian genomes identified by analysis of chromatin interactions. Nature, 485, 
376-380. 

Dixon, J. R., Jung, I., Selvaraj, S., Shen, Y., Antosiewicz-Bourget, J. E., Lee, A. Y., ... & Diao, Y. 
(2015). Chromatin architecture reorganization during stem cell differentiation. Nature, 518, 331-
336. 

D’Souza, C. A., & Moscarello, M. A. (2006). Differences in susceptibility of MBP charge isomers to 
digestion by stromelysin-1 (MMP-3) and release of an immunodominant epitope. Neurochemical 
research, 31, 1045-1054. 

Dwivedi, N., Neeli, I., Schall, N., Wan, H., Desiderio, D. M., Csernok, E., ... & Radic, M. (2014). 
Deimination of linker histones links neutrophil extracellular trap release with autoantibodies in 
systemic autoimmunity. The FASEB Journal, 28, 2840-2851. 

Emery, B., Agalliu, D., Cahoy, J. D., Watkins, T. A., Dugas, J. C., Mulinyawe, S. B., ... & Barres, B. 
A. (2009). Myelin gene regulatory factor is a critical transcriptional regulator required for CNS 
myelination. Cell, 138(1), 172-185. 

England, J. D., Gamboni, F., Levinson, S. R., & Finger, T. E. (1990). Changed distribution of sodium 
channels along demyelinated axons. Proceedings of the National Academy of Sciences, 87(17), 
6777-6780. 

Ericson, J., Morton, S., Kawakami, A., Roelink, H., & Jessell, T. M. (1996). Two critical periods of 
Sonic Hedgehog signaling required for the specification of motor neuron identity. Cell, 87(4), 661-
673. 

Ericson, J., Rashbass, P., Schedl, A., Brenner-Morton, S., Kawakami, A., Van Heyningen, V., ... & 
Briscoe, J. (1997). Pax6 controls progenitor cell identity and neuronal fate in response to graded 
SHH signaling. Cell, 90(1), 169-180. 

Espejo, C., Penkowa, M., Sáez-Torres, I., Hidalgo, J., Garcı́a, A., Montalban, X., & Martı́nez-Cáceres, 
E. M. (2002). Interferon-γ regulates oxidative stress during experimental autoimmune 
encephalomyelitis. Experimental neurology, 177(1), 21-31. 

Fanarraga, M. L., Griffiths, I. R., Zhao, M., & Duncan, I. D. (1998). Oligodendrocytes are not 
inherently programmed to myelinate a specific size of axon. Journal of Comparative 
Neurology, 399(1), 94-100. 

Fancy, S. P., Zhao, C., & Franklin, R. J. (2004). Increased expression of Nkx2. 2 and Olig2 identifies 
reactive oligodendrocyte progenitor cells responding to demyelination in the adult CNS. Molecular 
and Cellular Neuroscience, 27(3), 247-254. 

Fancy, S. P., Baranzini, S. E., Zhao, C., Yuk, D. I., Irvine, K. A., Kaing, S., ... & Rowitch, D. H. 
(2009). Dysregulation of the Wnt pathway inhibits timely myelination and remyelination in the 
mammalian CNS. Genes & development, 23(13), 1571-1585. 

Ferber, I. A., Brocke, S., Taylor-Edwards, C., Ridgway, W., Dinisco, C., Steinman, L., ... & Fathman, 
C. G. (1996). Mice with a disrupted IFN-gamma gene are susceptible to the induction of 
experimental autoimmune encephalomyelitis (EAE). The journal of immunology, 156(1), 5-7. 

Fernández-Castañeda, A., Chappell, M. S., Rosen, D. A., Seki, S. M., Beiter, R. M., Johanson, D. M., 
... & Gaultier, A. (2020). The active contribution of OPCs to neuroinflammation is mediated by 
LRP1. Acta neuropathologica, 139(2), 365-382. 

Finzsch, M., Stolt, C. C., Lommes, P., & Wegner, M. (2008). Sox9 and Sox10 influence survival and 
migration of oligodendrocyte precursors in the spinal cord by regulating PDGF receptor 
αexpression. 

Floriddia, E. M., Lourenço, T., Zhang, S., van Bruggen, D., Hilscher, M. M., Kukanja, P., ... & 
Castelo-Branco, G. (2020). Distinct oligodendrocyte populations have spatial preference and 
different responses to spinal cord injury. Nature communications, 11(1), 1-15. 

Franklin, R. J., Gilson, J. M., & Blakemore, W. F. (1997). Local recruitment of remyelinating cells in 
the repair of demyelination in the central nervous system. Journal of neuroscience research, 50(2), 
337-344. 

Franklin, R. J. (2017). Regenerating CNS myelin—from mechanisms to experimental 
medicines. Nature Reviews Neuroscience, 18(12), 753-769. 



 

 51 

Friedrich Jr, V. L., & Mugnaini, E. (1983). Myelin sheath thickness in the CNS is regulated near the 
axon. Brain research, 274(2), 329-331. 

Friess, M., Hammann, J., Unichenko, P., Luhmann, H. J., White, R., & Kirischuk, S. (2016). 
Intracellular ion signaling influences myelin basic protein synthesis in oligodendrocyte precursor 
cells. Cell Calcium, 60(5), 322-330. 

Freund, J., & McDermott, K. (1942). Sensitization to horse serum by means of adjuvants. Proceedings 
of the Society for Experimental Biology and Medicine, 49(4), 548-553. 

Fu, H., Qi, Y., Tan, M., Cai, J., Takebayashi, H., Nakafuku, M., ... & Qiu, M. (2002). Dual origin of 
spinal oligodendrocyte progenitors and evidence for the cooperative role of Olig2 and Nkx2. 2 in 
the control of oligodendrocyte differentiation. 

Fünfschilling, U., Supplie, L. M., Mahad, D., Boretius, S., Saab, A. S., Edgar, J., ... & Nave, K. A. 
(2012). Glycolytic oligodendrocytes maintain myelin and long-term axonal 
integrity. Nature, 485(7399), 517-521. 

Gaspar-Maia, A., Alajem, A., Meshorer, E., & Ramalho-Santos, M. (2011). Open chromatin in 
pluripotency and reprogramming. Nature reviews Molecular cell biology, 12(1), 36-47. 

Gaultier, A., Wu, X., Le Moan, N., Takimoto, S., Mukandala, G., Akassoglou, K., ... & Gonias, S. L. 
(2009). Low-density lipoprotein receptor-related protein 1 is an essential receptor for myelin 
phagocytosis. Journal of cell science, 122(8), 1155-1162. 

Gautier, H. O., Evans, K. A., Volbracht, K., James, R., Sitnikov, S., Lundgaard, I., ... & Káradóttir, R. 
T. (2015). Neuronal activity regulates remyelination via glutamate signalling to oligodendrocyte 
progenitors. Nature communications, 6(1), 1-15. 

Gensert, J. M., & Goldman, J. E. (1997). Endogenous progenitors remyelinate demyelinated axons in 
the adult CNS. Neuron, 19(1), 197-203. 

Gibson, E. M., Purger, D., Mount, C. W., Goldstein, A. K., Lin, G. L., Wood, L. S., ... & Monje, M. 
(2014). Neuronal activity promotes oligodendrogenesis and adaptive myelination in the 
mammalian brain. Science, 344(6183), 1252304. 

Giresi, P. G., Kim, J., McDaniell, R. M., Iyer, V. R., & Lieb, J. D. (2007). FAIRE (Formaldehyde-
Assisted Isolation of Regulatory Elements) isolates active regulatory elements from human 
chromatin. Genome research, 17, 877-885. 

Goldbaum, O., Vollmer, G., & Richter‐Landsberg, C. (2006). Proteasome inhibition by MG‐132 
induces apoptotic cell death and mitochondrial dysfunction in cultured rat brain oligodendrocytes 
but not in astrocytes. Glia, 53(8), 891-901. 

Gorski, J. A., Talley, T., Qiu, M., Puelles, L., Rubenstein, J. L., & Jones, K. R. (2002). Cortical 
excitatory neurons and glia, but not GABAergic neurons, are produced in the Emx1-expressing 
lineage. Journal of Neuroscience, 22(15), 6309-6314. 

Gotoh, H., Wood, W. M., Patel, K. D., Factor, D. C., Boshans, L. L., Nomura, T., ... & Nishiyama, A. 
(2018). NG2 expression in NG2 glia is regulated by binding of SoxE and bHLH transcription 
factors to a Cspg4 intronic enhancer. Glia, 66(12), 2684-2699. 

Gould, R. M., Freund, C. M., Palmer, F., & Feinstein, D. L. (2000). Messenger RNAs located in 
myelin sheath assembly sites. Journal of neurochemistry, 75, 1834-1844. 

Haile, Y., Carmine-Simmen, K., Olechowski, C., Kerr, B., Bleackley, R. C., & Giuliani, F. (2015). 
Granzyme B-inhibitor serpina3n induces neuroprotection in vitro and in vivo. Journal of 
neuroinflammation, 12(1), 1-10. 

Hamilton, N. B., Clarke, L. E., Arancibia‐Carcamo, I. L., Kougioumtzidou, E., Matthey, M., 
Káradóttir, R., ... & Attwell, D. (2017). Endogenous GABA controls oligodendrocyte lineage cell 
number, myelination, and CNS internode length. Glia, 65(2), 309-321. 

Hartline, D. K., & Colman, D. R. (2007). Rapid conduction and the evolution of giant axons and 
myelinated fibers. Current Biology, 17(1), R29-R35. 

He, D., Marie, C., Zhao, C., Kim, B., Wang, J., Deng, Y., ... & Lu, Q. R. (2016). Chd7 cooperates 
with Sox10 and regulates the onset of CNS myelination and remyelination. Nature 
neuroscience, 19(5), 678-689. 

Hesselberth, J. R., Chen, X., Zhang, Z., Sabo, P. J., Sandstrom, R., Reynolds, A. P., ... & Fields, S. 
(2009). Global mapping of protein-DNA interactions in vivo by digital genomic 
footprinting. Nature methods, 6, 283-289. 

Hill, R. A., Patel, K. D., Medved, J., Reiss, A. M., & Nishiyama, A. (2013). NG2 cells in white matter 
but not gray matter proliferate in response to PDGF. Journal of Neuroscience, 33(36), 14558-
14566. 



 

52 

Hisahara, S., Araki, T., Sugiyama, F., Yagami, K. I., Suzuki, M., Abe, K., ... & Miura, M. (2000). 
Targeted expression of baculovirus p35 caspase inhibitor in oligodendrocytes protects mice against 
autoimmune-mediated demyelination. The EMBO journal, 19(3), 341-348. 

Heß, K., Starost, L., Kieran, N. W., Thomas, C., Vincenten, M. C., Antel, J., ... & Kuhlmann, T. 
(2020). Lesion stage-dependent causes for impaired remyelination in MS. Acta 
neuropathologica, 140(3), 359-375. 

Horiuchi, M., Itoh, A., Pleasure, D., & Itoh, T. (2006). MEK-ERK Signaling Is Involved in Interferon-
γ-induced Death of Oligodendroglial Progenitor Cells*♦. Journal of Biological 
Chemistry, 281(29), 20095-20106. 

Hornig, J., Fröb, F., Vogl, M. R., Hermans-Borgmeyer, I., Tamm, E. R., & Wegner, M. (2013). The 
transcription factors Sox10 and Myrf define an essential regulatory network module in 
differentiating oligodendrocytes. PLoS genetics, 9(10), e1003907. 

Horwitz, M. S., Evans, C. F., Mcgavern, D. B., Rodriguez, M., & Oldstone, M. (1997). Primary 
demyelination in transgenic mice expressing interferon-γ. Nature medicine, 3(9), 1037-1041. 

Hughes, E. G., Kang, S. H., Fukaya, M., & Bergles, D. E. (2013). Oligodendrocyte progenitors 
balance growth with self-repulsion to achieve homeostasis in the adult brain. Nature 
neuroscience, 16(6), 668-676. 

Inoue, K., Tanabe, Y., & Lupski, J. R. (1999). Myelin deficiencies in both the central and the 
peripheral nervous systems associated with a SOX10 mutation. Annals of Neurology: Official 
Journal of the American Neurological Association and the Child Neurology Society, 46(3), 313-
318. 

Itoh, T., Horiuchi, M., & Itoh, A. (2009). Interferon-triggered transcriptional cascades in the 
oligodendroglial lineage: a comparison of induction of MHC class II antigen between 
oligodendroglial progenitor cells and mature oligodendrocytes. Journal of 
neuroimmunology, 212(1), 53-64. 

Ivanova, A., Nakahira, E., Kagawa, T., Oba, A., Wada, T., Takebayashi, H., ... & Ikenaka, K. (2003). 
Evidence for a second wave of oligodendrogenesis in the postnatal cerebral cortex of the 
mouse. Journal of neuroscience research, 73(5), 581-592. 

Jäkel, S., Agirre, E., Mendanha Falcão, A., Van Bruggen, D., Lee, K. W., Knuesel, I., ... & Castelo-
Branco, G. (2019). Altered human oligodendrocyte heterogeneity in multiple 
sclerosis. Nature, 566(7745), 543-547. 

Jang, B., Shin, H. Y., Choi, J. K., Nguyen, D. P. T., Jeong, B. H., Ishigami, A., ... & Choi, E. K. 
(2011). Subcellular localization of peptidylarginine deiminase 2 and citrullinated proteins in brains 
of scrapie-infected mice: nuclear localization of PAD2 and membrane fraction-enriched 
citrullinated proteins. Journal of Neuropathology & Experimental Neurology, 70, 116-124. 

Jung, M., Krämer, E., Grzenkowski, M., Tang, K., Blakemore, W., Aguzzi, A., ... & Trotter, J. (1995). 
Lines of murine oligodendroglial precursor cells immortalized by an activated neu tyrosine kinase 
show distinct degrees of interaction with axons in vitro and in vivo. European Journal of 
Neuroscience, 7(6), 1245-1265. 

Juurlink, B. H., Thorburne, S. K., & Hertz, L. (1998). Peroxide‐scavenging deficit underlies 
oligodendrocyte susceptibility to oxidative stress. Glia, 22(4), 371-378. 

Kang, S. H., Fukaya, M., Yang, J. K., Rothstein, J. D., & Bergles, D. E. (2010). NG2+ CNS glial 
progenitors remain committed to the oligodendrocyte lineage in postnatal life and following 
neurodegeneration. Neuron, 68(4), 668-681. 

Kapoor, R., Davies, M., Blaker, P. A., Hall, S. M., & Smith, K. J. (2003). Blockers of sodium and 
calcium entry protect axons from nitric oxide‐mediated degeneration. Annals of Neurology: 
Official Journal of the American Neurological Association and the Child Neurology Society, 53(2), 
174-180. 

Kessaris, N., Fogarty, M., Iannarelli, P., Grist, M., Wegner, M., & Richardson, W. D. (2006). 
Competing waves of oligodendrocytes in the forebrain and postnatal elimination of an embryonic 
lineage. Nature neuroscience, 9(2), 173-179. 

Kirby, L., Jin, J., Cardona, J. G., Smith, M. D., Martin, K. A., Wang, J., ... & Calabresi, P. A. (2019). 
Oligodendrocyte precursor cells present antigen and are cytotoxic targets in inflammatory 
demyelination. Nature communications, 10(1), 1-20. 

Klemm, S. L., Shipony, Z., & Greenleaf, W. J. (2019). Chromatin accessibility and the regulatory 
epigenome. Nature Reviews Genetics, 20(4), 207-220. 



 

 53 

Koenning, M., Jackson, S., Hay, C. M., Faux, C., Kilpatrick, T. J., Willingham, M., & Emery, B. 
(2012). Myelin gene regulatory factor is required for maintenance of myelin and mature 
oligodendrocyte identity in the adult CNS. Journal of Neuroscience, 32(36), 12528-12542. 

Kondo, T. & Raff, M. (2000a). Basic helix-loop-helix proteins and the timing of oligodendrocyte 
differentiation. Development, 127, 2989–2998.  

Kondo, T., & Raff, M. (2000b). The Id4 HLH protein and the timing of oligodendrocyte 
differentiation. The EMBO journal, 19(9), 1998-2007. 

Kotter, M. R., Zhao, C., van Rooijen, N., & Franklin, R. J. (2005). Macrophage-depletion induced 
impairment of experimental CNS remyelination is associated with a reduced oligodendrocyte 
progenitor cell response and altered growth factor expression. Neurobiology of disease, 18(1), 166-
175. 

Kotter, M. R., Li, W. W., Zhao, C., & Franklin, R. J. (2006). Myelin impairs CNS remyelination by 
inhibiting oligodendrocyte precursor cell differentiation. Journal of Neuroscience, 26(1), 328-332. 

Koudelka, S., Voas, M. G., Almeida, R. G., Baraban, M., Soetaert, J., Meyer, M. P., ... & Lyons, D. A. 
(2016). Individual neuronal subtypes exhibit diversity in CNS myelination mediated by synaptic 
vesicle release. Current Biology, 26(11), 1447-1455. 

Kouzarides, T. (2007). Chromatin modifications and their function. Cell, 128(4), 693-705. 
Krakowski, M., & Owens, T. (1996). Interferon‐γ confers resistance to experimental allergic 

encephalomyelitis. European journal of immunology, 26(7), 1641-1646. 
Krasnow, A. M., Ford, M. C., Valdivia, L. E., Wilson, S. W., & Attwell, D. (2018). Regulation of 

developing myelin sheath elongation by oligodendrocyte calcium transients in vivo. Nature 
neuroscience, 21(1), 24-28. 

Kuhlmann, T., Miron, V., Cuo, Q., Wegner, C., Antel, J., & Brück, W. (2008). Differentiation block 
of oligodendroglial progenitor cells as a cause for remyelination failure in chronic multiple 
sclerosis. Brain, 131(7), 1749-1758. 

Kumar, D., Cinghu, S., Oldfield, A. J., Yang, P., & Jothi, R. (2021). Decoding the function of bivalent 
chromatin in development and cancer. Genome research, 31(12), 2170-2184. 

Kurukuti, S., Tiwari, V. K., Tavoosidana, G., Pugacheva, E., Murrell, A., Zhao, Z., ... & Ohlsson, R. 
(2006). CTCF binding at the H19 imprinting control region mediates maternally inherited higher-
order chromatin conformation to restrict enhancer access to Igf2. Proceedings of the national 
academy of sciences, 103(28), 10684-10689. 

Küspert, M., Hammer, A., Bösl, M. R., & Wegner, M. (2011). Olig2 regulates Sox10 expression in 
oligodendrocyte precursors through an evolutionary conserved distal enhancer. Nucleic acids 
research, 39(4), 1280-1293.  

Kuzina, E. S., Kudriaeva, A. A., Glagoleva, I. S., Knorre, V. D., Gabibov, A. G., & Belogurov, A. A. 
(2016). Deimination of the myelin basic protein decelerates its proteasome-mediated metabolism. 
Doklady Biochemistry and Biophysics, 469, 277-280. 

Lareau, C. A., Duarte, F. M., Chew, J. G., Kartha, V. K., Burkett, Z. D., Kohlway, A. S., ... & 
Buenrostro, J. D. (2019). Droplet-based combinatorial indexing for massive-scale single-cell 
chromatin accessibility. Nature Biotechnology, 37(8), 916-924. 

Larson, V. A., Mironova, Y., Vanderpool, K. G., Waisman, A., Rash, J. E., Agarwal, A., & Bergles, 
D. E. (2018). Oligodendrocytes control potassium accumulation in white matter and seizure 
susceptibility. Elife, 7, e34829. 

Lassmann, H., & van Horssen, J. (2016). Oxidative stress and its impact on neurons and glia in 
multiple sclerosis lesions. Biochimica et Biophysica Acta (BBA)-Molecular Basis of 
Disease, 1862(3), 506-510. 

Laursen, L. S., Chan, C. W., & Ffrench-Constant, C. (2011). Translation of myelin basic protein 
mRNA in oligodendrocytes is regulated by integrin activation and hnRNP-K. Journal of Cell 
Biology, 192(5), 797-811. 

Lee, K. J., Dietrich, P., & Jessell, T. M. (2000). Genetic ablation reveals that the roof plate is essential 
for dorsal interneuron specification. Nature, 403(6771), 734-740. 

Lee, Y., Morrison, B. M., Li, Y., Lengacher, S., Farah, M. H., Hoffman, P. N., ... & Rothstein, J. D. 
(2012). Oligodendroglia metabolically support axons and contribute to 
neurodegeneration. Nature, 487(7408), 443-448. 

Lehning, E. J., Doshi, R., Isaksson, N., Stys, P. K., & LoPachin Jr, R. M. (1996). Mechanisms of 
injury‐induced calcium entry into peripheral nerve myelinated axons: role of reverse sodium‐
calcium exchange. Journal of neurochemistry, 66(2), 493-500. 



 

54 

Levine, J. M., & Reynolds, R. (1999). Activation and proliferation of endogenous oligodendrocyte 
precursor cells during ethidium bromide-induced demyelination. Experimental neurology, 160(2), 
333-347. 

Li, P., Li, M., Lindberg, M. R., Kennett, M. J., Xiong, N., & Wang, Y. (2010). PAD4 is essential for 
antibacterial innate immunity mediated by neutrophil extracellular traps. Journal of Experimental 
Medicine, jem-20100239. 

Lieberman-Aiden, E., Van Berkum, N. L., Williams, L., Imakaev, M., Ragoczy, T., Telling, A., ... & 
Dekker, J. (2009). Comprehensive mapping of long-range interactions reveals folding principles of 
the human genome. science, 326(5950), 289-293. 

Liem Jr, K. F., Tremml, G., & Jessell, T. M. (1997). A role for the roof plate and its resident TGFβ-
related proteins in neuronal patterning in the dorsal spinal cord. Cell, 91(1), 127-138.  

Lin, W., Harding, H. P., Ron, D., & Popko, B. (2005). Endoplasmic reticulum stress modulates the 
response of myelinating oligodendrocytes to the immune cytokine interferon-γ. The Journal of cell 
biology, 169(4), 603-612. 

Lin, W., Kemper, A., Dupree, J. L., Harding, H. P., Ron, D., & Popko, B. (2006). Interferon-γ inhibits 
central nervous system remyelination through a process modulated by endoplasmic reticulum 
stress. Brain, 129(5), 1306-1318. 

Lin, W., Bailey, S. L., Ho, H., Harding, H. P., Ron, D., Miller, S. D., & Popko, B. (2007). The 
integrated stress response prevents demyelination by protecting oligodendrocytes against immune-
mediated damage. The Journal of clinical investigation, 117(2), 448-456.  

Link, H. (1998). The cytokine storm in multiple sclerosis. Multiple Sclerosis Journal, 4(1), 12-15. 
Liu, M. T., Keirstead, H. S., & Lane, T. E. (2001). Neutralization of the chemokine CXCL10 reduces 

inflammatory cell invasion and demyelination and improves neurological function in a viral model 
of multiple sclerosis. The Journal of Immunology, 167(7), 4091-4097. 

Liu, R., Cai, J., Hu, X., Tan, M., Qi, Y., German, M., ... & Qiu, M. (2003). Region-specific and stage-
dependent regulation of Olig gene expression and oligodendrogenesis by Nkx6. 1 homeodomain 
transcription factor.  

Liu, A., Li, J., Marin‐Husstege, M., Kageyama, R., Fan, Y., Gelinas, C., & Casaccia‐Bonnefil, P. 
(2006). A molecular insight of Hes5‐dependent inhibition of myelin gene expression: old partners 
and new players. The EMBO journal, 25(20), 4833-4842. 

Liu, J., Magri, L., Zhang, F., Marsh, N. O., Albrecht, S., Huynh, J. L., ... & Casaccia, P. (2015). 
Chromatin landscape defined by repressive histone methylation during oligodendrocyte 
differentiation. Journal of Neuroscience, 35, 352-365. 

Lu, Q. R., Yuk, D. I., Alberta, J. A., Zhu, Z., Pawlitzky, I., Chan, J., ... & Rowitch, D. H. (2000). 
Sonic hedgehog–regulated oligodendrocyte lineage genes encoding bHLH proteins in the 
mammalian central nervous system. Neuron, 25(2), 317-329. 

Lu, Q. R., Sun, T., Zhu, Z., Ma, N., Garcia, M., Stiles, C. D., & Rowitch, D. H. (2002). Common 
developmental requirement for Olig function indicates a motor neuron/oligodendrocyte 
connection. Cell, 109(1), 75-86.  

Lublin, F. D., Knobler, R. L., Kalman, B., Goldhaber, M., Marini, J., Perrault, M., ... & Korngold, R. 
(1993). Monoclonal anti-gamma interferon antibodies enhance experimental allergic 
encephalomyelitis. Autoimmunity, 16(4), 267-274. 

Lucchinetti, C., Brück, W., Parisi, J., Scheithauer, B., Rodriguez, M., & Lassmann, H. (1999). A 
quantitative analysis of oligodendrocytes in multiple sclerosis lesions: a study of 113 
cases. Brain, 122(12), 2279-2295. 

Lucchinetti, C., Brück, W., Parisi, J., Scheithauer, B., Rodriguez, M., & Lassmann, H. (2000). 
Heterogeneity of multiple sclerosis lesions: implications for the pathogenesis of 
demyelination. Annals of Neurology: Official Journal of the American Neurological Association 
and the Child Neurology Society, 47(6), 707-717. 

Luchicchi, A., Hart, B. T., Frigerio, I., van Dam, A. M., Perna, L., Offerhaus, H. L., ... & Geurts, J. J. 
(2021). Axon‐myelin unit blistering as early event in MS normal appearing white matter. Annals of 
neurology, 89(4), 711-725. 

Maeda, Y., Solanky, M., Menonna, J., Chapin, J., Li, W., & Dowling, P. (2001). Platelet‐derived 
growth factor‐α receptor‐positive oligodendroglia are frequent in multiple sclerosis lesions. Annals 
of Neurology: Official Journal of the American Neurological Association and the Child Neurology 
Society, 49(6), 776-785. 



 

 55 

Mancini, A., Tantucci, M., Mazzocchetti, P., de Iure, A., Durante, V., Macchioni, L., ... & Di Filippo, 
M. (2018). Microglial activation and the nitric oxide/cGMP/PKG pathway underlie enhanced 
neuronal vulnerability to mitochondrial dysfunction in experimental multiple 
sclerosis. Neurobiology of Disease, 113, 97-108. 

Marie, C., Clavairoly, A., Frah, M., Hmidan, H., Yan, J., Zhao, C., ... & Parras, C. (2018). 
Oligodendrocyte precursor survival and differentiation requires chromatin remodeling by Chd7 
and Chd8. Proceedings of the National Academy of Sciences, 115(35), E8246-E8255. 

Marin-Husstege, M., Muggironi, M., Liu, A., & Casaccia-Bonnefil, P. (2002). Histone deacetylase 
activity is necessary for oligodendrocyte lineage progression. Journal of neuroscience, 22, 10333-
10345. 

Marques, S., Zeisel, A., Codeluppi, S., Van Bruggen, D., Mendanha Falcão, A., Xiao, L., ... & 
Castelo-Branco, G. (2016). Oligodendrocyte heterogeneity in the mouse juvenile and adult central 
nervous system. Science, 352(6291), 1326-1329. 

Marques, S., van Bruggen, D., Vanichkina, D. P., Floriddia, E. M., Munguba, H., Väremo, L., ... & 
Castelo-Branco, G. (2018). Transcriptional convergence of oligodendrocyte lineage progenitors 
during development. Developmental cell, 46(4), 504-517. 

Mason, J. L., Toews, A., Hostettler, J. D., Morell, P., Suzuki, K., Goldman, J. E., & Matsushima, G. 
K. (2004). Oligodendrocytes and progenitors become progressively depleted within chronically 
demyelinated lesions. The American journal of pathology, 164(5), 1673-1682. 

Mastronardi, F. G., Wood, D. D., Mei, J., Raijmakers, R., Tseveleki, V., Dosch, H. M., ... & 
Moscarello, M. A. (2006). Increased citrullination of histone H3 in multiple sclerosis brain and 
animal models of demyelination: a role for tumor necrosis factor-induced peptidylarginine 
deiminase 4 translocation. Journal of Neuroscience, 26, 11387-11396. 

Mastronardi, F. G., Noor, A., Wood, D. D., Paton, T., & Moscarello, M. A. (2007). Peptidyl 
argininedeiminase 2 CpG island in multiple sclerosis white matter is hypomethylated. Journal of 
neuroscience research, 85, 2006-2016. 

Mattout, A., & Meshorer, E. (2010). Chromatin plasticity and genome organization in pluripotent 
embryonic stem cells. Current opinion in cell biology, 22(3), 334-341. 

McKenzie, I. A., Ohayon, D., Li, H., Paes de Faria, J., Emery, B., Tohyama, K., & Richardson, W. D. 
(2014). Motor skill learning requires active central myelination. science, 346(6207), 318-322. 

Mei, F., Wang, H., Liu, S., Niu, J., Wang, L., He, Y., ... & Xiao, L. (2013). Stage-specific deletion of 
Olig2 conveys opposing functions on differentiation and maturation of oligodendrocytes. Journal 
of Neuroscience, 33(19), 8454-8462. 

Mekki-Dauriac, S., Agius, E., Kan, P., & Cochard, P. (2002). Bone morphogenetic proteins negatively 
control oligodendrocyte precursor specification in the chick spinal cord. 

Menichella, D. M., Majdan, M., Awatramani, R., Goodenough, D. A., Sirkowski, E., Scherer, S. S., & 
Paul, D. L. (2006). Genetic and physiological evidence that oligodendrocyte gap junctions 
contribute to spatial buffering of potassium released during neuronal activity. Journal of 
Neuroscience, 26(43), 10984-10991. 

Merrill, J. E., Ignarro, L. J., Sherman, M. P., Melinek, J., & Lane, T. E. (1993). Microglial cell 
cytotoxicity of oligodendrocytes is mediated through nitric oxide. The Journal of 
Immunology, 151(4), 2132-2141. 

Meyer, C. A., & Liu, X. S. (2014). Identifying and mitigating bias in next-generation sequencing 
methods for chromatin biology. Nature Reviews Genetics, 15(11), 709-721. 

Mezger, A., Klemm, S., Mann, I., Brower, K., Mir, A., Bostick, M., ... & Greenleaf, W. (2018). High-
throughput chromatin accessibility profiling at single-cell resolution. Nature communications, 9(1), 
1-6. 

Miller, R. H., Dinsio, K., Wang, R., Geertman, R., Maier, C. E., & Hall, A. K. (2004). Patterning of 
spinal cord oligodendrocyte development by dorsally derived BMP4. Journal of neuroscience 
research, 76(1), 9-19. 

Moscarello, M. A., Wood, D. D., Ackerley, C., & Boulias, C. (1994). Myelin in multiple sclerosis is 
developmentally immature. The Journal of clinical investigation, 94, 146-154. 

Moscarello, M. A., Pritzker, L., Mastronardi, F. G., & Wood, D. D. (2002). Peptidylarginine 
deiminase: a candidate factor in demyelinating disease. Journal of neurochemistry, 81, 335-343. 

Moscarello, M. A., Lei, H., Mastronardi, F. G., Winer, S., Tsui, H., Li, Z., ... & Wood, D. D. (2013). 
Inhibition of peptidyl-arginine deiminases reverses protein-hypercitrullination and disease in 
mouse models of multiple sclerosis. Disease models & mechanisms, 6(2), 467-478. 



 

56 

Moyon, S., Dubessy, A. L., Aigrot, M. S., Trotter, M., Huang, J. K., Dauphinot, L., ... & Lubetzki, C. 
(2015). Demyelination causes adult CNS progenitors to revert to an immature state and express 
immune cues that support their migration. Journal of Neuroscience, 35(1), 4-20. 

Müller, T., Brohmann, H., Pierani, A., Heppenstall, P. A., Lewin, G. R., Jessell, T. M., & Birchmeier, 
C. (2002). The homeodomain factor lbx1 distinguishes two major programs of neuronal 
differentiation in the dorsal spinal cord. Neuron, 34(4), 551-562. 

Müller, C., Bauer, N. M., Schäfer, I., & White, R. (2013). Making myelin basic protein-from mRNA 
transport to localized translation. Frontiers in cellular neuroscience, 7, 169. 

Musse, A. A., Li, Z., Ackerley, C. A., Bienzle, D., Lei, H., Poma, R., ... & Mastronardi, F. G. (2008). 
Peptidylarginine deiminase 2 (PAD2) overexpression in transgenic mice leads to myelin loss in the 
central nervous system. Disease models & mechanisms, 1, 229-240. 

Nakashima, K., Arai, S., Suzuki, A., Nariai, Y., Urano, T., Nakayama, M., ... & Miyazaki, T. (2013). 
PAD4 regulates proliferation of multipotent haematopoietic cells by controlling c-myc expression. 
Nature communications, 4, 1836. 

Nave, K. A. (2010a). Myelination and support of axonal integrity by glia. Nature, 468(7321), 244-
252. 

Nave, K. A. (2010b). Myelination and the trophic support of long axons. Nature Reviews 
Neuroscience, 11(4), 275-283. 

Nery, S., Wichterle, H., & Fishell, G. (2001). Sonic hedgehog contributes to oligodendrocyte 
specification in the mammalian forebrain. Development, 128(4), 527-540. 

Neumann, B., Baror, R., Zhao, C., Segel, M., Dietmann, S., Rawji, K. S., ... & Franklin, R. J. (2019). 
Metformin restores CNS remyelination capacity by rejuvenating aged stem cells. Cell stem 
cell, 25(4), 473-485. 

Nicholas, A. P., Sambandam, T., Echols, J. D., & Barnum, S. R. (2005). Expression of citrullinated 
proteins in murine experimental autoimmune encephalomyelitis. Journal of Comparative 
Neurology, 486(3), 254-266. 

Olitsky, P. K., & Yager, R. H. (1949). Experimental disseminated encephalomyelitis in white 
mice. The Journal of experimental medicine, 90(3), 213-224. 

Orentas, D. M., Hayes, J. E., Dyer, K. L., & Miller, R. H. (1999). Sonic hedgehog signaling is 
required during the appearance of spinal cord oligodendrocyte precursors. Development, 126(11), 
2419-2429. 

Paterson, P. Y. (1960). Transfer of allergic encephalomyelitis in rats by means of lymph node 
cells. The Journal of experimental medicine, 111(1), 119-136. 

Patrikios, P., Stadelmann, C., Kutzelnigg, A., Rauschka, H., Schmidbauer, M., Laursen, H., ... & 
Lassmann, H. (2006). Remyelination is extensive in a subset of multiple sclerosis 
patients. Brain, 129(12), 3165-3172. 

Peng, Z., Mizianty, M. J., Xue, B., Kurgan, L., & Uversky, V. N. (2012). More than just tails: intrinsic 
disorder in histone proteins. Molecular BioSystems, 8(7), 1886-1901. 

Pettinelli, C. B., & McFarlin, D. E. (1981). Adoptive transfer of experimental allergic 
encephalomyelitis in SJL/J mice after in vitro activation of lymph node cells by myelin basic 
protein: requirement for Lyt 1+ 2-T lymphocytes. The Journal of Immunology, 127(4), 1420-1423. 

Plemel, J. R., Manesh, S. B., Sparling, J. S., & Tetzlaff, W. (2013). Myelin inhibits oligodendroglial 
maturation and regulates oligodendrocytic transcription factor expression. Glia, 61(9), 1471-1487. 

Pliner, H. A., Packer, J. S., McFaline-Figueroa, J. L., Cusanovich, D. A., Daza, R. M., Aghamirzaie, 
D., ... & Trapnell, C. (2018). Cicero predicts cis-regulatory DNA interactions from single-cell 
chromatin accessibility data. Molecular cell, 71(5), 858-871. 

Poncet, C., Soula, C., Trousse, F., Kan, P., Hirsinger, E., Pourquié, O., ... & Cochard, P. (1996). 
Induction of oligodendrocyte progenitors in the trunk neural tube by ventralizing signals: effects of 
notochord and floor plate grafts, and of sonic hedgehog. Mechanisms of development, 60(1), 13-32. 

Poppek, D., & Grune, T. (2006). Proteasomal defense of oxidative protein modifications. Antioxidants 
& redox signaling, 8(1-2), 173-184. 

Preissl, S., Fang, R., Zhao, Y., Raviram, R., Zhang, Y., Sos, B. C., ... & Ren B. (2018). Single-nucleus 
analysis of accessible chromatin in developing mouse forebrain reveals cell-type-specific 
transcriptional regulation. Nature neuroscience.  

Prineas, J. W., Barnard, R. O., Kwon, E. E., Sharer, L. R., & Cho, E. S. (1993a). Multiple sclerosis: 
Remyelination of nascent lesions: Remyelination of nascent lesions. Annals of Neurology: Official 



 

 57 

Journal of the American Neurological Association and the Child Neurology Society, 33(2), 137-
151. 

Prineas, J. W., Barnard, R. O., Revesz, T., Kwon, E. E., Sharer, L., & Cho, E. S. (1993b). Multiple 
sclerosis: pathology of recurrent lesions. Brain, 116(3), 681-693. 

Pringle, N. P., Yu, W. P., Guthrie, S., Roelink, H., Lumsden, A., Peterson, A. C., & Richardson, W. 
D. (1996). Determination of neuroepithelial cell fate: induction of the oligodendrocyte lineage by 
ventral midline cells and sonic hedgehog. Developmental biology, 177(1), 30-42. 

Pritzker, L. B., Nguyen, T. A., & Moscarello, M. A. (1999). The developmental expression and 
activity of peptidylarginine deiminase in the mouse. Neuroscience letters, 266, 161-164. 

Pritzker, L. B., Joshi, S., Gowan, J. J., Harauz, G., & Moscarello, M. A. (2000). Deimination of 
myelin basic protein. 1. Effect of deimination of arginyl residues of myelin basic protein on its 
structure and susceptibility to digestion by cathepsin D. Biochemistry, 39, 5374-5381. 

Qi, Y., Cai, J., Wu, Y., Wu, R., Lee, J., Fu, H., ... & Qiu, M. (2001). Control of oligodendrocyte 
differentiation by the Nkx2. 2 homeodomain transcription factor. 

Rada-Iglesias, A. (2018). Is H3K4me1 at enhancers correlative or causative?. Nature genetics, 50(1), 
4-5. 

Raijmakers, R., Vogelzangs, J., Croxford, J. L., Wesseling, P., van Venrooij, W. J., & Pruijn, G. J. 
(2005). Citrullination of central nervous system proteins during the development of experimental 
autoimmune encephalomyelitis. Journal of Comparative Neurology, 486(3), 243-253. 

Raijmakers, R., Vogelzangs, J., Raats, J., Panzenbeck, M., Corby, M., Jiang, H., ... & Werneburg, B. 
(2006). Experimental autoimmune encephalomyelitis induction in peptidylarginine deiminase 2 
knockout mice. Journal of Comparative Neurology, 498, 217-226. 

Richardson, W. D., Kessaris, N., & Pringle, N. (2006). Oligodendrocyte wars. Nature Reviews 
Neuroscience, 7(1), 11-18. 

Rivers, T. M., Sprunt, D. H., & Berry, G. (1933). Observations on attempts to produce acute 
disseminated encephalomyelitis in monkeys. The Journal of experimental medicine, 58(1), 39. 

Rivers, T. M., & Schwentker, F. F. (1935). Encephalomyelitis accompanied by myelin destruction 
experimentally produced in monkeys. The Journal of experimental medicine, 61(5), 689-702. 

Rivers, L. E., Young, K. M., Rizzi, M., Jamen, F., Psachoulia, K., Wade, A., ... & Richardson, W. D. 
(2008). PDGFRA/NG2 glia generate myelinating oligodendrocytes and piriform projection 
neurons in adult mice. Nature neuroscience, 11(12), 1392-1401. 

Robinson, S., & Miller, R. H. (1999). Contact with central nervous system myelin inhibits 
oligodendrocyte progenitor maturation. Developmental biology, 216(1), 359-368. 

Roth, S. Y., Denu, J. M., & Allis, C. D. (2001). Histone acetyltransferases. Annual review of 
biochemistry, 70(1), 81-120. 

Salami, M., Itami, C., Tsumoto, T., & Kimura, F. (2003). Change of conduction velocity by regional 
myelination yields constant latency irrespective of distance between thalamus and 
cortex. Proceedings of the National Academy of Sciences, 100(10), 6174-6179. 

Salzer, J. L., & Zalc, B. (2016). Myelination. Current Biology, 26(20), R971-R975 
Satpathy, A. T., Granja, J. M., Yost, K. E., Qi, Y., Meschi, F., McDermott, G. P., ... & Chang, H. Y. 

(2019). Massively parallel single-cell chromatin landscapes of human immune cell development 
and intratumoral T cell exhaustion. Nature biotechnology, 37(8), 925-936. 

Schep, A. N., Wu, B., Buenrostro, J. D., & Greenleaf, W. J. (2017). chromVAR: inferring 
transcription-factor-associated accessibility from single-cell epigenomic data. Nature 
methods, 14(10), 975-978. 

Schones, D. E., Cui, K., Cuddapah, S., Roh, T. Y., Barski, A., Wang, Z., ... & Zhao, K. (2008). 
Dynamic regulation of nucleosome positioning in the human genome. Cell, 132, 887-898. 

Seidl, A. H. (2014). Regulation of conduction time along axons. Neuroscience, 276, 126-134. 
Sharma, P., Azebi, S., England, P., Christensen, T., Møller-Larsen, A., Petersen, T., ... & Muchardt, C. 

(2012). Citrullination of histone H3 interferes with HP1-mediated transcriptional repression. PLoS 
genetics, 8, e1002934. 

Shen, S., Li, J., & Casaccia-Bonnefil, P. (2005). Histone modifications affect timing of 
oligodendrocyte progenitor differentiation in the developing rat brain. The Journal of cell biology, 
169, 577-589. 

Shen, S., Sandoval, J., Swiss, V. A., Li, J., Dupree, J., Franklin, R. J., & Casaccia-Bonnefil, P. (2008). 
Age-dependent epigenetic control of differentiation inhibitors is critical for remyelination 
efficiency. Nature neuroscience, 11, 1024. 



 

58 

Sher, F., Rößler, R., Brouwer, N., Balasubramaniyan, V., Boddeke, E., & Copray, S. (2008). 
Differentiation of neural stem cells into oligodendrocytes: involvement of the polycomb group 
protein Ezh2. Stem cells, 26, 2875-2883. 

Sher, F., Boddeke, E., Olah, M., & Copray, S. (2012). Dynamic changes in Ezh2 gene occupancy 
underlie its involvement in neural stem cell self-renewal and differentiation towards 
oligodendrocytes. PloS one, 7, e40399. 

Sim, F. J., Zhao, C., Penderis, J., & Franklin, R. J. (2002). The age-related decrease in CNS 
remyelination efficiency is attributable to an impairment of both oligodendrocyte progenitor 
recruitment and differentiation. Journal of Neuroscience, 22(7), 2451-2459. 

Smith, K. J., Bostock, H., & Hall, S. M. (1982). Saltatory conduction precedes remyelination in axons 
demyelinated with lysophosphatidyl choline. Journal of the neurological sciences, 54(1), 13-31. 

Snaidero, N., Möbius, W., Czopka, T., Hekking, L. H., Mathisen, C., Verkleij, D., ... & Simons, M. 
(2014). Myelin membrane wrapping of CNS axons by PI (3, 4, 5) P3-dependent polarized growth 
at the inner tongue. Cell, 156(1-2), 277-290. 

Snaidero, N., Velte, C., Myllykoski, M., Raasakka, A., Ignatev, A., Werner, H. B., ... & Simons, M. 
(2017). Antagonistic Functions of MBP and CNP Establish Cytosolic Channels in CNS Myelin. 
Cell Reports, 18, 314-323. 

Song, L., & Crawford, G. E. (2010). DNase-seq: a high-resolution technique for mapping active gene 
regulatory elements across the genome from mammalian cells. Cold Spring Harbor Protocols, 
pdb-prot5384. 

Spitzer, S. O., Sitnikov, S., Kamen, Y., Evans, K. A., Kronenberg-Versteeg, D., Dietmann, S., ... & 
Káradóttir, R. T. (2019). Oligodendrocyte progenitor cells become regionally diverse and 
heterogeneous with age. Neuron, 101(3), 459-471. 

Starikov, L., & Kottmann, A. H. (2020). Diminished ventral oligodendrocyte precursor generation 
results in the subsequent over-production of dorsal oligodendrocyte precursors of aberrant 
morphology and function. Neuroscience, 450, 15-28. 

Stolt, C. C., Rehberg, S., Ader, M., Lommes, P., Riethmacher, D., Schachner, M., ... & Wegner, M. 
(2002). Terminal differentiation of myelin-forming oligodendrocytes depends on the transcription 
factor Sox10. Genes & development, 16(2), 165-170. 

Stolt, C. C., Lommes, P., Sock, E., Chaboissier, M. C., Schedl, A., & Wegner, M. (2003). The Sox9 
transcription factor determines glial fate choice in the developing spinal cord. Genes & 
development, 17(13), 1677-1689. 

Sturrock, R. R. (1980). Myelination of the mouse corpus callosum. Neuropathology and applied 
neurobiology, 6(6), 415-420. 

Stys, P. K., Zamponi, G. W., Van Minnen, J., & Geurts, J. J. (2012). Will the real multiple sclerosis 
please stand up?. Nature Reviews Neuroscience, 13(7), 507-514. 

Stys, P. K. (2013). Pathoetiology of multiple sclerosis: are we barking up the wrong 
tree?. F1000prime reports, 5. 

Su, K. G., Banker, G., Bourdette, D., & Forte, M. (2009). Axonal degeneration in multiple sclerosis: 
the mitochondrial hypothesis. Current neurology and neuroscience reports, 9(5), 411-417. 

Sugimori, M., Nagao, M., Parras, C. M., Nakatani, H., Lebel, M., Guillemot, F., & Nakafuku, M. 
(2008). Ascl1 is required for oligodendrocyte development in the spinal cord. 

Sun, T., Pringle, N. P., Hardy, A. P., Richardson, W. D., & Smith, H. K. (1998). Pax6 influences the 
time and site of origin of glial precursors in the ventral neural tube. Molecular and Cellular 
Neuroscience, 12(4-5), 228-239. 

Suzumura, A., Silberberg, D. H., & Lisak, R. P. (1986). The expression of MHC antigens on 
oligodendrocytes: induction of polymorphic H-2 expression by lymphokines. Journal of 
neuroimmunology, 11(3), 179-190. 

Takebayashi, H., Nabeshima, Y., Yoshida, S., Chisaka, O., Ikenaka, K., & Nabeshima, Y. I. (2002). 
The basic helix-loop-helix factor olig2 is essential for the development of motoneuron and 
oligodendrocyte lineages. Current biology, 12(13), 1157-1163. 

Tekki-Kessaris, N., Woodruff, R., Hall, A. C., Gaffield, W., Kimura, S., Stiles, C. D., ... & 
Richardson, W. D. (2001). Hedgehog-dependent oligodendrocyte lineage specification in the 
telencephalon. 

Tomassy, G. S., Berger, D. R., Chen, H. H., Kasthuri, N., Hayworth, K. J., Vercelli, A., ... & Arlotta, 
P. (2014). Distinct profiles of myelin distribution along single axons of pyramidal neurons in the 
neocortex. Science, 344(6181), 319-324. 



 

 59 

Traka, M., Podojil, J. R., McCarthy, D. P., Miller, S. D., & Popko, B. (2016). Oligodendrocyte death 
results in immune-mediated CNS demyelination. Nature neuroscience, 19(1), 65-74. 

Tranquill, L. R., Cao, L., Ling, N. C., Kalbacher, H., Martin, R. M., & Whitaker, J. N. (2000). 
Enhanced T cell responsiveness to citrulline-containing myelin basic protein in multiple sclerosis 
patients. Multiple Sclerosis Journal, 6, 220-225. 

Trapp, B. D., & Nave, K. A. (2008). Multiple sclerosis: an immune or neurodegenerative 
disorder?. Annu. Rev. Neurosci., 31, 247-269. 

Tripathi, R. B., Clarke, L. E., Burzomato, V., Kessaris, N., Anderson, P. N., Attwell, D., & 
Richardson, W. D. (2011). Dorsally and ventrally derived oligodendrocytes have similar electrical 
properties but myelinate preferred tracts. Journal of Neuroscience, 31(18), 6809-6819. 

Tsai, H. H., Frost, E., To, V., Robinson, S., Geertman, R., Ransohoff, R. M., & Miller, R. H. (2002). 
The chemokine receptor CXCR2 controls positioning of oligodendrocyte precursors in developing 
spinal cord by arresting their migration. Cell, 110(3), 373-383. 

Turnley, A. M., Miller, J. F., & Bartlett, P. F. (1991). Regulation of MHC molecules on MBP positive 
oligodendrocytes in mice by IFN-γ and TNF-α. Neuroscience letters, 123(1), 45-48. 

Vallstedt, A., Klos, J. M., & Ericson, J. (2005). Multiple dorsoventral origins of oligodendrocyte 
generation in the spinal cord and hindbrain. Neuron, 45(1), 55-67. 

Van Bortle, K., Nichols, M. H., Li, L., Ong, C. T., Takenaka, N., Qin, Z. S., & Corces, V. G. (2014). 
Insulator function and topological domain border strength scale with architectural protein 
occupancy. Genome biology, 15(5), 1-18. 

van Heyningen, P., Calver, A. R., & Richardson, W. D. (2001). Control of progenitor cell number by 
mitogen supply and demand. Current Biology, 11(4), 232-241. 

Vartanian, T., Li, Y., Zhao, M., & Stefansson, K. (1995). Interferon-γ-induced oligodendrocyte cell 
death: implications for the pathogenesis of multiple sclerosis. Molecular Medicine, 1(7), 732-743. 

Viganò, F., Möbius, W., Götz, M., & Dimou, L. (2013). Transplantation reveals regional differences 
in oligodendrocyte differentiation in the adult brain. Nature neuroscience, 16(10), 1370-1372. 

Voigt, P., Tee, W. W., & Reinberg, D. (2013). A double take on bivalent promoters. Genes & 
development, 27(12), 1318-1338. 

Wake, H., Lee, P. R., & Fields, R. D. (2011). Control of local protein synthesis and initial events in 
myelination by action potentials. Science, 333(6049), 1647-1651. 

Wake, H., Ortiz, F. C., Woo, D. H., Lee, P. R., Angulo, M. C., & Fields, R. D. (2015). Nonsynaptic 
junctions on myelinating glia promote preferential myelination of electrically active axons. Nature 
communications, 6(1), 1-9. 

Wang, S., Sdrulla, A., Johnson, J. E., Yokota, Y., & Barres, B. A. (2001). A role for the helix-loop-
helix protein Id2 in the control of oligodendrocyte development. Neuron, 29, 603-614.  

Wang, Y., Wysocka, J., Sayegh, J., Lee, Y. H., Perlin, J. R., Leonelli, L., ... & Conrood, S.A. (2004). 
Human PAD4 regulates histone arginine methylation levels via demethylimination. Science, 306, 
279-283. 

Wang, W., Cho, H., Kim, D., Park, Y., Moon, J. H., Lim, S. J., ... & Lee, S. K. (2020a). PRC2 acts as 
a critical timer that drives oligodendrocyte fate over astrocyte identity by repressing the Notch 
pathway. Cell reports, 32(11), 108147. 

Wang, J., Yang, L., Dong, C., Wang, J., Xu, L., Qiu, Y., ... & Lu, Q. R. (2020b). EED-mediated 
histone methylation is critical for CNS myelination and remyelination by inhibiting WNT, BMP, 
and senescence pathways. Science advances, 6(33), eaaz6477. 

Watanabe, M., Toyama, Y., & Nishiyama, A. (2002). Differentiation of proliferated NG2‐positive 
glial progenitor cells in a remyelinating lesion. Journal of neuroscience research, 69(6), 826-836. 

Watanabe, M., Hadzic, T., & Nishiyama, A. (2004). Transient upregulation of Nkx2. 2 expression in 
oligodendrocyte lineage cells during remyelination. Glia, 46(3), 311-322. 

Waxman, S. G., & Sims, T. J. (1984). Specificity in central myelination: evidence for local regulation 
of myelin thickness. Brain research, 292(1), 179-185. 

Weil, M. T., Möbius, W., Winkler, A., Ruhwedel, T., Wrzos, C., Romanelli, E., ... & Simons, M. 
(2016). Loss of myelin basic protein function triggers myelin breakdown in models of 
demyelinating diseases. Cell reports, 16(2), 314-322. 

White, R., Gonsior, C., Krämer-Albers, E. M., Stöhr, N., Hüttelmaier, S., & Trotter, J. (2008). 
Activation of oligodendroglial Fyn kinase enhances translation of mRNAs transported in hnRNP 
A2–dependent RNA granules. The Journal of cell biology, 181(4), 579-586. 



 

60 

Willenborg, D. O., Fordham, S., Bernard, C. C., Cowden, W. B., & Ramshaw, I. A. (1996). IFN-
gamma plays a critical down-regulatory role in the induction and effector phase of myelin 
oligodendrocyte glycoprotein-induced autoimmune encephalomyelitis. The Journal of 
Immunology, 157(8), 3223-3227. 

Williams, A., Piaton, G., Aigrot, M. S., Belhadi, A., Théaudin, M., Petermann, F., ... & Lubetzki, C. 
(2007). Semaphorin 3A and 3F: key players in myelin repair in multiple sclerosis?. Brain, 130(10), 
2554-2565. 

Winkler, C. C., Yabut, O. R., Fregoso, S. P., Gomez, H. G., Dwyer, B. E., Pleasure, S. J., & Franco, S. 
J. (2018). The dorsal wave of neocortical oligodendrogenesis begins embryonically and requires 
multiple sources of sonic hedgehog. Journal of Neuroscience, 38(23), 5237-5250. 

Wolswijk, G. (2002). Oligodendrocyte precursor cells in the demyelinated multiple sclerosis spinal 
cord. Brain, 125(2), 338-349. 

Wood, D. D., & Moscarello, M. A. (1989). The isolation, characterization, and lipid-aggregating 
properties of a citrulline containing myelin basic protein. Journal of Biological Chemistry, 264(9), 
5121-5127. 

Wood, D. D., Moscarello, M. A., Bilbao, J. M., & O'Connors, P. (1996). Acute multiple sclerosis 
(Marburg type) is associated with developmentally immature myelin basic protein. Annals of 
neurology, 40, 18-24. 

Wood, D. D., Ackerley, C. A., Van Den Brand, B., Zhang, L., Raijmakers, R., Mastronardi, F. G., & 
Moscarello, M. A. (2008). Myelin localization of peptidylarginine deiminases 2 and 4: comparison 
of PAD2 and PAD4 activities. Laboratory investigation, 88, 354. 

Xin, M., Yue, T., Ma, Z., Wu, F. F., Gow, A., & Lu, Q. R. (2005). Myelinogenesis and axonal 
recognition by oligodendrocytes in brain are uncoupled in Olig1-null mice. Journal of 
Neuroscience, 25(6), 1354-1365. 

Yang, L., Tan, D., & Piao, H. (2016). Myelin basic protein citrullination in multiple sclerosis: a 
potential therapeutic target for the pathology. Neurochemical Research, 41(8), 1845-1856. 

Yeung, M. S., Djelloul, M., Steiner, E., Bernard, S., Salehpour, M., Possnert, G., ... & Frisén, J. 
(2019). Dynamics of oligodendrocyte generation in multiple sclerosis. Nature, 566(7745), 538-
542. 

Young, K. M., Psachoulia, K., Tripathi, R. B., Dunn, S. J., Cossell, L., Attwell, D., ... & Richardson, 
W. D. (2013). Oligodendrocyte dynamics in the healthy adult CNS: evidence for myelin 
remodeling. Neuron, 77(5), 873-885. 

Yu, Y., Chen, Y., Kim, B., Wang, H., Zhao, C., He, X., ... & Chan, J. R. (2013). Olig2 targets 
chromatin remodelers to enhancers to initiate oligodendrocyte differentiation. Cell, 152, 248-261. 

Zaret, K. S., & Carroll, J. S. (2011). Pioneer transcription factors: establishing competence for gene 
expression. Genes & development, 25(21), 2227-2241. 

Zeisel, A., Hochgerner, H., Lönnerberg, P., Johnsson, A., Memic, F., Van Der Zwan, J., ... & 
Linnarsson, S. (2018). Molecular architecture of the mouse nervous system. Cell, 174(4), 999-
1014. 

Zhang, H., & Miller, R. H. (1996). Density-dependent feedback inhibition of oligodendrocyte 
precursor expansion. Journal of Neuroscience, 16(21), 6886-6895. 

Zhang, J., Dai, J., Zhao, E., Lin, Y., Zeng, L., Chen, J., ... & Mao, Y. (2004). cDNA cloning, gene 
organization and expression analysis of human peptidylarginine deiminase type VI. Acta Biochim 
Pol, 51, 1051-1058. 

Zhang, X., Bolt, M., Guertin, M. J., Chen, W., Zhang, S., Cherrington, B. D., ... & Conrood, S.A. 
(2012). Peptidylarginine deiminase 2-catalyzed histone H3 arginine 26 citrullination facilitates 
estrogen receptor α target gene activation. Proceedings of the National Academy of Sciences, 109, 
13331-13336. 

Zhang, L., He, X., Liu, L., Jiang, M., Zhao, C., Wang, H., ... & Lu, Q. R. (2016). Hdac3 interaction 
with p300 histone acetyltransferase regulates the oligodendrocyte and astrocyte lineage fate 
switch. Developmental cell, 36(3), 316-330. 

Zhang, K., Chen, S., Yang, Q., Guo, S., Chen, Q., Liu, Z., ... & Mo, W. (2022). The Oligodendrocyte 
Transcription Factor 2 OLIG2 regulates transcriptional repression during myelinogenesis in 
rodents. Nature communications, 13(1), 1-13. 

Zhao, C., Deng, Y., Liu, L., Yu, K., Zhang, L., Wang, H., ... & Lu, Q. R. (2016). Dual regulatory 
switch through interactions of Tcf7l2/Tcf4 with stage-specific partners propels oligodendroglial 
maturation. Nature communications, 7(1), 1-15. 



 

 61 

Zhao, C., Dong, C., Frah, M., Deng, Y., Marie, C., Zhang, F., ... & Lu, Q. R. (2018). Dual requirement 
of CHD8 for chromatin landscape establishment and histone methyltransferase recruitment to 
promote CNS myelination and repair. Developmental cell, 45(6), 753-768. 

Zhou, Q., Wang, S., & Anderson, D. J. (2000). Identification of a novel family of oligodendrocyte 
lineage-specific basic helix–loop–helix transcription factors. Neuron, 25(2), 331-343. 

Zhou, Q., & Anderson, D. J. (2002). The bHLH transcription factors OLIG2 and OLIG1 couple 
neuronal and glial subtype specification. Cell, 109(1), 61-73. 

Zhu, X., Bergles, D. E., & Nishiyama, A. (2008a). NG2 cells generate both oligodendrocytes and gray 
matter astrocytes. 

Zhu, X., Hill, R. A., & Nishiyama, A. (2008b). NG2 cells generate oligodendrocytes and gray matter 
astrocytes in the spinal cord. Neuron glia biology, 4(1), 19-26. 

Zhu, X., Hill, R. A., Dietrich, D., Komitova, M., Suzuki, R., & Nishiyama, A. (2011). Age-dependent 
fate and lineage restriction of single NG2 cells. Development, 138(4), 745-753. 

Zhu, X., Zuo, H., Maher, B. J., Serwanski, D. R., LoTurco, J. J., Lu, Q. R., & Nishiyama, A. (2012). 
Olig2-dependent developmental fate switch of NG2 cells. Development (Cambridge, 
England), 139(13), 2299–2307.  

Zhu, Q., Zhao, X., Zheng, K., Li, H., Huang, H., Zhang, Z., ... & Qiu, M. (2014). Genetic evidence 
that Nkx2.2 and Pdgfra are major determinants of the timing of oligodendrocyte differentiation in 
the developing CNS. Development, 141(3), 548-555. 

Zuo, H., Wood, W. M., Sherafat, A., Hill, R. A., Lu, Q. R., & Nishiyama, A. (2018). Age-Dependent 
Decline in Fate Switch from NG2 Cells to Astrocytes After Olig2 Deletion. The Journal of 
neuroscience : the official journal of the Society for Neuroscience, 38(9), 2359–2371.  

 


