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1 Introduction 

1.1 A fatal lack of differentiation... 

The production of myelin by oligodendrocytes is of critical importance for the normal 

functioning of the vertebrate nervous system. The importance of the myelin sheath can be 

seen in demyelinating diseases such as multiple sclerosis (MS) and leukodystrophies, in 

which myelin and oligodendrocytes are disrupted. The brain contains a pool of 

oligodendrocyte precursor cells (OPC) that are, under healthy conditions, capable of 

replacing dysfunctional oligodendrocytes. However, lesions in demyelinating diseases 

frequently contain immature oligodendrocytes that fail to remyelinate (Chang et al., 2002; 

Kuhlmann et al., 2008; Scolding et al., 1998). The reasons that these OPCs fail to 

successfully differentiate and myelinate remain largely unknown. 

To understand which mechanisms are deregulated in pathological conditions such as 

Multiple Sclerosis, an understanding of the factors that control the progression through 

differentiation of the oligodendrocyte lineage, from a precursor cell to a mature 

myelinating oligodendrocyte, is essential. Further it is of interest to identify regulators of 

the myelination process and the mechanisms through which they function. 

1.2 Multiple Sclerosis 

Multiple Sclerosis (MS) is a degenerative disease of the central nervous system (CNS) that 

affects approximately 0.5 to 1 in 1,000 individuals in countries whose inhabitants are of 

mainly Caucasian background (Milo and Kahana, 2010). In 80% of cases the condition 

begins with a clinically isolated syndrome, such as optic neuritis (Miller et al., 2005). For 

about 85% of MS patients the disease then manifests itself as relapsing remitting MS 

(McAlpine and Compston, 2005). As the name suggests, during this disease course, 

episodes of neurological disability, the MS relapses, alternate with intermittent phases of 

relative stability. The majority of patients with relapsing remitting MS eventually enter a 

phase of the disease in which progressive worsening of disability is prevalent, the 
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Secondary Progressive MS phase. In contrast, 15% of MS patients present with primary 

progressive MS, a disease course with no intermitting improvement and progressive 

worsening from the very onset of disease.  

The typical age of onset of MS is in the late 20s or early 30s. Patients with a later onset at 

around 50 most often present with the primary progressive form of MS (Milo and Kahana, 

2010). The prevalence of the disease is approximately twice as high in women as in men, 

with this trend apparently increasing (Compston and Coles, 2008). 

The epidemiology of MS involves environmental as well as genetic risk factors. The genetic 

component is evident from family and twin studies. For example, monozygotic twins have a 

concordance of 30%. The concordance rate in siblings, which likely were exposed to the 

same environmental factors but share only half of their genomic information, is on average 

only 4% (Compston and Coles, 2008). There are individual genetic factors that have been 

identified to be involved in the risk of developing MS, such as certain alleles of the major 

histocompatibility complex (Compston and Coles, 2008), however the overall genetic risk is 

multifactorial (International Multiple Sclerosis Genetics et al., 2013).    

While a concordance rate of 30% between monozygotic twins is relatively high, this means 

there is a remaining discordance of 70%, which points to a strong environmental influence. 

One of these environmental factors must vary in its expression according to the distance 

from the equator, as there is an increased risk to develop MS with a further distance from 

the equator. Since distance from the equator correlates with reduced sunlight exposure, 

and sunlight exposure of the skin is critical for Vitamin D production, it has been proposed 

that Vitamin D is the mediator of this latitudinal gradient of MS risk. It is thought that the 

Vitamin D effect is largely mediated in the first two decades of life, as adult immigrants 

maintain the risk of MS associated with their region of origin (Compston and Coles, 2008; 

Milo and Kahana, 2010). While the latitudinal gradient of MS risk has been found to be 

applicable to many regions around the world, including Australia (Spelman et al., 2014), 

there are also regional pockets which do not follow this model of MS distribution. An 

example would be a high prevalence of MS in Sardinia when compared to mainland Italy of 

the same latitude (Pugliatti et al., 2001). These regional pockets demonstrate that genetic 

factors or importantly other environmental factors might have an influence. Often 

discussed candidates include the exposure to parasites such as helminth or infective agents 

such as Chlamydia pneumonia and Eppstein-Barr virus or other Herpes viruses (Milo and 

Kahana, 2010). 
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A significant pathological feature of MS is the occurrence of white matter lesions within the 

CNS and associated infiltration by inflammatory cells. The presence of T-lymphocytes and 

macrophages suggests that this demyelination is driven by an auto-immune reactivity of 

the adaptive immune system, which attacks myelin and the myelin producing cells of the 

CNS, the oligodendrocytes (Compston and Coles, 2008). Recently, it has further been noted 

that there is also substantial cortical demyelination with profound microglial activation 

(Kutzelnigg et al., 2005). In addition to demyelination, the disease is also associated with 

axonal damage and degeneration, which are possibly the main correlates of the disability 

seen at later disease stages (Trapp et al., 1998).  

The initial trigger for the immune attack is still unknown, and some groups report a loss of 

oligodendrocytes without concomitant T-cell and B-cell infiltration or macrophage activity 

(Henderson et al., 2009). There is therefore some controversy over whether MS is a 

primary autoimmune disease, in which a dysfunctional immune system starts to infiltrate 

and attack a normal functioning CNS (the outside-in hypothesis), or whether the disease 

begins with a dysfunctional CNS, which subsequently triggers an immune system response 

(the inside-out hypothesis) (Henderson et al., 2009; Locatelli et al., 2012). Since in the 

latter scenario the immune response might overshoot and thereby mask any initial 

dysfunction of CNS cells, the possibilities are hard to dissect.   

The degree of demyelination and oligodendrocyte loss seen in MS lesions varies depending 

on disease severity and duration of the disease. Pathological CNS sections from patients 

that died during the early stage of relapsing remitting MS often display a substantial 

amount of remyelination (Prineas and Connell, 1979). This remyelination is provided by 

the surviving oligodendroglia, particularly by oligodendrocyte precursor cells that can 

differentiate into new myelinating oligodendrocytes. These repair processes might 

contribute to improvement of symptoms during the intermittent remission phases, in 

particular following relapses. It is thought that incomplete remyelination contributes to 

axonal loss, with the latter being a main predictor of the cumulative disability in MS 

(Franklin and Ffrench-Constant, 2008). Consistently, the lesions of patients with a primary 

progressive or late secondary progressive disease progression often show a higher degree 

of oligodendrocyte loss and only sparse signs of remyelination (Lassmann et al., 1997). 

Interestingly, these lesions frequently contain cells that express markers of 

undifferentiated OPCs and postmitotic oligodendrocytes, cell types that could theoretically 

differentiate and mediate repair. However, for unknown reasons, these cells fail to reach a 

mature oligodendrocyte differentiation stage and do not produce myelin (Chang et al., 

2002; Kuhlmann et al., 2008; Scolding et al., 1998). 
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These findings emphasize the clinical relevance of oligodendroglial biology, 

oligodendrocyte-neuron interactions and the differentiation of precursor cells into 

myelinating oligodendrocytes in modulating the phenotype of MS. The following sections 

will discuss general concepts of oligodendrocyte biology and how they establish support 

for neurons. 

1.3 Oligodendrocyte Biology 

1.3.1 Structure of oligodendrocytes 

Oligodendrocytes are a type of CNS cell that supports axons by ensheathing them with a 

fatty membrane, the myelin sheath. Their nucleus and cell soma is typically small compared 

to other cell types, which is particularly apparent in relation to the large surface area of an 

oligodendrocyte. A single oligodendrocyte can extend 1 to 50 processes to ensheath axons. 

Oligodendrocyte processes contact axons and wrap them with a tightly compacted spiral of 

membrane bilayers with a periodicity of about 12nm (Aggarwal et al., 2011). The myelin 

sheath thickness relates to the axon diameter, and is expressed as the fraction of axonal 

circumference divided by myelin circumference, the so called g-ratio (Franklin and 

Ffrench-Constant, 2008). A lower g-ratio is therefore indicative of thicker myelin, with a 

typical healthy myelin sheath having a g-ratio of 0.65 to 0.7.    

As shown in Figure 1.1, the segment of an axon covered by a myelin sheath is called a 

myelin internode, and the myelin here is typically organized in very compact layers. The 

length of a typical myelin internode is 150µm (Aggarwal et al., 2011), and it extends to a  

radial terminal end that contains a cytoplasmic loop. These terminal ends are linked to the 

axon via tight junctions and define an area called the paranode. The terminal ends of a 

myelin sheath are therefore also called paranodal loops. The unmyelinated axon between 

two paranodes is the Node of Ranvier. The boundaries established by the axo-glial 

interaction at the paranode, together with axonal mechanisms, help to establish specific 

clustering of ion channels. Due to this clustering, voltage-gated potassium channels (KV) are 

situated at the paranode, whereas voltage-gated sodium channels (NaV) are present within 

the Nodes of Ranvier (Susuki et al., 2013). The clustering of ion channels is crucial for the 

rapid and efficient signal transmission of the vertebrate nervous system.  
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Figure 1.1: General structure of oligodendrocytes and their myelin sheaths. 

Oligodendrocyte cell bodies contain a nucleus (purple) and soma, which are small in 
relation to their overall cell surface. They send out between 1 and 50 cellular processes that 
make contact with axons and wrap them in a spiralling sheath of a cholesterol-rich 
membrane, the myelin sheath. Segments of an axon covered by compact myelin are 
referred to as myelin internodes. Uninsulated regions in between the internodes are 
referred to as Nodes of Ranvier. The figure shows one Node of Ranvier enlarged for a better 
demonstration of its ultrastructure. The paranodal loops are the cytoplasm-containing 
terminal ends of each myelin layer that form tight junctions with the axon. This region 
contains a high density of voltage-gated potassium channels that assist in returning a 
depolarized cell to its resting membrane potential. The unmyelinated axonal membrane in 
the node of Ranvier contains clusters of voltage-gated sodium channels, which mediate the 
depolarization of the membrane during action potentials. Figure from (Szuchet et al., 
2001)) 
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1.3.2 Biological roles of Oligodendrocytes 

Normal function of the vertebrate nervous system depends on the interplay between 

neurons and oligodendrocytes. Oligodendrocytes establish fast and energy efficient 

saltatory conduction along axons. While the role of myelination in establishing axonal 

insulation is well studied, some animal models of oligodendrocyte dysfunction present with 

axonal loss despite having normal myelin levels and paranodal structures. This indicates 

that oligodendrocytes must have additional roles in the support of axons, such as trophic 

and metabolic support of neurons. Newer findings show that oligodendrocytes do indeed 

play such roles in addition to establishing saltatory conduction. 

1.3.2.1 Establishing Saltatory Conduction 

The best understood function of oligodendrocytes is to support axons by establishing 

saltatory conduction of action potentials. As described in section 1.3.1, the interaction 

between the myelin sheath and axon defines areas of increased NaV ion channel 

concentration at the Nodes of Ranvier and KV channel concentration at the paranodes. The 

internode segments are mostly devoid of channels, and are therefore well insulated since 

charge leakage from the axon in these areas is effectively prevented. Since the Node of 

Ranvier is the only locus at which NaV channels allow for the inward current of positively 

charged Na+ ions, depolarization across the axon membrane is restricted to these sites. The 

depolarization then leads to a voltage elevation across the membrane, which, due to the 

insulation of the internode, exerts its effect directly onto voltage gated channels at the next 

Node of Ranvier. Action potentials therefore do not have to pass along the axon as waves, 

but rather propagate in a saltatory (‘jumping’) manner, rendering signal transduction 

faster and more efficient (reviewed in (Hartline and Colman, 2007)). Therefore, due to the 

alternating arrangement of Nodes of Ranvier and myelinated internodal regions, 

conduction velocity in myelinated nerves is vastly increased. 

The KV channels, which are clustered at the paranode, subsequently allow for 

repolarisation of the membrane by allowing for an efflux of K+ ions, thereby allowing the 

axon to return back to a resting membrane potential. 

Developmentally, the segregation of ion channels coincides with the myelination of axons. 

Prior to this event, NaV channels are situated diffusely across all areas of the axon 

membrane, indicating a critical role of oligodendrocytes in establishing ion channel 

clustering. Oligodendrocytes are furthermore critical for maintaining this segregation of 

ion channels, as oligodendrocyte ablation results in the loss of NaV and KV channel 

segregation without affecting their total protein levels (Mathis et al., 2001; Oluich et al., 
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2012a). Consistent with these studies, recent research has elucidated that there are three 

mechanisms that regulate the assembly of Nodes of Ranvier. One of these mechanisms, the 

anchoring of NaV channels to the cytoskeleton, is mediated by the axon. The other two 

mechanisms rely on the oligodendrocyte. These are the previously mentioned paranodal 

axo-glial junctions, which act as limiting barriers, as well as oligodendrocyte-derived 

extracellular matrix complexes surrounding the nodes (Susuki et al., 2013). The latter 

points to the involvement of soluble factors, which is consistent with the finding that 

conditioned medium from oligodendrocytes can induce the clustering of NaV channels in 

cultured neurons (Kaplan et al., 1997). 

1.3.2.2 Potassium Ion syphoning 

A biological problem closely related to the electric insulation of axons is the need for 

clearance of the high concentrations of potassium ions in the internodal periaxonal space 

following depolarization. While axons can actively take up limited amounts of potassium 

ions via the Na+/K+-ATPase, the kinetics of potassium clearance suggest glial support. The 

positioning of KV channels at the paranode might provide a clue as to how axo-glial 

interaction assist in potassium ion clearance. KV channels on the axonal side are colocalized 

with glial connexin-29. Connexin-29 is a gap junction protein localized on the inner myelin 

leaflet, and it might function to directly release potassium ions into the myelin lumen, from 

where potassium ions can diffuse throughout the glial syncytium generated by astrocyte-

oligodendrocyte gap junctions (reviewed in (Rash, 2010)). Whether potassium ions are 

then released into blood circulation or not, and by which mechanisms the neuron can, 

restore the copious amounts of potassium released in a timely manner is subject of ongoing 

discussion (Rash, 2010; Wallraff et al., 2006). 

1.3.2.3 Trophic support of axons 

Oligodendrocytes are further involved in supporting axons through trophic support and 

signalling. Oligodendrocytes produce many cytokines that may promote neuronal survival 

(reviewed in (Du and Dreyfus, 2002)), such as nerve growth factor (NGF) (Condorelli et al., 

1995), leukaemia inhibitory factor (LIF) (Mey and Henkes, 2002) and glial cell line-derived 

neurotrophic factor (GDNF) (Wilkins et al., 2003). Loss of this trophic support might be one 

of the underlying reasons oligodendrocyte ablation leads to axonal damage prior to 

apparent demyelination (Oluich et al., 2012a). 

Newer findings indicate that oligodendrocytes might further provide trophic support by 

secreting exosomes containing stress-protective proteins (Kramer-Albers et al., 2007). 

Since this secretion is triggered by glutamate (Fruhbeis et al., 2013), it might be dependent 
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on axonal activity. There are diverse candidates for the cargo these exosomes could 

potentially carry, such as mRNA transcripts, proteins and even functional ribosomes which 

have been demonstrated to be transferred in similar contexts or different cell types (Court 

et al., 2008; Duncan et al., 1996; Valadi et al., 2007).  

1.3.2.4 Metabolic support of axons 

Apart from the trophic inputs, it has recently become evident that oligodendrocytes also 

provide metabolic support to myelinated axons (reviewed in (Morrison et al., 2013)). This 

axo-glial metabolic coupling became evident when oligodendrocytes defective in the 

assembly of mitochondrial complex IV, and thereby their oxidative chain, did unexpectedly 

not undergo cell death in vivo and showed no elevated levels of glycolysis products such as 

lactate (Funfschilling et al., 2012). These results and others indicated that oligodendrocytes 

export cytotoxic glycolysis products such as lactate to other cells, for example to the 

myelinated axon of a neuron. Axons can then use the lactate as a local energy source. 

Oligodendrocytes mediate this lactate export via expression of monocarboxylate 

transporter 1 (MCT1) closely aligned to axons. This oligodendrocyte function has been 

shown to be important for neuronal survival, as ablation of MCT1 results in neuronal loss 

(Lee et al., 2012). 

Another example of metabolic interactions between oligodendrocytes and the underlying 

axon is the turnover of neuronally derived N-acetylaspartate by oligodendrocytes. N-

Acetylaspartate is synthesized in neuronal mitochondria, and then shuttled to 

oligodendrocytes, where it is hydrolysed by aspartoacylase (ASPA) to yield substrates for 

the synthesis of myelin lipids. Disruption of ASPA function leads to Canavan disease 

(Klugmann et al., 2005; Moffett et al., 2007). 

Another class of molecules implicated in axo-glial interaction that may offer bidirectional 

trophic support are cholesterols and their derivatives. Cholesterol is well established as 

one of the critical and rate limiting components of myelination (reviewed in (Saher et al., 

2011)). While oligodendrocytes can produce large amounts of cholesterol for their own 

needs, all cell types possess the means of cholesterol uptake via the lysosomal pathway 

(Saher et al., 2011). An important constituent of this pathway is the lysosomal protein 

Niemann Pick disease type C1, (NPC1), named after the disease that a deficiency in the gene 

causes. NPC1 is a putative integral membrane protein known for its role in intracellular 

transportation of cholesterol (Saher et al., 2011). NPC1 knockout mice present with severe 

dysmyelination due to deficiency in cholesterol supply or accumulation of toxic cholesterol 

derivate species (Weintraub et al., 1987). Intriguingly however, NPC1 conditional knockout 
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mice with ablation of the gene specific to neurons do not show overt axonal degeneration 

and instead present with reduced numbers of mature oligodendrocytes and 

dysmyelination (Yu and Lieberman, 2013). These findings indicate that oligodendrocytes 

and neurons support each other with cholesterol derivates, and that these lipids might be 

involved in the bidirectional communication between these cell types. 

1.3.2.5 Significance of neuronal support by oligodendrocytes 

These newly found functions make it apparent that oligodendrocytes do not serve the 

single purpose of axonal insulation, but rather that they have multiple roles in the support 

of neurons. Axonal loss has been reported to be a feature in many other mice models with 

mutations in myelin genes such as Proteolipid protein (PLP) (Griffiths et al., 1998) and 2’3’-

cyclic nucleotide phophodiesterase (CNPase, Cnp1) (Lappe-Siefke et al., 2003). It is also a 

common feature of models of targeted oligodendrocyte cell death (Oluich et al., 2012a; Pohl 

et al., 2011). Interestingly, in many of the induced cell death models and in the Cnp1 null 

mice, axonal pathology and dysfunction can be seen before evident demyelination (Lappe-

Siefke et al., 2003; Oluich et al., 2012a; Pohl et al., 2011). It is therefore likely that the 

underlying cause of the early axonal pathology is not the loss of axonal insulation, but 

rather the loss of other critical oligodendroglial support functions. 

1.3.3 Myelin sheath structure and constituents 

As evident from Chapter 1.3.2, the myelin sheath provided by the oligodendrocyte supports 

the neuron, and particularly the axon, in multiple ways. The myelin sheath has a highly 

organized and specialized cellular structure. Myelin consists of a complex composition of 

lipids and proteins, several of which are critical to its ultrastructure and function.  

1.3.3.1 Lipid and protein composition 

Myelin consists of approximately 80% lipids by dry weight. Lipids that are enriched in 

myelin when compared to other membranes include glycosphingolipids, plasmalogen and 

cholesterol. These lipids enable a particularly dense and stable packing of molecules within 

the membrane. The finely tuned composition of  phospholipids and glycosphingolipids in 

each of the two myelin plasma membrane leaflets induces an inherent membrane 

curvature which is ideal for the ensheathment of axons (Aggarwal et al., 2011). The 

remaining 20% dry weight of myelin membranes represents proteins (Aggarwal et al., 

2011). While this protein to lipid ratio is lower than that of regular cell membranes, the 

proteins in myelin are no less critical for myelin sheath and CNS function, as they fulfil very 

specialized functions for the organization and wrapping of myelin.  
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1.3.3.2 PLP mediates adhesion between layers of the myelin sheath  

The most abundant myelin protein is Proteolipid Protein (PLP), which constitutes up to 

17% (w/v) of the total protein within the myelin sheath (Jahn et al., 2009). PLP is of high 

importance for the structure of the myelin sheath. It is integrated into the myelin 

membrane via 4 transmembrane domains (Popot et al., 1991). Its extracellular loops are 

thought to bind to another PLP molecule on the adjacent layer of the spiralling myelin 

sheath. It is thereby involved in the wrapping of the myelin sheath around itself, holding 

the extracellular leaflets together. This is consistent with the observation that mice lacking 

PLP are still principally able to myelinate, but have vastly decreased myelin stability 

(Klugmann et al., 1997). Equally, overexpression of PLP is linked with Pelizaeus-

Merzbacher disease, in which an accumulation of PLP interrupts the tightly regulated 

protein lipid ratio and interferes with lipid raft formation (Saher et al., 2012; Simons et al., 

2002). These findings highlight the critical importance for tight control of the production of 

myelin proteins such as PLP. 

1.3.3.3 MBP is involved in myelin sheath compaction  

Another example of a protein with a critical role for myelin ultrastructure is the 

cytoplasmic Myelin Basic Protein (MBP). Knockout of the Mbp gene in mice results in a 

lethal phenotype in which myelin is formed but fails to be compacted properly, implying a 

role for MBP in  myelin compaction (Popko et al., 1987). Indeed, MBP has basic (positively 

charged) properties, which allow the cytoplasmic MBP to closely align to the negatively 

charged heads of phospholipids in the myelin membrane. It can therefore bring the two 

membranes of the same myelin leaflet closely together to form a dense sheath. However, 

the high affinity of MBP for membranes would be rather detrimental outside the context of 

a myelin sheath. This might be one of the reasons the translation of MBP, to a large degree, 

occurs locally in the myelin sheath (Colman et al., 1982). To this end, MBP mRNA is 

associated with RNA transport granules which are transported along microtubules to the 

region of axo-glial contact (Ainger et al., 1993; Carson et al., 1997). Here, the mRNA is 

translated into MBP protein in an axonal activity dependent manner (Wake et al., 2011). 

There are many open questions regarding the exact mechanisms of localized translation of 

MBP mRNA, for example how its translation is suppressed during its transport along the 

microtubules. MBP therefore serves as another example of how the transcription and 

translation of specific factors has to be tightly regulated (and potentially interconnected), 

for the proper formation of the highly organized cellular structure of the myelin sheath. 
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1.3.3.4 Formation of the Myelin sheath is highly context specific 

The examples above illustrate that the overexpression of myelin proteins or incorrect 

subcellular localization can be highly detrimental. Their expression therefore must be 

tightly regulated within myelinating oligodendrocytes. In addition, it is also important that 

strong expression of myelin protein only occurs once the oligodendrocytes are correctly 

positioned. Hence, the differentiation of the oligodendrocyte lineage has to be tightly 

controlled. The following Chapter will review the important steps in oligodendrocyte 

differentiation, from specification of the lineage to terminal differentiation into a 

myelinating oligodendrocyte.  

1.4 Stages of oligodendrocyte differentiation and their cellular 

markers 

The process of myelination occurs relatively late in the development of the CNS. In humans 

it mostly occurs during the first two decades of life. Similarly, in mice it occurs mainly 

postnatally and carries on until approximately weeks 8 to 10 after birth. Recently, it has 

further become evident that there is ongoing generation of oligodendrocytes even after 

developmental myelination is complete (Rivers et al., 2008; Yeung et al., 2014).  

Progression through the oligodendrocyte lineage is a complex process involving many 

distinct cellular stages, ranging from the specification of the oligodendrocyte lineage, to the 

terminal differentiation of a myelinating oligodendrocyte. Each of these important steps in 

cellular development is marked by the expression of particular cellular markers. The 

following section will review the steps of differentiation through the oligodendrocyte 

lineage and the cellular markers used to discriminate between them. 

1.4.1 Specification of the oligodendrocyte lineage through differentiation of 

neuroepithelial precursor cells into oligodendrocyte precursor cells  

All oligodendroglial lineage cells in the developing CNS are derived from neuroepithelial 

cells, often with intermediate steps such as neural precursor cells and radial glia (Rowitch 

and Kriegstein, 2010). The specification of the oligodendroglial lineage from these 

neuroepithelial cells occurs during embryonic development. In the mouse spinal cord, 

about 85% of oligodendroglial lineage cells originate from multipotential neuroepithelial 

precursors in the ventral neuroepithelium. These cells colonize the spinal cord during a 

first wave at embryonic age (E) 12.5 (Pringle et al., 1996). The remaining 15% of 

oligodendroglial lineage cells mainly develop during a second wave at E15.5, which 

originates from the trans-differentiation of radial glia in the more dorsal progenitor 
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domains (Fogarty et al., 2005). There is also a third wave of oligodendroglial cells of largely 

unknown origin which takes place during the postnatal age (Rowitch and Kriegstein, 2010). 

In the mouse brain, a first wave of oligodendroglial cells originates from the medial 

ganglionic eminence of the ventral telencephalon at E12.5 and goes on to populate most of 

the developing telencephalon by age E18. However, unlike in the spinal cord, this initial 

population is almost entirely lost at later time points, as a second wave of precursor cells 

generated from E15.5 in the caudal ganglionic eminences and a third wave generated 

postnatally in the cortex replaces them (Kessaris et al., 2006).  

In these early precursor stages, expression of the intermediate filament protein Nestin and 

the transcription factors NK2 homeobox 1 (Nkx2.1) and Oligodendrocyte transcription 

factor 2 (Olig2) are used as cellular markers. Due to the transcription factor function of the 

latter two, the molecular role they play during differentiation will be described in more 

detail below. In the adult animal, OPCs can also be generated from Nestin positive neural 

precursor cells, particularly in rostral regions adjacent to the SVZ. These cells have the 

potential to contribute to remyelination in the adult animal, as has been shown using an 

animal toxin model of demyelination (Xing et al., 2014).  

1.4.1.1 Oligodendrocyte precursor cells 

Following specification of oligodendrocyte precursor cells (OPCs) from neuroepithelial or 

neural precursor cells, the OPCs can migrate throughout the CNS. In addition to their 

migratory capabilities, OPCs possess proliferative capabilities, maintaining a population 

pool even in the adult brain (Kang et al., 2010). The migration and proliferation of OPCs is 

controlled by extracellular cues such as cytokines. The cytokine that serves as the major 

signal for OPCs to proliferate and migrate is platelet derived growth factor (PDGF)(Calver 

et al., 1998). Consistently, OPCs express high levels of its receptor, platelet derived growth 

factor receptor α (PDGFRα), which is therefore used as a marker of the OPC stage (Hall et 

al., 1996).  Other antigens expressed by the early OPC stages are a ganglioside epitope 

named A2B5. Later stage OPCs further express Chondroitin sulfate proteoglycan 4 (neuron-

glial antigen 2 / NG2) and the cellular marker O4. The expression of the latter two markers 

continues to the premyelinating, immature cell stage (Sommer and Schachner, 1981).   

1.4.1.2 Premyelinating, immature oligodendrocyte 

Given the appropriate extracellular signals, most OPCs eventually terminally differentiate 

into pre-myelinating, immature oligodendrocytes (reviewed in (Emery, 2010a)). Immature 

oligodendrocytes extend numerous motile processes to contact adjacent axons, presumably 
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sampling the axons’ receptiveness to myelination. Prior to establishing a defined myelin 

sheath, immature oligodendrocytes start the expression of low levels of myelin proteins 

such as PLP and MBP, which are therefore indicative of this cell stage. The expression of the 

cell markers CNPase and O1 antigen also start at this cell stage and continues throughout 

later stages. Immature oligodendrocytes in this stage have a critical time-window in which 

they have to make contact with axons to be able to initiate myelination (Czopka et al., 

2013). During development, about half of the generated immature oligodendrocytes 

undergo programmed cell death, presumably due to being unsuccessful in competition for 

limited axonal support (Barres et al., 1992; Trapp et al., 1997). 

1.4.1.3 Myelinating Oligodendrocyte 

Surviving immature oligodendrocytes terminally differentiate into mature, myelinating 

oligodendrocytes. At this stage, they express the cytosolic antigen recognized by the CC1 

monoclonal antibody, commonly attributed to the Adenomatous polyposis coli (APC) 

protein. However, APC is also known to be expressed by neuronal cell-types (Brakeman et 

al., 1999), and oligodendrocytes in APC knock-out mice are still positive for CC1 (Lang et al., 

2013), suggesting that the CC1 monoclonal antibody might also target another epitope on 

oligodendrocytes. Despite the uncertainty about the actual antigen, CC1 reliably labels at 

least a large percentage of mature, myelinating oligodendrocytes. Yet it may be desirable to 

find additional cellular markers labelling the cell body of late oligodendrocytes.   

The number of established markers to label the myelin sheath is comparatively large, as 

oligodendrocytes express high levels of proteins which are highly specific to them and get 

incorporated into the myelin sheath. Examples include MBP, Myelin oligodendrocyte 

glycoprotein (MOG) and Myelin-associated glycoprotein (MAG). Other markers label 

specific ultrastructural features or phases of myelination, which serves to show that 

myelination itself is a complex process consisting of initiation, myelin production, myelin 

compaction and paranode assembly.  

  



Chapter One: Introduction 

 

32 

1.5 Transcriptional control of oligodendrocyte differentiation 

Oligodendrocytes are highly specialized cells and undergo multiple differentiation steps to 

arrive at their terminal myelinating stage. Their differentiation is a tightly controlled 

process, particularly on the transcriptional level. Accordingly, a large number of 

transcription factors have been identified that are required for, or play a role in, the 

specification and differentiation of oligodendrocytes (reviewed in (Emery, 2010b) and 

(Mitew et al., 2014)).  

1.5.1 General principles in the regulation of transcription factor activity 

Transcriptional regulation encompasses processes that alter the copy numbers of mRNA of 

a given gene. Each particular transcription factor can possess individual mechanisms 

through which it can be regulated. Certain fundamental principles however occur amongst 

many different types and families of transcription factors. These fundamental themes shall 

therefore be discussed briefly, before going into the implications they have for 

oligodendrocyte differentiation. 

The activity of many transcription factors is modulated by posttranslational modifications, 

such as phosphorylation or ubiquitinylation. These posttranslational modifications induce 

changes in charge or protein conformation, and consequently different stereotactic 

features of the transcription factor or the ability to bind new ligands.  

Another posttranslational modification is cleavage of the protein. In the case of 

transcription factors possessing a transmembrane domain, this cleavage can be a critical 

step for activation. One well-defined mechanism of cleavage is regulated intramembrane 

proteolysis (RIP) (reviewed in (Hoppe et al., 2001). In RIP, the cleavage is performed by 

proteases, which are often themselves membrane bound and whose activity is often 

coupled to signalling pathways or the presence of a ligand. An example is the family of 

Sterol regulatory element-binding proteins (SREBPs), which activate the transcription of 

many genes important in sterol production. Full length SREBPS are tethered to the 

endoplasmatic reticulum membrane, but can be transported to the Golgi apparatus, where 

they get cleaved by site-1 protease and site-2 protease. The transport to the Golgi 

apparatus is mediated by the SREBP cleavage activating protein (Scap), but in the presence 

of sterols Scap activity is inhibited. Through this mechanism the presence of sterol exerts a 

negative feedback on the production of more cholesterol by preventing SREBP cleavage 

(Brown and Goldstein, 1997).  
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Another mechanism through which transcription factors are activated or inhibited is the 

binding to other ligands and proteins. A variation on this theme of particular importance in 

oligodendrocyte biology is the dimerization of two members of the same protein family. 

For example the basic Helix-Loop-Helix (bHLH) protein Olig2 can dimerize with itself to 

promote transcription, however it can also form dimers with another member of the bHLH 

family, DNA-binding protein inhibitor ID2 (ID2), which has an inhibitory effect on Olig2 

activity (Wang et al., 2001). 

Often, the pro-differentiative effect of one transcription factor and inhibiting effect of a 

different transcription factor are due to their competition for the same binding regions or 

even motifs on the DNA. For example, the activating transcription factor Sp1 competes with 

the repressive transcription factor Nkx2.2 for the same binding sides in the promoter of the 

Mbp gene. Strong Mbp gene expression only occurs once Sp1 outcompetes Nkx2.2 for 

binding at this site (Wei et al., 2005). 

As will be seen below, these fundamental principles apply to many different transcription 

factors at multiple developmental steps. The following section will provide an overview of 

transcription factors regulating the transition between important developmental steps in 

oligodendrocyte differentiation. The stages at which these transcription factors and others 

are expressed are shown in Figure 1.2. 

 

 

Figure 1.2: Transcription factors in oligodendrocyte development.  

The bars represent transcription factors described in Chapter 1 and their relative level of 
expression at the distinct developmental stages. Arrows indicate transition between 
different oligodendrocyte cell stages, with a list of transcription factors that have shown to 
be critical for the respective transition (updated from(Emery, 2010b)). 
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1.5.2 Transcriptional Control of Lineage Specification 

As described in Chapter 1.4, the first step in the generation of oligodendrocytes is 

oligodendrocyte lineage specification, in which OPCs are generated from pluripotent 

neuroepithelial precursor cells (Richardson et al., 2006; Rowitch and Kriegstein, 2010). 

Interestingly, the importance of certain transcription factors can vary widely depending on 

the niche in which this specification occurs. 

1.5.2.1 Nkx and Gli transcription factors mediate patterning 

In the ventral neural tube and subventricular zone (SVZ), the extracellular signalling 

molecule sonic hedgehog (SHH) induces expression of the transcription factors Nkx6.1 and 

Nkx6.2 (Liu et al., 2003; Richardson et al., 2006). As described in Chapter 1.4, these two 

transcription factors are critical for OPC specification in this region, as knockout mice for 

Nkx6 genes fail to generate Olig2+ cells in the ventral neural tube (Liu et al., 2003). 

However, in these mice OPCs still emerge from the dorsal neural tube (Cai et al., 2005), 

demonstrating that Nkx6 factors, despite their important role in dorso-ventral patterning, 

are not absolutely required for the specification of the oligodendrocyte lineage. Their 

function might be the induction of Olig2 expression, after which they are downregulated 

(Liu et al., 2003). Therefore, these factors might regulate the formation of the initial 

ventrally-derived wave of OPCs, while not being necessarily directly required for OPC 

specification (Liu et al., 2003).  

Another family of transcription factors that mediate the patterning effects of SHH during 

oligodendrocyte cell specification are the GLI zinc finger proteins. This family consists of 

the activators Gli1/2 (Qi et al., 2003), as well as the repressor Gli3 (Tan et al., 2006), 

demonstrating the general concept that members of the same protein family can regulate 

differentiation processes by competing with each other. SHH signalling originating from the 

floor plate in the spinal cord promotes Gli1/2 expression and represses Gli3, which leads to 

an induction of Olig2 (and Nkx2.2) and thereby specification of the oligodendrocyte lineage 

(Yu et al., 2013a). 

1.5.2.2 Ascl1 is a regulator of cell fate 

In contrast to these patterning factors, Achaete-scute homolog 1 (Ascl1, also called Mash1) 

has a more fundamental role in oligodendrocyte specification. Ascl1 is a bHLH protein 

expressed by many OPCs, and Ascl1 null mice display decreased OPC generation in both the 

brain and spinal cord at early stages (Parras et al., 2007; Sugimori et al., 2008)). However, 

ultimately relatively normal numbers of OPCs are achieved in these mice (Parras et al., 
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2007). Ascl1 seems to have a general role in promoting specification of neural stem cells 

toward the oligodendrocyte lineage throughout development, as it restricts the expression 

of pro-neural transcription factors DLX1 and 2 (Petryniak et al., 2007) and its ablation at 

later stages results in strong diversion of progenitors to the astrocyte lineage at the 

expense of oligodendrocytes (Nakatani et al., 2013). Its role in favour of differentiation into 

oligodendrocytes is dependent on other factors, such as extracellular signalling, as in the 

developing spinal cord many progenitor cells differentiate into interneurons instead of 

oligodendrocytes despite expressing Ascl1 (Battiste et al., 2007). 

1.5.2.3 Olig2 determines NPC cell fate  

Perhaps the best-defined transcription factor in oligodendrocyte specification is the bHLH 

transcription factor Olig2, expression of which is induced by ventrally secreted SHH (Lu et 

al., 2000), potentially through mediation by the aforementioned Nkx transcription factors. 

The importance of Olig2 in the specification of the oligodendrocyte lineage is well-

established, as the generation of OPCs is almost entirely blocked in Olig2 knock-out mice 

(Ligon et al., 2006; Lu et al., 2002; Zhou and Anderson, 2002). Conversely, overexpression 

of Olig2 in nestin-positive cells of the adult SVZ leads to increased generation of OPCs 

(Maire et al., 2010). However, Olig2 is not absolutely critical for the production of all OPCs; 

in Olig2-null the hindbrain still contains a population of OPCs, possibly generated through 

compensation by the closely related bHLH transcription factor Olig1 (Lu et al., 2002). 

Further, the expression of Olig2 is not only of importance in the specification of the 

oligodendrocyte lineage, but also for the generation of astrocytes and motor neurons (Lu et 

al., 2002; Zhou and Anderson, 2002).  

Recent findings have given more mechanistic insight into how Olig2 determines NPC cell 

fate: In the so called pMN domain of the ventral ventricular zone, the generation of motor 

neurons is favoured by homodimerization of Olig2, which is dependent on phosphorylation 

at the Serine147 (S147) residue (Li et al., 2011). In contrast, S147 dephosphorylation is 

associated with generation of OPCs. Candidates for mediating the phosphorylation or 

dephosphorylation on residue S147 are protein kinase A (PKA), which was identified in an 

in silico prediction (Li et al., 2011), as well as protein kinase C (PKC) due to its close 

homology. Signalling via these pathways might therefore push the cell towards an OPC or a 

motor neuron fate. Further research might elucidate which interaction partner acts with 

unphosphorylated Olig2 to promote an OPC fate, and whether dephosphorylation of Olig2 

is mediated by phosphatases induced by Notch-1/HES5 signalling as the authors suggest 

(Li et al., 2011).  
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An additional level of regulation is mediated by phosphorylation of the N-terminus of Olig2. 

In NPCs and OPCs the major role of Olig2 is pro-mitotic and anti-differentiation (Lee et al., 

2005; Lu et al., 2002); this function is dependent on the phosphorylation of a triple serine 

motif on its N-terminus (Sun et al., 2011). Although the pathways that mediate these 

phosphorylation events have not yet been established, predicted candidates include the 

cyclin-dependent kinase 5 (CDK5), Mitogen-activated protein kinases (MAPK), glycogen 

synthase kinase 3 (GSK3) and casein kinases 1/2 (CK1/2) kinases (Sun et al., 2011). These 

findings suggest Olig2 may serve as a hub in progenitor cells where multiple signalling 

pathways converge to control both cell proliferation and fate, as summarized in Figure 1.3.  

While the expression of Olig2 is high in progenitor cells of the SVZ and OPCs, its level 

decreases in mature oligodendrocytes (Kitada and Rowitch, 2006). This suggests that Olig2 

has a critical role during oligodendrocyte lineage specification, but may be less important 

in the very late stages of differentiation and myelination. 
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Figure 1.3: Modes of OLIG2 activity across different cell fates and stages of 
differentiation.  

Top: When phosphorylated at Serine147 (S147), OLIG2 preferentially forms homodimers, 
sequestering it from other potential binding partners such as NEUROG2 (NGN2). NGN2 can 
then homodimerize and drive the expression of genes critical for differentiation into motor 
neurons. Middle: When dephosphorylated at S147, OLIG2 can directly bind NGN2 and 
sequester it from its pro-neural functions. Through this and potentially other mechanisms, 
the cell is directed toward an oligodendrocyte precursor cell (OPC) fate (Li et al., 2011). At 
this stage OLIG2 also has a pro-mitotic function that requires phosphorylation of three 
serine residues near its N-terminus (Sun et al., 2011). All of these processes may allow for 
the integration of signalling pathways via kinases and phosphatases.  Bottom: OLIG2 also 
serves an important pro-differentiation function in chromatin remodelling by directing the 
histone acetylating molecule BRG1 to genes critical for differentiation, thereby enabling 
their expression (Yu et al., 2013b).  
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1.5.3 Factors maintaining OPC identity and proliferation 

After the initial specification, OPCs increase their numbers through proliferation and 

migrate throughout the CNS to reach their final site of myelination. The differentiation of 

OPCs into post-mitotic oligodendrocytes therefore is a major check-point in the 

myelination process and under tight regulation by a number of distinct factors. 

1.5.3.1 Notch signalling might provide inhibitory cues from axons 

The role of the Notch signalling pathway as a regulator of cell differentiation in a number of 

different cell-types has been well established. Notch-1 is known to be expressed by 

oligodendrocytes (Genoud et al., 2002; Kondo and Raff, 2000; Wang et al., 1998), and its 

ligands from the Jagged and Delta-like families could establish stem cell niches or serve as 

axonally expressed cues. Upon binding of these ligands, the Notch-1 receptor is cleaved by 

the proteinases TACE and γ-secretase and generates the notch intracellular domain (NICD). 

The NICD then enters the nucleus, where it can act as a transcription factor (reviewed in 

(Fortini, 2009). In oligodendrocyte precursor cells, NICD acts by increasing expression of 

the Hes1 and Hes5 transcription factors that, as discussed below, inhibit OPC 

differentiation (Kondo and Raff, 2000; Wang et al., 1998). Consistently, conditional ablation 

of Notch1 in oligodendrocytes led to precocious differentiation of oligodendrocytes in the 

forebrain (Genoud et al., 2002). 

1.5.3.2 Inhibitory factors maintain the OPCs in their migratory and proliferative state 

Coinciding with the specification into an OPC, the expression of the inhibitory bHLH 

proteins Hes5, ID2 and ID4 is induced. Two members of the inhibitor of differentiation (Id) 

family of proteins, ID2 and ID4 are thought to mediate the anti-differentiation effects of 

bone morphogenetic protein (BMP). Inhibitory bHLH proteins act by binding and 

sequestering pro-differentiation bHLH activators like Olig1 and, to a lesser degree, Olig2 

(Samanta and Kessler, 2004). Consistent with an inhibitory effect on oligodendrocyte 

differentiation, the Id proteins are downregulated during differentiation (Wang et al., 

2001). 

Similar interactions also modulate the activity of another class of transcription factors, the 

Sry-related HMG box (Sox) proteins which are characterized by their DNA binding domain, 

the high motility group (HMG) box. Two members of the Sox family, Sox5 and Sox6, are 

both highly expressed at the OPC stage and exert their function by inhibiting another 

member of the Sox family, the pro-differentiation transcription factor Sox10. Sox5 and Sox6 

mediate this inhibition by competing for binding partners of Sox10 and occupying the 
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Sox10 response elements in promoter regions without activating them (Stolt et al., 2006). 

The result is maintenance of a proliferative state and inhibition of differentiation in OPCs 

which strongly express Sox5/6. ID2/4 and Sox5/6 are therefore classical examples of 

inhibitory differentiation factors that exert their function by binding transcriptional 

activators of the same protein family. 

Hes5 on the other hand, is somewhat unique, in that it is a bHLH protein thought to act at 

least in part by inhibiting Sox10, a member of the unrelated family of HMG domain 

transcription factors (Liu et al., 2006). Sox10 and its interactions with Hes5 and Olig2 

might therefore provide an interface for the (otherwise intra-familial) bHLH and Sox class 

transcription factors to interact. As described in Chapter 1.5.3.1, Hes5 is a downstream 

target of Notch signalling, mediating its inhibitory effect on OPC differentiation (Kondo and 

Raff, 2000; Wang et al., 1998).  As Li et al. (2011) suggests, a further mechanisms through 

which it  might inhibit differentiation is by inducing the expression of specific phosphatases 

or repression of phosphatase inhibitor expression, which in turn affects the 

phosphorylation status of Olig2. 

1.5.4 Regulation of OPC differentiation into oligodendrocytes 

Several regulators that are expressed at an early stage in OPC specification are also 

expressed in the maturing oligodendrocyte, suggesting ongoing or additional roles at 

distinct stages in the lineage. Recent genetic strategies have given surprising insights into 

the roles that these early expressed factors and newly found transcription factors play in 

the terminal differentiation of oligodendrocytes. 

1.5.4.1 Ascl1 sets a temporal window for migration and proliferation exit 

In addition to its role in OPC specification, Ascl1 has a subsequent role in promoting 

differentiation, as Ascl1 knockout mice show a deficiency in the generation of post-mitotic 

oligodendrocytes (Parras et al., 2007). However, it has been shown that one of the main 

transcriptional targets of Ascl1 in OPCs is Hes5, an inhibitory regulator. Hes5 then limits 

Ascl1 expression in a negative feedback loop (Ueno et al., 2012). Through this mechanism, 

Ascl1 sets a temporal window maintaining OPCs in their progenitor stage through Hes5 

activation, while at the same time working towards further differentiation of the 

oligodendrocyte by activating pro-differentiation transcription factors as described below. 

This activation of pro-differentiation transcription factors by Ascl1 is critical for the 

generation of myelinating oligodendrocytes, as evidenced by Ascl1 knockout mice showing 

a deficiency in the differentiation to mature oligodendrocytes at birth (Sugimori et al., 
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2008). This could be due to a reduction in Nkx2.2 expression levels in the absence of Ascl1, 

which has been shown in vitro (Sugimori et al., 2008). This is notable, given Nkx2.2 

knockout mice also display a block in oligodendrocyte differentiation (Qi et al., 2001). A 

combination of Ascl1, Nkx2.2 and Olig2 is required to promote differentiation of OPCs into 

pre-myelinating oligodendrocytes (Sugimori et al., 2008). Future research might elucidate 

the apparently opposing roles of Ascl1 in promoting proliferation (Ueno et al., 2012) as 

well as differentiation (Sugimori et al., 2008), and whether molecular properties or 

interactions with other proteins represent mechanisms to switch between these modes. 

1.5.4.2 Changes in the mode of Wnt signalling at the onset of differentiation 

One well established example of how the transcriptional targets of signalling can change 

depending on cellular context is the Wnt pathway. In canonical Wnt signaling, activation of 

the receptor Frizzled by Wnt leads to a nuclear localization of β-catenin, which strongly 

inhibits differentiation of OPCs. This is evident from a block or delay of OPC differentiation 

under Wnt3A treatment (Shimizu et al., 2005), as well as β-catenin overexpression or 

release of the inhibitory effects of adenomatous polyposis coli (APC) on β-catenin (Fancy et 

al., 2009). β-catenin mediates this anti-differentiation effect in part by recruiting the 

transcription factor immunoglobulin transcription factor 2 (Tcf7l2, also called Tcf4) to β-

catenin target genes (Fu et al., 2012). Although the direct targets of Tcf7l2/β-catenin in 

oligodendrocytes are unclear, in other cell types they include ID2 and ID4 (Memezawa et 

al., 2007). ID2 and ID4 could therefore also be downstream effectors of Wnt signalling that 

mediate a differentiation block in OPCs. 

To overcome this differentiation block, the occupancy of Tcf7l2 by β-catenin has to be 

reversed. How exactly this occurs is the subject of ongoing research. Possibilities that are 

discussed include decreasing Wnt3a concentrations, down-regulation of the Wnt/β-catenin 

pathway members by SOX17 (Chew et al., 2011), or sequestration of nuclear β-catenin by 

N-cadherin, the latter shown to occur in the initiation of myelination by Schwann cells 

(Lewallen et al., 2011). A decrease in β-catenin levels then allows for binding of Tcf7l2 by 

the chromatin-remodeling proteins Histone Deacetylase Complexes 1 and 2 (HDAC1/2)(Ye 

et al., 2009). A role for Tcf7l2 in chromatin remodeling during differentiation is consistent 

with its transient expression following cell cycle exit, in post-mitotic OPCs/premyelinating 

oligodendrocytes (Fu et al., 2012). Tcf7l2 therefore acts as a molecular switch, blocking or 

promoting differentiation depending on available binding partners. 

  



Chapter One: Introduction 

 

41 

1.5.4.3 Nkx2.2 and YY1 mediate oligodendrocyte differentiation 

To differentiate into premyelinating oligodendrocytes, OPCs have to overcome 

extracellular signalling cues that promote a migratory and proliferative cell stage, such as 

PDGF signalling. One way to de-emphasize these signalling pathways is a downregulation 

in expression of the receptors, which can be mediated by inhibitory transcription factors. A 

candidate transcriptional regulator of this process is the homeodomain-containing 

transcription factor Nkx2.2, which is expressed at a similar developmental stage as Tcf7l2. 

Nkx2.2 acts by suppressing the expression of PDGF receptor alpha (PDGFRα) (Zhu et al., 

2014). The downregulation of PDGFRα de-emphasizes proliferation and makes it more 

likely that the cell can differentiate. Nkx2.2 therefore provides an example of how 

differentiation can be promoted by inhibitory transcription factors. It is likely the 

inhibitory effect of Nkx2.2 requires it to be expressed only transiently. Since Nkx2.2 also 

inhibits the expression of other genes, such as MBP (Cai et al., 2010), it might have to be 

downregulated at later stages of oligodendrocyte differentiation to allow for a more rapid 

transcription of myelin genes.  

Another factor promoting OPC differentiation is Ying Yang 1 (YY1). Studies conditionally 

knocking out YY1 have shown it is critical for the formation of mature oligodendrocytes 

(He et al., 2007). A limitation of these studies is the ablation of YY1 at the relatively late 

CNP+ stage (due to the use of the CNP-Cre line), leaving open whether it also has functions 

at earlier stages in the lineage. Future research might further identify the influence YY1 has 

throughout the oligodendrocyte lineage.  

1.5.4.4 Olig2 also exerts pro-differentiating roles 

Olig2 is one of the most consistent markers of the oligodendrocyte lineage, being expressed 

at all stages and having a clear role in OPC specification in most regions of the CNS, as 

described in Chapter 1.5.2.3.  

A clear mechanism for Olig2’s role in the transcriptional regulation of differentiation has 

been identified recently by (Yu et al., 2013b), where they found Olig2 recruits the 

chromatin-remodeling enzyme Brg1 to regulatory elements of key genes during 

differentiation (Figure 1.3). The genes targeted included Sox10, Sip1/Zhfx1b and later 

factors such as MyRF. Interestingly, it was found that Olig2 targeted different genes 

depending on the stage of the lineage (Yu et al., 2013b). For example, genes targeted by the 

Olig2/Brg1 complex in immature oligodendrocytes include markers seen in comparatively 

early stages, such as CNP and Mbp (Yu et al., 2013b). These genes are part of a cluster of 

“early differentiation genes” (Dugas et al., 2006). In contrast, in mature oligodendrocytes 
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the Olig2/Brg1 complex targets “late differentiation genes”, such as Eml1, Ank3 and PLCL1 

(Yu et al., 2013b). Considering the recent findings that Olig2 fulfils different functions 

depending on its phosphorylation (section 1.5.2.3), it will be of high interest to examine 

whether the affinity to different target genes is also phosphorylation dependent, and 

whether the regions targeted by Olig2–Brg1 can be regulated through different cofactors 

depending on the stage of differentiation of the cell.  

Whether Olig2 is required at later stages in the lineage or whether it is dispensable once 

chromatin-remodelling is completed has previously been unclear, both due to the severe 

reduction of OPCs seen in Olig2 null mice and because its expression decreases with 

differentiation (Lu et al., 2002; Zhou and Anderson, 2002). This question has recently been 

addressed using inducible conditional knockout strategies. As mentioned, the postnatal 

conditional ablation of Olig2 in OPCs causes a substantial decrease in oligodendrocyte 

differentiation (Ligon et al., 2006). In contrast, ablation in mature oligodendrocytes has no 

detrimental effect on myelination. Therefore, the role of Olig2 is to promote differentiation 

rather than regulating myelination itself, making Olig2 largely dispensable once 

differentiation into a myelinating oligodendrocyte is established (Mei et al., 2013). 

1.5.5 Transcription factors directly affecting Myelination 

1.5.5.1 Sox10 exerts multiple roles during oligodendrocyte development, with the help of 

different interacting partners  

A transcription factor that is of importance throughout the oligodendrocyte lineage is 

Sox10, which is directly induced by Olig2 through binding to a distal enhancer of the Sox10 

gene. Nkx6.1 and Nkx6.2 repress the activity of this enhancer, preventing Olig2 dependent 

induction of Sox10 in early SVZ progenitor cells (Kuspert et al., 2011). The expression of 

Sox10 is therefore induced in the late SVZ progenitor / early OPC stages. Despite this early 

expression, Sox10 is not required for the specification of the lineage, as Sox10 knockout 

mice display a normal number of OPCs (Stolt et al., 2002). It is however needed for the 

generation of mature oligodendrocytes, as OPCs otherwise stall around the time of 

differentiation (Hornig et al., 2013; Stolt et al., 2002; Takada et al., 2010). At least in 

zebrafish, is also critical for oligodendrocyte survival after axon wrapping (Takada et al., 

2010).  

Binding sites for Sox10 in the promoter of the gene coding MBP suggest that Sox10 can act 

as a direct regulator of myelin gene expression (Li et al., 2007). Consistently, Sox10 was 

shown to directly bind the mediator subunit 12 (Med12), which links transcription factors 

to the general transcription machinery via the mediator complex (Vogl et al., 2013). Like 



Chapter One: Introduction 

 

43 

Sox10 null mice, oligodendrocytes in which Med12 is conditionally ablated stall at the 

premyelinating stage, prior to expression of the intermediate cell stage marker G protein-

coupled receptor 17 (Gpr17) (Vogl et al., 2013).  A role for Sox10 as a direct activator of 

myelin gene expression has been well established for Schwann cells of the peripheral 

nervous system (PNS) (LeBlanc et al., 2006; Srinivasan et al., 2012). In the PNS, there is also 

a critical requirement for Sox10 to maintain differentiated Schwann cells and myelin, as 

evidenced in an inducible conditional knockout strategy using Sox10FL/FL PLP-CreERT2 

mice. Surprisingly, even though this strategy also ablates Sox10 in oligodendrocytes, the 

mice do not show signs of extensive demyelination in the CNS (Bremer et al., 2011). This 

might indicate that the modes of activity and interaction partners of Sox10 might differ 

between CNS and PNS. For example, in the PNS full Sox10 activity depends on the zinc 

finger transcription factor Krox20, a protein that is not expressed in the CNS (reviewed in 

(Svaren and Meijer, 2008) and see below). It is very likely that Sox10 also depends on 

interacting partners in the CNS which remain to be identified.  

1.5.5.2 Olig 1 is not involved in early differentiation, but in myelin gene expression 

Another member of the Olig bHLH family is Olig1, which is expressed from the late SVZ 

progenitor stage onwards and critical for successful myelination. Olig1 knockout mice fail 

to produce myelinating oligodendrocytes and die in the third postnatal week. However, 

oligodendrocytes with complex branching morphologies and positive for the cell markers 

CNP and 04 are generated (Xin et al., 2005). This indicates an arrest at the pre-myelinating 

stage and suggests that Olig1 is not critical for differentiation into a postmitotic 

oligodendrocyte, but rather has a role in maturation and myelination. This contrasts the 

role of Olig2, which, as discussed in section 1.5.4.4, is crucial in the transcriptional control 

of differentiation but not for myelination. Surprisingly, however, different Olig1 knockout 

lines have displayed differeing severities in their phenotypes, adding to the elusiveness of 

the necessity and function of Olig1 (Lu et al., 2002; Paes de Faria et al., 2014; Xin et al., 

2005). A difference in demyelination deficits seen between spinal cord and brain of Olig1 

knockout mice might result from a compensatory role that Olig2 plays exclusively in the 

spinal cord (Dai et al., 2015). Although the direct targets of Olig1 are relatively 

undetermined, it has, in conjunction with SOX10, been shown to drive transcription from 

the myelin basic protein (MBP) promoter (Li et al., 2007; Xin et al., 2005).  

As noted earlier, Olig1 activity can be downregulated by binding of the inhibitory bHLH 

proteins ID2/4, which is thought to exclude Olig1 from the nucleus (Samanta and Kessler, 

2004). ID2/4 are thought to be downstream effectors of BMP signalling and Gpr17 activity 
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(Chen et al., 2009; Samanta and Kessler, 2004), suggesting the inhibition of Olig1 might at 

least in part mediate the inhibitory effect of BMP and Gpr17 signalling. 

Somewhat paradoxically, coinciding with the transition of an immature oligodendrocyte 

into a premyelinating MBP+ oligodendrocyte, the subcellular localization of Olig1 changes 

from nuclear to mainly cytoplasmic (Cai et al., 2010). As shown in Figure 1.4 C, this change 

in Olig1 localization is dependent on phosphorylation of the serine residue S138, a 

posttranslational modification that also promotes full membrane extension (Niu et al., 

2012). The mechanism by which Olig1 would act to promote membrane extension when 

excluded from the nucleus has not been addressed, though it may involve recruiting 

additional factors from/to the cytoplasm. Future research on interaction partners, and the 

complexes they are organized in, might therefore elucidate how Olig1 works toward 

membrane extension and whether this function is linked to its transcriptional activity. 

1.5.5.3 Zfp488 stimulates myelin gene expression despite itself being a repressor 

A potential downstream target of Olig1 is zinc finger protein 488 (ZFP488) (Wang et al., 

2006). ZFP488 might be involved in myelin gene regulation as its increased expression 

coincides with increased expression of Mbp and Plp1 in vivo. Also, ZFP488 knockdown 

results in a decrease of MBP and 2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNP) levels 

in vitro (Wang et al., 2006). As ZFP488 is thought to be a transcriptional repressor, the 

exact mechanism by which it upregulates myelin gene expression is not yet clear, however 

it may hinge on its physical interactions with Olig2 (Wang et al., 2006). Similarly, the zinc 

finger protein ZFP191 has also been demonstrated to be required for normal myelin gene 

expression and myelination (Howng et al., 2010). For both ZFP191 and ZFP488, the direct 

gene targets during differentiation and myelination are largely yet to be established. 
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Figure 1.4: Modes of Olig1 activity across the oligodendroglial lineage 

(A) In the OPC, active GPR17 signaling results in an increase in ID2/4 protein levels and nuclear translocation, where it binds to OLIG1 and 
sequesters it from the nucleus. GPR17 and ID2/4 thereby work toward maintenance of the OPC stage (Samanta and Kessler, 2004; Chen et al., 2009). 
(B) Upon decreased GPR17 signaling OLIG1 can translocate to the nucleus, where it increases the expression of MBP, potentially in concert with 
other factors (Li et al., 2007; Xin et al., 2005; Chen et al., 2009). (C) Phosphorylation of OLIG1 on residue S138 mediates its translocation to the 
cytoplasm, which is seen in the mature, myelinating cell stage and shown to be critical for myelin membrane extension (Niu et al., 2012; Cai et al., 
2010). The kinase mediating this transition is not yet known. PKA, PKC and PKG have been found in silico to be likely candidates by (Niu et al., 2012), 
however several other signalling pathways, for example ERK signalling, are also known to be important at these cellular stages. 
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1.5.6 Regulators of late oligodendrocyte function 

1.5.6.1 Nkx transcription factors might fine-tune myelin ultrastructure 

As noted above, the transcriptional repressor Nkx2.2 is known to be downregulated 

coinciding with the increased expression and cytoplasmic translocation of Olig1 (Cai et al., 

2010). Since Nkx2.2 can inhibit transcription from the MBP promoter (Wei et al., 2005), 

this might serve to allow for the high expression of myelin genes during the onset of 

myelination. During this transient downregulation of Nkx2.2, mature oligodendrocytes 

start to express Nkx6.2 again. (Awatramani et al., 2000; Cai et al., 2010). The exact role of 

Nkx6.2 is not yet clear, as the direct targets of Nkx2.2 and Nkx6.2 are the subject of 

discussion (Awatramani et al., 2000; Farhadi et al., 2003; Southwood et al., 2004). Nkx6.2 

knockouts have no overt effect on myelination levels, but rather altered paranodes, due to 

aberrant expression of paranodal proteins such as contactin, neurofascin and stathmin1 

(Southwood et al., 2004). As Nkx2.2 and Nkx6.2 are coexpressed in late stage 

oligodendrocytes, they might function in a coordinated manner to fine-tune myelin 

ultrastructure and prevent excessive myelin gene expression (Cai et al., 2010).  

These transcription factors might be examples indicating that, even after terminal 

differentiation into a mature oligodendrocyte, different stages of myelination require 

specific cellular programs that are under specific transcriptional regulation. Similarly, 

maintenance of established myelin sheaths and myelin protein homeostasis might require 

ongoing transcriptional control. 

1.5.7  Missing pieces of the transcriptional network 

Strikingly, while many of the abovementioned factors are expressed in mature myelinating 

oligodendrocytes, and some of them have been shown to directly affect myelin gene 

expression, all of these factors are also expressed at earlier stages in the lineage, and are 

not specific to the myelinating stage. It is therefore tempting to propose the existence of 

additional transcriptional factors, which are specific to the myelinating stages of an 

oligodendrocyte, and have their primary function in the regulation of myelination.  

1.5.7.1 Krox20, a master regulator of PNS myelination, has no known equivalent in 

oligodendrocytes 

One reason one may propose the existence of additional late stage transcriptional 

regulators in oligodendrocytes is the presence of such a factor in Schwann cells; the 

transcription factor Krox20 (reviewed in (Svaren and Meijer, 2008)). Interestingly, unlike 
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many other promyelinating transcription factors, Krox20 is expressed in Schwann cells but 

not in oligodendrocytes. 

Krox20 is a zinc finger protein encoded by the gene Early Growth Response Protein 2 

(EGR2)(Chavrier et al., 1988; Joseph et al., 1988). The expression of Krox20 is induced at a 

late Schwann cell differentiation stage by cooperative action of Sox10 and Oct6 (Kuhlbrodt 

et al., 1998; Reiprich et al., 2010). It might then act in conjunction with Sox10 to regulate 

the expression of many myelin genes, as binding sites for Krox20 substantially overlap with 

Sox10 binding sites (Jang et al., 2010; Srinivasan et al., 2012). Consistent with this, Sox10 

and Krox20 have been shown to act synergistically on the expression of target genes 

(Marathe et al., 2013), and exert a modulatory effect on each other (Kuhlbrodt et al., 1998).  

Krox20 has been shown to be necessary for the development of compact myelin in the 

peripheral nervous system, as EGR2 null mice have reduced expression of several myelin 

genes and their Schwann cells arrest at a promyelinating stage (Topilko et al., 1994). 

Importantly, Krox20 has been shown to be not only essential during Schwann cell 

development, but also critically required for the maintenance of differentiated and 

myelinating Schwann cells. Induced ablation of Krox20 by stereotaxic application of 

tamoxifen on the sciatic nerve of Krox20 inducible conditional knockout (iCKO) mice 

resulted in rapid demyelination within 3 days (Decker et al., 2006). The time course of 

demyelination following Krox20 ablation is strikingly similar to controlled Schwann cell 

degeneration that occurs upon forced ERK activation (Napoli et al., 2012). Interestingly, 

unlike other knock out models for glial transcription factors involved in myelination, 

Krox20 iCKO animals show no sign of axonopathy (Decker et al., 2006). This might 

highlight the possibility that the PNS possesses unique modes in axo-glial detachment 

which might be mediated by dedicated transcriptional programs.  Krox20 is a good 

candidate to regulate such a program, for example by preventing detachment, as 

expression of Krox20 has been shown to require continuous neuronal signalling (Murphy 

et al., 1996). Overall, the findings demonstrate that the myelination of axons in the PNS is a 

dynamic process that requires ongoing transcriptional control.  Whether the apparent lack 

of a Krox20 equivalent in the CNS is an important difference between CNS and PNS glia 

functionality, or whether there are factors in oligodendrocytes fulfilling equivalent roles to 

Krox20 are important questions for further research. This prompted the search for 

transcription factors analogous to Krox20 in the CNS. 
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1.5.7.2 MYRF: a new player in the transcriptional control in oligodendrocytes 

The putative transcription factor Myelin Regulatory Factor (MyRF; also known as Gene 

Model 98/gm98 and MRF) has emerged as a strong candidate for regulating the myelination 

phase of oligodendrocyte development. Knockdown of MyRF by siRNA in oligodendrocyte 

cell culture blocks the expression of a large number of myelin genes, particularly those 

expressed late in myelination, while expression of Sox10, Olig1 and Olig2 are unaffected 

(Emery et al., 2009). Conversely, forced MyRF expression increases myelin gene expression 

in OPC cell cultures and in the developing chick spinal cord. In the latter, the effect is even 

more pronounced when MyRF was co-electroporated with Sox10, suggesting a possible 

synergy between the two genes.  

Consistent with the in vitro results, mice in which MyRF is conditionally knocked out (CKO) 

in the oligodendrocyte lineage show a near complete loss in expression of important 

myelin proteins such as MBP and MOG in the CNS. These MyRF CKO animals lack functional 

myelin within their CNS and develop severe neurological deficits. From eleven days 

postnatal (P11), MyRF CKO animals develop severe tremors and ataxia. They later also 

develop seizures, until they die at 3 weeks postnatal. Cell counts revealed that while the 

number of OPCs is essentially unchanged, no mature myelinating oligodendrocytes were 

formed. Immunohistochemical analysis of MyRF CKO animals for MBP showed only very 

few faintly positive cells. The density of MBP expressing cells in iCKO animals was only 4% 

of the density of mature oligodendrocytes in age matched control mice (Emery et al., 2009). 

These faintly MBP+ cells had thin processes that were aligned to axons, yet did not appear 

to be myelinating. The differentiation of these cells therefore seems to be blocked at the 

stage of transition from a premyelinating to a mature, myelinating oligodendrocyte.  

Upon failing to initiate myelination, some of these premyelinating oligodendrocytes 

undergo apoptosis, as evidenced by caspase-3 staining (Emery et al., 2009). The cell death 

seems to be a consequence of the inability of oligodendrocytes to myelinate, rather than the 

cause, as MyRF CKO OPCs fail to express mature oligodendrocyte markers such as MAG of 

MOG even when immortalized using a Bcl2 construct. The authors argue that MyRF 

knockout does not necessarily increase apoptosis directly, but rather that apoptosis is a 

secondary effect, as there is a cell intrinsic apoptosis program that cells enter upon failing 

to myelinate (Emery et al., 2009).  

Analysis of mRNA expression in spinal cord and primary oligodendrocyte cultures of MyRF 

CKO versus control mice indicated that the expression of myelin genes such as MOG and 

MOBP was abolished in the MyRF ablated animals, a result consistent with the earlier 



Chapter One: Introduction 

 

49 

siRNA knockdown studies that also resulted in a downregulation in expression of these 

genes. 

Emery and colleagues (2009) hypothesized that MyRF acts as a transcriptional factor due 

to homology to the yeast transcription factor Non-DiTyrosine 80 (Ndt80). Although 

antibodies against the endogenous protein were not available at that time, expression of a 

N-terminal myc-tagged MyRF construct in HEK cells and cultured oligodendrocytes 

indicated nuclear staining in immunohistochemistry experiments using anti-myc 

antibodies. These results point to MyRF being a transcriptional regulator, which is able to 

induce myelin gene expression and possibly cooperates with other factors to do so (Emery 

et al., 2009). However, the study did not directly access transcription factor activity, thus 

whether MyRF does indeed act as a transcription factor remained to be elucidated. 

1.6 MyRF as a putative transcription factor 

This Chapter will review the studies that led to the discovery of the MyRF gene and how it 

was identified as a regulator of myelination. The remainder of this review of literature will 

discuss findings regarding the MyRF protein and its orthologues in other species, not all of 

which support a transcription factor classification.  

1.6.1 Initial identification of the C11orf9 gene 

While trying to identify genes with causative mutations for Best disease, Stohr et al. cloned 

transcripts of a previously undescribed gene, referring to the gene as open reading frame 

(orf) 9 on chromosome 11q12 - q13.1 (C11orf9). They characterized the human C11orf9 

gene as having 26 exons across 33.1kb of genomic DNA (Stohr et al., 2000). The 

corresponding cDNA sequence (AF086762.1) was identified using 5’-Race. It had a total 

length of 5745bp and contained a coding region of 3337bp length. RT-PCR showed the 

C11orf9 transcript to be expressed in the basal ganglia, brainstem and uterus, and absent in 

lymphocytes and liver (Stohr et al., 2000).  

In silico analysis of the translation product predicted a putative protein of 1,111 amino 

acids with a calculated molecular weight of 120kDa (Gene Bank Accession AAF28400). 

Significant sequence identity to proteins from other species was found, including cDNA 

sequence translations of unknown identity for Caenorhabditis elegans (Uniprot Accession 

Q23567) and Dictyostelium discoideum (Uniprot Accession AU039571) (Stohr et al., 2000). 

These sequences can now be identified as belonging to the proteins pqn-47 (Uniprot 

Accession G5EFI7) and MrfA (Uniprot Accession Q54PT9), respectively.  
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In silico analysis also identified two proline-rich regions, for which a function in protein-

protein interactions was proposed. Computational analysis using TMpred suggested two 

transmembrane helices at amino acids F755-V779 and G812-V836 (Stohr et al., 2000). As 

analysis of the coding regions excluded C11Orf9 as the Best disease gene, Stohr et al did not 

express the protein itself or investigate possible functions for the protein encoded by 

C11orf9. 

1.6.2 Homology to the yeast transcription factor Ndt80 and proposed function as a 

transcription factor 

In a study reporting the crystal structure of the DNA-binding domain of the yeast 

transcription factor Ndt80, Montano et al noted that it contained regions of homology to 

C11orf9 (Montano et al., 2002). In particular, solving of the crystallographic structure of 

Ndt80 allowed for identification of the amino acids directly involved in DNA binding, which 

were subsequetly confirmed using electrophoretic mobility shift assays. Amino acids with 

high importance in DNA binding included R111A, R177A and R254A. As the regions 

surrounding these DNA binding residues share a high homology to human C11orf9 and its 

orthologs, Montano et al proposed that C11orf9 and its orthologues might be members of a 

family of transcription factors which also includes Ndt80. Since transcription factor activity 

would require nuclear localization of C11orf9, the authors suggested that C11orf9 is not a 

transmembrane protein as reported earlier by Stohr et al (Montano et al., 2002).  

1.6.3 Transcriptome analysis identifies the C11orf9 orthologue GM98 as being 

specifically expressed by oligodendrocytes within the CNS 

In 2008, Cahoy et al performed an unbiased, microarray-based screen to identify the 

expression patterns of ~20 thousand genes across several CNS cell types. Cell types 

examined were astrocytes, neurons, OPCs, immature oligodendrocytes and myelinating 

oligodendrocytes. Many of the transcripts that were overrepresented in one cell type when 

compared to others were known cellular markers for the respective cell type. For example, 

while astrocytes and neurons show only very low expression of Mbp, Mog and Mag, their 

expression in oligodendrocytes is at least 32-fold higher and increases towards later stages 

of differentiation (Cahoy et al., 2008). This is consistent with the known reliability of Mbp, 

Mog and Mag protein as cellular markers for late oligodendrocyte differentiation stages 

(Chapter 1.4.1.3). 

Importantly, the study also identified numerous other transcripts to be overrepresented in 

one cell type or the other, amongst them many transcripts of unknown function. Amongst 

the genes expressed exclusively in postmitotic oligodendrocytes was GM98 (now named 



Chapter One: Introduction 

 

51 

MyRF), the mouse orthologue of C11orf9 (Cahoy et al., 2008). The findings that its 

expression correlated well with other myelin genes and it also contained the described 

homology to the yeast transcription factor Ndt80 spurred interest in a potential pro-

myelination function for GM98/MyRF. 

1.6.4 MyRF is critical for oligodendrogenesis and CNS myelination 

Emery et al. examined the function of this newfound factor closer, and arrived at the 

findings presented in Chapter 1.5.7.2 (Emery et al., 2009). As mentioned, the authors 

hypothesize that MyRF acts as a transcription factor due to homology to the yeast 

transcription factor Ndt80 and the profound loss of myelin gene expression in its absence. 

However, they did not demonstrate this experimentally, therefore the question remained 

as to whether MyRF can indeed act as a transcription factor. 

1.6.5 The C. elegans protein PQN-47 and subcellular localisation 

The perspective that C11Orf9/MyRF and their orthologs were part of a transcription factor 

family defined by Ndt80 was, however, strongly challenged by another study (Russel et al., 

2011). Russel et al. identified the C. elegans ortholog pqn-47 as a protein of interest in a 

forward-genetics screen. The pqn-47 mutant mg412 resulted in worms undergoing an 

additional molt during their adult stage that remains incomplete, rendering the animals 

immobile and unviable. The suggested reason was an inappropriate reanimation of the mlt-

10 promoter, which regulates genes involved in the synthesis of new cuticles (Russel et al., 

2011). The underlying mutation leading to this phenotype was identified to be an amino 

acid substitution (T364A) in the Ndt80 homologue domain of pqn-47.   

Another C. elegans strain, pqn-47(tm2707), carries a null allele in the pqn-47 locus and 

homozygous animals also do not reach completion of their molting cycle. pqn-47 is 

therefore critical for the completion of larval molts and the cessation of molting cycles 

(Russel et al., 2011). In the deletion mutant pqn-47(tm2707), the phenotype could be 

rescued using a translational pqn-47::GFP fusion product under the pqn-47 promoter. This 

fusion product had GFP engineered into a region of pqn-47 exon 3 that Russel et al describe 

as poorly conserved (Russel et al., 2011). The resulting fusion protein PQN47::GFP is 

expressed by numerous somatic cells. Consistent with the phenotypes of the mutants, this 

includes cells uniquely poised to mediate or transmit signals involved in the regulation of 

molting (Russel et al., 2011). Other cells expressing the construct include head and nerve 

ring neurons, pharyngeal cells, ventral nerve cord cells, vulval precursor cells, seam cells 

and cells in the tail (Russel et al., 2011). The expression of pqn-47 starts during 

embryogenesis, reaches its peak in young animals and persists throughout adulthood, with 
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the main expression at this stage being in head and tail neurons. A strong expression of 

pqn47 seems to depend on nutritional supply and growth of the worm, and starved 

hatchlings only express very low levels of pqn47. 

In contrast to the previously reported nuclear localization of MyRF, the PQN47::GFP fusion 

protein was found to be localized to the cytoplasm and perinuclear dots, the latter 

suggesting localization in the endoplasmic reticulum or golgi apparatus. Nuclear 

localization of the fusion product was not detected in any given cell type at any time, even 

under drug treatments that trap proteins in the nucleus. The authors therefore argue that 

the Ndt80 homology of MyRF/PQN-47 is a misannotation and challenge the proposed 

transcription factor function. Instead, they propose PQN-47 and MyRF have a role in 

protein secretion based on the PQN47::GFP localization to the endoplasmic reticulum 

(Russel et al., 2011).  

As this hypothesis differs strongly with the hypothesis formulated by Emery et al, further 

research on the subcellular localization and molecular features of MyRF is essential to 

reconcile the conflicting findings made for different orthologues of the MyRF protein 

family. 

1.7 Objectives of the current study 

Despite extensive research into the transcriptional regulation of myelination, there are 

many open questions. Oligodendrocyte differentiation is regulated by an intricate network 

of interdependent events that repress and activate transcription factors. Also, many of 

these transcription factors have varying functions depending on cellular and subcellular 

context, making it complicated to define the precise mode and time-point of action that a 

given transcription factor exerts its effects. Due to these intricacies, for most transcription 

factors, it is not yet known whether they are required only transiently for oligodendrocyte 

differentiation or whether they influence myelination itself on an ongoing basis. The 

putative transcription factor MyRF is a promising candidate for being a key regulator in 

myelination. Emery et al. demonstrated convincingly that MyRF is absolutely essential for 

oligodendrocyte maturation and the initiation of myelination to occur (Emery et al., 2009). 

The aim of this thesis is to address several outstanding questions regarding the role of the 

putative transcription factor MyRF in myelination. 

Firstly, is MyRF merely required transiently during oligodendrocyte differentiation, or is 

the ongoing expression of MyRF necessary for the survival of mature oligodendrocytes and 

maintenance of myelin? As MyRF expression continues in oligodendrocytes after they have 
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myelinated (Cahoy et al., 2008), is this ongoing expression a requirement for the 

maintenance of myelin? To test whether the ongoing expression of MyRF within the adult 

CNS is critical to maintain the integrity of CNS myelin, I used an inducible conditional 

knock-out (iCKO) strategy to ablate MyRF in mature oligodendrocytes of adult mice and 

examined effects on behaviour, physiology and underlying molecular changes.  

Secondly, by what molecular mechanisms does MyRF promote myelination? Is MyRF a 

transcription factor or a transmembrane protein? Using a variety of in silico and 

biochemical approaches, I examined whether the MyRF protein can localize to the nucleus, 

which processes are required for it to do so, and whether it can bind DNA and induce the 

transcription of genes.  

We demonstrate that MyRF indeed is a transcription factor that is critically required for the 

maintenance of myelin and a mature oligodendrocyte identity. We reconcile previous 

conflicting reports of nuclear and extranuclear localization by demonstrating that MyRF 

undergoes autoproteolytic cleavage via a mechanism novel to eukaryotic proteins, allowing 

its DNA binding domain to enter the nucleus and mediate transcription of myelin specific 

genes. 
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2 Materials and Methods 

2.1 Mouse experimentation 

2.1.1 Mouse strains and genotyping 

Generation and use of the floxed MyRF (MYRFFL), PLPCreERT and Rosa26eYFP mouse lines 

have previously been described (Doerflinger et al., 2003; Emery et al., 2009; Srinivas et al., 

2001). All mice used were maintained on a mixed C57BL/6-129 background. All 

experiments were approved by and conducted in accordance with the Florey Institute of 

Neuroscience and Mental Health Animal Ethics committee. 

Genotyping was performed on DNA extracted from tail tips. Tail tips were incubated in 

700µl Tail lysis buffer with addition of 100µg Proteinase K at 55°C overnight. 300µl 5M 

NaCl were added and the suspension was spun at 16,000g for 15min in a tabletop 

centrifuge (Eppendorf). After addition of 600µl of isopropanol and spinning at 16,000g for 

15min, supernatant was discarded and DNA was washed in 70% ethanol. After 

centrifugation at 16,000g for 15min, the supernatant was discarded, the pellet was allowed 

to dry and resuspended in 200µl Tris-EDTA (TE) buffer. Ingredients of all buffers are 

detailed in full in section 2.9.  

The MYRF exon 8 loxP-flanked line (Emery et al., 2009) was genotyped using primers 

within intron 7 flanking the first loxP site (AGGAGTGTTGTGGGAAGTGG (forward) and 

CCCAGGCTGAAGATGGAATA (reverse)), which result in a 281 bp product for the wild-type 

allele and a 489 bp product for the loxP-flanked allele, respectively. Mice positive for the 

PLP–CreERT transgene (Doerflinger et al., 2003) were identified with the primers 

GCGGTCTGGCAGTAAAAACTATC (forward) and GTGAAACAGCATTGCTGTCACTT (reverse) 

to detect Cre positive animals, and the internal control primers 

CTAGGCCACAGAATTGAAAGATCT (forward) and GTAGGTGGAAATTCTAGCATCATCC 

(reverse) to confirm the presence of genomic DNA. The Rosa26eYFP knock-in locus was 

genotyped using primers AAA GTC GCT CTG AGT TGT TAT (forward) and GGA GCG GGA 
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GAA ATG GAT ATG (reverse), which amplify the region flanking the insertion, resulting in a 

600bp product for wild type animals. An intersecting primer AAG ACC GCG AAG AGT TTG 

TC (mutant) results in a 320bp product exclusively in knock-in animals (Srinivas et al., 

2001). All Rosa26eYFP knock-in animals used in the study were heterozygotes.  

Table 2.1 summarizes all used genotyping primers and the expected product size for 

wildtype or mutant template DNA in a polymerase chain reaction (PCR). 

Gene Primer Name Sequence 

Product 

(bp) 

wt mut 

MyRF 

exon8 loxP 

MyRF (for) AGG AGT GTT GTG GGA AGT GG 

281 489 
MyRF (rev) CCC AGG CTG AAG ATG GAA TA 

PLP  

CreERT 

PLP CreERT (for) GCG GTC TGG CAG TAA AAA CTA TC 

- 100 
PLP CreERT (rev) GTG AAA CAG CAT TGC TGT CAC TT 

PLP CreERT internal (for) CTA GGC CAC AGA ATT GAA AGA TCT 

324 324 
PLP CreERT internal (rev) GTA GGT GGA AAT TCT AGC ATC ATC C 

Rosa26  

eYFP 

Rosa26 eYFP (mutant) AAG ACC GCG AAG AGT TTG TC 

600 320 Rosa26 eYFP (for) AAA GTC GCT CTG AGT TGT TAT 

Rosa26 eYFP (rev) GGA GCG GGA GAA ATG GAT ATG 

Table 2.1: Primers used for genotyping and expected PCR products 

For genotyping PCR, primers were used at 0.2mM in 1x Taq PCR Buffer (Invitrogen), 

0.1U/µl native Taq DNA Polymerase (Invitrogen), 0.2mM Deoxyribonucleotide (DNTP), 

1.5mM MgCl2. Reactions contained 2µl template DNA in TE buffer as shown in Table 2.2. 

  V Reagent Stock conc. Final conc. 

0.5μl Forward PCR primer 20mM 0.2mM 

0.5μl Reverse PCR primer 20mM 0.2mM 

5.0μl Taq PCR Buffer 10x 1x 

1.0μl Taq Polymerase (native) 5U/μl 0.1U/μl 

1.0μl DNTP 10mM 0.2mM 

1.5µl MgCl2 50mM 1.5mM 

39.3µl H2O to 48µl Volume 

2.0µl Template DNA  

Table 2.2: Genotyping PCR reaction 
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Reactions were run in a MyCycler thermal cycler (BioRad) as shown in Table 2.3: 

3 min 94°C  

30 sec 94°C 

35 repeats 1 min 58°C 

1 min 72°C 

2 min 72°C  

Hold 4°C  

Table 2.3: PCR cycling settings Genotyping 

10µl of reaction product were mixed with 2µl OrangeG buffer (NEB) and run on a 1% 

agarose, 0.2xSybrSafe, 1xTris/Borate/EDTA (TBE) gel in TBE buffer for 90min at 140V.  

2.1.2 Conditional ablation of MyRF in myelinating cells of adult mice 

To allow for the ablation of MyRF after developmental myelination, MyRFFL/FL mice were 

crossed onto PLPCreERT mice (Doerflinger et al., 2003). MyRFFL/FL mice heterozygous for 

PLPCreERT were used as inducible conditional knockout (iCKO) animals. The MyRFFL/FL 

littermates negative for the PLPCreERT transgene were used as a control. 

For cell fate mapping experiments (Chapter 3.9), this line was crossed onto a Rosa26eYFP 

reporter mouse line to generate triple transgenic animals. MyRFFL/FL mice heterozygous for 

PLPCreERT and Rosa26eYFP were used as iCKO animals. MyRFWT/FL PLPCreERT 

Rosa26eYFP mice were used as control animals in these experiments. 

To induce ablation of MyRF, eight week old MyRFFL/FL PLPCreERT, MyRFFL/FL, MyRFFL/FL 

Rosa26eYFP PLPCreERT and MyRFWT/FL Rosa26eYFP PLPCreERT mice were treated with 4-

hydroxytamoxifen (4OHT; Sigma-Aldrich). Briefly, 50mg of 4OHT was dissolved in a mix of 

200µl DMSO and 300µl ethanol. The solution was added to 4.5ml corn oil and mixed for 1h 

at 55°C. The resulting emulsion (4OHT at 10 mg/ml in 90% corn oil and 10% ethanol) was 

preferentially used directly, or otherwise stored at -20°C for less than 2 weeks and thawed 

at 50°C for 3 minutes prior use. Mice were given a daily intraperitoneal injection of 100µl of 

the emulsion, equalling 1mg of 4OHT, for 5 consecutive days. All animals, iCKO and 

controls, were given the same 4OHT injections. 
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2.1.3 Delivery of EdU 

For detection of proliferating cells in vivo, mice were given 5-ethynyl-2’-deoxyuridine 

(EdU) (Life Technologies) dissolved in the drinking water at 0.2 mg/ml. The water was 

provided in light protected drinking bottles and exchanged every 72 h. Mice were exposed 

to EdU from 1 week after the first 4OHT injection until the time the animals were culled (2– 

8 weeks after 4OHT).  

2.1.4 Tissue dissection  

Tissue was obtained on days 7, 14, 28, 42, 56 after the first 4OHT injection. Mice were 

anesthetized by intraperitoneal injection of sodium pentobarbital (100 mg/kg body weight,  

Sigma-Aldrich). After opening skin and thorax, the animal was transcardially perfused by 

cutting the vessel leaving the right atrium and injecting 10ml Phosphate buffered saline 

(PBS) through the left ventricle. For mRNA and protein analysis brain and spinal cord 

tissue was then dissected, divided into hemibrain sections and the proximal/distal spinal 

cord, and snap frozen in liquid nitrogen.  

To prepare tissue for Immunohistochemistry (IHC), PBS perfusion was followed by 

perfusion with 20ml 4% paraformaldehyde (PFA) in PBS, after which optic nerves, whole 

brain and whole spinal cord were dissected. All tissue was postfixed in 4% PFA for 2 hours 

and then washed in PBS and incubated in 30% sucrose in PBS overnight at 4°C. After 

removing excess sucrose solution from brain and spinal cord specimen, they were 

embedded in OCT and frozen in an isopentane bath on dry ice and stored at -80°C. Optic 

nerves were processed straight after sucrose treatment by placing them on a pre-cut OCT 

surface, covering them with OCT and performing cryostat cutting. 
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2.2 Tissue Culture 

2.2.1 293T cell culture 

2.2.1.1 Culture 

293T cells were maintained in Dulbecco's Modified Eagle Medium (DMEM, Dulbecco) with 

10% Fetal Calf Serum (FCS), 1x Penicillin-Streptomycin (Pen-Strep), 2mM glutamine and 

1mM sodium pyruvate (all from Life Technologies).  

For passaging, cells were washed with 40ml Phosphate Buffered Saline (PBS, Dulbecco) 

and incubated in 5ml 1M Ethylenediaminetetraacetic acid (EDTA) in PBS for 3-5 minutes at 

37°C to dissociate cells. Cell dissociation was stopped by addition of 5ml prewarmed 

DMEM, cells were triturated and transferred to a falcon tube to be spun down at 220g for 5 

minutes. After aspiration of supernatant cells were resuspended in DMEM and counted 

using a hemocytometer. Per new T175 flask, 4*106 cells were transferred to 40ml 293 

media and incubated at 37°C / 5% CO2 for 2-3 days until further passage. For 10cm dishes, 

1.25*106 cells were seeded into 20ml DMEM.  

2.2.1.2 Transfection 

Transfections of 293T cells were performed at 70% confluence using Polyethylenimine 

(PEI; Sigma). Per 10cm dish, 30µl of 1mg/ml PEI was diluted in 500µl DMEM and allowed 

to warm to room temperature. 10µg of DNA were added and the mixture was incubated 15 

minutes at room temperature, then added drop wise to the cell culture. Volumes used for 

other culture formats are shown in Table 2.4. Generally, a whole medium change was 

performed after 6 hours incubation at 37°C/5% CO2. 

Culture format DMEM µl) PEI (µl) DNA (µg) 

24-well plate 25 1.5 0.5 

6-well plate 100 6 2 

10cm dish 500 30 10 

T175 flask 900 54 18 

Table 2.4: Reaction Volumes for 293T cell transfections 
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2.2.2 CG4 cell culture 

2.2.2.1 Culture 

The CG-4 cell line (Louis et al., 1992) was maintained in SATO serum-free media with 

added human recombinant PDGF (PDGF-AA, 10 ng/ml, PeproTech) and Neurotrophin-3 

(NT-3, 1 ng/ml, PeproTech). CG4 cells were maintained at 8% CO2 at 37°C. To passage CG4 

cells, cell medium was aspirated and cells were washed with 20ml pre-warmed Earle's 

Balanced Salt Solution (EBSS, GIBCO), and then incubated with 5ml of a 1:10 Trypsin 

solution in EBSS for 5 minutes at 37°C. As cells started to loosen and round up, the reaction 

was stopped with by adding 5ml of 10% FBS in SATO media. Cells were gently triturated 

and transferred to a 15ml Falcon tube to be spun at 220g for 15 minutes. After aspiration of 

supernatant, cells were resuspended in 1ml SATO and counted using a cytometer. A 

number of 1x106 cells were seeded into a 175cm Poly-D-Lysine (PDL)-coated flask 

containing 40ml SATO medium. To seed CG4 cells onto 24 well plates for further 

experimentation, cells were treated as described and 0.15x106 cells were seeded per well. 

2.2.2.2 Transfection 

CG-4 cell lines were transfected using Effectene (Qiagen) as per manufacturer’s 

instructions. Briefly, cells were grown to 60 – 80% confluence. Per 10cm dish, 2µg of DNA 

were diluted in DNA-condensation buffer (Buffer EC) to a total volume of 300µl. A volume 

of 16µl Enhancer was added and the mixture was vortexed for 1 second and incubated at 

room temperature for 5 minutes. After briefly spinning down the mixture, 25 µl Effectene 

Transfection Reagent were added and thorough dissolution was ensured by vortexing for 

10 seconds.  

While incubating the mixture for 10 minutes at room temperature, cells were prepared for 

transfection by washing them once in 15ml prewarmed EBBS and adding 7ml fresh growth 

medium. After mentioned incubation, 3ml growth medium were added to DNA-Effectene 

mixture, thoroughly mixed by pipetting up and down, and immediately added to the cells 

dropwise. The dish was immediately swirled to reach uniform distribution of the mixture. 

Cells were incubated at 37°C / 8% CO2 for 6h, after which they were washed with 

prewarmed EBSS and provided with fresh SATO medium. Unless otherwise stated, cells 

were analyzed by Western blot, immunofluorescence or luciferase assay 48 hous after 

transfection. Table 2.5 contains the respective reagent volumes for other commonly used 

transfection reactions. 
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Culture 

format 

DNA 

(µg) 

Final volume 

DNA Buffer EC 

(µg) 

Enhancer 

(µl) 

Effectene 

(µl) 

Volume 

medium 

on cells 

(µl) 

Volume 

medium on 

complexes 

(µl) 

24-well plate 0.2 60 1.6 5 350 350 

6-well plate 0.4 100 3.2 10 1,600 600 

10cm dish 2.0 300 16.0 60 7,000 3,000 

15cm dish 4.0 600 32.0 120 14,000 6,000 

Table 2.5: Reaction Volumes for CG4 transfections 

 

 

2.2.3 Primary Cell Culture 

Primary OPCs were isolated from enzymatically dissociated brains by immunopanning as 

described in published protocols (Cahoy et al., 2008; Dugas and Emery, 2013a, b; Emery 

and Dugas, 2013). Mouse OPCs were positively immunopanned from dissociated MYRFWt/Fl; 

Olig2Wt/Cre or MYRFFl/Fl; Olig2Wt/Cre cortices. 

2.2.3.1 Preparation of panning dishes 

Preparation of panning dishes was started the day before cell purification. For mouse 

dissections, each dish had the capacity for two brains and was prepared as follows: 

 Two dishes BSL1 (negative immunopanning microglia): each 10cm bacteria dish 

was incubated with 20µl Bandeiraea Simplicifolia-1 lectin (BSL1, Abacus ALS, cat# 

l-1100) in 15ml DPBS (+Mg +Ca) at 4°C overnight. 4 hours prior to panning, BSL1 

solution was removed and dishes were blocked with 0.2% BSA in DPBS. 

 PDGFRα (positive immunopanning OPC): 30µl of goat anti-rat IgG (Jackson Immuno 

Research) in 10ml sterile 50mM Tris-HCl (pH 9.5) incubated overnight, washed 

with 50ml DPBS (+Mg +Ca) and incubated with 45µl  purified rat anti-mouse 

CD140a (BD Pharmingen, ClonaAPA5, Cat#558774) in 20ml 0.2% BSA DPBS 
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2.2.3.2 Dissociation of neural tissue 

For brain dissociation, the following reagents were prepared: 

 Papain in CO2 saturated papain buffer at 100 units per 10ml, sterile filtrated into a 

falcon tube containing grains of L-Cystein. Per 10ml mixture, 2,500 units DNAse 

were added. The mixture was warmed to 37°C. 

 6ml High-ovomuoid solution (high-ovo): 5 mg/ml BSA, 5 mg/ml Trypsin inhibitor 

in DPBS (+Mg +Ca) 

 10ml Low-ovomucoid solution (low-ovo): 1.5mg/ml BSA, 1.5mg/ml Trypsin 

inhibitor in DPBS (+Mg +Ca), pH-adjusted to 7.4, sterile filtrated 

 0.2% BSA in DPBS (+Mg +Ca), stored at 4°C 

 15ml Panning buffer: 0.02% BSA, 5µg/ml insulin in DPBS 

 DPBS (no added Mg/Ca; only required for initial wash) at 37°C 

Brains were surgically dissected and washed three times in DPBS before being sliced in a 

well containing 500µl DPBS. 10ml papain in buffer was added per well and tissue was 

incubated for 90 minutes under constant CO2 supply. Tissue was transferred to 50ml 

Falcon tubes and allowed to settle and supernatant papain buffer was taken off. Two 

repeats of adding 2ml low-ovo in a circular and aspiration of 2ml supernatant medium 

were followed by gentle trituration of the remaining tissue chunks. 

To obtain single cells for centrifugation, 2ml of low-ovo was added to cells, cells were 

allowed to settle and 2ml of medium from the top were split amongst two 15ml vials. The 

remaining cell suspension was split evenly amongst the tubes. Cells were then centrifuged 

at 220g for 15 minutes at room temperature. 

Supernatant was aspirated and 1ml high-ovo was added to the bottom of each tube, 

followed by gentle trituration. Another 2ml of high-ovo was added to each tube and the 

cells were centrifuged at 220g for 15 minutes at room temperature, after which 

supernatant was discarded and 8ml of panning buffer were added per tube. 

2.2.3.3 Immunopanning 

Cells were then transferred to the panning dishes, which in each case were prewashed with 

50ml DPBS. For mouse dissections, cells were incubated twice on BSL1 panning dishes for 

5 minutes each, then on the PDGFRα dish for 1 hour at room temperature with occasional 

light shaking. Cells were transferred from a plate by directly tipping it into the next and 

gently rinsing the original plate with panning buffer. 
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Cells on the final, positive selection plate were washed with 50ml of Earles Balanced Salt 

Solution (EBSS, Dulbecco) and checked for complete removal of non-adherent cells. OPCs 

were loosened by incubation in 10ml 1x trypsin in EBSS for 5 minutes, after which 10ml of 

30% FCS in EBSS was added and cells collected. The cell suspension was centrifuged at 

220g for 15 minutes and the supernatant carefully aspirated. Cells were resuspended in 

1ml SATO medium (see below) and transferred to growth conditions.  

2.2.3.4 Culture 

OPCS were grown cells were grown under 8% CO2 at 37°C in 40ml SATO serum-free media 

with the addition of 2% SM1 neuronal supplement (Stemcell technologies, cat # 05711) for 

mouse cells. PDGF-AA (10 ng/ml, PeproTech), NT-3 (1 ng/ml, PeproTech) and CNTF (10 

ng/ml, PeproTech) was added to the media to proliferate OPCs; PDGF-AA was removed 

from the media for 48 hours to stimulate differentiation into postmitotic (PDGFRα-, MBP+) 

oligodendrocytes. Primary cells were transfected using the Amaxa nucleofection system as 

previously described (Emery et al., 2009). Cells were analyzed by immunofluorescence, 

Western blot or luciferase assay 48 hours after transfection unless otherwise stated. 

2.2.3.5 Amaxa nucleofection 

OPCs were collected from a T175 flask by washing once with 40ml EBSS and then 

incubating in 1:10 Trypsin and EDTA in EBSS for 5 minutes at 37°C. Dissociation was 

stopped by addition of 30% FCS in DPBS and cell suspension was centrifuged at 220g for 

15 minutes. After aspiration of supernatant, the cell pellet was resuspended to a density of 

5x107cells/ml in nucleofection solution (Amaxa). 100µl of cell suspension (equalling 

5x106cells) were then added to 4µg expression construct DNA in Amaxa electroporation 

cuvettes. Cells were electroporated using the Amaxa nucleofection apparatus on program 

0-17. Transfected cells were then plated out at 5x104 on PDL-coated coverslips in SATO 

media.  
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2.3  RNA Techniques 

2.3.1 RNA extraction from tissue 

All steps were performed in a working environment thoroughly cleansed of any RNAse. 

Each tissue sample was weighed while frozen, with hemibrain sections averaging around 

250mg. To process a tissue sample it was transferred to a glass dounce and 10μl QIAzol 

Lysis Reagent (Qiagen) was added per 1mg brain tissue. Tissue was disintegrated using a 

plunger, transferred to a labelled 1.5ml Eppendorf vial, then homogenized by treating with 

a TissueRuptor on lowest speed for 10 seconds. For each sample, 1ml suspension was 

transferred to a new 15ml Eppendorf vial, the remaining suspension was snap frozen in 

liquid nitrogen. Plunger, glass vial and TissueRuptor were cleaned with RNAzap, ethanol 

and water before processing the next sample. 

Samples were incubated at room temperature for at least 5 minutes, after which 200μl 

chloroform were added. The mixture was shaken vigorously for 15 seconds and incubated 

at room temperature for a further 3 minutes. All samples were then centrifuged at 13,500g 

for 15 minutes at 4°C in a Microcentrifuge 5424 tabletop centrifuge (Eppendorf). The 

separated upper, aqueous phase (usually a volume of 600μl) was transferred to a new 

1.5ml Eppendorf vial and an equal volume of 70% ethanol was added. The sample was 

vortexed and 700μl were applied to an RNeasy Mini spin column (Qiagen). The columns 

were centrifuged at room temperature for 15s at 6,000g and the flow through discarded. 

The remainder of the sample was applied to the same columns and equally centrifuged for 

15s at 6,000g. 

To wash RNA, 700μl Buffer RW1 was applied to the column, and columns were centrifuged 

for 15 seconds at 8,000g and flow-through was discarded. For further washing, 500μl 

Buffer RPE was added and the columns were centrifuged once more for 15 seconds at 

8,000g with the flow-through being discarded. In a last washing step, 500μl Buffer RPE 

were added following a centrifugation for 2 minutes at 8,000g. Columns were then 

transferred to a new 2ml tube and centrifuged at 10,000g for 1 minute to dry. Columns 

were then inserted into prelabeled 1.5ml Eppendorf tube. To elute RNA, 50μl RNase-free 

H2O were applied directly to the membrane. The columns were incubated for 1 minute at 

room temperature, then centrifuged for 1 minute at 8,000g to elute RNA.  

Samples were vortexed very briefly (1 second) and RNA concentration was measured using 

a NanoDrop 2000c (ThermoScientific), then samples were snap frozen in liquid nitrogen or 

ideally directly processed in a DNAse reaction (see below), or processed in paired-end 

illumina sequencing by the Australian genome research facility Ltd. 
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2.3.2 DNAse preparation of RNA 

DNAse treatment of 10μg RNA was performed using 10 Units DNase I recombinant (Roche) 

in a total reaction volume of 40μl containing 1X DNase Buffer (Roche), 5mM Dithiothreitol 

(DTT) and 1unit/μl RNase Inhibitor (Roche), as shown in Table 2.6. Reactions were 

incubated lightly shaking at 37°C for 3 hours, after which RNA was purified in a RNA 

cleanup (see below). 

  V Reagent Stock conc. Final conc. 

32μl 10μg RNA in RNAse free water  0.25μg/μl 

2μl Dithiothreitol (DTT) 100mM 5mM 

4μl DNase Buffer 10x 1x 

1μl RNase Inhibitor 40U/μl 1U/μl 

1μl DNase I recombinant ~10U/μl ~2.5U/μl 

Table 2.6: DNAse preparation of RNA 

2.3.3 RNA cleanup 

RNA purification was performed using an RNeasy Mini Kit (Quiagen) according to the 

manufacturer’s instructions. Briefly, DNAse preparation samples were adjusted to the 

required volume by adding 60μl RNAse-free water, then 350μl Buffer RLT was added and 

the samples were mixed thoroughly. For each sample, 250μl ethanol was added, mixed in 

by pipetting up and down and directly transferred to an RNeasy Mini spin column. To bind 

RNA to columns, they were centrifuged for 15s at 8,000g and the flow-through was 

discarded.  

To wash RNA, 500μl Buffer RPE was added and the columns were centrifuged for 15 

seconds at 8,000g with the flow-through being discarded. Samples were washed once more 

by adding 500μl Buffer RPE and centrifugation for 2 minutes at 8,000g. Columns were then 

transferred to a new 2ml tube and centrifuged at 10,000g for 1 minute to dry. 

To elute RNA, columns were then inserted into pre-labelled 1.5ml Eppendorf tubes and 

50μl RNase-free H2O was applied directly to the membrane. The columns were incubated 

for 1 minute at room temperature, and then centrifuged for 1 minute at 8,000g. The eluate 

was vortexed very briefly (1 second) and RNA concentration was measured using a 

NanoDrop 2000c (ThermoScientific), then samples were snap frozen in liquid nitrogen or 

ideally directly processed in a reverse transcriptase (RT) reaction. 
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2.3.4 Reverse Transcriptase  

Isolated RNA was converted into cDNA libraries using the Taqman reverse trancriptase 

(RT) reagent kit (Applied Biosciences). For each sample, 1μg of RNA was used in a reaction 

mix containing 1x Taqman RT buffer, 5.5mM MgCl2, 2mM deoxyribonucleotides (dNTPs), 

2.5μM random hexamers, 0.8U/μl RNase Inhibitor and 1.25U/μl Taqman MultiScribe 

Reverse Transcriptase in a total volume of 100μl, as shown in column RT+ve of Table 2.7. 

Each sample was also tested in a RT-ve reaction as shown in Table 2.7. The reactions with a 

total volume of 15μl therefore contained the very same reagent concentrations but no 

reverse transcriptase. 

Reagent Stock conc. Final conc.   V (RT+ve)   V (RT-ve) 

RNA in RNAse-free water  10ng/μl 1μg in 38.5μl 150ng in 6.15μl 

Taqman RT buffer 10x 1x 10.0μl 1.50μl 

MgCl2 25mM 5.5mM 22.0μl 3.30μl 

dNTPs 10mM 2.0mM 20.0μl 3.00μl 

Random hexamers 50μM 2.5μM 5.0μl 0.75μl 

RNase Inhibitor 40U/μl 0.80U/μl 2.0μl 0.30μl 

Multiscribe RT 50U/μl 1.25U/μl 2.5μl -/- 

Table 2.7: Reverse Transcriptase reaction 

 

All RT reactions were set up in PCR microtube strips on ice, and then simultaneously run in 

a MyCycler thermal cycler (BioRad) as shown in Table 2.8. The resulting cDNA samples 

were briefly vortexed, aliqouted and stored at -20°C. 

10 min 25°C Mixture step 

30 min 48°C Reverse Transcription step 

5 min 95°C Inactivation step 

 4°C Hold 

Table 2.8: Reverse Transcriptase Cycling Conditions 

Reverse Transcriptase RT+ve reactions and RT-ve negative controls were compared in 

quantitative PCR analysis for the housekeeping gene 18s rRNA, as described below. As 

would be expected, all of these RT-ve negative controls yielded far higher CT values than 

their respective reverse transcription reactions, demonstrating that obtained qPCR 

measurements reflect cDNA levels and there is little or no contamination by residual 

genomic DNA. 
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2.3.5 Quantitative PCR 

Primers for quantitive PCR (qPCR) were designed using Primer3 (National Center for 

Biotechnology Information) and the qPrimerDepot (primerdepot.nci.nih.gov/). Forward 

and reverse primers were maintained separately in 100μM stock and 20μM working 

solutions. Table 2.9 provides an overview of the qPCR primers used in the study: 

RN18s for CGG CTA CCA CAT CCA AGG AA rev GCT GGA ATT ACC GCG GCT 

MYRF full for GCA TGG GCA CCG CCC CTA AG  rev GGG GCG AGT CTG GCA GTG TG 

MYRF Exon 8 for AAG GAG CTG CCT ATG CTC ACC T rev GCC TCT AGC TTC ACA CCA TGC A 

MYRF rec for ATC CAT CAA ATG GCA GCC GCA rev CAG GGC CTC TAG AGC TCC TT 

CNP for GTT CTG AGA CCC TCC GAA AA rev CCT TGG GTT CAT CTC CAG AA 

PLP1 for GCC CCT ACC AGA CAT CTA GC rev AGT CAG CCG CAA AAC AGA CT 

MBP Exon 7 for CCC GTG GAG CCG TGA TC rev TCT TCA AAC GAA AAG GGA 

MAG for AAC CAG TAT GGC CAG AGA GC rev GTT CCG GGT TGG ATT TTA CC 

MOG for ATG AAG GAG GCT ACA CCT GC rev CAA GTG CGA TGA GAG TCA GC 

Sox10 for TGG ACC GCA CAC CTT GGG ACA rev ACG CCC ACC TCC TCC GAC CT 

PDGFRα for GGA AGG ACT GGA AGC TTG GGG C rev GAG ATG AGG CCC GGC CCT GTG A 

CD68 for GGA CTA CAT GGC GGT GGA rev GAT GAA TTC TGC GCC ATG AA 

beta3Tubulin for TCT CGG CCT CGG TGA ACT C rev AAG GCC TTC CTG CAC TGG TA 

Cntn2 for AAC ACC CTT CCC GCA CTC TA rev TTT CAG GCA AAG GCA GAG TC 

TPPP for AGC AGT GGA CGC GTT TTG rev CTC ATT GGC ACC CTC TGA CT 

Olig2 for CAG CGA GCA CCT CAA ATC TA rev GAC GAT GGG CGA CTA GAC A 

Table 2.9: qPCR primers 

 

For each sample, 5μl of the obtained cDNA was added in duplicates into a 96well plate. A 

reaction master mix containing the polymerase, detection fluorophore and primers was 

prepared using the volumes indicated in Table 2.10 times the number of biological samples. 

For each well, 20μl of Master Mix were added, resulting in the final concentrations 

indicated in Table 2.10, and a 1:5 dilution of cDNA.  
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  V Reagent Stock conc. Master mix conc. Final conc. 

25μl SYBR Green Master Mix 2x 1.25x 1x 

2μl Forward primer 20mM 1mM 0.8mM 

2μl Reverse primer 20mM 1mM 0.8mM 

11μl H2O    

Table 2.10: qPCR SYBR green master mix 

 

 96-well plates were enclosed with adhesive foil and briefly centrifuged at <400g to ensure 

correct sample position. Quantitative PCR was performed using an ABI7700 sequence 

detection system (Applied Biosystems). Cycling conditions were set as indicated in Table 

2.11: 

2 min 50°C  

10 min 95°C  

15sec 95°C 
40 repeats 

60sec 60°C 

25°C-95°C Dissociation curve 

Table 2.11: qPCR cycling settings 

 

Relative expression from amplified RNA samples was determined using the 2-ΔΔCT method 

by normalizing expression values of target genes in samples to the expression of the 18S 

ribosomal subunit within the respective sample, and then normalizing mean values of a 

sample group to the mean value of the control group (Pfaffl, 2001). Data were analyzed in a 

two-way Analysis of variance (ANOVA) with two in-between factors and a Bonferroni post-

hoc comparison. 
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2.4 Immunohistochemistry and Staining Techniques 

2.4.1 Cryostat preparation 

Cryostat cutting was performed at object temperature (OT) of -17°C and chamber 

temperature (CT) of -20°C. Specimens were allowed to adjust to chamber temperature for 

20min before cutting. Tissue was processed into 10µm thick coronal sections for brain and 

spinal cord and longitudinal sections for optic nerves. Tissue sections were dried for 1 

hour, and then stored at -80°C. 

2.4.2 Immunostaining 

For immunostaining, cryosections were briefly rehydrated in PBS and then blocked for 1 

hour in blocking solution (10% normal goat serum and 0.3% Triton X-100 in PBS). 

Cryosections were then incubated in primary antibodies diluted in blocking solution at 

concentrations as indicated in Table 2.12 at 25°C overnight.  

Antigen Dilution Animal Incub. Source 

N-terminal MYRF 1:10,000 Rabbit ON Wegner Lab internal 

C-terminal MYRF 1:500 Mouse ON Emery lab internal 

APP 1:250 Rabbit ON Life Technologies 51-27000 

SMI312 1:10,000 Mouse ON Abcam 

Flag 1:500 Mouse >4h Sigma F3165 

Flag 1:500 Rabbit >4h Cell Signaling #2368 

GFAP 1:500 Mouse ON Millipore MAB360 

GFP 1:4,000 Rabbit ON Abcam ab290 

GFP 1:4,000 Chicken ON Abcam ab13970 

Myc 1:500 Mouse ON Millipore 4A6 

Mog 1:10 Mouse ON Emery Lab internal hybridoma 

NG2 1:250 Rabbit ON Millipore AB5320 

CC1 1:200 Mouse ON Calbiochem OP80 

CD68 1:400 Rat ON AbD Sero, MCA1957B biotinylated 

Table 2.12: Primary Antibodies 

Incub. : Incubation time, ON : over night 

Cryosections were washed three times in PBS for 5 minutes and then stained for 2 hours 

with appropriate fluorescent conjugated secondary antibodies (Alexa Fluor; Life 
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Technologies; 1:500 in blocking buffer) or, in case of biotinylated antibodies, Fluorescin 

Avidin DCS (Vector Laboratories, 1:300 in blocking buffer). Staining with DAPI (1:10,000) 

or, if required, Fluoromyelin (Invitrogen; 1:300) were also carried out within this step. 

Stained Cryosections were washed three times in PBS for 5 minutes, or 30 minutes if 

stained with Fluoromyelin, and then mounted with mow oil and sealed with a coverslip. 

2.4.3 Cumulative detection of dividing cells via EdU incorporation  

For detection of EdU incorporation (delivery described in section 2.1.3), sections were first 

processed for eYFP or CC1 immunohistochemistry as above and then developed using the 

Alexa Fluor-594 Click-iT EdU Cell Proliferation Assay kit (Life Technologies) as per the 

instructions of the manufacturer. Briefly, following the last washing step of 

immunohistochemistry, slides were incubated with permeabilization buffer (0.5% Triton 

X-100 in PBS) for 20 minutes at room temperature. Permeabilization buffer was discarded 

and cells were washed twice with 1mL of 3% BSA in PBS. Slides were incubated in 0.5ml of 

Click-iT reaction cocktail (0.86X EdU reaction buffer, 4mM CuSO4, 0.0024% AlexaFluor 

azide, 10% Reaction buffer additive) for 30 minutes at room temperature, excluded from 

light. Reaction cocktail was discarded and slides were washed twice in 1ml of 3% BSA in 

PBS, when incubated in 1x Hoechst 33342 in PBS for 30 minutes at room temperature and 

protected from light. Slides were were washed two times in PBS for 5 minutes, mounted 

with mow oil and sealed with a coverslip. 

2.4.4 Fluorescence Microscopy and Quantification 

Imaging of immunohistochemistry sections were performed on a Zeiss Axioplan2 

epifluorescent microscope using an EBQ100 isolated mercury and xenon discharge lamp 

(LEJ) and captured on an AxioCam HRC (Zeiss). Cell counts were performed on images 

captured using 20x or 40x objectives. Per condition, at least 3 animals were analyzed and 

for each animal, three to six tissue sections that were at least 100µm apart were analyzed. 

Exposure times and post-capture adjustments such as contrast or brightness were kept 

constant between images that were directly compared. Cell counts were performed blinded 

using ImageJ (NIH), and calculated as mean densities in the area of the relevant region 

(corpus callosum, dorsal spinal cord, optic nerve). Individual means were calculated for 

each animal, then means and standard error of the mean (SEM) were calculated for the 

experimental conditions based on these means. Statistical significance was calculated via a 

two-way Analysis of variance (ANOVA) with Bonferroni’s post hoc test using the GraphPad 

Prism software 
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2.5 Bacterial and Recombinant DNA Techniques 

2.5.1 Bacterial transformation 

OneShot Top10 chemically competent bacteria (Invitrogen), Stellar competent cells 

(Clontech) or DH5α bacteria were incubated with the plasmid solution on ice for 30 

minutes, then heat shocked at 42°C for 30 seconds and immediately cooled on ice for 2 

minutes. 250µl of pre-warmed SOCS media (Invitrogen) was added and the bacteria were 

incubated at 37°C for 1 hour shaking at 200rpm, then spread onto agar plates containing 

the appropriate selection markers and incubated overnight.  

2.5.2 Plasmid screening – MiniPrep 

Single colony clones were grown in 2ml LB medium containing the appropriate selection 

marker overnight. 1.5ml cell suspension were transferred to a 1.5ml Eppendorf tube and 

centrifuged for 30 seconds at 11,000g in a tabletop centrifuge, with the supernatant being 

discarded. DNA was then extracted using a NucleoSpin Plasmid Extraction Kit (Machery-

Nagel) as per the supplier’s instructions. Briefly, cells were resuspended by in 250μl Buffer 

A1 by pipetting up and down. To lyse cells, 250μl Buffer A2 was added, mixed in by gently 

inverting samples and incubating them for 5 minutes at room temperature. The lysis 

reaction was then stopped by adding 300μl Buffer A3. For low copy level plasmids, three 

drops of chloroform were added and sample was mixed by inverting. Samples were then 

centrifuged at 11,000g for 10 minutes at room temperature to clarify lysate from cell 

debris. 750μl of supernatant were then loaded onto a NucleoSpin Plasmid Column in a 2ml 

collection tube by centrifugation for 1 minute at 11,000g, the flow-through being discarded.  

Columns were generally washed with 500μl Buffer AW by centrifuging for 1 minute at 

11,000g and discarding the flow-through. This step was repeated once if sequencing length 

was a critical factor. Columns were washed further by adding 600μl Buffer A4 and 

centrifuging for 1 minute at 11,000g, and any flow through was thoroughly discarded. To 

dry columns they were centrifuged in empty collection tubes for two minutes at 11,000g. 

DNA was eluted by applying 50μl Buffer AE directly to the column membrane, incubating 

for 1 minute at room temperature, then centrifuging for 1 minute at 11,000g. Plamids were 

then verified by analytic restriction digests and DNA sequencing. 
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2.5.3 Plasmid amplification – MaxiPrep 

For plasmid amplification, bacteria cultures obtained from single colony clones or 

transfected with verified plasmid DNA were grown in 500ml LB medium containing the 

appropriate selection marker shaking at 37°C, 250rpm overnight. DNA was extracted using 

a PureLink HiPure Filter Maxi Prep Kit (Invitrogen). Cells were harvested by centrifugation 

at 4,000g for 10 minutes in a himac CR21GII centrifuge (Hitachi), culture medium was 

discarded and cells were resuspended in 10ml Buffer R3 by pipetting up and down. 10ml 

Buffer L7 were added to the suspension and mixed by inverting, then incubated for 5 

minutes at room temperature. The reaction was stopped by adding 10ml Buffer N3 and 

inverting the tube. The precipitating lysate was added to columns pre-equilibrated with 

30mL Buffer EQ1. After the initial volume had passed the column, 10ml Buffer W8 was 

added to the residual bacterial lysate. The inner Filtration Cartridge was then discarded 

and 50ml Buffer W8 were added to the column. 

Once the entire buffer had drained off the column, 15mL Buffer E4 was added, and flow-

through was captured into a 15ml centrifuge tube. For DNA precipitation, 10.5ml 

isopropanol were added to the eluate, mixed, and centrifuged at 12,000g for 30 minutes at 

4°C. After removing the supernatant, the pellet was dried for >10 minutes and resuspended 

in 500µl TE buffer. The sample was then centrifuged at 17,900g in a Microcentrifuge 5424 

tabletop centrifuge (Eppendorf) and the supernatant containing the DNA was transferred 

to a new tube. For further verification via sequencing and restriction digest an aliquot was 

diluted in distilled water to a concentration of 100ng/µl. 
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2.5.4 PCR mutagenesis 

Site directed mutagenesis was performed using the Phusion High-Fidelity PCR Kit (Thermo 

Scientific) and primers as indicated in Table 2.13. Forward and Reverse primers were used 

at 0.5µM in separate 50µl reactions containing 1x Phusion HF Buffer, 200µM dNTPS, 3% 

DMSO, 0.02U/µl Phusion DNA Polymerase and 50ng template DNA. 

Construct 
  

Primer Sequence (5’-3’) 

MYRFK339A 

for GTG TGC CAG AAG GCG AAC CAC TTC CAG GTG 

rev CAC CTG GAA GTG GTT CGC CTT CTG GCA CAC 

MYRFR453A 

for CAC AGT CAG ACG CAA GCA AGA GGC CCT TC 

rev GAA GGG CCT CTT GCT TGC GTC TGA CTG TG 

MYRFR477A 

for CAA AAG TGA CCG TGG GGG CGC TCC ATT TCA GTG AGA C 

rev GTC TCA CTG AAA TGG AGC GCC CCC ACG GTC ACT TTT G 

MYRFS587C 

for CTC TTA TGC ACC CTT GCG ATC TGC GGG CCA AG 

rev CTT GGC CCG CAG ATC GCA AGG GTG CAT AAG AG 

MYRFS587A 

for GTT CTC TTA TGC ACC CTG CCG ATC TGC GGG CCA AG 

rev CTT GGC CCG CAG ATC GGC AGG GTG CAT AAG AGA AC 

MYRFK593M 

for GAT CTG CGG GCC ATG GAG CAC GTG CAG 

rev CTG CAC GTG CTC CAT GGC CCG CAG ATC 

MYRFK593R 

for GAT CTG CGG GCC AGA GAG CAC GTG CAG 

rev CTG CAC GTG CTC TCT GGC CCG CAG ATC 

MYRFK593H 

for CGA TCT GCG GGC CCA TGA GCA CGT GCA GG 

rev CCT GCA CGT GCT CAT GGG CCC GCA GAT CG 

Table 2.13: Primers used for site directed mutagenesis 

After an initial denaturation at 98°C for 45 seconds, reactions were run in 10 cycles of 15 

seconds denaturation at 98°C and 6 minutes combined annealing and extension at 72°C. 

Following combination of 25µl of the corresponding forward and reverse reactions and 

addition of 0.75 µl fresh Phusion DNA Polymerase, another initial denaturation and 18 

cycles as described above were performed.  

To digest methylated template DNA, 5µl Buffer 4 (NEB) and 1µl DpnI (200Units/µl, NEB) 

were added and incubated at 37°C for 1 hour. Reaction product was purified using a 

QIAquick PCR Purification Kit (Qiagen) to the manufacturer’s instructions. Briefly, 300μl 

Buffer PB was added, and the sample was loaded onto a QIAquick column in a 2ml 
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collection tube by centrifugation at 17,900g for 1 minute in a tabletop centrifuge. Flow-

through was discarded and the column was washed with 0.75ml Buffer PE by similar 

centrifugation. Column was centrifuged once more for 1 minute in an empty collection tube 

to dry. Column was transferred to a 1.5ml Eppendorf tube, 50μl Buffer EB are applied 

directly to the membrane, incubated for 1 minute at room temperature, and then eluted by 

centrifugation at 17,900g for 1 minute. 5µl purified PCR product were used to transform 

OneShot Top10 chemically competent bacteria (Invitrogen). 

2.6 Protein Techniques 

2.6.1 Generation of protein extracts 

2.6.1.1 Protein extracts from cells 

To produce protein extracts from cells in a 10cm dish, medium was aspirated and cells 

were washed with 8ml chilled DPBS. Plates were placed on ice, and remaining DPBS was 

aspirated. 1ml Radioimmunoprecipitation assay (RIPA, see chapter 2.9) buffer containing 

complete protease inhibitors (Roche) and phenylmethanesulfonylfluoride (PMSF) were 

spread evenly across the plate. Cells on the entire plate were then loosened using a cell 

scraper, and the lysis solution was gathered by slightly tilting the plate, pipetted up and 

down several times, and transferred to a 1.5ml Eppendorf tube. Lysates were incubated on 

ice for 15-30 minutes, and then spun at 13,500g at 4°C for 20 minutes. Supernatant was 

transferred to a cooled, prelabelled 1.5 ml tube. A Bradford assay was performed 

subsequently to determine total protein concentrations. 

2.6.1.2 Protein extracts from mouse tissues 

Hemibrain samples or spinal cords were transferred to RIPA buffer with complete protease 

inhibitor (Roche) and PMSF. Samples were homogenized by douncing and subsequent 

sonication. Lysates were spun at 21,500g at 4°C for 20 minutes, transferred to a precooled 

1.5ml tube, and then spun again at 21,500g at 4°C for 20 minutes. Supernatant was 

transferred to a cooled, prelabelled 1.5ml tube and the total protein concentration was 

determined in a Bradford assay. 

2.6.2 Bradford Assay 

Total protein concentration of cell lysates was measured using Bradford Assay. 1µl of lysis 

sample was diluted in 1ml H2O in a cuvette. 500µl Bradford Reagent (BioRad) were added, 

mixed and the absorbance of light at λ=595nm was compared to a standard curve of BSA in 

H2O (0, 3, 6, 9 and 12μg/ml) using a Nanodrop 2000c (Thermo Scientific).  
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2.6.3 SDS Page 

Protein samples were mixed with 6x Laemmli Sample Buffer (375mM Tris HCl, 9% SDS, 

50% Glycerol, 0.03% Bromphenol blue) in a 1:5 ratio, vortexed and incubated at 95°C for 5 

minutes, then vortexed again. NuPAGE Bis-Tris gels of a suitable gel percentage (10% or 4-

12% acrylamide) were inserted into XCell SureLock Mini-Cell Electrophoresis System. Both 

chambers were filled with 3-(N-morpholino)-propanesulfonic acid (MOPS) Buffer (50mM 

MOPS, 50mM Tris base, 0.1% SDS, 1mM EDTA, pH 7.7). Gels were then loaded with sample 

volumes equaling the indicated protein masses. Gels were run for 30min at constant 80V, 

and then at constant 120V – 140V until the Laemmli Sample buffer front reached the end of 

the gel. 

2.6.4 Western Blotting 

Blotting pads were prepared by soaking in transfer buffer (25mM Tris, 192mM glycine, 

20% methanol) for >30min. Two pads were inserted into the cathode (deep element) of an 

XCell II module (Invitrogen) submerged in transfer buffer. A filter paper was completely 

soaked in transfer buffer and positioned atop a blotting pad. SDS Page gels were removed 

from cassette, the loading chambers and excess gel were removed, and the gel was 

positioned atop the stack. A polyvinylidene difluoride (PVDF) membrane was prepared by 

30 seconds incubation in methanol and a short wash in H2O and positioned atop gel. A 

soaked filter paper was positioned atop PVDF membrane and trapped air bubbles were 

removed using a roller. Two more blotting pads were added atop, resulting in a setup as 

shown in Figure 2.1. Then, the setup was enclosed using the anode and inserted into a 

SureLock Chamber (Invitrogen). The outside chamber was filled with ice and water. 

Transfers were performed at constant 15V overnight. 

 

Figure 2.1: Western Blotting Setup  

(XCell II Blot Module Manual, Invitrogen) 
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Following transfer the membrane was blocked for 1 hour in blocking buffer  (5% skim milk 

powder, 0.1% Tween, 10mM Tris pH8, 150mM NaCl, 0.5M EDTA), then washed three times 

for 5 minutes in TBST (0.1% Tween, 10mM Tris pH8, 150mM NaCl, 0.5M EDTA). Primary 

antibodies were applied at the concentrations indicated in Table 2.14 in TBST containing 

2% BSA and 0.02% Sodium Azide for 4 hours to overnight at 4°C. 

Antigen Dilution Animal Incubation Source 

C-terminal MYRF 1:500 Mouse overnight Emery lab internal 

Flag 1:1,000 Rabbit >4h Cell Signaling #2368 

Myc 1:1,000 Mouse overnight Millipore 4A6 

MBP 1:1,000 Rat overnight Abcam ab7349 

GFP 1:2,000 Rabbit overnight Abcam ab290 

GAPDH 1:1,000 Mouse overnight Cell Signalling 14c10 

βActin 1:5,000 Mouse 2h Abcam ab8226 

Table 2.14: Primary antibodies used in Western Blotting 

Membranes were washed three times for 5 minutes in TBST, and then incubated with TBST 

containing the appropriate horse radish peroxidase (HRP) linked secondary antibody (Cell 

Signaling) at 1:5,000 in blocking buffer for 1 hour at room temperature. After washing 

three times for 5 minutes in TBST, membranes were imaged on a ChemiDoc XRS+ System 

(BioRad) using clarity Western ECL Substrate (BioRad). 

To strip imaged membranes, they were rinsed in TBST, then incubated in Glycine (pH2.5) 

for 15 minutes, after which they were incubated in MgCl2 in PBS for 15 minutes. The 

membrane should turn transparent at this stage and is then rinsed in H20 until it appears 

opaque again. Following incubation in SDS for 15 minutes, the membrane is washed twice 

in TBST and then blocked in blocking buffer for 1 hour. Membranes could then be 

incubated with a new primary antibody. 

2.6.5 DNA Pull-down Assay 

For DNA pulldown assays CG-4 cells or 293 cells were transfected with the MyRF Myc-

DNA-C constructs (Myc-tagged residues 328-1139 or respective mutants for that construct) 

for 24 hours before being lysed in NP40 buffer (150mM NaCl, 1% Nonidet P-40, 50mM 

Tris-Cl, 1mM PMSF). Lysates were clarified by centrifugation at 15,000g for 20 minutes at 

4°C and adjusted to a total protein concentration of 1µg/µl. To prepare oligonucleotide-

conjugated beads, 30µl Dynabeads MyOne Steptavidin T1 (Invitrogen) were washed three 

times in 500µl buffer A (5mM Tris pH 8.0, 0.5 mM EDTA, 1M NaCl) and then incubated in 
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100µl buffer A containing 1µg biotinylated, annealed oligonucleotides for 30min at room 

temperature with rotation. The oligonucleotide-conjugated beads were washed twice with 

500µl buffer A and three times with 500µl buffer C (20mM Tris pH8.0, 1mM EDTA, 10% 

glycerol, 1mM DTT, 50mM NaCl). Beads were then resuspended in 100µl buffer C, and 

300µl cell lysate and sheared salmon sperm to a final concentration of 0.2 µg/µl were 

added. Beads were incubated with cell lysates for 30 minutes at room temperature with 

rotation and then washed three times in 500µl buffer C. Bound protein was eluted by 

DNase treatment (Roche) for 30 minutes at 37°C and the whole eluate was subjected to gel 

electophoresis and detection by western blot with anti-Myc antibody (clone A46; Merck 

Millipore) as described in Chapter 2.6.4. 40μl of pre-bead cell lysate and 40μl of non-bound 

protein from the beads served as 10% input and eluate controls, respectively. 

2.7 In Silico analysis of protein features 

The UniProt mouse MYRF sequence (accession number Q3UR85) was submitted to several 

subcellular targeting motif and feature prediction services, as indicated in Table 2.1. 

HHPRED (Soding et al., 2005) was used to identify the intramolecular chaperone domain, 

using amino acids 546-763 of MyRF as input. De novo protein alignments were performed 

using ClustalW2 (Larkin et al., 2007).  

Database Web address Documentation 

TMpred http://www.ch.embnet.org/software/TMPRED

_form.html 

(Hofmann, 1993) 

Toppred mobyle.pasteur.fr/cgi-

bin/portal.py#forms::toppred 

(Claros and von Heijne, 

1994) 

HMMtop www.enzim.hu/hmmtop/ (Tusnady and Simon, 2001) 

MEMSAT3 http://bioinf.cs.ucl.ac.uk/psipred/?memsatsv

m=1 

(Jones et al., 1994) 

MEMSAT-SVM See above (Nugent and Jones, 2009) 

Prosite http://prosite.expasy.org/mydomains/ (Sigrist et al., 2010) 

HHPred http://toolkit.tuebingen.mpg.de/hhpred/ (Soding et al., 2005) 

ClustalW2 http://www.ebi.ac.uk/Tools/msa/clustalw2/ (Larkin et al., 2007) 

PDB http://www.rcsb.org/pdb (Berman et al., 2000) 

Paircoil2 http://paircoil2.csail.mit.edu/ (McDonnell et al., 2006) 

Table 2.15: List of bioinformatics services, their webadresses and references 
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2.8 Luciferase Assays 

Luciferase assays were performed using the Promega dual luciferase reporter assay kit as 

per manufacturer’s instructions. All cells were grown in 24 well-plates and co-transfected 

with both the test pGL3 luciferase construct and a constitutive renilla construct in addition 

to the respective MyRF variant. PDGF-AA was removed from the media for 48 hours prior 

to luciferase recordings to stimulate differentiation. 

After a wash with 300µl PBS, cells were lysed in 200µl lysis buffer for 15min on a rotating 

platform at 100rpm. Per reading, 20µl lysate were transferred to a glass tube. Samples 

were analyzed using the Dual-Luciferase Reporter Assay System (Promega, E1910) on a 

Lumat LB 9507 (Berthold Technologies).  Line 1 of the instrument was primed with Lar2 

reagent, line 2 with freshly prepared stop&glow reagent (140µl stop&glow substrate in 

6860µl stop&glow buffer). As shown in Table 2.16, the instrument was programmed to 

inject 100µl Lar2 reagent, followed by a 2 second delay before measuring luminescence 

activity of firefly luciferase for M1 = 10 seconds. The subsequent injection of 100µl 

stop&glow reagent was equally followed by 2 seconds delay and a measurement of renilla 

luciferase activity for M2 = 10 seconds. pGL3 dependent firefly luciferase activity was 

normalized to the theoretically uniform renilla activity levels (M1/M2). All samples within 

an experiment were run as physical duplicates. 

Instrument parameter Value 

Volume Inj. 1 (µl) 100 

Volume Inj. 2 (µl) 100 

Measure Background No 

Delay Inj.1/Meas.1 (s) 2.0 

Delay Inj.2/Meas.2 (s) 2.0 

Measuring Time 1 (s) 10 

Measuring Time 2 (s) 10 

Number of Replicates 1 

Normalized Response M1/M2 

Table 2.16 : Measurement Routine Luciferase Assay 

All luciferase results are shown as the mean and SEM of at least 3 independent 

experiments, with two-way ANOVA with Bonferroni post-tests used to calculate statistical 

significance.  
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2.9 Buffers and cell culture media 

Blocking solution Immunohistochemistry 

10% normal goat serum, 0.3% Triton X-100, in PBS 

Blocking buffer (Western blotting) 

5% skim milk powder, 0.1% Tween, 10mM Tris pH8, 150mM NaCl, 0.5M EDTA 

DNA pull-down buffer A 

5mM Tris pH 8.0, 0.5 mM EDTA, 1M NaCl 

DNA pull-down buffer C 

20mM Tris pH8.0, 1mM EDTA, 10% glycerol, 1mM DTT, 50mM NaCl 

Hi Ovo 

6mg/ml bovine serum albumin, 6mg/ml trypsin inhibitor in DPBS 

Laemmli Sample Buffer 

375mM Tris HCl, 9% SDS, 50% Glycerol, 0.03% Bromphenol blue 

LB Media 

1% Tryptone, 0.5% yeast extract, 1% NaCl 

Lo Ovo 

1.5mg/ml bovine serum albumin, 1.5mg/ml trypsin inhibitor in DPBS 

MOPS Buffer  

50mM MOPS, 50mM Tris base, 0.1% SDS, 1mM EDTA, pH 7.7 

NP-40 buffer 

150mM NaCl, 1% Nonidet P-40, 50mM Tris-Cl, 1mM PMSF, pH8.0 

Panning buffer 

0.02% BSA, 5µg/ml insulin in DPBS 

PBS 

137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 2mM KH2PO4, pH7.4 

RIPA buffer 

1% Triton X-100, 0.1% SDS, 1% Deoxycholine, 150mM Nacl, 20mM Tris-HCl pH7.5 
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SATO  

100U/ml penicillin, 100µg/ml streptomycin, 100µg/ml bovine serum albumin, 292 

µg/ml glutamine, 100µg/ml transferrin, 60ng/ml progesterone, 60µg/ml N-acetyl-

cysteine, 16µg/ml putrescine, 40ng/ml sodium selenite, 10ng/ml biotin, 5µg/ml 

insulin, 5µM forskolin, 40ng/ml triiodothyronine, in DMEM  

TAE buffer (1x) 

40mM Tris-acetate, 1mM EDTA 

Tail lysis buffer 

100mM Tris-HCl pH8.5, 5mM EDTA, 0.2% SDS, 200mM NaCl 

TBE buffer (10x) 

450mM Tris-borate, 10mM EDTA 

TBST buffer 

0.1% Tween, 10mM Tris pH8, 150mM NaCl, 0.5M EDTA 

TE buffer 

100mM Tris-HCl pH7.4, 10mM EDTA 

Transfer Buffer (Western Blotting) 

25mM Tris, 192mM glycine, 20% methanol 
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3  MyRF is critical for the maintenance 

of oligodendrocyte identity and 

myelination in the adult CNS 

3.1 Introduction 

As described in Chapter 1.5, several factors have been identified to be of critical importance 

for the differentiation of the oligodendrocyte lineage and developmental myelination. It 

remains, however, unknown if a mature oligodendrocyte identity and the maintenance of 

myelin sheathes also require the ongoing expression of the same differentiation factors. 

Myelin was historically believed to be a rather stable structure, as its constituents have a 

long half-life. For example, Davison et al. injected rats with radiolabelled cholesterol and 

observed that is was taken up into white matter and retained for at least 12 months, 

concluding that “the myelin lipids may remain indefinitely in the nerve-sheaths where they 

were laid down originally during the development of the CNS (Davison, 1959). It later 

became evident that myelin proteins were exchanged more frequently, with PLP having an 

half-life of 35 days and a metabolism pattern similar to other CNS proteins, though on the 

“longer time scale” of the myelin environment (Smith, 1968). Despite these different 

metabolization rates for myelin lipids and myelin proteins, their relative proportions in the 

myelin sheath remain relatively constant throughout adulthood, indicating a constant 

reproduction of these myelin components. It would therefore seem that the translation and 

importantly the transcription of myelin genes is an ongoing process even after 

developmental myelination occurs. As this ongoing myelin protein expression would 

therefore require transcriptional control, myelin protein homeostasis and the maintenance 

of functioning myelin would be dependent on transcription factors.  

In the PNS, such a critical and ongoing role has recently been demonstrated for the 

transcription factor Sox10. Conditional ablation of Sox10 in glia of adult mice led to 
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widespread demyelination in the PNS, but not the CNS (Bremer et al., 2011). This raises the 

question whether there are equally essential factors for myelin maintenance in the CNS. A 

candidate for such a function is the putative transcription factor MyRF, as its expression is 

specific to mature oligodendrocytes and it is critically required for developmental 

myelination (Emery et al., 2009).  Further, the Allen brain atlas illustrates that MyRF 

expression continues in the adult animals well after the developmental stages (Sunkin et 

al., 2013). The goal of this Chapter is therefore to evaluate whether MyRF is required on an 

ongoing basis for the maintenance of myelin in the adult CNS. 

3.2 Strategy for inducible ablation of MyRF 

To test whether the ongoing expression of MyRF is required for the maintenance of myelin, 

we constructed an animal model that allows for an inducible inactivation of MyRF 

specifically in mature myelinating cells in a temporally controlled manner, an inducible 

conditional knockout (iCKO) mouse for MyRF. 

Strategies for the inducible deletion or expression of genes are based on cre-recombinase 

fused with a regulatory ligand-binding-domain, most commonly that of the estrogen 

receptor with artificially heightened affinity for tamoxifen (CreERT) (Metzger et al., 1995). 

The expression CreERT can be targeted specifically to mature oligodendrocytes by placing 

it under the control of a PLP promoter. This strategy has been employed in the literature 

using either of two well established mouse lines that utilize different parts of the PLP 

promoter (Doerflinger et al., 2003; Leone et al., 2003). The present study uses PLP-CreERT 

mice in which the CreERT construct was positioned behind a PLP cassette containing 2.4 kb 

of the 5’-flanking DNA, exon 1 and intron 1 of the PLP gene (Doerflinger et al., 2003). These 

PLP-CreERT mice were crossed onto a mouse line in which exon 8 of the MyRF gene was 

flanked with loxP sites (MyRFFL/FL)(Emery et al., 2009). In these MyRFFL/FL PLP-CreERT 

mice, induction of Cre activity via tamoxifen administration is predicted to lead to 

recombination of the MyRF locus and introduction of an early stop codon in 

oligodendrocytes and Schwann cells (Figure 3.1 A).  

MyRF iCKO mice (MyRFFL/FL PLP-CreERT+ve) and control littermates (MyRFFL/FL PLP-

CreERT-ve) were given a series of intraperitoneal injections of 4-Hydroxy-Tamoxifen 

(4OHT) at 8 weeks of age. By this age the vast majority of developmental myelination is 

completed (Agrawal et al., 2009), although some low level ongoing adult myelination 

continues (Rivers et al., 2008). Recombination at the MyRF locus was confirmed using 

semi-quantitative RT-PCR analysis of spinal cord RNA (Figure 3.1 B). In the absence of 

4OHT injections, both iCKO and control animals exclusively expressed the full-length MyRF 
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transcripts. The MyRFFL/FL PLP-CreERT-ve control group showed no changes in transcript 

length at any point following the injection of 4OHT. In contrast, in the MyRF iCKO mice the 

full length transcript was largely replaced by two shorter transcripts after 5 days following 

the injection of 4OHT. Sequencing of the shorter length transcripts confirmed the lack of 

the loxP flanked Exon 8 in both transcripts. The shortest transcript version was 

unexpectedly found to also be lacking Exon 9, potentially resulting from a disruption to 

normal splicing of the gene in the recombined allele. The replacement of full length MyRF 

transcript by recombined MyRF transcripts is still present at 10 days post 4OHT. The semi-

quantitative PCR therefore confirms a rapid, stable and substantial recombination of the 

loxP flanked MyRF allele in MyRFFL/FL PLP-CreERT (iCKO) mice following the 

administration of 4OHT.  

 

 

Figure 3.1: Induction of CreERT via 4OHT results in recombination of the MyRF locus 
and loss of functional MyRF.  

A) Strategy used to inactivate MyRF in myelinating cells in 8-week-old mice. B) RT-PCR 
analysis of recombination using primers flanking the RNA encoded by the loxP-flanked 
exon. Five and ten days after 4OHT administration, the full-length transcript is 
predominantly replaced by truncated transcripts lacking exon 8 or exons 8 and 9 in iCKO 
mice.  
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3.3 Ablation of MyRF results in behavioural deficits 

Treated mice were first examined for motor deficits using a rotarod test and a clinical 

scoring system. Clinical scoring was performed using a modified experimental autoimmune 

encephalomyelitis (EAE) scoring system as depicted in Figure 3.2 B. Despite the substantial 

recombination of the MyRF gene within 5 days of 4OHT administration (as demonstrated in 

Figure 3.1), mice showed no observable behavioural deficits throughout the first 4 weeks 

after 4OHT injections. Starting from week 5, however, iCKO mice exhibited motor deficits 

relative to their control littermates. This was evidenced by a significant reduction in the 

time for which they were able to remain on the rotarod, as can be seen in Figure 3.2 A. 

Coinciding with the decreased rotarod performance in week 5, animals started to show 

overt clinical symptoms, including tail weakness and shivering, resulting in an average 

clinical score of 1.5 on the modified EAE scale (Figure 3.2 C). These motor deficits 

progressively worsened to a clinical peak at 8 weeks after 4OHT, at which the average EAE 

score equalled 3.5 points. As this score implies, at this point all iCKO mice displayed severe 

symptoms such as ataxia and hind limb weakness, and in severe cases forelimb weakness. 

Due to the severity of symptoms and loss of mobility at clinical peak, and associated weight 

loss, about 30% of the MyRFFL/FL PLP-CreERT +ve mice had to be put down.  

Overall, the symptoms seen in MyRF iCKO mice were broadly similar to symptoms typically 

reported for animal models of severe CNS demyelination, such as EAE and models for the 

inducible ablation of oligodendrocytes. In contrast, none of the MyRF iCKO mice did, at any 

point, display any symptoms that would point to involvement of the PNS in the motor 

deficits. The severity of symptoms demonstrates that ablation of MyRF expression under 

the influence of the PLP promoter exerted substantial detrimental effects on motor 

function. 
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Figure 3.2: Ablation of MyRF results in progressive motor deficits 

A) Rotarod analysis of motor function in control and iCKO mice from 0 to 8 weeks post 
4OHT administration. n = 6 animals per genotype, values are mean ± SEM. Groups were 
compared using the Cox regression model, **p < 0.01. B) Representation of the modified 
EAE scale used for ranking of motor deficits. Symptoms range from tail weakness (score 1) 
to complete hind and forelimb weakness (score 5). C) Clinical disease scores for the same 
cohort shown in A, Wilcoxon’s signed-rank test, *p < 0.05. These results demonstrate that 
ablation of MyRF results in delayed but severe physiological deficits that are similar to 
those seen in other models of demyelination. 
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3.4 Ablation of MyRF results in demyelination 

As described in Chapter 3.3, MyRF iCKO mice show motor deficits consistent with those 

seen in models of CNS demyelination.  To examine potential demyelination in the CNS the 

spinal cord, brains and optic nerves of iCKO and control mice were dissected at 8 weeks 

post-4OHT and stained using FluoroMyelin. The intensity of the FluoroMyelin stain is 

broadly decreased in the iCKO mice compared to controls in all CNS regions examined 

(Figure 3.3). This indicated generalized, severe myelination deficits in all CNS regions. 

The FluoroMyelin did not assess whether reduced staining was due to a reduction in the 

number of axons myelinated, a reduction in myelin sheath thickness, or a combination of 

both. To distinguish between these possibilities, we used Transmission Electron 

Microscopy (TEM) to investigate the changes in myelin at the 8 week time-point. TEM 

sections of optic nerve and spinal cord (lateral column) white matter revealed denuded 

axons and myelin debris in iCKO animals (Figure 3.4 A,B). In some cases large areas of low 

electron density could be seen, as indicated by a star in Figure 3.4 A, likely representing 

myelin vacuolization. Many axons in the optic nerve were only thinly myelinated, 

suggestive of remyelination (Figure 3.4 C). Relative to the optic nerve, these thinly 

myelinated axons were seen less frequently in the spinal cord, where myelin was seen to 

still be actively degrading (Figure 3.4 D). The spinal cord samples typically contained more 

myelin debris than the optic nerve. The clearance of myelin debris and repair processes in 

the optic nerve might therefore be initiated earlier or occur more efficiently. The severity of 

demyelination was most apparent when comparing the percentage of myelinated axons 

between iCKO and control animals. While in the optic nerve of control animals nearly all 

axons of over 0.2μm diameter (95.0+1.3%) were myelinated, only 31.0+7.9% of axons 

remained myelinated in the iCKO animals at 8 weeks post 4OHT. This represents a 

reduction of 67% in the proportion of axons myelinated. Similarly, when examining the 

spinal cord the MyRF iCKO mice showed a significant decrease in the percentage of 

myelinated axons. In the lateral white matter of the spinal cord of control animals 

79.6+6.2% of axons over 0.2μm were myelinated, compared to only 34.1+5.2% of axons in 

the iCKO animals (a reduction of 56%). Many of the remaining myelin sheaths were actively 

degrading or were thin, the latter likely indicating that they originate from remyelination 

events. Taking this observation into account, it is likely that the majority of all CNS myelin 

sheaths are lost following ablation of MyRF.  
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Figure 3.3: Ablation of MyRF results in reduced myelin staining in multiple CNS 
regions 

Representative images of FluoroMyelin staining in key white matter regions from control 
and iCKO mice at 8 weeks after 4OHT. Shown are spinal cord, corpus callosum, and optic 
nerve. Scale bars represent 100μm. Widespread reduction in the intensity of FluroMyelin 
staining is evident throughout all three CNS regions in the iCKO mice. Images shown are 
representative of their genotype for a cohort of n=5 mice per genotype 
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Figure 3.4: Ablation of MyRF results in a significant reduction in the number of 
myelinated axons. 

A) Representative electron microscopy images of optic nerve from control and iCKO mice at 
8 weeks after 4OHT illustrating substantial demyelination and other signs of myelin 
pathology, such as vacuolization (*) in the iCKO mice. B) At 8 weeks post-4OHT, the lateral 
white matter of the spinal cord contains signs of demyelinated axons, delamination, myelin 
debris and substantial vacuolization. C) Higher-magnification image of a thinly myelinated 
(presumably remyelinated) axon in the optic nerve of an iCKO mouse. D) Higher-
magnification image of degrading myelin in the spinal cord of an iCKO mouse. E) 
Quantification of the proportion of axons myelinated in the optic nerve and lateral white 
matter of the spinal cord of iCKO mice and controls at 8 weeks after 4OHT administration. 
Note that analysis is restricted to axons >2μm in diameter. n = 3 animals per condition. 
Data are means ± SEM. *p < 0.05, **p < 0.01. These results show that ablation of MyRF in 
the developed CNS leads to severe defects in myelin ultrastructure and the proportion of 
axons myelinated. 

* 
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3.5 Myelin loss caused by MyRF ablation is partially recoverable 

As described in Chapter 3.4, despite the severe demyelination seen at 8 weeks post 4OHT 

there are also signs that denuded axons start to undergo remyelination at this time-point. 

To examine whether the severe demyelination seen at clinical peak is at least partially 

recoverable, a cohort of iCKO mice and control littermates was maintained until 8 months 

after 4OHT injection. All iCKO mice in this cohort reached their clinical peak at 8 weeks, 

displaying severe tail and hind limb weakness, shivering and ataxia (clinical score of 4). 

Animals showed signs of clinical improvement starting from 16 weeks post 4OHT, 

recovering to a clinical score of 1 or 2, representing minor tail weakness and a slight 

tremor while moving.  

To examine whether the signs of recovery resulted from a remyelination of axons, TEM was 

performed on spinal cord and optic nerve sections at 8 month post 4OHT (Figure 3.5 A). 

Expectedly, control animals at the 8 month time-point still exhibit a proportion of 

myelinated axons that is equally high to the proportion of myelinated axons at 8 weeks 

post 4OHT and also typically seen in wildtype animals of this age. Importantly, the MyRF 

iCKO mice at 8 months post 4OHT also showed a substantial increase in the percentage of 

myelinated axons when compared to the 8 week cohort discussed in Chapter 3.4. B. In both 

the optic nerve and the spinal cord, at least 66% of axons were myelinated, double the 

proportion of myelinated axons compared to the 8 week time-point (Figure 3.5 B). This 

difference in the proportion of myelinated axons between the 8 week clinical peak and 8 

months recovery in the iCKO animals was statistically significant for the optic nerve (p= 

0.041). A clear trend seen in the spinal cord fails to be significant (p=0.055). This lack of 

statistical significance is likely due to the small sample size and the high degree of 

variability seen in the recovery cohort. Importantly, in contrast to the significant 

demyelination seen at 8 weeks post 4OHT (section 3.4), the differences in proportion of 

myelinated axons between iCKO and control animals at 8 months post 4OHT were not 

statistically significantly.   

The ensheathment of axons in thin myelin is commonly interpreted to be a sign of 

remyelination. As can be seen in Figure 3.5 A, many axons in the MyRF iCKO mice at 8 

months post 4OHT were ensheathed with myelin sheathes of low electron density and/or 

only few layers. Therefore, to confirm that the increased proportion of myelinated axons is 

the result of remyelination, a g-ratio analysis was performed (Figure 3.5 C and D). In the 

optic nerve, control animals had a g-ratio of 0.71+0.01, a typical value. In contrast, the g-

ratio of iCKO was significantly higher (0.78+0.01, p<0.05), indicating that myelin sheathes 
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were thinner relative to the respective axon diameter (Figure 3.5 C). Similarly, in the spinal 

cord, the measured g-ratio was significantly higher in the iCKO mice when compared to 

control animals (0.71+0.01 vs. 0.64+0.01, p<0.05) (Figure 3.5 D). In both tissues the 

average diameter of myelinated axons did not differ significantly between conditions 

(Figure 3.5 C & D, x-axis), indicating that the higher g-ratio in iCKO mice is indeed due to a 

reduction in myelin thickness. This decreased thickness of myelin sheath is consistent with 

the notion that much of the myelin present at the 8 month time-point is remyelination 

derived, as it has been established in the literature that abnormally thin myelin sheaths 

(higher than normal g-ratio) are a reliable marker for identifying remyelination (Franklin 

and Ffrench-Constant, 2008). Collectively, these results indicate that at 8 month after 

ablation of MyRF, a substantial remyelination has occurred within both optic nerve and 

spinal cord.  
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Figure 3.5: Demyelination following ablation of MyRF is partially recoverable 

A) At 8 months following 4OHT, both the optic nerve and spinal cord of the iCKO mice show 
substantial remyelination relative to the 8 week time-point, as evidenced by numerous 
thinly myelinated axons. Scale bars represent 1μm.B) Quantification of the proportion of 
axons myelinated in the optic nerve and lateral white matter of the spinal cord of iCKO 
mice and controls at 8 weeks and 8 months after 4OHT administration. n = 3 animals per 
condition. Data are means ± SEM. *p < 0.05, **p < 0.01. C) g-ratio analysis of individual 
axons as a function of axonal diameter in the spinal cord of control and iCKO mice at 8 
months after 4OHT. D) g-ratios of individual axons as a function of axonal diameter in the 
optic nerve in controls and iCKOs at 8 months after 4OHT. 
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3.6 Ablation of MyRF is followed by rapid changes in gene expression 

As described in Chapter 1.6, it had been hypothesized that MyRF acts as a transcription 

factor, particularly as MyRF is required to induce the expression of several genes that are of 

importance for myelination, such as PLP, MAG, MBP and MOG (Emery et al., 2009). It was 

therefore of interest to investigate whether a dysregulation of myelin genes could be one of 

the underlying reasons for the myelin degradation seen in the MyRF iCKO mice. To assess 

whether ablation of MyRF indeed results in a dysregulation of myelin genes, qPCR was 

performed using RNA isolated from hemibrains of iCKO and control mice in the absence of 

4OHT and at 1, 2, 4 and 8 weeks following 4OHT injections.  

This allowed for a precise investigation of the kinetics of MyRF allele recombination upon 

induction of CreERT by 4OHT. First, qPCR was performed using a MyRF (total) primer set 

which binds MyRF mRNA at the junctions of exon 25, distant from the recombination side, 

and therefore detects both functional MyRF and its recombined allele. The results indicate 

that the expression of MyRF itself was only modestly decreased following injections of 

4OHT, and that significant differences occur only at the 2 and 4 week time-points (Figure 

3.6 top left). In contrast, MyRF (non-recombined) primers, which target the loxP flanked 

exon 8, detected an 86.41+/0.53% reduction of full-length/exon 8-containing MyRF 

transcripts at 1 week post-4OHT, indicating that the vast majority of MyRF transcripts have 

been replaced by non-functional copies lacking exon 8. Coinciding with this was a drastic 

increase in the expression of recombined transcripts, as detected by primers specifically 

designed to bind to the junction of exons 7 and 9 (MyRF Recombined in Figure 3.6). These 

expression changes within only two days of the last 4OHT injection confirmed the rapid 

and substantial recombination of the MyRF locus. As the expression of total MyRF does not 

change until week 2, and the recombined MyRF was expressed at substantial levels until 

week 4 and further, the data suggests that the majority of recombined cells did not undergo 

cell death at early time-points.  

The expression kinetics for many key myelin genes such as PLP, MAG, MBP and MOG closely 

mirrored the expression of the non-recombined MyRF transcript. In the first week after 

4OHT, PLP and MAG levels showed a decrease of 77.0+1.6% and 80.8+2.6% respectively 

(p<0.005 in both cases). The expression of MBP and MOG showed a more modest initial 

decrease, and progressed to decline until 4 weeks post 4OHT injections, where it was 

reduced by 60% when compared to control animals. Overall, the changes in myelin gene 

expression show that despite the delayed onset of overt behavioural symptoms, the effects 
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of MyRF ablation on the transcriptional control of myelin genes occur rapidly following 

4OHT administration. 

In contrast to the drastic loss of PLP and MAG expression, the expression of other 

oligodendrocyte markers such as Sox10 or CNP was not reduced. In fact, within the first 

week after 4OHT injections, the expression of both markers was significantly increased, 

with Sox10 at 156.3+20.5% (p<0.001) and CNP at 138.7+2.8% (p<0.01) when compared to 

expression in control animals. Expression of Sox10 then goes on to increase in weeks 4 to 8, 

where its expression is about 180% of the expression in control animals. The finding that 

expression of Sox10 and CNP do not decrease following MyRF ablation is consistent with 

earlier findings that the expression of Sox10 and CNP during development is not reliant on 

MyRF (Emery et al., 2009). The high levels of Sox10 and CNP expression further support 

the notion that a majority of recombined mature oligodendrocytes in the MyRF iCKO mice 

are still viable, contributing to the expression of CNP and Sox10. 

The expression of the OPC marker PDGFRα shows no significant increase during the first 4 

weeks following 4OHT injection. This suggests that recombined cells do not revert to a 

stage of high PDGFRα expression, a concept Chapter 3.9 examines further. PDGFRα 

expression does however increase in weeks 6 and 8, where its levels in the iCKO animals 

equal about 140% of  those in control animals (p<0.005). This increase in the later weeks 

might be indicative of a proliferative or reactive response of the OPC population to the 

demyelination, a possibility that will be investigated further in Chapter 3.10. 

Similar to PDGFRα, the expression of CD68, a marker for activated microglia, shows no 

significant differences to control animals in the first 4 weeks. Starting in week 4 there is a 

clear trend for increased expression of CD68 in the MyRF iCKO mice. While at this time-

point the average expression of CD68 in iCKO animals is more than three times as high as in 

control animals (323+64.9%), the differences do not reach significance in the One Way 

ANOVA with Bonferroni post-hoc test, potentially due to the high variance of CD68 

expression at other time-points. In weeks 6 and 8, however, the expression of CD68 in the 

iCKO animals rises even higher and reaches significance (851+82%, p<0.05 and 

1505+163%, p<0.005 respectively). These results suggest substantial microglial activation 

that is examined further in Chapter 3.13.1.  

Lastly, expression of the neuronal marker β3-tubulin showed no significant differences 

between iCKO and control animals across all time-points, indicating that the number of 

neurons is stable, at least throughout the early weeks following MyRF ablation. 
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Figure 3.6: Ablation of MyRF causes rapid changes in myelin gene expression, but 
only delayed or no changes in expression of other cellular markers 

qPCR analysis of expression of key genes, including MyRF, myelin genes (CNP, MAG, PLP, 
MBP, and MOG), oligodendrocyte lineage markers (Sox10 and PDGFRα), and markers of 
microglia/macrophages (CD68) and neurons (β-3-tubulin) after ablation of MyRF. Graphs 
show the expression for each group relative to the mean of the uninjected control 
(MYRFFL/FL PLP–CreERT-) group. n = 3 animals per condition, Graphs show means ± SEM, 
Two-way ANOVA with Bonferroni’s post hoc test. All comparisons between genotypes made 
within time-points.  mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001.  
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3.7 Ablation of MyRF leads to a delayed reduction in myelin protein 

expression 

3.7.1 Rapid decrease of MyRF protein expression following MyRF gene recombination 

To assess whether the rapid loss of functional MyRF mRNA does indeed result in a 

decreased expression of MyRF protein, the spinal cords of the mice used in Chapter 3.6 

were lysed and analysed by western blot using an in-house monoclonal antibody against 

MyRF (Figure 3.7 A). Lysates of nontransfected and MYRF-transfected HEK293T served as 

negative and positive controls, respectively. As expected, in the absence of 4OHT both iCKO 

and control animals express MyRF at equivalent levels. Further, control mice showed no 

differences in MyRF protein expression at any time-point even after injection of 4OHT. 

Importantly, in MyRF iCKO mice, the MyRF protein expression follows kinetics identical to 

that seen for the non-recombined MyRF mRNA (Chapter 3.6). In weeks 1 and 2 after 

injection of 4OHT, no MyRF protein can be detected in the spinal cord of iCKO mice. MyRF 

protein is detectable again starting at week 6, and by week 8 has returned to control levels. 

Overall these results demonstrate a rapid loss of MyRF protein following CreERT induction, 

and an intriguing recovery of MyRF protein levels at later time-points. 

3.7.2 MyRF ablation leads to delayed reduction in myelin basic protein expression 

To assess whether the decreases in myelin gene expression also resulted in a detectable 

loss of the respective protein expression, MBP was examined as an example (Figure 3.7 B). 

Brain protein lysates from the same cohort of animals as used for the qPCR were probed 

against MBP using a quantifiable infrared western blot system. In contrast to the rapid loss 

of both MyRF protein expression and Mbp gene expression following ablation of MYRF, no 

significant decrease in MBP protein levels was seen during the first four weeks following 

4OHT injections. Instead, the earliest trend for decreased levels of MBP was seen after 6 

weeks without reaching significance. Across the measured timeframe, MBP protein levels 

are only significantly (p<0.05) decreased at 8 weeks post 4OHT, where they are reduced to 

60% of the protein expression in the control group Figure 3.7 C. Ablation of MyRF therefore 

leads to delayed changes in levels of MBP. This indicates that, while MBP possess a long 

half-life, constant renewal of transcripts is none the less critical to maintain physiological 

levels of this essential myelin constituent. 
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Figure 3.7: Ablation of MyRF leads to an immediate loss of MyRF protein expression, 
but delayed reduction in MBP protein expression 

A) Western blot analysis of MyRF protein expression in the spinal cords of the same 
animals that were examined in qPCR (Figure 3.6). Protein lysates from nontransfected and 
MyRF-transfected HEK293T cells were used as negative and positive controls, respectively. 
The recombination of the MyRF gene locus leads to a rapid loss of functional MyRF protein, 
as evident from the disappearance of bands in the MyRF iCKO brain lysates at 1, 2 and 4 
weeks after 4OHT. B) Odyssey Western blot analysis of MBP expression at 0, 4, and 8 weeks 
after 4OHT in the same animals that were examined in qPCR (Figure 3.6). βActin was 
probed for internal normalization. C) Quantification of MBP protein expression reveals a 
gradual decrease in MBP protein levels to 60% of the expression in the control littermates. 
Importantly, this decrease appears delayed when compared to the rapid changes in MyRF 
protein expression and myelin gene expression. Graphs show expression for each group 
relative to the mean of the control group at each time-point. n = 3–4 animals per genotype 
at each time-point. Graphs show mean ± SEM, Two-way ANOVA with Bonferroni’s post hoc 
test, *p < 0.05. 
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3.8 Ablation of MyRF causes only small changes in the total 

oligodendrocyte populations of most CNS regions 

Given the rapid changes in transcription of myelin genes (Chapter 3.6) and the delayed 

decrease of myelin protein expression (Chapter 3.4) after ablation of MyRF, it was of 

interest to investigate the effects that MyRF ablation exerted on cell populations of the 

oligodendrocyte lineage. Spinal cord and optic nerve sections from iCKO and control mice 

at 8 weeks post-4OHT were stained using three markers of the oligodendrocyte lineage: 

Sox10 as a pan-oligodendroglial marker across all differentiation stages, NG2 as a marker 

for OPCs, and CC1 as a marker of mature oligodendrocytes. The number of Sox10 positive 

cells did not significantly differ between iCKO and control animals in any of the three CNS 

regions investigated (gray in Figure 3.8. A-C; quantified in D). While there is a trend to 

increased numbers of Sox10 positive cells in the dorsal columns and optic nerves of the 

iCKO animals, the power of the study might not have been large enough to overcome the 

big variance between animals. The number of NG2 positive cells, however, was significantly 

increased in all three CNS regions (magenta in Figure 3.8. A-C; quantified in D). It is likely 

that OPCs account for these additional NG2+ cells, as the numbers of NG2 and CC1 cells add 

up to those of Sox10 positive cells. This increase in the number of NG2 positive cells is a 

first indication of a proliferative response of the OPC pool in these tissues and consistent 

with the increase in expression of PDGFRα mRNA in the brain seen in Chapter 3.6. 

The density of mature, CC1 positive oligodendrocytes was decreased significantly in the 

spinal cord lateral white matter columns of the iCKO mice (green in Figure 3.8. A-C; 

quantified in D; p < 0.01). However, the density of CC1 positive cells did not significantly 

differ between iCKO mice and controls in either the optic nerves or the dorsal white matter 

of the spinal cord. These results are somewhat counterintuitive, given the severe 

demyelination in these tissues at this time-point (Chapter 3.4). While the overall number of 

CC1 cells did not differ in some CNS regions, all tissue samples showed irregularities in the 

levels to which cells expressed the CC1 marker, and in the size of CC1 positive cells. 

Further, the typical arrangement of oligodendrocyte lineage cells into linear arrays was 

disrupted in iCKO animals (Figure 3.8 C). 

Overall, while these results show that MyRF ablation exerts clear effects on the 

composition and organisation of oligodendrocyte lineage cells, they raise the question as to 

why the CC1 population in some CNS tissues remain seemingly unchanged, prompting 

further research into origin and fate of CC1 cells in the iCKO mice across the entire 

examined timeframe (Chapter 3.9). 
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Figure 3.8: Ablation of MyRF results in no change to the total number of cells in the 
oligodendrocyte lineage, but does increase the proportion of OPCs 

Immunohistochemical analysis of the oligodendrocyte lineage at 8 weeks post 4OHT. A–C) 
Representative images of Sox10, CC1, and NG2 staining in the dorsal column of the spinal 
cord (A), the lateral white matter of the spinal cord (B), and optic nerve (C). Scale bars, 
100μm. D) Quantification of the densities of Sox10, NG2, and CC1 immunopositive cells in 
control and iCKO mice for each region. The density of Sox10+ cells was not significantly 
different between genotypes in any region analysed, although the NG2+ cell number was 
significantly increased in the iCKO mice in each region. The lateral white matter of the 
spinal cord was the only region that showed a reduction in the density of CC1+ cells in the 
iCKO animals relative to controls. n = 5 mice per genotype, graphs show mean ± SEM, 
Student’s t-test, **p < 0.01.  
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3.9 Ablation of MyRF causes a loss of mature oligodendrocytes and 

reduction in viability of recombined cells 

The paradoxical finding of a substantial number of CC1 positive oligodendrocytes in the 

iCKO mice at clinical peak, despite the substantial demyelination present at this time-point, 

could be a result of recombined oligodendrocytes persisting despite their inability to 

maintain their myelin sheaths, or due to new oligodendrocytes being generated from a pool 

of OPCs as a response to the demyelination. Of course, a combination of both scenarios is 

also possible. To discriminate between these scenarios, a genetic labelling approach was 

employed to allow for identification and fate mapping of the original recombined 

oligodendrocytes. To this end, the MyRFFL/FL/PLP–CreERT mice were crossed onto the 

Rosa26–eYFP reporter line (Srinivas et al., 2001). MyRFFL/FL (iCKO) or MyRFWT/FL (control) 

mice heterozygous for both the PLP–CreERT and Rosa26–eYFP alleles were injected with 

4OHT at 8 weeks of age. Optic nerve and spinal cord sections were taken from non-injected 

mice (0 week) and at 2, 4, 6, and 8 weeks post-4OHT to track the fate of recombined cells. 

Consistent with the results in Chapter 3.8, there was no significant difference between iCKO 

and control mice in the density of CC1+ oligodendrocytes in the optic nerve or dorsal spinal 

cord at any of the investigated time-points (Figure 3.9 A,B,F). In the absence of 4OHT 

injections (0 weeks post injection), both genotypes presented with a very low percentage of 

CC1 positive oligodendrocytes coexpressing eYFP (<3% for both genotypes), indicating a 

low level of basal “leakiness” of the PLP–CreERT recombination system in the absence of 

4OHT. At 2 weeks after 4OHT injections, in both iCKO and control mice approximately 50% 

of CC1+ oligodendrocytes coexpress the eYFP reporter, indicating similar recombination 

efficiency in both genotypes (Figure 3.9 C,G). The recombination efficiency at the 

Rosa26eYFP allele is therefore likely lower than that for the MYRFFL allele, as based on the 

qPCR results the latter can be expected to be >80%. Such observed differences in the 

efficiency of recombination between different loxP lines is relatively common (Schmidt-

Supprian and Rajewsky, 2007), and recombination at the Rosa26eYFP locus is believed to 

be relatively low. Almost all cells positive for eYFP+ co- labelled with CC1 (>98% in both 

genotypes), confirming that the induced recombination was specific to mature 

oligodendrocytes (Figure 3.9 E,I).  

Regarding the fate of recombined cells, in the MyRFWT/FL control mice the density of eYFP 

expressing cells, as well as the percentage of eYFP positive cells amongst CC1+ 

oligodendrocytes, remained stable across all time-points following the injection of 4OHT. 

Importantly, unlike in the control group, the iCKO mice showed a substantial decrease in 
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the percentage of CC1 positive oligodendrocytes which co-labelled for eYFP within both the 

spinal cord and the optic nerve at weeks 6 and 8 post-4OHT (p<0.001, Figure 3.9 C,G). This 

suggests that many of the recombined iCKO oligodendrocytes were lost over time and 

replaced with new oligodendrocytes derived from non-recombined OPCs, which then 

constitute the majority of CC1 positive oligodendrocytes at the 6 and 8 week time-points. 

Accordingly, the density of eYFP positive cells in the optic nerve and spinal cord of the iCKO 

mice was approximately halved at 6 and 8 weeks after 4OHT when compared to control 

animals or the 2 week time-point (Figure 3.9 D,H).  

When examining the population of recombined, eYFP+ cells in each genotype regarding 

their expression of CC1, the control animals showed a steady expression of CC1 in the vast 

majority of cells (>97%) across all time-points. In contrast, the iCKO animals displayed a 

progressive down-regulation or loss of the mature marker CC1 antigen within the eYFP+ 

cells of both optic nerve and spinal cord (Figure 3.9 A,E,I). Despite losing the mature 

oligodendrocyte marker CC1, there was no evidence that these recombined cells re-

expressed OPC markers. When staining for eYFP and the OPC marker NG2, no cases of 

colocalization were ever observed among several hundred eYFP positive cells analysed at 

each time-point for both MyRFFL/FL iCKO and MyRFWT/FL control animals (Figure 3.10 A). 

Similarly, a general lack of colocalization with eYFP and PDGFRα was observed (Figure 3.10 

B), with only a single cell co-labelling for eYFP and PDGFRα at the 8 week time-point in the 

MyRFFL/FL mice (representing 1 of 802, or 0.12%, of eYFP+ cells assessed for PDGFRα 

expression for this condition). In separate experiments, a single eYFP+/PDGFRα+ cell was 

also observed in a control (MyRFWT/FL PLPCreERT R26eYFP) cortex at 2 weeks post 4OHT. 

These eYFP+/PDGFRα+ cells therefore likely do not reflect re-expression of OPC markers 

following MyRF ablation, but rather represent extremely rare incidences of recombination 

of the Rosa26eYFP locus in OPCs. 

Overall, these experiments demonstrate a progressive loss of a fraction of recombined 

oligodendrocytes and the gradual loss of a mature oligodendrocyte identity (as measured 

by the expression of CC1 antigen) in the remaining recombined cells. 
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Figure 3.9: Ablation of MyRF causes a loss of mature phenotype and loss of a majority of the recombined oligodendrocytes.  

A) Representative images from the optic nerve of MyRFWT/FL PLP–CreERT Rosa26–eYFP (control) and from MyRFFL/FL PLP–CreERT Rosa26eYFP  
iCKO) mice either untreated with 4OHT (0 week) or 2, 4, 6, or 8 weeks after 4OHT were stained with CC1 and anti-eYFP. Insets in the “8 weeks post 
injection” images show separated channels for the boxed regions. B–I) Quantification of the density of CC1+ oligodendrocytes, the proportion of 
CC1+ oligodendrocytes expressing eYFP, the density of eYFP+ cells, and the proportion of eYFP+ cells expressing CC1 for control and iCKO animals at 
0–8 weeks after 4OHT in the optic nerve (B–E) and spinal cord (F–I). n = 3–5 mice per condition, Graphs show mean ± SEM , Two-way ANOVA with 
Bonferroni’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 3.10: Recombined cells do not express OPC markers 

A) Optic nerve sections stained with anti-eYFP and the OPC marker NG2 and showing an 
absence of colocalization. B) Optic nerve sections stained with anti-eYFP and the OPC 
marker PDGFRα showing an absence of colocalization. NG2+ and PDGFRα+ cell bodies are 
indicated by arrowheads and in 99.9% of cases negative for eYFP. The inset shows an 
exemplary recombined, eYFP positive cell (*) which is negative for PDGFRα. Scale bars 
represent 50 μm.  



Chapter Three: MyRF is critical for the maintenance of myelin 

 

102 

3.10  Increased oligodendrocyte turnover following MyRF ablation  

3.10.1 Increased number of apoptotic oligodendrocytes following MyRF ablation 

The fate mapping experiments showed a decrease in the density of eYFP positive, 

recombined oligodendrocytes in the MyRFFL/FL iCKO mice relative to the MyRFWT/FL controls 

at 6 and 8 weeks post tamoxifen, suggesting that many of the recombined oligodendrocytes 

may undergo cell death upon ablation of MyRF. To test the hypothesis that these cells might 

enter apoptosis, we stained spinal cord sections from MyRFWT/FLPLP-CreERT+ and Rosa26-

eYFP+ (control) or MyRFFL/FL, PLP-CreERT+ Rosa26-eYFP+ (iCKO) mice with antibodies 

against active caspase-3. Caspase-3 is a protease that is activated during the execution-

phase of cell apoptosis and can therefore be used as a marker.  

Control mice showed a very low incidence of apoptotic cells at all time-points, with only 

one cell positive for active caspase-3 in every 5-10 spinal cord sections (Figure 3.11 A). 

None of these apoptotic cells detected in control mice co-stained for eYFP. A similar 

number of apoptotic cells were also detected in iCKO animals in the absence of 4OHT 

injections (0 weeks, Figure 3.11 A). These incidental occurrences therefore likely represent 

the physiological levels of apoptosis in the healthy central nervous system.  

In contrast,  the iCKO mice presented with about one cell positive for  active caspase-3 per 

section at both 2 and 4 weeks post 4OHT, a significant increase over the control group 

(p<0.05). A trend towards an increased number of caspase-3 positive cells could also be 

seen at 6 and 8 weeks post 4OHT, however, the variance between animals was high at these 

time-points (Figure 3.11 A). The cells positive for caspase-3 consisted of both eYFP positive 

and negative cells (Figure 3.11 A,B). The latter group, namely the cells that were positive 

for active caspase-3 positive but negative for eYFP, likely consisted of two groups. On the 

one hand, they may include oligodendrocytes that had undergone recombination at the 

MyRF but not the Rosa26-eYFP locus. As discussed in Chapter 3.9, these might constitute a 

similar number of cells to the eYFP positive cells due to the lower recombination efficiency 

of the ROSA26-eYFP allele relative to the MyRFFL allele. On the other hand, the Caspase-3+, 

eYFP- cells could also include other cells that are undergoing apoptosis in response to 

demyelination and the inflammatory environment, such as neurons and microglia.  
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Figure 3.11: Increased oligodendrocyte cell death after ablation of MyRF.  

A) Density of active caspase-3+ cells in the spinal cord of MyRFWT/FL/PLP–CreERT/Rosa26–
eYFP (control) and MyRFFL/FL/PLP–CreERT/Rosa26–eYFP (iCKO) mice after 4OHT 
administration. n = 5 mice per condition. Graphs show mean ± SEM, Two-way ANOVA with 
Bonferroni post hoc test, *p < 0.05.   

B) Examples of apoptotic cells from iCKO optic nerve at 4 weeks after 4OHT. Apoptotic cells 
include both eYFP+ recombined oligodendrocytes and eYFP− cells. The latter are likely a 
mix of OLs that have recombined at the MyRF but not the eYFP locus and other cell types 
that are undergoing apoptosis as a result of the demyelination and inflammation. 
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3.10.2 Generation of new CC1 positive cells 

Despite the loss of many of the recombined iCKO cells to apoptosis, the results presented in 

Chapters 3.8 and 3.9 indicated that the total number of CC1 positive oligodendrocytes is 

maintained at steady levels, not differing significantly from the number in control animals 

(Figure 3.8 & Figure 3.9). Also, Chapter 3.6 indicated a re-expression of myelin genes and, 

importantly, the non-recombined MyRF allele, in the iCKO mice starting from week 6 weeks 

post 4OHT (Figure 3.6).  

These results strongly suggested that lost recombined cells were replaced by newly 

generated oligodendrocytes. To test whether CC1 positive cells present at late time-points 

were indeed newly generated an additional cohort of MyRFFL/FL control and MyRFFL/FL; PLP-

CreERT iCKO mice were treated with the thymidine analogue EdU starting from 1 week 

post 4OHT.  The percentage of CC1 positive oligodendrocytes in the optic nerve that had 

incorporated EdU was assessed at 2, 4, 6 and 8 weeks post 4OHT. Control mice showed a 

limited, yet cumulative incorporation of EdU in CC1 positive cells over the experimental 

time-course, to a maximum of 2.6+1.0% of CC1+ cells that were EdU positive at the 8 week 

time-point (Figure 3.12 A-C). This generation of Edu+ CC1+ cell is consistent with reported 

rates of sporadic differentiation of new oligodendrocytes in the adult corpus callosum and 

cortex (Rivers et al., 2008).  

In contrast to the limited generation of new oligodendrocytes in control mice, the iCKO 

mice showed a substantial increase in the density of EdU positive cells in the optic nerve 

from 6 weeks after 4OHT injections. Many of these EdU positive cells co-stained for CC1, 

with the density of CC1+ EdU+ cells reaching 113.4+6.2 cells/mm2 at week 6 and 

409.7+34.0 cells/mm2 at week 8 post-4OHT (Figure 3.12 B). Due to this increase in newly 

generated cells and the ongoing loss of recombined cells, at 8 weeks post tamoxifen the 

newly generated CC+ Edu+ cells constitute 35.6+7.0% of all CC1 positive oligodendrocytes 

in the optic nerve of iCKO animals (Figure 3.12 C). These results suggest that a large 

fraction of the CC1 cells present at 8 weeks post-4OHT are newly generated from a pool of 

dividing OPCs in response to the ablation of MyRF. This likely explains the seemingly 

constant number of CC1 positive cells throughout the experimental time course as well as 

the re-expression of the non-recombined MyRF allele and other myelin genes. 

  



Chapter Three: MyRF is critical for the maintenance of myelin 

 

105 

 

Figure 3.12 Following MyRF ablation, a proliferative response generates new mature 
oligodendrocytes 

A Representative images showing EdU incorporation and CC1 immunohistochemistry at 
weeks 2–8 after 4OHT in the optic nerve of control (MyRFFL/FL) or iCKO (MyRFFL/FL; PLP–
CreERT) mice. B, C) Analysis of the density of CC1+/EdU+ double-labelled cells (B) and the 
proportion of CC1+ oligodendrocytes that are EdU+ (C) at weeks 2–8 after 4OHT in the 
optic nerves from A. n = 3–5 mice per condition. Graphs show mean ± SEM, Two-way 
ANOVA with Bonferroni post hoc test, **p < 0.01, ***p < 0.005.  D) Double staining for eYFP 
and EdU incorporation in representative MyRFWT/FL/PLP–CreERT/Rosa26–eYFP (control) 
and MyRFFL/FL/PLP–CreERT/Rosa26–eYFP (iCKO) optic nerve sections at 8 weeks after 
4OHT. The eYFP+ recombined oligodendrocytes (arrowheads) in both genotypes are 
overwhelmingly (>99%) negative for EdU.  
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3.11  Recombined Oligodendrocytes do not re-enter the cell cycle 

The cell fate mapping experiments described in Chapter 3.9 indicated that the recombined 

cells did not re-express the OPC marker NG2 or PDGFRα. However, it was of further 

interest to examine the degree to which oligodendrocytes lacking the expression of MyRF 

were able to dedifferentiate, and whether these cells would enter the cell cycle again. To 

this end, EdU was administered to an additional cohort of MyRFWT/FL;PLP-CreERT; Rosa26-

eYFP (control) and MyRFFL/FL; PLP-CreERT; Rosa26-eYFP iCKO mice from week 1 to week 8 

post 4OHT. Tissue was dissected at 8 weeks post 4OHT and processed for EdU and eYFP in 

immunohistochemistry, which would result in co-labelling for recombined cells that did re-

enter the cell cycle.  

Within a total of 2580 eYFP positive cells analysed in optic nerves of the MyRFWT/FL control 

mice, no co-labelling of eYFP and EdU was ever observed. In the optic nerve of MyRFFL/FL 

iCKO mice, only an extreme minority (0.42+0.22%) among a total of 1937 eYFP+ cells 

analysed showed co-labelling with EdU, likely representing the rare OPCs that underwent 

recombination with this Cre line. There was no significant difference in the number of EdU+ 

eYFP+ cells when comparing between genotypes (p>0.05). Importantly, in both genotypes 

the vast majority of eYFP+ cells (>99%) were negative for EdU (Figure 3.12 D). This 

suggests that recombined oligodendrocytes do not re-enter the cell cycle following ablation 

of MyRF, which is consistent with the general lack of re-expression of OPC markers NG2 

and PDGFRα in iCKO cells described in Chapter 3.9 (Figure 3.10).   

3.12  Recombined Oligodendrocytes undergo morphological changes 

As described in Chapter 3.9, about 30-40% of recombined oligodendrocytes in the optic 

nerve survive at 8 weeks post 4OHT (Figure 3.9).  Similar results in the spinal cord indicate 

that this might be the case throughout the CNS (Figure 3.9 F - I). The high density of 

oligodendrocytes in the optic nerve and spinal cord prevented an assessment of changes in 

cell morphology of individual recombined oligodendrocytes, however. Therefore, 

oligodendrocytes in cerebral cortex sections of MyRFWT/FL or MyRFFL/FL, PLP-CreERT+ and 

Rosa26-eYFP+ mice at 8 weeks post-4OHT were analysed regarding structural integrity of 

their myelin sheath and expression of key glial lineage markers, such as CNP, CC1, NG2 and 

the astrocytic marker Glial fibrillary acidic protein (GFAP).  

Myelinating oligodendrocytes are known to express substantial levels of CNP in their cell 

bodies as well as their myelin internodes. Accordingly, eYFP positive cells in control 

animals (MyRFWT/FL PLP-CreERT+, Rosa26-eYFP+) were consistently positive for CNP. 
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Strikingly, the eYFP staining showed a good co-localization with CNP in some of the myelin 

internodes (Figure 3.13 A). In contrast, eYFP+ cells of iCKO mice expressed CNP at more 

varying levels, being mostly negative for CNP or only very faintly positive. Most MyRF 

ablated cells showed a series of fine processes, which were not associated with myelin 

internodes. Most of the intact appearing myelin in these sections showed no co-localisation 

with the staining for eYFP, suggesting that it was instead produced by non-recombined or 

newly generated oligodendrocytes (star in Figure 3.13 A). The same trend was seen in the 

striatum. Here, the eYFP positive oligodendrocytes of iCKO mice occasionally expressed 

low levels of CNP in patterns reminiscent of internodes (arrowhead in Figure 3.13 B).  

However, the majority of recombined cells had apparently lost their myelin sheath like 

processes and expression of CNP (inset of Figure 3.13 B).  

As described for the optic nerve and spinal cord in Chapter 3.9, the recombined (eYFP+) 

cells in the cortex were typically either negative or only faintly positive for the mature 

oligodendrocyte marker CC1 (Figure 3.9 C). Consistent with the lack of NG2 and PDGFRα 

expression in recombined cells in optic nerve and spinal cord (Chapter 3.9, Figure 3.10), 

YFP positive cells in the cortex were negative for the OPC marker NG2 (Figure 3.13 D).  

Further, eYFP positive cells were negative for the astrocyte marker GFAP, indicating that 

they do not transdifferentiate into astrocytes (Figure 3.13 E).  

Overall these results indicate that recombined oligodendrocytes which survive the ablation 

of MyRF are not visibly associated with myelin anymore, potentially due to degeneration of 

the myelin and/or the retraction of their processes.  Recombined cells largely lose the 

expression of mature markers; they do however not dedifferentiate to the point of re-

expressing OPC markers and do not transdifferentiate into astrocytes.  
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Figure 3.13: Surviving oligodendrocytes in MyRF iCKO mice show differences in their 
developmental stage and morphological phenotype 

A) Staining for eYFP and CNP in the cerebral cortex of control and iCKO mice at 8 weeks 
post-4OHT. Control eYFP+ cells are strongly CNP+ and associated with myelin internodes. 
iCKO eYFP+ cells (arrowheads) are negative for CNP or only weakly positive and display 
multiple fine processes not observably associated with myelin internodes. Myelinating 
oligodendrocytes present in the iCKO cortex are generally eYFP− (marked by *).                   
B) A similar loss of CNP expression and association with myelin internodes can be 
observed in the striatum of iCKO mice, though some eYFP+ cells remain associated with 
myelin (arrowhead). As in the optic nerve (Figure 3.9), iCKO eYFP+ cells within the cortex 
downregulate the expression of CC1 (C) but remain negative for NG2 (D) and GFAP (E). 
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3.13  Demyelination caused by MyRF ablation is associated with innate 

immune system activation and axonal pathology 

Models of demyelination often present with characteristic secondary effects such as 

astrogliosis, axonal damage and activation of the innate and/or adaptive immune system. 

To examine whether the ablation of MyRF induces a similar secondary response, spinal 

cord, brain and optic nerve sections of MyRFFL/FL PLP-CreERT and control mice at 8 weeks 

post 4OHT were stained using antibody markers for microglia, lymphocytes, astrocytes and 

axonal damage.  

3.13.1 Demyelination caused by MyRF ablation is associated with innate immune system 

activation 

The marker cluster of differentiation 68 (CD68) is a glycoprotein commonly expressed on 

monocytes, macrophages and activated microglia. CNS regions of healthy animals usually 

do not show expression of CD68, as was the case for control animals at 8 weeks post 4OHT. 

In contrast, staining the spinal cord lateral columns of MyRF iCKO mice for CD68 revealed a 

severe infiltration of activated microglia/macrophages into the white matter. Many of the 

cells positive for CD68 co-stained for MBP, indicating that activated microglia were actively 

engulfing myelin debris (Figure 3.14 A). Immunohistochemistry of the dorsal spinal cord, 

the corpus callosum and optic nerve revealed similar activation and infiltration of microglia 

in these CNS regions (Figure 3.14 B). The density of CD68+ cells ranged from 290.9+5.4 

cells/mm2 in the dorsal spinal cord to 658.7+12.8 cells/mm2 in the corpus callosum. These 

results indicate a robust reaction of the innate immune system to the progressive 

demyelination seen in the MyRF iCKO mice. 

In multiple sclerosis, demyelination is accompanied by T-cell and B-cell infiltration. Animal 

models for the disease such as experimental autoimmune encephalomyelitis (EAE) have a 

strong adaptive immune system component, and activation of T-cells and B-cells are 

hallmarks of the models. To see whether the demyelination and innate immune system 

response in the MyRF iCKO mice is also accompanied by activation of lymphocytes, sections 

of spinal cord were stained with antibodies against the T-cell marker CD3 and the B-cell 

marker B220. Sections from MOG 35-55-induced EAE mice served as a positive control. 

While the EAE spinal cord sections showed a strong infiltration of CD3+ T-cells into regions 

of demyelination, no infiltration of CD3+ T-cells was seen in the demyelinated tissue of the 

iCKO mice (Figure 3.1Figure 3.14 C). Quantification of the density of CD3+ cells in the iCKO 

and control mice confirmed this, as the number of CD3+ve cells did not significantly differ 

(p>0.05) between genotypes in either the dorsal column (1.09+0.69 in iCKO and 1.25+0.79 
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cells/mm2 in control mice) or the lateral columns and (0.28+0.28 in iCKO and 0.99+0.99 

cells/mm2 in control mice). Similarly, no detectable increase in staining was seen with the 

B cell marker anti-CD45R/B220 (data not shown). These results suggest there is no 

involvement of the adaptive immune system in the progressive demyelination seen in the 

MyRF iCKO mice. 

3.13.2 Demyelination caused by MyRF ablation is associated with astroglial activation  

Astrogliosis (or reactive astrocytosis) is an often seen secondary effect in diseases 

involving the degeneration of neurons or oligodendrocytes, such as ischemia or multiple 

sclerosis. It involves proliferation of astrocytes but also a change in their expression profile. 

A resulting disturbance of their physiological function might then further worsen the 

condition and lead to scar formation. One of the molecules highly upregulated in reactive 

astrocytes is glial fibrillary acidic protein (GFAP), which is also used as a general marker for 

astrocytes. 

Immunohistochemistry for GFAP showed a clear increase in GFAP expression throughout 

the CNS of iCKO animals when compared to controls, exemplarily shown for the spinal cord 

in Figure 3.15 A. Astrogliosis was particularly apparent in the white matter. In addition to 

the increase in GFAP expression, changes in morphology are apparent, as cell processes are 

more prominent. The increase in astroglial cell number is consistent with the increase in 

GFAP expression in weeks 6 and 8 post 4OHT seen in qPCR (Chapter 3.6, Figure 3.6). As 

previous experiments excluded the possibility of transdifferentiation of MyRF ablated cells 

into oligodendrocytes (Chapter 3.12, Figure 3.13 E), these astrocytes likely originate from 

cell division of other astrocytes or glial precursor cells. Whatever their origin, these cells 

contribute to a substantial astrogliosis as a secondary effect of the progressive 

demyelination caused by ablation of MyRF. 
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Figure 3.14: Demyelination caused by ablation of MyRF is associated with activated 
microglia/macrophages  

A) Representative sections stained for MBP and CD68 in the lateral columns of the spinal 
cord (S.C.) in a control and an iCKO animal at 8 weeks after 4OHT. Much of the MBP 
staining present co-localizes with the CD68+ microglia/macrophages (inset, arrowheads). 
B) Quantification of the density of CD68+ microglia/macrophages in key white matter 
regions. Graph shows mean ± SEM. Two-way ANOVA with Bonferroni’s post hoc test, **p < 
0.01. C) Anti-CD3 staining in the lateral columns of a control and iCKO animal at 8 weeks 
after 4OHT indicates an absence of T-cell infiltration. Tissue from a grade 3.0 MOG 35-55 
induced E.A.E. mouse is included as a positive control for T-cells (tissue kindly provided by 
Dr. Anna Jonas).  
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3.13.3 Demyelination caused by MyRF ablation is associated with axonal damage  

Axonal damage is a hallmark of multiple sclerosis and animal models of demyelination, and 

often believed to be the main underlying contributor to progressive disability in multiple 

sclerosis. As the MyRF iCKO mice showed severe behavioural deficits as well, as evident in 

their rotarod performance and clinical scores (Chapter 3.3), it was of interest to assess 

whether the demyelination seen was associated with axonal damage.  In neurons, -APP is 

produced in the soma of the cell and moved via fast anterograde transport along the axon 

(Koo et al., 1990). When the axon, and therefore the anterograde transport gets disrupted, 

-APP accumulates in so called axonal bulbs, and can therefore be used as a marker for 

axonal damage. 

Immunohistochemistry for -APP was performed on sections of lateral and dorsal white 

matter of the spinal cord, the corpus callosum and optic nerve of iCKO (MyRFFL/FL PLP-

CreERT) and control mice (MyRFFL/FL) at 8 weeks post 4OHT. As expected, both control and 

MyRF iCKO mice showed weak cytoplasmic staining for -APP in both neurons and glia. 

Importantly however, iCKO mice displayed an additional intense, punctate staining, 

throughout all white matter regions analysed (Figure 3.15 B-D). When quantifying the 

staining for APP, the average density of -APP profiles that could be interpreted as axonal 

bulbs is very small in the control mice in all tissues (highest in optic nerve at only 60.7+5.6 

profiles/mm2). In contrast, iCKO mice show a high density of -APP profiles. This density is 

equally high for the lateral and dorsal spinal cord (120.2+6.0 and 103.6+2.2 profiles/mm2, 

respectively) and higher in the corpus callosum (191.5+63.9 profiles/mm2). The increase in 

-APP profile density in these tissues was highly significant when compared to control 

animals (p<0.01). The highest incidence of -APP profiles was seen in the optic nerve, with 

242.6+73.7 profiles/mm2. The differences in density of potential axonal bulbs between 

tissues might vaguely reflect the overall proportions of axonal density in between these 

tissues. While the occurrence of -APP profiles in the optic nerve had a larger variation 

across animals, they too were significantly higher in iCKO animals when compared to 

control animals (p<0.05).  

Overall, these results indicate severe axonal damage occurs as a secondary effect to 

demyelination throughout the CNS at the time of clinical peak. 
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Figure 3.15: Demyelination caused by ablation of MyRF is associated with astroglial 
activation and axonal damage 

A) Representative image of a control and iCKO spinal cord stained with fluoromyelin (FM) 
and anti-GFAP. Scale bars, 100 μm. B,C) Representative sections stained for β-APP in the 
lateral columns of the spinal cord (transverse sections) (B) and corpus callosum (coronal 
sections) (C) of a control and iCKO at 8 weeks after 4OHT. Arrowheads indicate β-APP 
positive axonal terminal bulbs. D, Quantification of the density of β-APP positive axon 
terminal bulbs in key white matter regions. Graphs show mean ± SEM, n = 5 animals per 
genotype. Two-way ANOVA with Bonferroni’s post hoc test, *p < 0.05, **p < 0.01.  
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3.14  Discussion 

3.14.1 MyRF is required for myelin maintenance and oligodendrocyte viability in the adult 

CNS 

MyRF has been shown to be of critical importance for oligodendrocyte differentiation and 

CNS myelination during postnatal development by previous work from our group (Emery 

et al., 2009). It has however been unclear whether MyRF is only required on a transient 

basis to mediate the transition from a premyelinating to a myelinating oligodendrocyte, or 

whether it is required on an ongoing basis to maintain a mature, myelinated CNS. A number 

of differentiation factors only needed transiently during development of the 

oligodendrocyte lineage have been reported in the literature, and include transcription 

factors such as Ascl1 and Olig2 (Chapter 1.5.2). Indeed, there have been no reported cases 

of transcription factors needed on an ongoing basis for maintaining a terminally 

differentiated oligodendrocyte. 

The goal of this Chapter was to examine whether MyRF is critical to maintain myelin in 

already mature oligodendrocytes.  Therefore the hypothesis that ablation of MyRF within 

myelinating oligodendrocytes of adult mice would cause myelination deficits was tested. 

Indeed, ablation of MyRF resulted in delayed but severe demyelination throughout all 

investigated CNS regions. The demyelination coincides with a loss of mature markers 

within the recombined oligodendrocytes, further signifying the importance of MyRF for 

mature oligodendrocyte identity. Subsets of recombined oligodendrocytes enter apoptosis, 

potentially indicating that their survival is linked to the integrity of their cellular function 

and mature cell identity.  These results demonstrate that MyRF is not only required during 

oligodendrocyte differentiation, but is also required on an ongoing basis for the 

maintenance of expression of myelin genes and for the maintenance of a mature, viable 

oligodendrocyte phenotype. 

In contrast to the delayed demyelination and loss of oligodendrocyte identity, qPCR 

revealed a rapid down-regulation of many myelin genes within 1 week post 4OHT. These 

results are consistent with the proposed transcription factor function of MyRF and 

prompted further research toward the full spectrum of dysregulated genes (Chapter 4). 

Added ‘Animal numbers were dictated by the number of 36 transgenic mice available 

through the breeding program to fill the large number of timepoints, rather than 

determined a priori by a power analysis, as would be ideal. As such, the qPCR experiments 

might not be sufficiently powered to detect changes in expression of genes with higher 
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variance or lower fold change. Examples would be differences in expression of beta-3 

Tubulin or, in particular, that of CD68 at week 4. 

 At later stages, the loss of recombined oligodendrocytes is offset by a replacement with 

newly generated, non-recombined oligodendrocytes. This increase in cell number is 

accompanied by a recovery of the expression of myelin genes and the functional MyRF 

allele, which is in line with the notion that MyRF as an important factor in developmental 

myelination would also be critical for remyelination. 

3.14.2 Ablation of MyRF does not result in transdifferentiation of oligodendrocytes or 

their re-entry into the cell cycle 

While the eYFP labelling experiments demonstrated a downregulation of the mature cell 

marker CC1 following ablation of MyRF, recombined cells do not re-express OPC markers 

such as PDGFRα or NG2. Further, the vast majority of eYFP positive cells (>99%), did not 

incorporate EdU, indicating that recombined cells do not re-enter the cell cycle. Therefore, 

disrupted MyRF expression leads to a loss of the mature oligodendrocyte phenotype 

without a full reversion to a progenitor/OPC stage. Similar findings have been made for 

other cell types in the central nervous system. An example is the inducible ablation of 

insulin gene enhancer protein ISL-1 (ISL1, also Islet1) from sensory neurons after their 

specification, which results in a loss of mature markers without causing re-expression of 

early genes (Sun et al., 2008). This might indicate that these respective proteins, while 

playing an important role in terminal differentiation of their respective cell types, are not 

critical (or at least the only) factors in exiting the cell cycle or maintaining a non-

proliferative cell stage. Dedifferentiation of mature oligodendrocytes and re-entry into the 

cell cycle has been reported in other contexts. For example, in vitro mature 

oligodendrocytes can dedifferentiate to a proliferating cell stage when treated with basic 

fibroblast growth factor (bFGF) (Grinspan et al., 1996; Grinspan et al., 1993). Our results 

suggest that this may not occur as readily in vivo, as there was no evidence of 

dedifferentiation after ablation of MyRF, a key pro-differentiation factor, and in the micro-

environment of severe demyelination.  

Another theoretical possibility would be that MyRF ablated cells reverse to a pluripotent 

cell stage or are able to transdifferentiate into other cell types. Transdifferentiation in a 

mammalian in vivo context has however only been described in artificial approaches 

including transfection of cells or injection of signalling molecules (Pang et al., 2011; Zhou et 

al., 2008). In fate mapping experiments undertaken here, no co-localisation of eYFP+ cells 

with the astrocyte marker GFAP was seen. Further, eYFP+ cells generally did not exhibit the 
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morphology typical for neurons or microglia. These results indicate that recombined 

mature oligodendrocytes do not transdifferentiate into these cell types. 

3.14.3 Detrimental effects on myelination likely occur before apoptosis 

A substantial loss in the number of eYFP positive cells is explained by the finding that many 

of them undergo apoptosis.  This raises the question whether the myelin deficits seen in the 

MyRF iCKO mice are only secondary effects to recombined cells entering apoptosis. This 

question is of particular interest considering the finding that in other genetic models of 

oligodendrocyte loss the demyelination can become apparent within days of 

oligodendrocyte cell death (Hesse et al., 2010; Pohl et al., 2011; Traka et al., 2010). 

Apoptosis of MyRF ablated cells occurs predominantly at 2 and 4 weeks after 4OHT, leading 

to a substantial decrease of recombined oligodendrocytes to about ~50% of the initial 

number by week 8 after 4OHT. Therefore, a part of the demyelination seen at this time-

point is almost certainly attributable to apoptosis. However, several observations suggest 

that myelination is already affected at earlier time-points and independent of apoptosis. 

For example, the fraction of recombined iCKO oligodendrocytes which is still present at 8 

weeks post 4OHT do not possess processes that are clearly associated with myelin sheaths, 

as evident in co-staining for eYFP and CNP (Figure 3.13). A further indication for this is the 

gradual loss of cell markers used for mature oligodendrocytes, such as CC1, as these cell 

markers correspond to proteins often thought to be integral to myelin or essential for its 

synthesis. Lastly, a rapid down-regulation of myelin genes such as PLP and MAG was 

detected within one week after 4OHT. These changes occur before any detectable loss of 

recombined cells, as evident from the fate mapping experiments and the observation that 

the expression of MyRF does not significantly differ between MyRF iCKO and control mice 

at early time-points. The downregulation of myelin gene expression is therefore bound to 

affect the majority of recombined oligodendrocytes before they enter apoptosis. 

Traditionally, compacted myelin in vivo is considered to be a remarkably stable structure, 

as the protein and lipid components of myelin were shown to have half-lives of months 

(Sabri et al., 1974; Saher and Simons, 2010). This long half-life of myelin proteins 

corresponds well with the finding that despite the early downregulation of MBP mRNA 

expression (most prominent at 2 weeks post 4OHT), a trend towards decreased MBP 

protein levels could not be seen until 4 weeks later, at 6 weeks post-4OHT. A significant 

decrease of MBP protein levels was only reached at 8 weeks post-4OHT, coinciding with the 

clinical peak of pathophysiology. The apparent degradation of normally abundant myelin 
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proteins might therefore be an important contributor to the severity of symptoms at this 

stage. 

Interestingly, however, a loss of recombined oligodendrocytes and first clinical symptoms 

can be detected in weeks 2 and 5 respectively, before evidence of a decrease in major 

myelin proteins. This suggests that the ablation of MyRF likely also compromises other 

important features or functions of oligodendrocytes. Possibilities would be a breakdown in 

the transcriptional control of metabolic and trophic support of neurons, or a disruption of 

the complex myelin ultrastructure that is necessary for oligodendrocyte function, e.g. in the 

paranodal regions. It demonstrates that physiological function of the CNS does not only 

depend on the mere presence of the myelin sheaths and its main components, but rather 

the full spectrum of cellular functions of mature oligodendrocytes. Overall, while some 

functions and the structural integrity of myelin persist for a number of weeks following 

ablation of MyRF, the dysregulation of myelin genes ultimately leads to decline of myelin 

proteins and the incapacity of the oligodendrocytes to maintain their myelin sheaths. 

Therefore, despite the stability and long half-live of myelin protein components, they have 

to undergo constant renewal to uphold the structural integrity of the myelin sheath, 

deeming in vivo myelin a more plastic structure than historically recognized. 

3.14.4 Gradual Remyelination following ablation of MyRF 

Following the severe physiological deficits and the substantial demyelination seen on the 

clinical peak at 8 weeks, MyRF iCKO mice exhibited a gradual (and incomplete) recovery. 

Recovery was associated with remyelination as measured by the percentage of myelinated 

axons and an increased g-ratio (indicating thinner myelin sheathes). This myelination is 

likely mediated by newly generated oligodendrocytes, as evidenced by the incorporation of 

EdU into many of the CC1+ oligodendrocytes present in the iCKO mice at 6 and 8 weeks 

after 4OHT. Despite this substantial number of newly generated oligodendrocytes, the 

demyelination at 8 weeks post ablation of MyRF is still substantial and there is only limited 

evidence of remyelination at this stage. Therefore, while the basis of successful 

remyelination is provided during this stage through the increase in oligodendrocyte cell 

number, the majority of physical myelin wrapping likely occurs in the following weeks to 

months. This indicates that oligodendrocyte differentiation and successful remyelination 

can occur in distinct phases, and that these processes are likely differentially influenced by 

environmental cues and signalling molecules. An interesting question, specifically in 

regards to the MyRF iCKO model, is whether surviving recombined oligodendrocytes are 

influencing these intercellular processes, for example by secretion of signalling molecules 

that hinder the recruitment of OPCs or their ability to remyelinate. In any case, the recovery 
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of MyRF iCKO mice remains partial however, even 8 months after clinical peak, which 

might be due to incomplete remyelination, irreversible axonal damage or a combination of 

both.  

3.14.5 Demyelination in MyRF iCKO compared to models of PNS demyelination 

The effects observed in MyRF iCKO mice are the first reported case of a demyelination 

following the induced ablation of a regulatory factor in the adult CNS. However, previous 

iCKO strategies have identified an equivalent role for Krox-20 (Egr2) and Sox10 in 

maintenance of myelin within the adult PNS (Bremer et al., 2011; Decker et al., 2006). Of 

these two studies, the demyelination seen in Sox10 iCKO was more similar to that seen in 

MyRF iCKO mice, as it occurred weeks after 4OHT administration. In contrast, in Krox20 

mice the demyelination occurred within days after 4OHT injection. The fast demyelination 

seen in the Krox-20 mice strongly suggest that the underlying mechanism of demyelination 

is different from that in Sox10 and MyRF iCKO mice. The demyelination seen in the PNS 

following the inactivation of Krox-20 might be attributable to a cellular program of active 

Schwann cell dedifferentiation (Decker et al., 2006). The demyelination seen after ablation 

of Sox10 or MyRF on the other hand is more gradual one. Here, the loss of the 

oligodendrocytes and myelin sheaths is a secondary effect to transcriptional dysregulation. 

The differences in demyelination between these models therefore might point to the 

inherently different functions that oligodendrocytes and Schwann cells have to possess to 

fulfil their physiological function, and the specific cellular programs these cell types 

adapted because of this. For example, the rapid demyelination in the Krox-20/Egr2 iCKO 

mice might represent a cellular program which, upon for example nerve damage, allows for 

the controlled dedifferentiation of Schwann cells to a precursor population that can 

proliferate and mediate repair. This mechanism might only be required for the PNS due to 

its more exposed nature, and therefore be unparalleled in oligodendrocytes. In that case it 

would serve as an example of how the different requirements to oligodendrocytes and 

Schwann cells have evolved different cellular programs under transcriptional control by 

cell specific factors.  

3.14.6 MyRF iCKO in comparison to other models of induced CNS demyelination 

Most other mouse models created to investigate the effects of demyelination in the CNS 

utilize the inducible ablation of oligodendrocytes via a genetically engineered diphtheria 

toxin A (DT-A) systems (Buch et al., 2005; Oluich et al., 2010; Pohl et al., 2011; Traka et al., 

2010). These systems have allowed for the analysis of the cellular events associated with 

demyelination, such as subsequent remyelination events and the absence of an adaptive 
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immune system response (Locatelli et al., 2012). Some of these models allow for an 

inducible expression of DT-A specific to myelinating cells (Pohl et al., 2011; Traka et al., 

2010). Other models express the DT-A receptor specifically in myelinating cells, limiting 

the uptake of diphtheria toxin to these cells (Buch et al., 2005; Oluich et al., 2012b). In both 

cases, the diphtheria toxin inhibits protein translation in myelinating cells, at which point 

the cells enter apoptosis, which, in most of the models, leads to a widespread 

demyelination that is highly reproducible between animals. In these models cell death of 

myelinating cells starts within a week after induction, and animals reach their clinical peak 

typically in about 3 weeks post-induction (Oluich et al., 2012b; Pohl et al., 2011). Since the 

majority of these models have an inherent high mortality rate, it is difficult to compare the 

long term effects of oligodendrocyte cell death between MyRF iCKO mice and most DT-A 

based models. One DT-A model with a relatively low mortality rate are PLP-

CreERT/ROSA26-EGFP-DT-A mice (Traka et al., 2010). These mice show a substantial 

demyelination at 56 days post induction to about 60% unmyelinated axons in the optic 

nerve. At 70 days post induction, this proportion of demyelinated axons is reduced to 

approximately 30% of axons indicating substantial remyelination. This proportion of 70% 

axons myelinated is strikingly similar to the degree of remyelination seen in the MyRF iCKO 

mice at 8 months post 4OHT. 

Another hallmark of models of oligodendrocyte ablation is the occurrence of axonal 

damage (Ghosh et al., 2011), in some cases before overt demyelination is present (Oluich et 

al., 2012b), an aspect of particular interests due to the observation of an axonal pathology 

associated with multiple sclerosis (Dutta and Trapp, 2007). Similar to the DT-A models of 

demyelination, MyRF iCKO mice present with substantial axonal damage, as evident in the 

intense staining of APP (Chapter 3.13.3). The quantification of axonal damage on an 

electron-microscopical scale is a potential future direction to characterize the MyRF iCKO 

model. Whether this axonal damage is a direct result of the demyelination following MyRF 

ablation, or whether axons were damaged in response to the microglial activation is 

difficult to determine without manipulation of the microglia. Whatever the origin of the 

axonal damage, it is a likely contributor to the severity of clinical symptoms and the 

ongoing clinical deficits seen in the 8 month recovery cohort.  

In DT-A mediated models of oligodendrocyte ablation the targeting of either DT-A or its 

receptor to myelinating cells is mediated by a PLP or a MBP promoter. This limits 

expression within the CNS to oligodendrocytes, but also promotes expression in Schwann 

cells. Demyelination in these models therefor occurs not only in the CNS but also the PNS. 

This has to be kept in mind as a potential contributor to the overt symptoms and might also 
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contribute to the high mortality in these models (Oluich et al., 2012b; Pohl et al., 2011). 

These reports underline the importance to consider potential side effects on the peripheral 

nervous system. When examining MyRF iCKO mice for potential confounders, it is therefore 

important to consider that the PLP–CreERT transgenic mouse line used in this study targets 

recombination to both oligodendrocytes and Schwann cells (Doerflinger et al., 2003). 

However, MyRF is not expressed at detectable levels in Schwann cells (LeDoux et al., 2006). 

Further, it is not critical for developmental myelination of the PNS, as evident in normally 

myelinated peripheral nerves of CNP-Cre MyRFFL/FL mice (Emery et al., 2009). Consistent 

with this, MyRF iCKO mice do not display any evidence of peripheral demyelination such as 

clasping of hindlimbs when they are suspended from their tail. Further, spinal cord sections 

of MyRF iCKO mice showed no evidence for demyelination in the ventral and dorsal roots 

when assessed by TEM (data not shown). MyRF iCKO mice might therefore represent a 

valuable genetic tool to study the events associated with CNS demyelination and 

remyelination free of confounding PNS effects. 

3.14.7 Conclusion 

These results demonstrate that ongoing expression of MyRF within the adult CNS is critical 

to maintain mature oligodendrocyte identity and the integrity of CNS myelin. The 

demonstrated rapid dysregulation of myelin genes is highly consistent with the hypothesis 

that MyRF might act as a transcription factor. As later Chapters provide additional support 

for this hypothesis, the findings in this Chapter provide the first documented case in which 

the ongoing expression of a transcription factor is critical for the maintenance of myelin in 

the central nervous system.  
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4 Analysis of MyRF-dependent gene 

expression in the mature CNS  

4.1 Introduction 

As described in Chapter 3, conditional ablation of MyRF in mature (PLP positive) 

oligodendrocytes results in rapid changes of mRNA expression of several myelin genes 

(especially Plp1 and Mag). These results raised the question of whether these myelin genes 

were relatively isolated cases of MyRF-sensitive genes, or whether MyRF may be 

responsible for coordinating a much broader range of genes.  

Previous analysis of MyRF-dependent expression changes relied on ablating MyRF in 

differentiating oligodendrocyte cultures, using either siRNA or CKO approaches. (Emery et 

al., 2009). Although these approaches identified several hundred genes that were 

dysregulated (predominantly down-regulated) in the absence of MyRF, interpretation of 

these results is difficult. Firstly, siRNA may not lead to a complete depletion of the targeted 

factor. Secondly, the analysis of both the siMyRF transfected and CKO cells is complicated 

by the fact that they fail to fully differentiate and to a large degree enter cell death. Because 

of these confounders, it is hard to discriminate between genes that are directly dependent 

on MyRF, and those that are not expressed because the oligodendrocytes fail to reach the 

requisite level of maturity. An in vivo iCKO approach may allow for a better indication of 

which genes are directly dependent on MyRF. To examine the full spectrum of expression 

changes following MyRF ablation, Illumina deep sequencing was performed on mRNA 

extracted from hemibrains of iCKO (MyRFFL/FL PLP-CreERT) and control (MyRFFL/FL) mice at 

one week following the first 4OHT injection (n=3 mice per genotype). As shown in Chapter 

3.9, at this time-point the majority of oligodendrocytes in the iCKO mice have undergone 

recombination and fail to express MyRF protein, yet are still viable, providing the best 

chance to observe changes that are indeed resulting from changes in transcriptional 

control. 



Chapter Four: Analysis of MyRF-dependent gene expression in the CNS 

 

122 

4.2 General results 

For each sample, expression count values (V) were recorded as reads per kilo-base of exon 

model per million mapped reads (RPKM): 

𝑉 (𝑅𝑃𝐾𝑀) =  
𝑟𝑎𝑤 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑑𝑠

𝑒𝑥𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ
∗

106

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑎𝑝𝑝𝑒𝑑 𝑟𝑒𝑎𝑑𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
 

RPKM values were averaged across animals of a group, and then compared between 

groups. Differentially regulated genes were then ranked according to a comparison value 

(log2[Vcontrol/ViCKO]). The sequencing revealed significant differences in expression values in 

303 expression loci. Across these expression loci, averaged expression count values in 

control animals ranked from a maximum of Vcontrol=8899.86 RPKM to a minimum of no 

detected expression.  

Not all of these datapoints did allow for sensible evaluation, however, since a comparison 

between control and iCKO animals is only reliable for loci with a base-line expression high 

enough to rule out variance. For example, the sequencing counts for Dopachrome 

tautomerase (Dct) in the iCKO animals (ViCKO=2.274RPKM) are more than twelve times as 

high as in control animals (Vcontrol=0.180RPKM). The resulting comparison value 

log2[Vcontrol/ViCKO]=-3.66 would place Dct among the four most strongly upregulated genes. 

The measured expression counts, however, are small in relation to the variation that is 

possible in Illumina sequencing. Whether the increase in expression would be reproducible 

is therefore far less certain than it would be for a gene of substantial baseline expression.  

Therefore, hits with an expression value of V<3.00RPKM in either iCKO or control samples 

were not considered for expression change rankings and pathway analysis. This cut-off 

eliminated 73 differentially expressed loci, of which 50 hits had known gene names or 

RIKEN identifiers. A total number of 230 differentially regulated expression loci with an 

expression of V>3.00RPKM in either WT or iCKO remained. Of these 230 differentially 

expressed loci, 20 expression loci did not have a known GeneID or Riken number. These 

genes are indicated by their chromosomal coordinates. Of the 230 differentially regulated 

expression loci, the expression of 122 expression loci was downregulated (Table 4.1) and 

that of 108 expression loci was upregulated (Table 4.2) in iCKO compared to WT mice.   
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Downregulated genes - Page 1 of 4 

Gene ViCKO 

[RPKM] 

VControl 

[RPKM] 

Fold Change 

ViCKO/VControl 

p-value 

Ppp1r14a 4.89 44.58 0.11 5.0E-05 

Anln 2.10 16.18 0.13 5.0E-05 

Galnt6 0.67 4.68 0.14 5.0E-05 

Tmem63a 4.27 21.80 0.20 5.0E-05 

Gjc2 2.47 12.46 0.20 5.0E-05 

Plekhh1 1.70 8.41 0.20 5.0E-05 

Klk6 4.11 18.90 0.22 5.0E-05 

Mag 27.09 99.33 0.27 5.0E-05 

Plp1 206.26 752.84 0.27 5.0E-05 

Lcn2 1.69 6.10 0.28 5.0E-05 

S1pr5 3.26 11.32 0.29 5.0E-05 

chr3:143868261-143868598 2.96 8.31 0.36 2.5E-04 

Itgb4 3.37 9.02 0.37 5.0E-05 

Fa2h 9.53 25.06 0.38 5.0E-05 

chr4:92474477-92474785 5.74 14.70 0.39 4.0E-04 

Carns1 2.24 5.68 0.39 5.0E-05 

Tmem98 3.74 9.31 0.40 5.0E-05 

Gm13699 9.51 23.40 0.41 5.0E-05 

chrX:8906111-8907053 1.54 3.62 0.43 5.0E-05 

Cpm 1.44 3.28 0.44 5.0E-05 

Fos 12.04 27.15 0.44 5.0E-05 

Tmem88b 12.67 27.84 0.46 5.0E-05 

S100a9 6.83 15.00 0.46 5.0E-05 

Gatm 19.54 42.73 0.46 5.0E-05 

Gm14567 89.98 196.32 0.46 5.0E-05 

Ninj2 1.77 3.56 0.50 2.0E-04 

S100a8 9.15 18.28 0.50 1.0E-04 

Zfp933 1.73 3.46 0.50 5.0E-05 

Hbb-b2 4.57 8.94 0.51 5.0E-05 

chr4:8065807-8067372 2.48 4.77 0.52 5.0E-05 

Mog 39.31 75.50 0.52 5.0E-05 

Rint1 4.54 8.71 0.52 5.0E-05 

chr18:68851710-68851972 900.11 1714.49 0.53 5.0E-05 

Prr18 12.04 22.89 0.53 5.0E-05 

Nfe2l3 1.77 3.35 0.53 5.0E-05 

Cdc42ep2 5.36 10.10 0.53 5.0E-05 

Table 4.1: Downregulated genes following MyRF ablation  
Expression differences in MyRF iCKO versus control mice at 1 week post 4OHT, sorted by 
fold change, largest decrease on top. Continued on the following three pages.   
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Downregulated genes - Page 2 of 4 

Gene ViCKO 

[RPKM] 

VControl 

[RPKM] 

Fold Change 

ViCKO/VControl 

p-value 

chr16:17222409-17222599 501.07 941.52 0.53 5.0E-05 

9430008C03Rik,SNORA71 3.57 6.65 0.54 7.5E-04 

chr3:5860334-5860813 1147.73 2125.28 0.54 5.0E-05 

Mbp 1349.13 2490.54 0.54 5.0E-05 

Rffl 3.18 5.85 0.54 5.0E-05 

Psg28 2.17 3.99 0.55 5.0E-05 

AY036118 370.81 671.45 0.55 5.0E-05 

Cyp27a1 3.31 5.97 0.56 5.0E-05 

Pomc 4.33 7.75 0.56 5.0E-05 

Gatm 26.35 47.15 0.56 5.0E-05 

Myo1d 1.74 3.06 0.57 5.0E-05 

Pacs2 19.09 32.77 0.58 5.0E-05 

Hapln2 20.20 33.97 0.59 5.0E-05 

Cntn2 10.37 17.37 0.60 5.0E-05 

chr12:100883667-100883887 432.12 722.99 0.60 5.0E-05 

Egr4 9.74 16.29 0.60 5.0E-05 

chr6:49186444-49186618 5353.01 8899.86 0.60 5.0E-05 

Car2 108.38 179.89 0.60 5.0E-05 

Dbndd2,Gm20458,Sys1 99.45 165.06 0.60 5.0E-05 

6330503K22Rik 15.20 25.09 0.61 5.0E-05 

Nr4a3 5.33 8.80 0.61 5.0E-05 

Lars2 107.12 176.34 0.61 5.0E-05 

chr1:104524764-104524916 2849.71 4682.92 0.61 5.0E-05 

Ccdc13 3.94 6.48 0.61 3.5E-04 

Gm13443 86.72 142.30 0.61 5.0E-05 

Nr4a1 23.32 38.04 0.61 5.0E-05 

Ugt8a 16.90 27.51 0.61 5.0E-05 

Junb 24.41 39.67 0.62 5.0E-05 

Arhgap23 18.15 29.28 0.62 5.0E-05 

Cthrc1 8.29 13.25 0.63 1.5E-04 

Arc 31.67 50.59 0.63 5.0E-05 

chr3:69768070-69768517 8.99 14.36 0.63 7.5E-04 

chr6:3150765-3151666 197.39 315.18 0.63 5.0E-05 

Frmd4b 5.54 8.83 0.63 2.5E-04 

Elovl7 3.28 5.22 0.63 5.0E-05 

Wnt3 2.10 3.34 0.63 1.0E-04 
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Downregulated genes - Page 3 of 4 

Gene ViCKO 

[RPKM] 

VControl 

[RPKM] 

Fold Change 

ViCKO/VControl 

p-value 

Unc5b 4.54 7.20 0.63 5.0E-05 

Btbd9 6.97 11.05 0.63 6.0E-04 

Ermn 18.06 28.54 0.63 5.0E-05 

Gm10159 37.30 58.71 0.64 5.0E-05 

Glo1 41.77 65.16 0.64 5.0E-05 

Efnb3,Wrap53 37.04 57.38 0.65 5.0E-05 

Micall1 5.26 8.15 0.65 5.0E-05 

Bmp2k 2.47 3.82 0.65 4.0E-04 

4833420G17Rik 6.75 10.41 0.65 5.0E-05 

Gjb1 11.09 17.06 0.65 5.0E-05 

Gm11492,Sept4 187.42 287.20 0.65 5.0E-05 

Sik1 2.35 3.58 0.66 5.0E-05 

Pmp22 17.38 26.09 0.67 5.0E-05 

Enpp4 4.35 6.53 0.67 5.0E-05 

Smad7 6.59 9.86 0.67 5.0E-05 

Hes3 3.33 4.97 0.67 5.5E-04 

Cldn11 112.81 167.79 0.67 5.0E-05 

Eno1 72.74 107.93 0.67 5.0E-05 

Rcbtb1 13.02 19.31 0.67 5.0E-05 

Tnfaip6 5.67 8.39 0.68 5.0E-05 

Stmn4 163.93 240.52 0.68 5.0E-05 

Dusp1 22.15 32.48 0.68 5.0E-05 

Tmc7 2.40 3.50 0.69 1.0E-04 

Mal 118.17 172.03 0.69 5.0E-05 

Egr1 51.41 74.74 0.69 5.0E-05 

Rftn1 4.34 6.24 0.70 2.0E-04 

H2-K1 15.63 22.45 0.70 5.0E-05 

Slc12a2 22.21 31.80 0.70 5.0E-05 

Kif13b 5.03 7.20 0.70 5.0E-05 

Zdhhc20 11.32 16.12 0.70 5.0E-05 

Cdkn1c 4.03 5.73 0.70 6.5E-04 

Gpt 6.83 9.71 0.70 1.5E-04 

Cpox 11.19 15.81 0.71 5.0E-05 

Sypl 22.06 30.68 0.72 5.0E-05 

Foxn3 5.09 7.07 0.72 5.0E-05 

Plcl1 8.34 11.57 0.72 1.5E-04 
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Downregulated genes - Page 4 of 4 

Gene ViCKO 

[RPKM] 

VControl 

[RPKM] 

Fold Change 

ViCKO/VControl 

p-value 

Ldlr 3.73 5.16 0.72 5.0E-05 

Fosl2 4.06 5.54 0.73 5.0E-05 

Mtap7 16.96 23.12 0.73 5.0E-05 

Cdk18 7.82 10.52 0.74 2.5E-04 

Gna12 22.51 30.08 0.75 2.5E-04 

Rnf169 3.57 4.76 0.75 1.0E-04 

Slc16a1 9.70 12.90 0.75 1.5E-04 

Hcn2 37.62 49.95 0.75 5.0E-05 

Insig1 14.53 19.20 0.76 2.5E-04 

Scd1 40.52 52.46 0.77 1.5E-04 

Nkain1 28.33 36.49 0.78 2.5E-04 

Qdpr 190.90 243.80 0.78 4.0E-04 

B2m 132.26 167.36 0.79 7.5E-04 

Tmem151a 39.88 50.12 0.80 7.5E-04 

  

  



Chapter Four: Analysis of MyRF-dependent gene expression in the CNS 

 

127 

Upregulated genes - Page 1 of 3 

Gene ViCKO 

[RPKM] 

VControl 

[RPKM] 

Fold Change 

ViCKO/VControl 

p-value 

Gpr77 3.41 0.03 108.89 2.5E-04 

Expi 37.80 2.49 15.17 5.0E-05 

Pkd2l1 4.18 0.42 9.95 5.0E-05 

Col5a3 7.49 0.94 7.97 5.0E-05 

2310014L17Rik 3.41 0.53 6.42 5.0E-05 

chr15:9159437-9160032 4.46 0.71 6.25 5.0E-05 

Gm12471 41.79 9.40 4.44 5.0E-05 

Klk1b22 8.31 1.91 4.34 5.0E-05 

chr17:16985136-16985402 12.61 3.09 4.08 7.0E-04 

chr15:9161391-9161718 10.92 2.81 3.88 5.0E-05 

Rps13-ps1 17.65 5.65 3.13 5.0E-05 

chr5:124175167-124175582 24.85 8.13 3.06 5.0E-05 

Cdh19 9.95 3.35 2.97 5.0E-05 

Gabrr2 3.62 1.25 2.89 5.0E-05 

Slc1a5 3.20 1.18 2.71 5.0E-05 

Acot1 15.57 5.78 2.69 5.0E-05 

Mpzl1 34.73 14.03 2.48 5.0E-05 

Bfsp2 13.30 5.62 2.37 5.0E-05 

Serinc5 30.49 12.91 2.36 5.0E-05 

Vim 121.80 51.72 2.35 5.0E-05 

Gjc3 42.49 18.52 2.29 5.0E-05 

Matn2 14.99 6.56 2.28 5.0E-05 

Olig2 34.61 15.47 2.24 5.0E-05 

Lrp4 4.38 1.97 2.23 5.0E-05 

1810029B16Rik 10.94 4.96 2.20 5.0E-05 

Sema3d 4.00 1.84 2.18 5.0E-05 

Rab31 59.26 27.41 2.16 5.0E-05 

Ccnd1 16.36 7.73 2.12 5.0E-05 

Tle6 9.56 4.61 2.07 5.0E-04 

Ptgds 2181.45 1055.52 2.07 5.0E-05 

Rps3a 42.66 21.08 2.02 5.0E-05 

chr10:115036607-115036819 221.28 111.27 1.99 5.0E-05 

Cxcr4 3.05 1.57 1.94 4.5E-04 

Erbb3 6.01 3.10 1.94 5.0E-05 

chr8:11683490-11683803 101.73 52.90 1.92 5.0E-05 

Col16a1 15.41 8.02 1.92 5.0E-05 

Table 4.2: Upregulated genes following MyRF ablation 
Expression differences in MyRF iCKO versus control mice at 1 week post 4OHT. Sorted by 
fold change, largest increase on top. The table is continued on the following two pages.  
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Upregulated genes - Page 2 of 3 

Gene ViCKO 

[RPKM] 

VControl 

[RPKM] 

Fold Change 

ViCKO/VControl 

p-value 

Smtn 3.06 1.60 1.92 5.0E-05 

Gm10119 23.19 12.11 1.91 5.0E-05 

Mcam 16.03 8.38 1.91 5.0E-05 

Lims2 18.51 9.77 1.89 5.0E-05 

Zbtb16 3.53 1.92 1.84 5.0E-05 

Plin3 22.51 12.30 1.83 5.0E-05 

Gpr17 6.72 3.70 1.82 6.5E-04 

Piga 6.58 3.63 1.81 5.0E-05 

Cyp2j12 5.22 2.89 1.81 5.0E-05 

Folh1 8.14 4.54 1.79 5.0E-05 

Gm5506 35.76 19.98 1.79 5.0E-05 

Matn4 7.20 4.03 1.79 5.0E-05 

chr13:13444685-13445419 9.36 5.24 1.78 5.0E-05 

Aebp1 7.30 4.13 1.77 5.0E-05 

Spink8 13.61 7.75 1.76 5.0E-05 

Cyp2j6 12.84 7.34 1.75 5.0E-05 

Cela1 4.51 2.58 1.75 5.0E-05 

Rtkn 45.53 26.51 1.72 5.0E-05 

Gm9881,Olig1 45.32 26.49 1.71 5.0E-04 

Serpina3k,Serpina3n 16.47 9.65 1.71 5.0E-05 

Fkbp5 24.13 14.18 1.70 5.0E-05 

Fbxo7 33.42 20.00 1.67 5.0E-05 

Hbb-b1 345.17 207.47 1.66 5.0E-05 

Sgk3 9.70 5.92 1.64 5.0E-05 

Rhoj 3.51 2.15 1.63 1.0E-04 

Cdkn1a 29.60 18.18 1.63 5.0E-05 

Olig1 80.73 49.96 1.62 5.0E-05 

Lass2 73.99 45.99 1.61 5.0E-05 

Tagln2 11.61 7.24 1.60 5.0E-05 

Prkcq 8.44 5.31 1.59 5.0E-05 

Atp6v0c 97.29 61.28 1.59 5.0E-05 

Tmem144 6.76 4.28 1.58 5.0E-05 

Mmp15 8.20 5.23 1.57 5.0E-05 

Slain1 45.08 29.08 1.55 5.0E-05 

Hba-a1 36.09 23.30 1.55 1.5E-04 

Phactr3 87.80 56.71 1.55 4.0E-04 
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Upregulated genes - Page 3 of 3 

Gene ViCKO 

[RPKM] 

VControl 

[RPKM] 

Fold Change 

ViCKO/VControl 

p-value 

Adamts1 4.97 3.27 1.52 4.0E-04 

Adamts10 12.03 7.93 1.52 5.0E-05 

Ctsk 4.97 3.28 1.52 4.0E-04 

Apod 274.40 181.54 1.51 5.0E-05 

2010002N04Rik 11.77 7.82 1.51 5.0E-05 

Itih5 7.76 5.19 1.49 5.0E-05 

G0s2 13.56 9.08 1.49 2.5E-04 

Agmo 4.91 3.30 1.49 5.0E-05 

Sh2b2 3.40 2.29 1.49 6.5E-04 

Cab39l 22.53 15.26 1.48 5.0E-05 

Gm20425,Srprb,Trf 402.37 275.76 1.46 5.0E-05 

chr3:87834662-87837193 25.69 17.72 1.45 5.0E-05 

Hip1 7.84 5.43 1.45 5.0E-05 

Kank1 7.89 5.49 1.44 6.5E-04 

Ptov1 161.63 113.20 1.43 6.0E-04 

Cmtm3 10.11 7.09 1.43 2.5E-04 

Mylk 7.46 5.24 1.42 5.0E-05 

Rpl3 29.52 20.97 1.41 5.0E-05 

Sdpr,Tmeff2 44.49 31.62 1.41 5.0E-05 

Carhsp1 30.06 21.42 1.40 5.0E-05 

Gpd1 65.74 46.93 1.40 5.0E-05 

Abhd4 44.13 31.66 1.39 5.0E-05 

Gm2a 22.41 16.16 1.39 5.0E-05 

Cnp 282.08 204.13 1.38 1.5E-04 

Igfbp3 12.00 8.75 1.37 5.0E-05 

Rnps1 24.98 18.22 1.37 5.0E-05 

Pnpla2 22.54 16.52 1.36 2.5E-04 

Ehd3 34.60 25.42 1.36 5.0E-05 

Adipor2 36.84 27.11 1.36 5.0E-05 

Aspa 34.81 25.65 1.36 1.5E-04 

Ppil1 14.41 10.65 1.35 5.0E-04 

Prkd3 4.78 3.55 1.35 7.5E-04 

AI646023 6.21 4.63 1.34 3.0E-04 

Plat 23.13 17.69 1.31 4.0E-04 

Hr 10.99 8.53 1.29 4.0E-04 

Gpr37 27.00 21.35 1.26 6.0E-04 
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4.3 Illumina sequencing findings are consistent with qPCR results 

The Illumina sequencing confirms the qPCR results presented in Chapter 3.6 by similarly 

demonstrating a downregulation of Plp1, Mbp, Mag and Mog. The expression of the genes 

Mag and Plp1 was found to be decreased by 72.7% and 72.6% in the RNA-seq analysis, 

respectively. This is strikingly close to the results of the qPCR, which showed a decrease of 

77.0+1.6% for Mag and a decrease of 80.8+2.6% for Plp1 (Chapter 3.6, Figure 3.6). 

Similarly, the expression of Mog decreased to 52.1% of the expression seen in control 

animals, and that of Mbp decreased to 54.2% of control levels. The downregulation of Mog 

and Mbp expression is therefore substantial, but not as strong as that of Mag and Plp.  

While the qPCR analysis identified several downregulated genes following MyRF ablation, 

fewer tested genes, namely, CNP and Sox10 were found to be up-regulated. Our Illumina 

deep sequencing data confirmed 1.38 fold higher expression of CNP in the iCKO 

(ViCKO=282.08RPKM) when compared to the control mice (Vcontrol=204.13 RPKM). While the 

effect size was moderate compared to other genes, the difference was highly statistically 

significant (1.5E-04), and importantly strikingly similar to the findings in qPCR of a 

138.7+2.8% higher expression in iCKO animals when compared to control (Chapter 3.6). 

Surprisingly, Sox10 expression levels were not found to be significantly different between 

control and iCKO condition in Illumina sequencing, potentially due to the high variation 

between animals in the iCKO condition, which is also evident in the qPCR data (Figure 3.6). 

4.4 Up- and downregulated genes are associated with different cell 

differentiation stages of the oligodendrocyte lineage 

The dysregulation of a comparatively large number of genes at a time-point shortly after 

ablation of MyRF is consistent with the proposed function of MyRF as a transcription factor. 

As MyRF had been shown to be of importance for the maintenance of a mature 

oligodendrocyte identity, a hypothesis would be that predominantly genes with a role in 

myelinating oligodendrocytes would be downregulated. Regarding upregulated genes, a 

potential hypothesis was that ablation of the pro-differentiation factor MyRF may cause 

oligodendrocytes to revert to the intermediate pre-myelinating stage, and that therefore 

genes predominantly expressed during earlier cell stages of oligodendrocytes would be 

upregulated. This hypothesis was tested by comparing the list of dysregulated genes with a 

RNA-Seq study comparing transcript levels across different CNS cell types. For each 

dysregulated gene it was determined whether it was most highly expressed in neurons, 

astrocytes or a particular differentiation stage of oligodendroglia using a RNA-sequencing 
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transcriptome database (Zhang et al., 2014). For the means of this analysis, epithelial cells 

were omitted and genes not matching with the database were marked as not assigned. 

Perhaps unexpectedly, according to the RNA-sequencing transcriptome database the 230 

differentially expressed transcripts were not all predominatly expressed by 

oligodendrocytes, with many of the differentially expressed transcripts being 

predominantly expressed by astrocytes, microglia or neurons instead, or not being easily 

classifiable. These categories included similar numbers of upregulated and downregulated 

transcripts (Figure 4.1 A). In contrast, genes that are most strongly expressed by different 

stages of the oligodendrocyte lineage are unequally distributed across upregulated and 

downregulated transcripts. The transcripts identified as being upregulated in the MyRF 

iCKO mice were more likely to be ones predominatly expressed by either OPCs or newly 

formed oligodendrocytes (25 and 20 respectively) than the downregulated transcripts (of 

which 4 and 14 are predominatly expressed by either OPCs or newly formed 

oligodendrocytes, respectively). On the other hand, only 18 upregulated transcripts are 

predominatly expressed by myelinating oligodendrocytes, compared to 51 downregulated 

transcripts that are predominatly expressed by myelinating oligodendrocytes. This latter 

group represents the largest group of dysregulated transcripts. The differences become 

even more apparent when looking at the distribution of dysregulated genes across cell 

types. Transcripts that are most strongly associated with myelinating oligodendrocytes 

constitute 41.8% off all dysregulated transcripts. Contrastingly, 41.6% of upregulated 

transcripts are predominantly expressed by OPCs or newly formed oligodendrocytes. 
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Figure 4.1: Distribution of dysregulated genes across cell types 

Each dysregulated transcript was assessed as predominantly associated with OPCs, newly 
formed oligodendrocytes, myelinating oligodendrocytes, astrocytes, microglias or neurons, 
depending on which of these CNS cell type showed the strongest expression in a RNA-Seq 
transcriptome database (Zhang et al., 2014). N/A indicated dysregulated transcripts that 
could not be matched with the RNA-Seq transcriptome database.  

A) CNS cell types and the number of upregulated/downregulated genes associated with 
them. B) Distribution of downregulated and upregulated genes across cell types.  

Downregulated genes are predominantly associated with myelinating oligodendrocytes, 
while upregulated genes are largely associated with OPCs and newly formed 
oligodendrocytes.  



Chapter Four: Analysis of MyRF-dependent gene expression in the CNS 

 

133 

4.5 Downregulated genes confirm broad dysregulation of myelin 

genes 

The PANTHER pathway analysis allows for an unbiased classification of the large quantity 

of differentially regulated genes following MyRF ablation. PANTHER analyses every single 

gene of a given list of Gene Identifiers by comparing it to existing lists of PANTHER 

classifications, which are based on bioinformatic algorithms, as well as being manually 

curated (Mi et al., 2005; Thomas et al., 2003). Categories of PANTHER classifications 

include families and subfamilies of evolutionary related proteins the gene belongs to as 

well as its molecular function if known. PANTHER also lists biological functions of genes 

from the list if they have an assigned Gene Ontology (GO) term. These classifications 

regarding molecular and biological functions use relatively broad terms such as “catalytic 

activity” or “cellular process”, however.  

To test the hypothesis that MyRF regulates the expression of myelin genes, an unbiased 

screen for overrepresented GO terms was performed on the 122 downregulated genes with 

known gene identifiers. A PANTHER Overrepresentation screen for the biological process 

GO was submitted to the AmiGO2 Term Enrichment Service using Mus musculus as a 

template organism. As can be seen in Table 4.3, the most overrepresented GO terms 

(p=8.39E-04) are ‘axon ensheathment’ (GO:0008366) and ‘ensheathment of neurons’ 

(GO:0007272), both comprising the same list of seven downregulated genes shown in 

Table 4.4.  

As noted, the illumina sequencing also identifies other genes associated with the GO term 

‘Ensheathment of axons’ to be downregulated following MyRF ablation. An example is the 

Fa2h gene, which codes for fatty acid 2-hydrolase, an enzyme that catalyses the synthesis of 

2-hydroxylated sphingolipids (Alderson et al., 2004). These sphingolipids represent one of 

the most abundant lipid components (~25%) of the myelin sheath and are known to be 

critical for long-term myelin sheath integrity (Zoller et al., 2008). Consistently, mutations in 

the human gene Fa2h are associated with leukodystrophy (Edvardson et al., 2008). Another 

example is Cntn2, a gene expressed in both neurons and oligodendrocytes. The encoded 

contactin 2 is an adhesion molecule that localizes to the juxtaparanodal region of the 

myelin sheath (Traka et al., 2002), where it is involved in the clustering of potassium 

channels (Poliak et al., 2003). Lastly, Claudin-11 is a tight junction protein with parallel 

functions to PLP, as evident from double knockout animals for Cldn11 and Plp1, which 

show defects in myelin compaction (Chow et al., 2005). Overall the overrepresentation of 
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the ‘axon ensheathment’ GO term confirms that myelin genes represent an important 

subgroup of downregulated genes following MyRF ablation.  

In contrast to the above genes, two other genes used as exemplary myelin genes, Mag and 

Mog, are not annotated as being associated with axon/neuron ensheathment. This suggests 

that the actual number of myelin or oligodendrocyte-associated genes among the 

downregulated genes is likely to be higher than suggested by the PANTHER analysis. 

Consistent with this, a number of other genes downregulated following MyRF ablation are 

known to play an important role in oligodendrocyte function, yet have no GO term 

indicating this. These include connexin 47 (Gjc2, previously Gja12), which is involved in the 

formation of gap junctions between astrocyte and oligodendrocytes (Altevogt and Paul, 

2004; Odermatt et al., 2003). Also, Sphingosine-1-phosphate receptor 5 (S1PR5, formerly 

S1P5) a G protein-coupled receptor which can induce the retraction of oligodendrocyte 

processes in immature oligodendrocytes and promotes cell survival at later stages (Jaillard 

et al., 2005). As described in Chapter 1.3.2.4, the downregulated gene SLC16a1, which codes 

for the monocarborxylate transporter 1 (MCT1), has been shown to be critical for the 

metabolic coupling of oligodendrocytes and axons (Lee et al., 2012). As a last example of 

genes with a known role in axo-glial interaction, Hyaluronan and proteoglycan link protein 

2 (Hapln2, also Bral1) is an oligodendrocyte-derived component of the extracellular matrix 

surrounding Nodes of Ranvier, shown to be important for maximal conduction velocity 

(Bekku et al., 2010).  

Interestingly, a number of genes show even greater decreases in expression in the iCKO 

brains than the established myelin components MAG and PLP do. While for some of these 

dysregulated genes a role in oligodendrocytes has already been recorded in the literature, 

others have not yet been implicated in the context of oligodendroglia, and could provide 

fruitful avenues for future research. The finding that the expression of these genes is 

affected more strongly than that of major myelin components might indicate their 

expression is highly linked to a mature oligodendrocyte identity and, to a large degree, 

directly regulated by MyRF. The most strongly down-regulated transcript following MyRF 

ablation is that for the Ppp1r14a gene, which codes for the C-kinase potentiated Protein 

phosphatase 1 Inhibitor 17kDa (CPI-17), a mediator of myosin phosphorylation (Takizawa 

et al., 2002). In second position is Anillin (Anln), a protein shown to be able to link the 

actomyosin cytoskeleton with microtubules (D'Avino et al., 2008). The possibility that 

MyRF directly regulates these genes might hint to an involvement of MyRF in the regulation 

of cytoskeletal reshaping during process outgrowth and myelination.  
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Other genes that are particularly strongly downregulated following MyRF ablation might be 

involved in signalling between oligodendrocytes and the adjacent environment and cells 

via diverse mechanisms. For example, the previously mentioned connexin-47 (Gjc2) is 

involved in a potential electrical coupling between astrocytes and oligodendrocytes 

(Nualart-Marti et al., 2013). Kallikrein-related peptidase 6 (KLK6) is a serine protease with 

the capability to shed amyloid precursor protein, thereby potentially exerting a role in 

extracellular signalling. Interestingly, kallikrein-deficient mice show a decreased 

expression of other MyRF targets such as MBP and claudin-11, hinting to a possible 

intracellular or paracrine feedback mechanism (Murakami et al., 2013). As a last example, 

while UDP-N-acetyl-alpha-D-galactosaminyltransferase 6 (Galnt6) has not yet been 

implicated in the context of mature oligodendrocytes, it is known to regulate the 

glycolysation of extracellular matrix proteins such as fibronectin in other cellular contexts 

(Bennett et al., 1999). It is therefore feasible that Galnt6 can also modulate the ECM in the 

proximity of oligodendrocytes to trigger specific responses in proximal cells. The observed 

strong downregulation of these genes upon MyRF ablation indicate that the expression of 

at least some of these genes is dependent on MyRF. The transcriptional regulation of 

signalling molecules represents one mechanism through which MyRF might influence the 

cellular environment and intercellular signalling. 

Finally, for some of the genes strongly downregulated following MyRF ablation, no detailed 

function has been reported in the literature yet. These include TMEM63a and Plekhh1. 

Overall, the list of downregulated genes therefore provides many candidate genes that are 

potentially regulated by MyRF and might have specific functions in mature myelinating 

oligodendrocytes, therefore representing interesting avenues for future research.  
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GO Term GO ID BF SF Expect 
 

P-value 

axon ensheathment 0008366 83 7 3.73E-01 + 8.39E-04 

ensheathment of neurons 0007272 83 7 3.73E-01 + 8.39E-04 

anatomical structure development 0048856 4001 40 1.80E+01 + 1.48E-03 

multicellular organismal development  0007275 3922 38 1.76E+01 + 8.00E-03 

single-organism developmental process  0044767 4474 41 2.01E+01 + 1.03E-02 

developmental process 0032502 4496 41 2.02E+01 + 1.18E-02 

cellular process 0009987 12843 80 5.77E+01 + 1.44E-02 

myelination 0042552 81 6 3.64E-01 + 1.46E-02 

single-organism process  0044699 11876 76 5.33E+01 + 1.74E-02 

system development  0048731 3389 34 1.52E+01 + 1.81E-02 

response to external stimulus  0009605 1273 19 5.72E+00 + 2.55E-02 

nervous system development 0007399 1715 22 7.70E+00 + 4.43E-02 

single-organism cellular process  0044763 10482 69 4.71E+01 + 5.41E-02 

small molecule biosynthetic process  0044283 312 9 1.40E+00 + 8.92E-02 

neutrophil aggregation  0070488 2 2 8.98E-03 + 2.82E-01 

central nervous system myelination  0022010 15 3 6.73E-02 + 3.35E-01 

axon ensheathment in CNS 0032291 15 3 6.73E-02 + 3.35E-01 

cell differentiation 0030154 2964 28 1.33E+01 + 5.78E-01 

single-multicellular organism process 0044707 5932 44 2.66E+01 + 9.60E-01 

quinolinate catabolic process  0034213 1 0 4.49E-03 - 1.00E+00 

Table 4.3: Overrepresented GO Terms among downregulated genes 

PANTHER Overrepresentation Test on the GO biological process complete Annotation Data 
Set using the AmiGO2 Term Enrichment Service. Mus musculus was used as the template 
species. Notable are the multiple hits for terms related to ensheathment, which are based 
on overlapping genes carrying multiple similar GO terms. BF: Background Frequency, SF: 
Sample Frequency, +: overrepresented, Line marks threshold for significance (p < 5.0E-02) 

 

Axon ensheathment 

GeneID Full Name MGI Class 

Cldn11 Claudin-11 106925 tight junction 

Mal Myelin and lymphocyte protein 892970 membrane traffic protein 

Plp1 Myelin proteolipid protein 97623 myelin protein 

Pmp22 Peripheral myelin protein 22 97631 cytoskeletal protein 

Cntn2 Contactin-2 104518 IgR superfamily 

Fa2h Fatty acid 2-hydroxylase 2443327 hydroxylase 

Mbp Myelin basic protein 96925 myelin protein 

Table 4.4: Downregulated genes tagged with the GO term ‘axon ensheathment’  

List of downregulated genes carrying the statistically overrepresented GO term for axon 
ensheathment (GO:0008366). The list is identical to the list of genes carrying the GO term 
‘ensheathment of neurons’ (GO:0007272). Notably, there are further genes for which 
literature implies a role in myelination (e.g. Mag and Mog) not on this list, yet the listed 
genes are sufficient to reach statistical overrepresentation.  
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4.6 Many intermediate oligodendrocyte genes are upregulated 

Since not many of the genes tested in qPCR were found to be upregulated (Chapter 3.6), it 

was an open question as to how many other oligodendrocyte related genes would be 

upregulated upon MyRF ablation. A potential hypothesis here was that ablation of the pro-

differentiation factor MyRF may cause oligodendrocytes to revert to the intermediate pre-

myelinating stage, and that therefore cell markers characteristic for this earlier cell stage 

would be upregulated. Indeed, among the upregulated transcripts were Olig1 (61.5%), 

Olig2 (123.7%) and Gpr17 (81.6%). As described in the introduction (section 1.5), these 

factors are known to play a role during intermediate steps of oligodendrocyte 

differentiation and the initiation of myelination. Gpr17 is only transiently expressed in an 

immature oligodendrocyte cell stage and likely exerts an inhibitory effect on 

oligodendrocyte differentiation that has to be overcome for oligodendrocytes to myelinate. 

Olig2 is of critical importance during specification and early differentiation of the 

oligodendrocyte lineage, yet its expression is downregulated in the mature 

oligodendrocyte. The upregulation of these three genes is consistent with the hypothesis 

that recombined mature oligodendrocytes revert to an expression profile similar to the 

profile of an intermediate oligodendrocyte before initiation of myelination. 

Upregulated genes were screened for overrepresented GO terms for biological processes 

using the AmiGO Enrichment analysis. As Table 4.5 indicateds, while no GO category 

reached significance, the GO terms for ‘positive regulation of gliogenesis’ (GO:0014015) 

and ‘positive regulation of oligodendrocyte differentiation’ (GO:048714) showed a trend 

towards overrepresentation. This is consistent with the described upregulation of 

transcription factors in early oligodendrocyte differentiation such as Olig1 and Olig2. 

Another GO term with a trend towards overpresentation amongst upregulated genes is that 

for ‘lipid metabolic process’ (GO:0006629), potentially indicating a shift in the quantity or 

type of lipids produced following MyRF ablation. 
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GO Term GO ID BF SF Expect P-value 

positive regulation of oligodendrocyte 
differentiation 

0048714 16 3 6.68E-02 3.30E-01 

positive regulation of gliogenesis 0014015 52 4 2.17E-01 5.29E-01 

lipid metabolic process 0006629 913 13 3.81E+00 7.95E-01 

Table 4.5: Overrepresented GO terms among upregulated genes 

AmiGO2 Term Enrichment Test run on the PANTHER ‘biological process’ GO Annotation 
Data Set using Mus musculus as template species. While no GO term reached significance, 
they serve to provide broad functional classifications of some of the individual genes 
upregulated following MyRF ablation.   BF: Background Frequency, SF: Sample Frequency, 
+: overrepresented, Threshold for significance is p > 5.0E-02  

 

Positive regulation of gliogenesis 

GeneID Full Name MGI PANTHER Protein Class 

Aspa Aspartoacylase 87914 Lyase 

Cxcr4 C-X-C chemokine receptor type 4  109563 G-protein coupled receptor 

Olig2 Oligodendrocyte transcription factor 2 1355331 bHLH transcription factor 

Vim Vimentin 98932 Intermediate filament 

 

Lipid metabolic process 

GeneID Full Name MGI PANTHER Protein Class 

Apod Apolipoprotein D 88056  

Cyp2j12 Cytochrome P450 2J12 3717097  

Cyp2j6 Cytochrome P450 2J6 1270148  

Piga PI glycan anchor biosynthesis, class A 99461 Glycosyltransferase 

Ptgds Prostaglandin D2 synthase 99261 Transfer/carrier protein 

Agmo Alkylglycerol monooxygenase 2442495  

Gm2a Ganglioside GM2 activator 95762 Transfer/carrier protein 

Serinc5 Serine incorporator 5 2444223 TM receptor adaptor  

Acot1 Acyl-coenzyme A thioesterase 1 1349396  

Pnpla2 Adipose triglyceride lipase 1914103 Acyltransferase 

Abhd4 
Abhydrolase domain-containing 

protein 4 
1915938 Serine protease 

Adipor2 Adiponectin receptor protein 2 93830 Receptor 

Gpd1 Glycerol-3-phosphate dehydrogenase 95679 Dehydrogenase 

Table 4.6: Upregulated genes with GO Term ‘positive regulation of gliogenesis’ and 
‘lipid metabolic process’ 

Top: List of upregulated genes tagged with the GO term for ‘positive regulation of 
gliogenesis’ (GO:0014015). The first three entries also are tagged with the GO term 
‘positive regulation of oligodendrocyte differentiation’ (GO:0048714). Bottom: List of 
upregulated genes tagged with the GO term for ‘lipid metabolic process’ (GO:0014015).   
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4.7 Pathway analysis 

In addition to the above broad GO-term based analysis, PANTHER also assigns genes to cell 

signalling pathways. In order to assess whether loss of Myrf may cause dysregulation of 

specific signalling pathways, the 230 differentially regulated loci were submitted to a 

PANTHER pathway analysis to examine whether particular pathways were 

overrepresented. Should the ablation of MyRF affect the expression of multiple genes 

within the same pathway, it is possible that MyRF function exerts a regulatory effect (at 

least indirect) onto this pathway. 

Of the 230 differentially expressed loci, a total of 196 genes had a Gene Identifier annotated 

in the PANTHER analysis. These genes were compared against two different template 

datasets. Firstly, a dataset using solely Mus musculus genes and their associated GO terms 

as a template. A second pathway analysis was performed using a dataset that incorporates 

all 85 species in the PANTHER database. In the mouse dataset the total number of 196 

genes produced 77 pathway hits. A given gene could be implicated in multiple pathways 

and thereby produce multiple pathway hits. The comparison against the template including 

all 85 species resulted in a total number of 2342 genes in PANTHER terms, orthologues 

across species produced individual counts. These genes generated 1028 pathway hits. 

Since many signalling pathways are conserved between species, it was expected that both 

analyses would yeild similar results. As can be seen in Table 4.7, this is indeed the case, 

with the top six pathways being equivalent in both comparisons. As this indicates that the 

mouse template is curated to a sufficient degree, it will be used as the main focus to discuss 

results.  

The pathway with the highest number of hits is the Gonadotropin releasing hormone 

pathway (GnRH), also called Luteinizing hormone-releasing hormone (LHRH) pathway. 

Seven genes that are differentially regulated following the ablation of MyRF are annotated 

to play a role in GnRH signalling. These seven genes represent 3.60% of the 196 genes used 

as an input for the pathway analysis. The seven hits represent 9.10% of the 77 hits across 

all pathways. The seven differentially regulated genes that play a role are listed in Table 

4.8. Interestingly, five of these seven genes are not expressed in high levels in 

oligodendrocytes when compared to other cell types. Three genes are mainly expressed by 

Astrocytes: Nuclear receptor subfamily 4 group A member 1 (Nr4a1), c-Fos (Fos), and 

Transcription factor Jun-B (Junb). Two other genes, coding for Early growth response 

protein 1 (Egr1) and Dual specifity protein phosphatase 1 (Dusp1), are mainly expressed by 

Microglia. Whether the increased expression of these genes represents abnormal 
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expression in the recombined OLs or some sort of response in other cell types remains an 

open question. Only the remaining two genes, Adiponectin receptor protein 2 (Adipor2) 

and Protein kinase C theta type (Prkcq) are expressed at high levels in the oligodendrocyte 

lineage (Zhang et al., 2014). Given the seven genes listed as differentially regulated in this 

pathway are preominatly expressed by disparate cell types in the CNS and given they are 

also involved in other signalling pathways, it is unclear whether GnRH signalling is actually 

meaningfully altered following ablation of MyRF.  

Another pathway with a high number of differentially regulated genes is the Wnt signalling 

pathway. Five genes that are differentially regulated are implicated in this pathway, 

equalling 2.60% of total genes and 6.50% of all hits. The hits include Proto-oncogene 

protein Wnt3, which is a member of the eponymous family and highly expressed in mature 

oligodendrocytes. The MyRF iCKO mice show a downregulation in expression of Wnt3. The 

other hits related to this pathway are all upregulated following MyRF ablation and consist 

of G1/S-specific CyclinD1 (Ccnd1), Cadherin19 (Cdh19), Transducin-like enhancer protein 6 

(Tle6) and protein kinase C theta type (Prkcq). In contrast to the hits relating to GnRH 

signalling, within the CNS all of the hits related to Wnt signalling are mainly expressed by 

the oligodendrocyte lineage (Zhang et al., 2014). 

In contrast to the GnRH and Wnt pathways, other pathways were represented by only three 

or fewer hits. Of these, the epidermal growth factor (EGF) receptor signalling pathway is of 

interest, for a couple of reasons. Firstly, one of the gene hits is Erbb3 which codes for a 

constituent of the receptor complex itself. Secondly, another constituent of EGF signalling, 

Pik3c2b, is dysregulated following MyRF ablation that but barely misses the inclusion 

criteria of an expression value V>3.00RPMB in the iCKO or control sample. Also, three 

genes (Mapk14, Stat1 and Rhog) associated with the pathway were found to be 

differentially spliced following ablation of MyRF, adding to the total number of affected 

pathway members. Importantly, the EGF-family includes the neuregulins, which are ligands 

for the ErbB3 receptor and have previously been implicated in myelination (Lundgaard et 

al., 2013). Therefore, while the significance of this finding will have to be further 

investigated, the dysregulation of the relevant receptor as well as downsteam effectors is at 

least notable.  
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Template: Mus musculus 

Total number of genes: 196 Total number of pathway hits: 77 

Rank Accession Pathway #genes D E 

1 P06664 Gonadotropin releasing hormone receptor 7 3.60% 9.10% 

2 P00057 Wnt signaling 5 2.60% 6.50% 

3 P00005 EGF receptor signaling 4 2.00% 5.20% 

4 P00034 Integrin signalling 4 2.00% 5.20% 

5 P00018 Angiogenesis 3 1.50% 3.90% 

6 P00012 Alzheimer disease-presenilin 3 1.50% 3.90% 

7 P00006 Inflammation med. by chemokine/cytokine 3 1.50% 3.90% 

8 P00004 Huntington disease 3 1.50% 3.90% 

9 P00036 Cytoskeletal regulation by Rho GTPase 3 1.50% 3.90% 

10 P00031 Cadherin signaling 3 1.50% 3.90% 

11 P00029 Axon guidance mediated by Slit/Robo 2 1.00% 2.60% 

12 P00059 Apoptosis signaling 2 1.00% 2.60% 

13 P00056 Interleukin signaling 2 1.00% 2.60% 

14 P00053 p53 2 1.00% 2.60% 

15 P00052 VEGF signaling 2 1.00% 2.60% 

 

Template: 85 PANTHER species 

Total number of genes: 2342 Total number of pathway hits: 1028 

Rank Accession Pathway #genes D E 

1 P06664 Gonadotropin releasing hormone receptor 90 3.80% 8.80% 

2 P00057 Wnt signaling 63 2.70% 6.10% 

3 P00018 EGF receptor signaling 53 2.30% 5.20% 

4 P00034 Integrin signalling 43 1.80% 4.20% 

5 P00005 Angiogenesis 42 1.80% 4.10% 

6 P00029 Huntington disease 42 1.80% 4.10% 

7 P00004 Alzheimer disease-presenilin 39 1.70% 3.80% 

8 P00012 Cadherin signaling 37 1.60% 3.60% 

9 P00016 Cytoskeletal regulation by Rho GTPase 36 1.50% 3.50% 

10 P00031 Inflammation med. by chemokine/cytokine 35 1.50% 3.40% 

11 P00056 VEGF signaling 29 1.20% 2.80% 

12 P00006 Apoptosis signaling 28 1.20% 2.70% 

13 P00053 T cell activation 28 1.20% 2.70% 

14 P00008 Axon guidance mediated by Slit/Robo 27 1.20% 2.60% 

15 P00052 TGF-beta signaling 25 1.10% 2.40% 

Table 4.7: Signalling pathways associated with genes that are differentially regulated 
following MyRF ablation (Template: Mus musculus) 

PANTHER Pathway analysis of the 181 differentially regulated genes that have a PANTHER 
Batch Id Search supported Illumina GeneID and meet the threshold of V > 3.0RPKM in 
either control or iCKO. Column D indicates the percentage of target gene hits in an 
individual pathway against the total number of genes. Column E indicates the percentage of 
gene hits for an individual pathway against the total number of pathway hits.  



Chapter Four: Analysis of MyRF-dependent gene expression in the CNS 

 

142 

Gonadotropin releasing hormone receptor pathway 

GeneID Full Name MGI Expr. Fold change 

Nr4a1 Nuclear receptor subfamily 4 group A m1 1352454 Down 0.61 

Dusp1 Dual specificity protein phosphatase 1 105120 Down 0.68 

Fos Proto-oncogene c-Fos 95574 Down 0.44 

Adipor2 Adiponectin receptor protein 2 93830 Up 1.36 

Egr1 Early growth response protein 1 95295 Down 0.69 

Junb Transcription factor jun-B 96647 Down 0.62 

Prkcq Protein kinase C theta type 97601 Up 1.59 

     

Wnt signalling pathway 

GeneID Full Name MGI Expr. Fold change 

Cdh19 Cadherin 19 3588198 Up 2.97 

Ccnd1 G1/S-specific cyclin-D1 88313 Up 2.12 

Wnt3 Proto-oncogene Wnt-3 98955 Down 0.63 

Tle6 Transducin-like enhancer protein 6 2149593 Up 2.07 

Prkcq Protein kinase C theta type 97601 Up 1.59 

     

EGF receptor signalling pathway 

GeneID Full Name MGI Expr. Fold change 

Erbb3 Receptor tyrosine-kinase ErbB-3 95411 Up 1.93 

Prkd3 Serine/threonine-protein kinase D3 1922542 Up 1.35 

Rhoj Rho-related GTP binding protein 1922542 Up 1.63 

Prkcq Protein kinase C theta type 97601 Up 1.59 

 

Table 4.8: PANTHER Pathways and associated genes which are differentially 
regulated following MyRF ablation 

Listed are Gene IDs and full name and MGI identifier of hits for which PANTHER pathway 
analysis indicated relevance to the Gonadotropin releasing hormone pathway, the Wnt 
pathway and the EGF receptor pathway. The table lists whether the gene is up- or 
downregulated and the fold change in expression following the ablation of MyRF. Note that, 
as a downstream effector of many pathways, Protein kinase C theta type (Prkcq) is included 
in all three pathways. It provides of a single gene producing multiple hits, a possible caveat 
of the pathway analysis. 
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4.8 Discussion 

Overall, the results of the Illumina sequencing confirm the rapid changes in gene 

expression seen in qPCR, with remarkable concordance for the degree of downregulation of 

myelin genes such as PLP1, MAG, MOG and MBP observed by each method. Similarly, both 

qPCR and Illumina sequencing detected an upregulation of CNP following ablation of MyRF. 

In contrast, the upregulation of Sox10 expression found in qPCR was not reproduced using 

Illumina sequencing. This might be due to the high variability in Sox10 expression, which is 

also evident in the qPCR results. 

In addition to these previously discussed myelin genes, there are other genes for which 

Illumina sequencing shows an even more severe decrease in expression following ablation 

of MyRF. Assuming MyRF acts as a transcription factor, these genes are good candidates for 

regulatory targets. They include genes for proteins of importance in cytoskeletal modelling 

(PP1R14A, Anillin), inter-cellular communication (connexion-47, Kallikrein6), lipid 

production (Fa2h) and glycosylation, potentially even of the extracellular matrix (Galnt6). 

This demonstrates that the MyRF affects the transcription not only of myelin proteins, but 

rather of proteins of integral importance in shaping the cellular structure and environment 

of oligodendrocytes.  

This is consistent with the view that MyRF is a factor of critical importance for maintaining 

a mature oligodendrocyte identity, as reported in Chapter 3. Upon ablation of MyRF, 

oligodendrocytes lose the expression of markers of their mature cell identity, also re-

expressing some genes characteristic of premyelinating oligodendrocytes. A counter-

hypothesis would be that even at these early time-points following MyRF ablation the 

differentiation of new OLs is induced, thus leading to the increase in expression of these 

intermediate markers. While this might in part happen, the fact that oligodendrocyte 

precursor cell markers such as PDGFRα and fibroblast growth factor receptor (FGFR) are 

not significantly upregulated at this time-point suggests that the number of cells in which 

this occurs is very limited. Additionally, as shown in Chapter 3.10, significant 

oligodendrocyte progenitor cell proliferation does not occur until week 6 post 4OHT, 

suggesting a lack of OPC response at this early time-point. This would suggest that most of 

the expression changes seen for oligodendrocyte specific genes are occurring in the large 

population of recombined oligodendrocytes. 

Some of the genes upregulated following ablation of MyRF might provide interesting 

candidates for further characterization of the MyRF iCKO model. One of the most strongly 

upregulated genes was Expi, a gene with partial homology with the human gene for 
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Anosmin-1 (Kal1). Anosmin-1 is a secreted factor that influences OPC migration and 

proliferation depending on its presence in either a soluble or ECM bound form (Bribian et 

al., 2008; Murcia-Belmonte et al., 2015). While, as shown in Chapter 3.10, a sizeable 

proliferative response of the OPC population in iCKO mice does not occur at this early 

timepoint, the finding that the expression of a homologue of the strong OPC mitogen 

Anosmin-1 might indicate that there are immediate signals to mediate an OPC response. 

Another upregulated gene was Gpr77, usually most strongly expressed by microglia. Gpr77 

is a decoy receptor which removes active complement fragments from the extracellular 

environment (Scola et al., 2009), exerting an anti-inflammatory function (Gerard et al., 

2005). An anti-inflammatory modulation through factors like Gpr77 is consistent with the 

lack of adaptive immune cell infiltration seen in the MyRF iCKO model at clinical peak.  

Many of the upregulated transcripts are expressed in multiple cell types within the CNS 

based on the RNA-sequencing transcriptome database (Zhang et al., 2014). At present it is 

unclear whether the rise in expression of these transcripts is due to additional expression 

selectively within the recombined oligodendrocytes, or whether it is an early secondary 

response in other cell types of the CNS.   

The genes found to be differentially regulated by Illumina sequencing, particularly those 

upregulated, might give a hint to the differentiation stage that an oligodendrocyte reverts 

to following the ablation of MyRF. This stage might be similar to that of an immature 

oligodendrocyte before MyRF drives further differentiation. In line with this, Illumina 

sequencing shows an upregulation of markers which are usually only expressed at high 

levels in non-myelinating oligodendrocytes, such as Gpr17, Mpzl1 and Olig2. Consequently, 

the upregulated genes would be expected to play a role during the immature 

oligodendrocyte differentiation stage, and then be downregulated during terminal 

oligodendrocyte differentiation. Comparison with RNA-Seq transcriptome data confirms 

that this is indeed the case for genes such as Mpzl1, Bfsp2, Serinc5, Matn2 and Vim (Zhang et 

al., 2014). MyRF might, through direct or indirect regulation, exert a negative feedback on 

the expression of some of these genes, which is lifted in the case of MyRF ablation.  

In total, 230 genes are significantly dysregulated in the iCKO mice. Assuming that some of 

these expression changes occur in cell types other than oligodendrocytes, it is likely that 

less than 200 genes are directly affected by MyRF ablation. On the other hand, Zhang et al. 

identified more than 2333 genes that are highly enriched specifically in mature 

oligodendrocytes when compared to other differentiation stages and other CNS cell types 

(Zhang et al., 2014). Considering that the expression of the vast majority of these 2333 
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genes is not significantly affected by MyRF ablation, it becomes clear that MyRF only 

regulates the expression of a specific subset of oligodendrocyte genes. MyRF therefore 

likely only regulates particular aspects of oligodendrocyte function. 

In examining what these specific functions or characteristics are, the GO term and pathway 

analysis via PANTHER can give a first indication. Expectedly, amongst downregulated 

genes there is an overrepresentation of genes associated with the GO terms for axon 

ensheathment and myelination. While no GO term was found to be significantly 

overrepresented amongst upregulated genes, there was a trend for overrepresentation of 

genes with relevance in lipid metabolism. It therefore seems as if the ablation of MyRF 

leads to a downregulation in the expression of protein components of the myelin sheath 

and an upregulation of the production machinery for the lipid component. On the flipside, 

this might indicate that during development, high MyRF activity increases the production 

of myelin protein and deemphasizes lipid production, potentially linking both processes in 

a regulatory manner. Such a regulatory crosstalk of protein and lipid homeostasis would 

make sense in an oligodendroglial context, for example during myelin compaction.  

Regarding PANTHER pathway analysis, a surprising finding was that the GnRH pathway 

had the highest number of hits amongst differentially regulated genes, as GnRH had not 

been previously implicated in myelination. While GnRH is known to be a neurohormone 

that is expressed by a subpopulation of neurons, the implications of this are still subject of 

ongoing research (Campbell et al., 2009). Many of the differentially-expressed genes that 

PANTHER links to the GnRH pathway are predominantly expressed by cell types other than 

oligodendrocytes; for example Nr4a1 by astrocytes (Zhang et al., 2014). Therefore, a 

possibility that has to be taken into account is that the expression changes in some of these 

genes represent a secondary effect within other cell types even at this early time-point. 

Whether MyRF ablation directly changes GnRH signalling can only be clarified by future 

research. It also remains to be seen whether this pathway is of relevance in the CNS and 

what its functions are.   

A pathway that has been better examined in regards to its role in oligodendrocytes is the 

Wnt signalling pathway. Canonical Wnt signalling has been found to exert stage specific 

effects, inhibiting or promoting the differentiation of oligodendrocytes in spinal cord 

(Shimizu et al., 2005). The extracellular signalling molecule Wnt3 is produced by 

myelinating oligodendrocytes (Zhang et al., 2014), and is one of the genes downregulated 

upon MyRF ablation. Surprisingly, mediators of the pathway such as Protein Kinase C theta 

and targets such as Cyclin-D1 are upregulated. A hypothesis could be that during 

development, oligodendrocyte differentiation is first controlled by Wnt-Signalling, until 
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oligodendrocytes become Wnt3 secreting cells themselves, which might depend on or 

coincide with the expression of MyRF. This would be in agreement with the observation 

that upon MyRF ablation, oligodendrocytes revert from Wnt3-secreting cells to cells that 

are receptive to Wnt-signalling.  

Lastly, the increased expression of Erbb3 might indicate the possibility that MyRF activity is 

linked to NRG signalling. It is intriguing to think that upon failing to express MyRF (due to 

its ablation), an oligodendrocyte upregulates the pathways that would usually lead to an 

increased expression of MyRF. Whether NRG/Erbb3 signalling might represent such a 

regulator of MyRF expression is a subject requiring further research. 

Most of the discussed possibilities of the effect that MyRF expression (or the lack thereof) 

might have on specific signalling pathways are of course highly speculative. Also, general 

caveats of the pathway analysis have to be taken in account. One caveat is that the different 

gene hits for a pathway might occur due to expression changes in different cell types. 

Another caveat is the fact that certain genes, such as Prkcq, are implicated in many different 

signalling pathways, and thereby increase the number of hits for all of these pathways. 

Despite these caveats, however, pathway analysis provides a good first tool to identify 

potential targets for future research. 

Overall, the Illumina sequencing confirms the importance of MyRF in the regulation of the 

expression of several genes and gives hints to which intra- and intercellular pathways 

might be affected upon the onset of MyRF activity. Given that a block in differentiation of 

the recombined cells is not an issue in the experimental setup presented here, as opposed 

to the developmental experiments previously reported (Emery et al., 2009), the results 

presented in this chapter strongly suggest that the regulation of myelination-related genes 

is likely to be relatively direct. Therefore, subsequent work (Chapter 5) aimed to identify 

whether MyRF can indeed act as a transcription factor. 
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5 Myrf is an autoproteolytically 

cleaved membrane associated 

transcription factor  

5.1 Introduction 

As described in Chapter 1.7, an understanding of the molecular mechanisms by which a 

protein such as MyRF works is a necessity for understanding its role and importance in 

myelination. The aim of this Chapter is therefore to characterize the molecular properties 

of the MyRF protein. An important methodology in determining the functions of 

uncharacterized proteins is to search for proteins of homologous sequence and structure 

and extrapolate from their known function.  

As discussed in Chapter 1, a number of hypotheses have been developed regarding the 

molecular features and potential functions of MyRF and its homologues based on in silico 

and homology predictions. The initial cloning, sequencing and analysis of the C11orf9 gene 

by Stohr et al. (2000) identified it as a likely transmembrane protein containing two 

transmembrane domains. Later, while defining the crystal structure of the yeast 

transcription factor Ndt80, Montano et al (2002) et al. noted a sequence homology to 

C11orf9. The region of homology was within the DNA binding domain of Ndt80 and 

included conservation of the amino acid residues involved in the Ndt80/DNA interactions. 

Based on this Montano et al. proposed that both Ndt80 and C11Orf9 belong to the same 

protein family, suggesting that C11orf9 is a transcription factor rather than a 

transmembrane protein (Montano et al., 2002). They therefore started a scientific 

discussion on the function of the chordate homologues to Ndt80 which continues to the 

current day.  
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In later experiments the group examined the relative contribution of individual amino 

acids to the DNA binding capabilities of Ndt80 (Fingerman et al., 2004). While the 

corresponding data was not shown, they reported that a fragment of C11orf9 with 

homology to the DNA binding domain of Ndt80 nevertheless lacked the capability to bind 

the DNA consensus sequence for Ndt80. Further, a chimeric protein containing the DNA-

binding domain of C11orf9, but otherwise features of Ndt80, was not able to rescue yeast 

cells with a homozygous Ndt80 null mutation.  They conclude that the human C11orf9 

protein might either have a lower affinity to DNA due to lacking some molecular features 

of the yeast orthologue, or that a difference between C11orf9 and Ndt80 in the residues 

that interact with DNA might lead to an altered target sequence specificity (Fingerman et 

al., 2004). 

The first investigations on the subcellular localization of the MyRF protein were carried 

out by Emery et al. (2009) on mouse MyRF. They investigated the subcellular localization 

of MyRF using an N-terminally Myc-tagged construct of MyRF, which showed a 

predominantly nuclear staining pattern. These results were consistent with a proposed 

transcription factor function for MyRF.  Therefore, the implications of a potential 

transmembrane domain were not discussed further. 

The classification of MyRF and its orthologues as nuclear transcription factors was 

however challenged by Russel et al. (2011) on the basis of research on the C. elegans 

orthologue pqn-47. As a pqn-47 construct featuring a green fluorescent protein (GFP) 

insertion did not localize to the nucleus, they argued against pqn-47 and MyRF acting as 

transcription factors. As their pqn-47 construct mostly showed localization reminiscent of 

the ER, they suggested that pqn-47 and its orthologue MyRF might be involved in 

secretion processes instead. 

While the data presented in Chapters 3 and 4 demonstrating rapid changes in gene 

expression following the ablation of MyRF would seem to be consistent with it having a 

role as a transcription factor, so far, more direct molecular evidence for such a role is 

lacking. Therefore, the purpose of this Chapter is to use in silico predictions combined with 

biochemical approaches to better understand the molecular mechanisms by which Myrf 

may promote myelination. 
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5.2 MyRF contains a predicted transmembrane region 

As described in the introduction to this Chapter, Stohr et al. (2000) proposed that the 

human ortholog of MyRF, C11orf9, is a two-pass transmembrane protein. To further 

investigate this possibility, the protein sequence of mouse MyRF was submitted to several 

online in silico transmembrane prediction algorithms. Broadly speaking, these predictions 

work on the basis that the clustering of certain amino acids or a specific amino acid 

sequence is predictive of certain features. Transmembrane regions of proteins are often 

present in alpha helices containing mostly hydrophobic amino acid residues to allow for 

the insertion into the lipophilic environment of the membrane. The clustering of 

hydrophobic residues can therefore be identified by algorithms and be predictive of a 

transmembrane segment. The output of four of these programs is presented below. 

5.2.1 Transmembrane region prediction using TMPred 

In silico prediction of transmembrane regions for MyRF was performed using the TMPred 

algorithm TMBase25 (Hofmann, 1993). All prediction parameters were left at standard 

values; the considered TM-helix length therefore has a minimum of 17 and a maximum of 

33 amino acids. The resulting hydrophobicity chart and candidate transmembrane regions 

are shown in Figure 5.1. 

The most certain result from this analysis is the presence of a cluster of hydrophobic 

amino acids at positions aa768-786 with a score of 2,460. As this score is considerably 

higher than the threshold of 500, this hydrophobic region is highly likely to be a 

transmembrane helix. Of note is the second hit in the outside to inside category at residues 

aa797-815, which, with a score of 467, comes close to the required threshold of 

representing a transmembrane helix.  

On the basis of the significant results, TMPred predicts two possible models as shown in 

Figure 5.1. The preferred model, with a score of 2,460, is the presence of a single 

transmembrane segment at aa768-786 with an outward facing N-terminus. The 

preference of an outside facing N-terminus is based on the assumption the software makes 

of an insertion in the plasma membrane, and might not reflect the actual topology if the 

protein is present in other membranous cellular structures (see below). It is noteworthy 

that the alternative model of an N-terminus facing the cytoplasm does reach a comparable 

score of 2,073 points (compared to 2,460 points for the preferred model), and thereby is 

not excluded as a possible topology. 
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Figure 5.1: TMPred (TMbase25) transmembrane prediction for MyRF  

A) Hydrophobicity chart for MyRF B) Putative Transmembrane Helices and their score 
(threshold for significance: 500) C) Output for considered models of MyRF topology. 
Helices with the same number in both categories correspond to the same hydrophobic 
region.   
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5.2.2 Transmembrane region prediction using Toppred 

The Toppred algorithm on the mobyle server has different versions for prokaryotic and 

eukaryotic query proteins (Claros and von Heijne, 1994). The MyRF protein sequence was 

submitted using the parameters indicated in Table 5.1. 

Parameter Variable Value 

Hydrophobicity scale -H GES-scale  

Organism -e Yes 

Certain cutoff -c 1.0 

Putative cutoff -p 0.6 

Core window size -n 10 

Wedge window size -q 5 

Critical loop length -s 60 

Critical transmembrane spacer -d 2 

Table 5.1: Parameters for Toppred transmembrane prediction 

Figure 5.2 Panel A shows the resulting hydrophobicity graph. The potential 

transmembrane regions, marked by black bars, are listed in the table in panel B. The table 

contains information on amino acid positions, an assigned score and the certainty 

predictions based on the standard cut-off of the parameter. 

Based on the chosen parameters, Toppred predicted 6 potential transmembrane regions, 

two of which it grades as certain. The candidate helix with the highest score, Helix Number 

3, represents the same hydrophobic region predicted to be a transmembrane domain by 

TMpred. The other candidate helix considered to be certain, helix number 6, has a score of 

1.003 and therefore only barely meets the threshold to be described as “certain”.  Whether 

it is indeed a transmembrane region is therefore questionable, however the region 

certainly possesses a high hydrophobicity, which might have implications for its 

secondary structure and function. 

Toppred calculated a total of 16 different topology structure models based on inclusion or 

exclusion of some of the candidate helices. The topology model which incorporates only 

the helices calculated as certain (Helices 3 and 6) is not conclusive on whether the N-

terminus faces the cytosol. Depending on what other putative transmembrane helices are 

incorporated into the other topology structure models, they come to different conclusions 

on the position of the N-terminus. The prediction is therefore inconclusive in regards to 

the topology of the protein. 
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Figure 5.2: Toppred hydrophobicity chart and TM region prediction.  

The found helices are indicated by black bars in the hydrophobicity chart. X-axis 
represents amino acid numbers. Y-axis represents hydrophobicity value. The red line 
represents the upper cutoff threshold of 1, described as “certain”.  Helix Number 3 
represents the same hydrophobic region predicted to be a transmembrane domain by 
TMpred. Helix Number 6 barely reaches the threshold for significance with a score of 
1.003. 
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5.2.3 Transmembrane region prediction using HMMtop 

A third transmembrane prediction service used was the HMMtop algorithm (Tusnady and 

Simon, 2001). Parameters were left at standard values. The results of the computation can 

be seen in Table 5.2. HMMtop predicts a single transmembrane helix, which corresponds 

to hit number 1 in the TMpred and hit number 3 in the Toppred prediction. The algorithm 

predicts the N-terminus of MyRF to be inside the cell, contrary to the preferred model of 

the TMpred prediction. 

Result Value 

N-terminus IN 

Number of TM helices 1 

Transmembrane helices 767-789 

Total entropy of the model 17.0218 

Entropy of the best path 17.0226 

Table 5.2: Results of HMMtop transmembrane prediction 

5.2.4 Transmembrane region prediction using MEMSAT-SVM and MEMSAT3 

A final service employed for membrane segment and protein topology prediction was the 

PSIPRED server, which subjects the query sequence to a simultaneous processing by the 

MEMSAT-SVM (Nugent and Jones, 2009) and MEMSAT3 algorithms (Jones et al., 1994). 

Default settings were used.  

Figure 5.3 panel A shows the calculated RAW outputs, which the two algorithms combine 

in different ways to calculate the transmembrane segments and topologies. The results of 

the MEMSAT-SVM and MEMSAT3 computations, along with their graphical 

representations, can be seen in Figure 5.3 panel B & C respectively. Both algorithms find a 

single transmembrane helix in the same region, starting at aa765. The length of the 

transmembrane helix is slightly different, with MEMSAT-SVM predicting it stretching 24 

amino acids (up to aa789) and MEMSAT3 predicting a length of 20 amino acids (up to 

aa785). The helix identified corresponds to the same region that has been commonly 

found in all other prediction services. MEMSAT-SVM and MEMSAT3 are in agreement 

regarding the topology of the protein, in that they both predict that the N-terminus will 

face the cytosol. 
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Figure 5.3: Schematic diagram of the MEMSAT3 and MEMSATSVM predictions 

A) The Uniprot sequence for mouse MyRF (Q3UR85) was used as query sequence. Traces indicate the RAW outputs for the prediction SVMs. Dashed 
lines indicate the prediction threshold. B) MEMSAT-SVM Topology Analysis Result Output C) MEMSAT3 Topology Analysis Result Output
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5.2.5 Summary and discussion of transmembrane and topology predictions 

Table 5.3 provides an overview of the results of all in silico transmembrane predictions 

and the amino acids that were predicted to form the transmembrane region. Consistent 

with the predictions of (Stohr et al., 2000), all three programs indicate that the MyRF 

protein has at least one transmembrane domain.  

Although there were differences in the predictions of each program, all gave a broad 

consensus in identifying a TM domain spaning from around G767 to L789. This region 

corresponds to a transmembrane region Stohr et al. (2000) found in their cloning product 

of C11orf9 at F755-V779 using the prediction services TMPred and Prosite. The other 

transmembrane region that Stohr et al reported at G812-V836 of their cloning product 

corresponds to the region of MyRF at aa797-815, which is just below the levels 

ofsignificance in the TMPred prediction. Subtle sequence differences between the two 

orthologues or updates to the prediction mechanism may explain why the prediction of 

Stohr et al. reaches significance, while our more recent one does not. The results each 

program gave for this region are summarised in Table 5.3. 

Service Version Region Score Threshold N-terminus 

TMPred v25 764-788 2460 500 both possible 

Toppred v1.10 767-787 2.242 1 inconclusive 

HMMtop v2.0 767-789 n.a. n.a. cytosolic 

MEMSAT-SVM 
 

765-789 2.5838 
 

cytosolic 

MEMSAT3 
 

765-785 24.99 
 

cytosolic 

Table 5.3: Summary of transmembrane regions predicted 

Table 1.4 lists the different prediction services used and which version of the algorithm 
the prediction was run on. The Region column indicates the numbers of the amino acids 
that constitute the transmembrane helix with the highest confidence level. Where 
provided by the service, the score and required threshold to reach significance is given. 
The N-terminus column indicates the predicted topology for the N-terminus of MyRF on 
the basis of the high-confidence transmembrane region. 

While the exact start and end of the predicted transmembrane region varies between the 

algorithms to a maximum of +three amino acids, the core region is comparable. Seeing as 

all algorithms identify this region, it can be considered very probable that it indeed 

resembles a transmembrane region. Subsequently, we will refer to the most hydrophobic 

residues in the identified region G767 to L789 as the transmembrane region. The adjacent 

amino acids are the positively charged glutamine Q766 and the hydrophilic serine S790. 

These residues would be favoured in a position at the boundary of a transmembrane helix, 
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as an interaction with the polar heads of membrane lipids is energetically favourable for 

them. 

While some of the algorithms pick up further putative transmembrane regions within the 

MyRF sequence, none of these are consistently found by multiple prediction services. For 

example, the predicted “certain” hit Helix 6 in the Toppred prediction (aa1046 to aa1066) 

fails to reach a significant level in the TMPred prediction.  This points to the inherent 

differences for in silico searches using different algorithms, and is a reminder that hits only 

detected by a subset of these algorithms should be treated with caution. Nevertheless, it 

would be wrong to rule out the potential for further membrane passes, as features like 

these do not necessarily have to occur as transmembrane helices or even hydrophobic 

regions as evidenced for example in many pore proteins, making them difficult to predict 

in silico. Therefore, a single membrane pass shall be conservatively assumed as a working 

hypothesis, without completely ruling out the possibility of further membrane passes. The 

prediction of the topology, e.g. the direction that the N-terminus faces, is less consistent 

between algorithms. The most preferred model across all algorithms is a cytosolic N-

terminus. Assuming a single membrane pass, the C-terminus would then be positioned on 

the cell surface or the lumen of a cellular compartment to which MyRF is tethered. 

Collectively, these results, taken together with features of MyRF that have been previously 

reported in the literature, lead to a model of MyRF features and topology as depicted in 

Figure 1.1. 

 

 

Figure 5.4: Predicted MyRF features and topology. 
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5.3 MyRF is subject to posttranslational cleavage 

The existence of a transmembrane domain, and thereby a likely tethering of MyRF in a 

membrane, seemed at first contradictory to the proposed transcription factor function of 

MyRF, as such a function would require a nuclear localization.  One possible reconciliation 

of the presence of both a DNA-binding domain and a transmembrane domain would be the 

occurrence of proteolytic cleavage between these two domains, as has been demonstrated 

for membrane associated transcription factors such as the SREBPs, ATF6 and Notch 

(Brown and Goldstein, 1997; De Strooper et al., 1999; Ye et al., 2000). 

To examine whether MyRF undergoes proteolytic cleavage, we performed Western blot 

analysis of a MyRF construct containing a Myc-tag at its N-terminal end and a FLAG-tag at 

its C-terminal end (Myc-MyRF-FLAG), expressed in 293T cells. Probing with both anti-Myc 

and anti-FLAG antibodies detected a faint band at ~140kDa, as seen in Figure 5.5 Panel A. 

This band corresponds approximately to the predicted molecular weight of the full-length 

protein (125.7 kDa). When probing with anti-Myc antibody, an additional more intense 

band at approximately 75kDa was detected. Similarly, probing with anti-FLAG antibodies 

revealed an intense band at approximately 70kDa. These bands of lower molecular weight 

than the expected protein product cannot be the result of RNA splicing events, as the 

MyRF constructs were expressed from cDNA templates. These bands therefore correspond 

to cleavage products, which would indicate a cleavage event occurs at about the middle of 

the primary protein sequence. 

To confirm that the cleavage did not occur only in the context of overexpression, 

endogenous protein was assessed using a monoclonal antibody raised against the C-

terminus (αMyRF (C-term)). As shown in Figure 5.5 Panel B, bands of the same 

approximate molecular weights (~140 and 70 kDa) are detected in cultured 

oligodendrocytes, confirming that the cleavage was not an artefact of overexpression and 

that endogenous MyRF also undergoes proteolytic cleavage. The bands were absent in 

lysates from oligodendrocytes derived from MyRF CKO mice (MyRFFL/FL Olig2WT/Cre), 

demonstrating specificity of the antibody. 

As these results demonstrate that MyRF undergoes cleavage, an intriguing question was 

whether this would indeed allow the N-terminus to translocate to the nucleus. Subcellular 

fractionation experiments, shown in Figure 5.5 Panel C, indicated that this is indeed the 

case, as a strong anti-Myc signal was only present in the nuclear fraction. Further, 

transfecting the CG4 cell line with the Myc-MyRF-Flag construct and staining with anti-

FLAG (C-terminal) and anti-Myc (N-terminal) antibodies confirmed that the Myc-tagged N-
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terminal cleavage product localizes almost exclusively to the nucleus, as evident in Figure 

5.5 Panel D.  In contrast, the C-terminus is excluded from the nucleus. It shows a punctate 

staining within the cytoplasm, hinting to an association with a membranous compartment 

within the cell. Double-staining experiments with antibodies against different subcellular 

compartments showed that the C-terminus colocalized with markers for the endoplasmic 

reticulum such as calnexin (Figure 5.5 Panel F). Immunohistochemistry further confirmed 

that the MyRF expressing cells were mature oligodendrocytes, as MyRF positive cells are 

also positive for the mature oligodendrocyte marker CC1 (Figure 5.5 Panel F). Taken 

together, these results show that endogenous MyRF is subject to cleavage, with the N-

terminal fragment only showing a nuclear localization. 
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Figure 5.5: MyRF is subject to cleavage separating the N- from the C-terminus 

A) Western blot analysis of a double tagged (N-terminal Myc, C-terminal FLAG tagged) or 
untagged MyRF expression construct in 293T cells. Probing with anti-Myc or anti-FLAG 
reveals the presence of a ~140 kDa full-length fragment and truncated cleavage products. 
B) Western blot of control and MyRF CKO cultured mouse oligodendrocyte lysates with 
anti-C-terminal MyRF mAb demonstrates that cleavage is also occurring in-vivo. C) Cell 
fractionation experiment showing that the majority of Myc-tagged N-terminal cleaved 
MyRF product is present in the nucleus of 293T cells (Anti-Hsp60 and anti-Parp used for 
cytoplasmic and nuclear controls, respectively). D) Adult mouse optic nerve stained with 
anti-N-terminal-MyRF and anti-C-terminal-MyRF-mab antibodies demonstrates a largely 
non-overlapping staining pattern, with the N-terminus predominantly nuclear and the C-
terminus extra-nuclear E) myc-MyRF-FLAG transfected CG4 cells costained for FLAG and 
myc, the  ER marker Calnexin or the Golgi-apparatus marker gm130. Good colocalization 
of c-terminal MyRF and calnexin (Close up in E’) indicate that MyRF is associated with the 
ER membrane F) Adult mouse optic nerve stained with anti-N-terminal-MyRF-mab and 
CC1 demonstrates expression and cleavage of MyRF in mature oligodendrocytes. 
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5.4 MyRF is cleaved by an autoproteolytic mechanism 

A potential mechanism that could reconcile the presence of both a potential DNA binding 

domain as well as a transmembrane region within the MyRF protein would be a cleavage 

event separating the DNA binding domain (DBD) containing N-terminus from the rest of 

the protein. MyRF would in this case potentially act as a membrane-tethered transcription 

factor (MTTF) and the cleavage would represent an important activation step in the 

regulation of MyRF activity. Examples for MTTFs are well established in the literature, and 

include the transmembrane protein Notch and its intracellular cytoplasmic domain 

(NCID), as discussed in Chapter 1.5.  Another example of MTTFs is the family of Sterol 

Regulatory Element-Binding Proteins (SREBPs). Cleavage of these proteins can occur by 

site-1 protease and site-2 proteases in the Golgi apparatus, to which they are only 

transported when cholesterol levels are low. The activating cleavage is therefore regulated 

by the cholesterol status of the cell.  

The results presented in Chapter 5.3 are consistent with MyRF undergoing an analogous 

cleavage. The 75kDa size of this fragment equals approximately half the molecular weight 

of the full-length protein, and therefore points to a cleavage in the centre of the MyRF 

protein. Comparison of the size of the cleavage products with western blots of different 

MyRF fragments indicated that the cleavage product had a molecular weight of little more 

than an expressed MyRF fragment spanning the N-terminus to DBD (aa1-540). The 

cleavage is therefore likely to occur in between the putative DNA-binding domain and the 

transmembrane region, as illustrated in Figure 5.6 Panel A. This region was therefore of 

special interest in an attempt to identify the exact cleavage site. 

5.4.1 HHPred homology prediction for potential MyRF cleavage side 

To attempt to gain insight into potential mechanisms for the cleavage of MyRF, we 

examined whether MyRF may show homologies to proteins that are known to be subject 

to proteolytic processing. As the cleavage would presumably occur between the DBD and 

the transmembrane domain, possible homologies of this region to other proteins known to 

undergo cleavage could give a further indication where exactly the homology occurs, and 

what other proteins might be mediators of a cleavage. To investigate this possibility, the 

sequence of amino acids between these two domains, amino acid Q546 to R763, were 

subjected to a HHPred homology search using Hidden Markov Model (HMM) to find 

homologous proteins. The query sequence is shown in Figure 5.6 Panel C & D.  
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Figure 5.6: Region of the MyRF protein used for homology analysis 

A) Sketch of proposed MyRF localization in the cell. The transmembrane domain restricts 
its subcellular localization to membranous compartments. B) Schematic of 
computationally predicted MyRF domains and the amino acids they span. The region 
between the putative DNA Binding Domain and the identified Transmembrane Region was 
subjected to an HHpred homology search. C) Sequence of subjected region with amino acid 
numbers according to the full length MyRF protein (Q3UR85) D) Sequence of subjected 
region with amino acid numbers relating to the query. 
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Settings for Multiple Sequence Alignment (MSA) generation were left at default, which 

means that the algorithm performs an HHblits MSA generation with a maximum of three 

iterations. A secondary structure score and a local alignment mode were used. As a 

template database, the setting pdb70 was used. This dataset was constructed by using 

each protein in the Protein Data Bank (PDB) as a seed to find sequence homologues, then 

using protein and homologue sequence to build a position-specific scoring matrix, 

weighting amino acids according to their statistical abundance at each position. 

The HHpred algorithm also constructs a position-specific scoring matrix for the query 

sequence, and then compares it to every template position-specific scoring matrix to 

construct a score. As this score largely depends on the query, several other calculated 

values help evaluating found homologies. An expect-value (E-value) is calculated as the 

average expected number of proteins that are not homologous to the query but score 

higher than the query/template score. Identified homologies are therefore most reliable 

for low E-values, and good E-values are typically well below 1. HHpred E-values do not 

include secondary structure scores. Probabilities (Prob) are a measurement more 

sensitive than E-values, since they also include the contribution of secondary structure 

scores. Probabilities factor in the results of an all-against-all comparison of the SCOP 

database and the real-world score distribution for negative and homologous domain pairs 

found in this calculation. 

Figure 5.7 shows the ten best hits resulting from the homology search ranked by a 

probability score. The two hits with the highest rank are the PDB entries 3gud_A and 

3gw6_A, both of which have a probability score of Prob>99 and an E-value<1E-14. 

Surprisingly, they both represent fragments of bacteriophage proteins. The full-length 

proteins are Endo-N-acetylneuraminidase (Enterobacteria phage K1F, RefSeq YP_338127) 

for PDB ID 3gw6_A, and NECK appendage protein (Bacillus phage GA-1, RefSeq 

NP_073695) for PDB ID 3gud_A. These two hits also rank considerably higher than other 

candidate hits in the E-value, P-value and Score. The regions of MyRF for which these hits 

were found largely overlap (aa553-aa700 and aa587-aa684 of MyRF respectively). These 

two hits represent two proteins from the same class of proteins, and both PDB entries 

originate from crystallographic structures that were reported within the same publication 

(Schulz et al., 2010).  
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# Hit Name Prob E-value P-value Score SS Cols Region Query 

1 3gw6_A Endo-N-acetylneuraminidase 99.8 4.30E-20 1.30E-24 161.2 6.7 8-155 

2 3gud_A NECK appendage protein 99.6 1.40E-15 4.20E-20 119.9 4.0 42-139 

3 1t3j_A Mitofusin 1 92.4 0.52 1.50E-05 35.2 6.9 126-166 

4 1am9_A Srebp-1A 91.8 0.40 1.20E-05 34.1 5.6 124-167 

5 3ghg_A Fibrinogen alpha chain 88.4 0.04 1.10E-06 51.9 -3.0 45-167 

6 1dip_A DSIP immunoreactive peptide 88.2 1.40 4.00E-05 31.5 5.7 137-192 

7 2akf_A Coronin-1A 87.6 1.20 3.60E-05 26.6 4.4 132-161 

8 3he4_B Synzip5 87.5 1.20 3.60E-05 27.9 4.5 137-162 

9 4b86_A MALE-specific lethal 1 87.4 2.40 6.90E-05 28.9 6.2 128-163 

10 1uii_A Geminin 86.4 2.20 6.50E-05 31.0 6.0 130-164 

Figure 5.7  Hits of the HHpred homology detection using aa546-763 of MyRF.  

Top) Graphic representation of the HHPred hits and their position in the query sequence using region Q546 to R763 as a query.  Bottom) Summary 
of HHpred Hits when using aa546-763 of MyRF as input. The top two hits represent the bacteriophage tailspike proteins: Enterobacteria phage K1F 
Endo-N-acetylneuraminidase and Bacillus phage GA-1 Neck appendage protein, which contain an intramolecular chaperone domain. The shadowed 
Query columns mark hits that fall within a region of MyRF containing a predicted leucine zipper domain. Each of these hits also contain a leucine 
zipper region most likely explain the detected homologies. 
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As the high scores of Endo-N-acetylneuraminidase and NECK appendage protein 

suggested these hits were potentially of high relevance, they will be examined in more 

detail in the following sections. Other hits have considerably lower probability and shall 

be discussed here briefly. 

Hit number 3, Mitofusin, as well as the hits number 5-10, all map to broadly the same 

region of around aa130-aa170 of the input sequence (representing amino acids aa675-

aa715 of MyRF).  In this region of MyRF in silico analysis predicts the presence of a leucine 

zipper motif.  All hits corresponding to this region are also known to contain a leucine 

zipper domain, and the most striking similarity between the MyRF and these hits in 

alignments is indeed the typical positioning of a leucine at every seventh amino acid 

position in both MyRF and the hit. This is also the case for several other hits that are 

ranked below the top ten probability scores. All of these hits were therefore likely 

generated to due to presence of the leucine zipper domain in MyRF. 

Hit number 4, Fibrinogen alpha chain, is striking in that the region of homology stretches 

over a far wider area. While there are gaps in the alignment, the homologies are strongest 

in regions that are conserved across different homologues of MyRF. While the probability 

Prob=88.4 is lower than that found for Hit 3 (Mitofusin, Prob=92.4), the E-value of the 

Fibrinogen/MyRF homology (EV=0.037) is more than a dimension lower than that of 

Mitofusin/MyRF (E=0.52). A possibility here is that a generally good homology (low E-

value) is confounded by different secondary structure features being present in both 

proteins (low Probability). Overall this homology might point to fundamental similarities 

between MyRF and Fibrinogen. 

To examine whether the detected homologies are also detected in a computation less 

biased for the region of interest, the sequence of full length MyRF protein was re-

submitted to HHpred. As can be seen in Figure 5.8 both the region of structural homology 

to the bacteriophage Endo-N-acetylneuraminidase and NECK appendage proteins and the 

previously described homology to Saccharomyces cerevisiae Ndt80 (PDB ID 1mnn_A, 

Uniprot ID P38830) are identified, confirming them as high-confidence hits. 
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# Hit Name Prob E-value P-value Score SS Cols Query HMM 

1 1mnn_A NDT80 protein 100 5.8E-36 1.7E-40 323.8 20.5 212 277-544 

2 3gw6_A Endo-N-acetylneuraminidase 99.1 4.2E-11 1.2E-15 123.6 6.2 120 575-700 

3 3gud_A NECK appendage protein 98.4 2.1E-07 6.1E-12 88.5 5.3 95 587-684 

4 1am9_A Srebp-1A 56.7 2.8E+01 8.2E-04 30.9 6.5 57 639-712 

5 3ci3_A Cobalamin adenosyltransferase 50.6 1.6E+01 4.6E-04 38.0 4.4 53 650-706 

6 2zhy_A ATP:COB(I)alamin adenosyltransferase 50.2 1.2E+01 3.6E-04 38.5 3.6 53 650-706 

7 2g2d_A ATP:cobalamin adenosyltransferase 48.3 2.1E+01 6.2E-04 37.1 5.0 56 650-709 

8 3ke4_A Hypothetical cytosolic protein 47.1 1.8E+01 5.4E-04 38.2 4.4 55 650-709 

9 1t3j_A Mitofusin 1 46.8 3.3E+01 9.8E-04 32.8 5.6 36 680-715 

10 1rty_A YVQK protein 46.1 2.5E+01 7.4E-04 36.6 5.1 55 650-709 

Figure 5.8: HHpred analysis using a full MyRF template sequence confirms homologies to Ndt80 and the bacteriophage tailspike proteins.  

Top) Graphic representation of the HHPred hits and their position in the query sequence using region Q546 to R763 as a query. Bottom) Table of 
HHpred hits when using the full length protein sequence as a query. HHpred analysis of the full length protein reproduces the findings made for 
individual regions as a query: Saccharomyces cerevisiae NDT80 (1mnn_A), Enterobacteria phage K1F Endo-N-acetylneuraminidase (3gw6_A) and 
Bacillus phage GA-1 NECK appendage protein (3gud_A). 
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5.4.2 Examination of the homology to bacteriophage tailspike proteins 

Due to the high scores obtained for the homology between MyRF and the bacteriophage 

tailspike proteins, Entobacteria phage K1F Endo-N-Acetylneuraminidase (Endo-NF) and 

Bacillus phage GA-1 Neck-Appendage protein, the potential similarity was investigated 

more closely. 

The homology between MyRF and the bacteriophage proteins is particularly strong in two 

regions, shown in Figure 5.9. The first region (marked red) spans the amino acids S587 to 

V649 of MyRF (S42 and V104 on the submitted query), with the highest homology lying 

towards the borders of this region. This region is identified as being homologous to the 

regions between the amino acids A911 to G970 of Endo-NF (Figure 5.9 A) and S620 to 

G676 of the Bacillus phage GA-1 Neck Appendage protein (Figure 5.9 B). Notably, when 

aligning MyRF and Endo-NF, the amino acids N-terminal to this region also show 

homology (H874 to T910 of Endo-NF; Figure 5.9 A). The second region of strong homology 

(marked blue) starts at MyRF residue N665 and reaches to residue E700 (N120 to E155 of 

the query sequence). It is homologous to residues E1030 to E1062 of Endo-NF (Figure 5.9 

A) and residues Y717 to R734 in the NECK appendage protein (Figure 5.9 B).  

In the bacteriophage proteins, the overall regions of homology (EndoNF: A911 to E1062, 

Neck Appendage: S620 to R734) represent an intramolecular chaperone domain (ICD). 

This domain mediates trimerization of three units of the protein, their correct folding and 

then a subsequent autoproteolytic cleavage at the N-terminal side of the domain (Schulz et 

al., 2010; Schwarzer et al., 2007; Stummeyer et al., 2005). To perform the autoproteolytic 

cleavage the protein relies on a catalytic serine-lysine dyad, which consists of residues 

S620 and K625 in the Neck-Appendage protein and in S911 and D916 in EndoNF. As 

indicated by red shading in Figure 5.9 and Figure 5.10 A, not only is the overall homology 

between MyRF and the Neck Appendage protein conserved, but strikingly these two 

catalytic residues are perfectly conserved in MyRF as S587 and K592. 

The two regions of homology are separated by a gap in which regions of the bacteriophage 

proteins do not have an obviously homologous region in MyRF. For Endo-NF this non-

homologous region stretches about 60 amino acids. In the case of the NECK appendage 

protein it entails about 30 amino acids. These regions are known to form “tentacle” like 

protrusions in the bacteriophage proteins (Schulz et al., 2010). This feature is apparently 

not conserved in MyRF or only present in a rudimentary form.  
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Figure 5.9: HMM alignments of MyRF with Endo-N-acetylneuraminidase and Neck 
appendage protein reveal high homology in key functional regions 

HHPred Alignments of MyRF with Endo-N-acetylneuraminidase (A) and NECK appendage 
protein (B). Numbering modified to indicate amino acid positions in the full length 
proteins. Outer bold rows show the inferred HMM consensus sequence for the MyRF query 
(Q) and the template (T) consensus sequence. Inner bold rows show the respective 
consensus sequence, using capital letters for amino acids that occur with >=60% 
probability, and lower case letters for a probability >=40%. Tilde (~) represents non-
conserved columns. The centre row represents a rating of the consensus match (|>+>.>-
>=). ss_pred depicts the secondary structure predicted by PSIPRED, using upper case 
letters for high probability and lower case for lower probability. ss_dssp indicates 
secondary structure as determined by DSSP, which calculates secondary structure entries 
from crystallographic structures in the PDB. H: Alpha helix, B: Beta Bridge, E: Strand, G: 
Helix-3, T: Turn, S: Bend Red and blue shadows mark regions of high homology. Notably, 
the regions aligning well based on their HMM consensus sequence also show a good match 
in their predicted secondary structure.  
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5.4.3 Substitution of the Serine Lysine dyad prevents cleavage of MyRF 

Based on the homologies between the MyRF and bacteriophage tailspike proteins as well 

as conservation of key catalytic residues, I hypothesized that MyRF may be subject to 

cleavage by the same autoproteolytic mechanism as is employed by the tailspike proteins. 

To test this we hypothesized that substitution of the catalytic residues known to be 

required for the autoproteolytic cleavage of the bacteriophage tailspike proteins would 

also prevent of the cleavage of MyRF.  

Site directed mutagenesis was performed on a vector carrying a Myc-MyRF-FLAG 

construct (pcDNA3-Myc-MyRF-Flag).  Serine S587 was substituted with a cysteine (S587C) 

or an alanine (S587A). While a substitution of serine with cysteine was hypothesized to be 

conservative, as both amino acids possess similar molecular properties (in particular high 

electronegativity), a substitution with alanine was hypothesized to change the molecular 

properties at this position and interfere with potential autoproteolytic cleavage. Similarly, 

using PCR mutagenesis, the lysine K592 was substituted to histidine (K592H), arginine 

(K592R) or methionine (K592M), point mutations all shown to be non-conservative in the 

corresponding mutagenesis of the viral tailspike proteins (Schwarzer et al., 2007). 

The resulting Myc-MyRF-FLAG were transfected into 293T cells, which were subsequently 

subjected to Western blot analysis for the MyRF proteins. As shown in Figure 5.10 B, 

expression of the Myc-MyRF-FLAG construct containing the wild type MyRF sequence and 

probing for myc results in the expected detection of a 150kDa full length protein and a 

more intense band at ~75kDa corresponding to the N-terminal cleavage product. The size 

of this fragment is equivalent to the cleavage products observed in earlier experiments 

(Chapter 5.3). Notably, all constructs carrying a non-conservative mutation in the Myc-

MyRF-FLAG construct (S587A, K592H, K592R and K592M) show only the larger band at 

150kDa. These proteins therefore are only present in the full length, non-cleaved form, 

showing that a non-conservative substitution of either residue of the catalytic dyad (S587, 

K592) is sufficient to block the cleavage of MyRF. In contrast, the conservative substitution 

S587C Myc-MRF-FLAG construct is, like the non-mutated Myc-MyRF-Flag, detected in its 

150kDA full length form and a 75kDa cleavage product.   
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Figure 5.10: Substitution of conserved Serine-Lysine-Dyad residues S587 and K592 
prevents cleavage and nuclear translocation of MyRF 

A) ClustalW2 Sequence alignment between Myrf and Bacillus phage GA-1 Neck Appendage 
protein of the region of homology * : and . represent perfect conservation, high similarity 
and similarity of residues respectively. The conserved serine-lysine-dyad is marked in red. 
B) 293T cells were transfected with a non-mutated Myc-tagged MyRF constructs or Myc-
tagged mutant constructs (S587A, S587C, K592R, K592H, K592M). Cells were lysed and 
protein extracts were run on a 10% SDS Gel. Top panel shows western blotting with anti-
Myc antibody. The non-mutated and S587A constructs show a band at 75kDA and faint 
bands at 150kDa. Non-conservative mutants (S587A, K592R, K592H, K592M) show a band 
at 150kDA. The bands represent full length (150kDa) and cleaved (75kDa) MyRF. The 
absence of cleaved MyRF in the non-conservative mutants demonstrates the necessity of 
the serine-lysine dyad for cleavage. Bottom panel shows anti-βActin as a loading control. 
C) CG-4 cells were transfected with a vector containing Myc-tagged MyRF and, exemplary 
for a non-conservative substitution of the serine-lysine dyad, Myc-tagged K587H mutant. 
Myc-tagged MyRF shows a clear nuclear stain, as indicated by colocalizing with DAPI. 
Cleavage prevention is associated with a loss of nuclear localization of the N-terminus. 
Scale bar = 10μm  
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5.4.4 Uncleavable MyRF mutants fail to translocate to the nucleus 

To test whether prevention of the cleavage results in a different subcellular localization 

than that of cleaved MyRF, CG4 cells were transfected with the Myc-tagged MyRF and 

corresponding K592 mutant constructs. Co-transfection with GFP allowed for detection of 

transfected cells. Cells were incubated for 48 hours, then fixed and stained for GFP and the 

Myc tag. Figure 5.10 C shows a staining for the Myc-MyRF-FLAG construct with the 

wildtype sequence (MyRF) and the construct with the K592H substitution as a 

representative example of an uncleavable mutant.  

The Myc-MyRF-FLAG construct representing the wildtype sequence shows nuclear anti-

Myc staining. Cells transfected with the K592H uncleavable mutant show anti-Myc staining 

that is localized to the nuclear envelope and membranous compartments within the cell. 

The membranous compartments have a form and localization which is highly reminiscent 

of the endoplasmic reticulum. Notably, the anti-Myc stain for the uncleavable is entirely 

excluded from the nucleus. Prevention of the cleavage therefore blocks translocation of 

the MyRF N-terminus to the nucleus. 

5.4.5 Uncleavable MyRF mutants fail to induce OPC differentiation 

As noted in Chapter 1.6.4, ectopic expression of MyRF in primary OPCs promotes their 

differentiation and expression of myelin proteins (Emery et al., 2009). To test whether 

prevention of MyRF cleavage has functional implications, the ability of wildtype and un-

cleavable mutants to induce oligodendrocyte differentiation was compared. Cultured 

primary OPCs were transfected with a GFP construct and either an empty pcDNA3.1 

vector, or Myc-MyRF-FLAG, or constructs containing the equivalent tagged uncleavable 

mutants S587A and K592H. They were incubated for 48 hours in the presence of 10ng/ml 

PDGF, then fixed and stained by immunohistochemistry using anti-GFP and anti-MOG 

antibodies (Figure 5.11 A).  

A similar density of cells positive for GFP between the different conditions indicates that 

the transfection rate was similar for each condition. As previously reported, transfection of 

the cells with wildtype MyRF resulted in an increase in the proportion of cells expressing 

MOG, as evidenced by a punctate surface staining. The proportion of cells expressing MOG 

was ~15 fold higher in the Myc-MyRF-FLAG expressing cells relative to pcDNA3.1 

transfected controls (p<0.01), as shown in Figure 5.11 B. In contrast, cells expressing the 

uncleavable S587A and K592H mutants did not display an increase in MOG staining 

relative to the GFP and pcDNA3.1 vector control. Therefore, the uncleavable mutants 

appear to have lost the pro-differentiating ability of MyRF.  
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Figure 5.11: Wild-type MyRF, but not uncleavable mutants force OPC differentiation 
in vitro 

A) Primary rat OPC cultures co-transfected with GFP and either empty vector (pcDNA3) or 
pcDNA3 containing MYRF or the S587A and K592H mutant constructs. Cells were 
incubated for 48 hours, then fixed and stained for GFP and MOG. Expression of GFP 
(green) indicates transfected cells. Substantial expression of MOG (red) can only be seen in 
the OPCs transfected with MyRF. Cells transfected with uncleavable mutants do not show 
any induction of MOG expression over mock (pcDNA3)-transfected cells. 

B) Quantification of the differentiation assay. Percentage of transfected cells (GFP+) that 
co-stain for MOG. Bars indicate standard error of the mean. Results are representative of 
two independently conducted OPC transfection experiments. Graph shows mean ± SEM, 
N=3 coverslips for each experiment **p<0.01 by t test.  
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5.4.6 MyRF possesses an intramolecular chaperone domain 

The results demonstrate that MyRF undergoes a cleavage event as part of its activation. As 

the cleavage was predicted to occur in the region between the DNA-binding domain and 

the transmembrane domain, this region was chosen for an in silico homology prediction. 

This region was found to possess a strong homology to the intracellular chaperone domain 

of viral tailspike proteins, including the conservation of a serine-lysine dyad of critical 

importance in its autoproteolytic function. Substituting the corresponding residues in 

MyRF, serine S587 and lysine K592, with non-equivalent amino acids, results in detection 

of only full length MyRF. This demonstrates that the Serine-Lysine-Dyad is absolutely 

critical for MyRF cleavage, suggesting that the function of the homologues region is 

conserved between bacteriophage tailspike proteins and MyRF.  

While substitution of S587 with alanine (S587A) prevents cleavage, substituting the same 

amino acid with cysteine (S587C) still allows the cleavage to occur.  In the Serine-Lysine-

Dyad, the highly electronegative serine residue likely plays the role of a nucleophile during 

the reaction. Substitution by alanine diminishes the electronegative properties at this 

position and therefore prevents a nucleophilic attack. Cysteine is, like serine, an amino 

acid with a highly electronegative residue. Since cysteine possesses electronegative 

properties similar to those of serine, it represents a conservative mutation, and the 

cleavage can still occur. The likely function of S587 is to act as a nucleophile in the 

proteolytic reaction, just as (Schulz et al., 2010) hypothesized for the equivalent residue in 

the bacteriophage tailspike protein. The function of the lysine K592 is the activation of 

serine S587 through its positive charge. Intriguingly, even when substituting the lysine by 

other positively charged amino acids (K592R, K592H, K592M) the cleavage is prevented. 

The positive charge is therefore not the only critical parameter for the function of the 

lysine at this position. In the bacteriophage proteins, the lysine is contained in a spatially 

defined hydrophobic pocket, which a substituting histidine or arginine does not fit (Schulz 

et al., 2010). It is likely that the situation in MyRF is similar, in that only lysine matches the 

spatial requirements of the proteolytically active center.  

These experiments for the first time establish MyRF as a membrane tethered transcription 

factor which undergoes autoproteolytic cleavage to allow the DNA-binding domain 

bearing N-terminus to translocate to the nucleus. The immunohistochemistry studies on 

cells transfected with the uncleavable mutants (Figure 5.10, Figure 5.11) show that the 

cleavage of MyRF is absolutely critical for this subcellular translocation and the associated 

biological function of MyRF. The cleavage of MyRF therefore represents a critical step in 

the activation of the protein.  



Chapter Five: MyRF is an autoproteolytically cleaved transcription factor  

 

173 

5.5 MyRF binds a specific consensus sequence via evolutionary 

conserved amino acid residues 

The data presented in the previous Chapter demonstrated that a cleavage of MyRF allows 

an N-terminal fragment containing the putative DNA-binding domain to translocate to the 

nucleus. The possibility of direct DNA binding was therefore investigated further.  

A ChIP-Seq experiment performed previously within the laboratory immunoprecipitated a 

Myc-tagged MyRF construct and associated chromatin from cultured primary rat 

oligodendrocytes using anti-Myc antibodies. Oligodendrocytes transfected with an 

untagged MyRF construct but still immunoprecipated using anti-Myc antibodies were used 

as a negative control. Analysis of the sequencing data identified over 2,000 Myc-MyRF 

specific peaks. These Chip-seq peaks were overrepresented within the promoter and 

intronic regions of many genes enriched in myelinating oligodendrocytes, as published in 

(Bujalka et al., 2013). The 500 strongest peaks were used in a MEME-ChIP de novo analysis 

to attempt to identify a putative consensus sequence (Figure 5.12 A). The most enriched 

consensus sequence obtained was similar to a parallel MEME-ChIP de novo analysis using 

80 peaks in the proximity of known oligodendrocyte specific genes, as well as a DREME 

analysis of all Myc-MyRF peaks (Figure 5.12 B). The putative consensus sequence is best 

approximated by the DREME output (CTGG[C/T]AC).  

5.5.1 MyRF specifically binds to regions containing a consensus sequence 

To test the hypothesis that MyRF binds to DNA containing the above putative consensus 

motif, a DNA pulldown assay was performed. Protocols of Drewett et al. (2001) and others 

were adapted and optimized for pulldown of MyRF resulting in the protocol described in 

Chapter 2.6.5. As I hypothesized that the N-terminal, ca. 300 amino acid long region N-

terminal to the DBD of  MyRF might hinder DNA binding in these assays, a MyRF construct 

containing Myc-tagged residues 330 to 1139 (MyRF Myc-DNA-C or Myc-MyRF330-1139) was 

used. An additional rationale behind using  this construct is that it lacks the strong nuclear 

localization signal of native MyRF (aa253-257, data from Helena Bujalka); it therefore 

remains mostly cytosolic and allows for cell lysis using mild NP40 buffer to maintain the 

quatenary structure of MyRF. 

The double stranded pulldown DNA sequence represents a 37bp region within the first 

intronic enhancer of the Rffl gene with the 7mer proposed consensus sequence at its 

center. This genomic site was chosen as it displayed a strong peak in the ChIP-Seq 

experiments and shows homology across species, suggesting it may represent an intronic 
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enhancer. This supposition is supported by the finding that this region strongly promotes 

transcription in an MyRF-dependent manner in luciferase assays (Bujalka et al., 2013). An 

equivalent DNA sequence with the 7mer consensus sequence substituted was used as a 

proposed negative control to discriminate specific from unspecific DNA binding. The full 

sequences of the double stranded DNA sequences used are shown in Figure 5.12 C. Empty 

Streptavidin beads were used as a negative control to rule out non-specific binding of 

MyRF to the beads. 

The expected molecular weight of an N-terminal monomer of the Myc-MyRF330-1139 

construct following autoproteolytic cleavage is 35kDa. The cell lysate used as an input 

shows a strong band at this molecular weight (Figure 5.12 D, top panel). Also, for each 

DNA-Bead pull-down condition (Rffl, ΔRffl, Beads only), the eluate of unbound protein 

lysate shows a band at this molecular weight (Figure 5.12 D, bottom panel). In contrast, 

the lane loaded with eluate from the beads-only condition does not show any bands, ruling 

out unspecific interactions between MyRF and the streptavidin beads. Importantly, the 

lane containing the protein separated from the Rffl-bound beads shows an intense band at 

35kDa, indicating that the MyRF fragment can interact with double stranded DNA which 

contains the consensus sequence (Figure 5.12 D, top panel). The lack of an equivalent band 

in the ΔRffl-bound sample demonstrates that MyRF does not bind to all DNA sequences, 

strongly suggesting that the binding depends on the presence of the CTGGYAC motif 

within the double stranded DNA. These findings demonstrate that MyRF binds to DNA by 

interacting with the specific consensus motif. 
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Figure 5.12: MyRF binds DNA via a specific Consensus Sequence  

A) Putative consensus sequence for MyRF. Chip-Seq was performed on rat primary 
oligodendrocytes transfected with Myc-tagged MyRF. De novo MEME analysis on 80 Chip-
Seq peaks within 100kb of oligodendrocyte-enriched genes yielded the indicated 
consensus sequence as the top hit. B) DREME analysis on 500bp sequences of all 2085 
peaks of the same Chip-Seq experiment results in a similar consensus sequence. C) 37bp 
oligonucleotides correspond to the predicted MyRF binding site in the Rffl intronic 
enhancer, or equivalent oligonucleotides with the seven base pair motif mutated. 
Oligonucleotides were biotinylated and conjugated to magnetic streptavidin beads for use 
in pull-down assays. D) Myc-tagged construct of residues 330 to 1139 of MyRF (Myc-
MyRF330-1139) was expressed in CG4 cells. The cells were lysed using NP40 buffer and 
the cell lysate was  used as an input for the DNA pulldown assay. The DNA pulldown assay 
was performed using magnetic beads conjugated to biotinylated Rffl DNA, biotinylated 
ΔRffl DNA or no DNA. Following the pulldown-assay, the protein lysate input, bound 
protein on beads and unbound eluate were analyzed on a 10% SDS page with western 
blotting using anti-Myc antibodies. The input as well as all eluates show a clear signal at 
35kDa, equalling the expected molecular weight of the cleaved Myc-tagged MyRF (aa330 
to aa586). Of the protein samples eluted from the beads using SDS loading buffer, only the 
Rffl fraction shows a band at 35kDa. No bands are detected in the ΔRffl or Beads only 
fraction. Blot representative of three independent experiments. 
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5.5.2 MyRF binds to DNA using evolutionary conserved amino acids 

For the yeast transcription factor Ndt80, amino acids that directly interact with DNA, and 

are therefore critical for DNA-binding, have been identified using X-ray crystallography 

and mutagenesis (Figure 5.13 A). Of particular importance are the Ndt80 residues R111, 

R177 and R254. Montano et al. reported a homology of Ndt80 to the human transcription 

factor C11orf9 (Montano et al., 2002). This general homology was confirmed to also apply 

to Mus musculus MyRF in a local alignment using ClustalW2, which identifies the 

corresponding critical amino acids as K399, R454 and R478 of MyRF (Figure 5.13 B).  

To examine whether the corresponding amino acids in MyRF are also critical for DNA-

binding, we performed DNA binding assays using Myc-MyRF330-1139 constructs that had 

specifically these residues substituted for alanine (K399A, R454A and R478A) using a two-

step site directed mutagenesis. Non-mutated Myc-MyRF330-1139 was used as positive 

control, as its DNA-binding capabilities had been established by the above DNA pull-down 

experiments. CG4 cells were transfected with the constructs and incubated under 

differentiating conditions for 48 hours, followed by lysis. Rffl double stranded DNA on 

streptavidin beads was prepared in a master mix, then aliquoted to be incubated with the 

individual protein lysates. Protein input, protein bound to beads and unbound eluate were 

loaded on a 10% SDS page gel, western blotted and probed using anti-Myc antibody. The 

resulting bands at 35kDA can be seen in Figure 5.14 A.  

While a strong band at 35kDa can be detected in the lane containing the non-mutated Myc-

MyRF330-1139 sample, none of the point mutants (K399A, R454A, R478A) show evidence of 

being bound to the DNA in western blotting using anti-Myc antibody (Figure 5.14 A, 

middle panel). This is not due to a higher starting protein concentration in the input, as the 

protein input for the wild type condition is, if anything, lower than in the other conditions 

(Figure 5.14 A, top panel). This suggests that the K399A, R454A and R478A point mutants 

have a diminished affinity for DNA, indicating that the important role in DNA binding 

demonstrated for the equivalent residues in Ndt80 is conserved in MyRF. MyRF therefore 

likely binds DNA directly via amino acids at conserved positions.  

To examine whether a higher protein concentration in the input samples allows for a more 

detailed examination of the contribution individual residues have on DNA-binding, 293T 

cells were transfected as they show a considerably higher transfection rate and stronger 

expression rate from transfected plasmids. Cells were lysed using NP40 buffer and protein 

lysates were used in a DNA-assay as described above. The resulting western blot, 

developed using anti-Myc antibodies, is shown in Figure 5.14 Panel B.  
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Figure 5.13: Alignment of the DNA binding domain of Ndt80 with MyRF and MyrfA 
reveals candidate amino acids for mediating MyRF-DNA interaction 

A) For Ndt80, residues R111A, R177A and R245A (highlighted) have been shown to be 
critical for DNA binding (Montano et al., 2002). Crystallography data made available 
shows that these amino acids are positioned in close proximity to the DNA. The residues 
are depicted in red spherical rendering in this PYMOL graphic based on the data of 
(Lamoureux et al., 2002).  

B) ClustalW2 alignment between the DNA binding domain of SaccharoMyces cerevisiae 
Ndt80 (Uniprot ID P38830) and Dictyostelium discoideum MrfA (Uniprot ID Q54PT9) and 
Mus musculus Myrf (Uniprot ID Q3UR85). The immediate regions surrounding Ndt80 
R111A, R177A and R245A possess homology to regions in MyRF and allow for the 
identification of MyRF K399, R454 and R478 as corresponding residues. The homology of 
the region is represented using * for perfect conservation of the residue, : for highly 
similar residue properties and . for similar residue properties. 
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Figure 5.14 Mutation of residues K399A, R454A, R478A in MyRF reduces its ability 
to bind DNA. 

A) Myc-MyRF330-1139 or equivalent constructs containing a substitution of residues in the 
Ndt80 domain (K399A, R454A, R478A) were expressed in CG4 cells. Cell lysate was  used 
as an input for a DNA pulldown assay using biotinylated Rffl-DNA bound to streptavidin 
beads and analyzed by western blotting using anti-Myc antibodies. As expected from 
previous experiments, the unmutated Myc-MyRF330-1139 shows a clear band representing 
protein bound to the DNA-coated beads. For beads incubated in cell lysate containing the 
Myc-MyRF330-1139 mutants no bands were detected, indicating a vastly decreased ability of 
these mutants to bind to DNA. Binding of MyRF to DNA therefore depends on specific 
amino acids in evolutionary conserved positions. 

B) Lysates from 293T cells transfected with Myc-MyRF330-1139 or versions containing a 
substitution of residues in the Ndt80 domain (K399A, R454A, R478A) were used in a DNA 
binding assay. All experimental conditions were kept as in Figure 5.12. The unmutated 
Myc-MyRF330-1139 construct shows the strongest interaction with the pull-down DNA, as 
evidenced by the strong band in the bound sample. Importantly, unlike in panel A, point 
mutants (K399A, R454A, R478A) still show a detectable 35KDa band in the bound sample, 
albeit less strong than for the wild-type Myc-MyRF330-1139 This band is considerably 
stronger for R478A, indicating that its ability to bind DNA is not entirely lost.  
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As to be expected from previous experiments, in the anti-Myc western blot the sample 

containing the protein bound to DNA-coated beads shows a strong signal at 35kDa (Figure 

5.14 B, middle panel). Interestingly, bands of the same size can also be seen for the three 

point mutants K399A, R454A and R478A. The higher protein concentrations of the input 

could result in some residual unbound protein which is not washed out during the 

washing steps, and the week bands of K399A and R454A could represent such a 

background noise. Interestingly, however, the R478 mutant shows a band that is more 

intense band than that of the other two mutants, while being less intense than that of the 

MyRF330-1139 construct with the wildtype sequence.  

5.5.3 Substitution of DNA-binding residues decreases gene induction capabilities 

To test whether the diminished DNA binding capability of the K399A, R454A and R478A 

point mutants has implications for their biological function, MyRF constructs containing 

these mutations were tested regarding their ability to drive expression from two MyRF-

regulated myelin gene enhancers. The first of these was a region 75.4kb upstream of the 

transcription start site of the Plp1 gene (ChrX 107303566-107304413 in the RGSC 

Rnor_5.0 assembly). The second was a region 17.6kb upstream of the main transcription 

start site of the Mbp gene (Chr18 78454801-78455622). These regions had been identified 

by Ben Emery and Stacey Jackson as MyRF-dependent enhancers (see Bujalka et al., 2013).  

To test the requirements for the K399A, R454A and R478A residues in promoting 

transcription from these enhancers, substitution constructs were generated via two-step 

mutagenesis of a full length MyRF construct. Each of the generated MyRF mutant 

constructs (wt, K399A, R454A, R478A and a construct containing all three mutations) or 

empty vector (mock) were cotransfected with a pGL3 reporter vector containing a 

luciferase construct under the control of either no promoter (pGL3-Basic), an sv40 

promoter (pGL3-Promoter), or the aforementioned promoter regions of the Plp1 gene 

(pGL3-PLP) or Mbp gene (pGL3-MBP). For each co-transfection, three transfection 

replicates were independently prepared and used to transfect CG4 cells. Cells were 

incubated for 72 hours under differentiating conditions, then lysed and tested for 

luciferase reporter activity. All luciferase readings were normalized to the average value 

for induction of the pGL3-Promoter construct in mock-transfected cells. Average values for 

each MyRF variant and pGL3 reporter construct combination are plotted in Figure 5.15 A, 

and transfections using the same reporter construct are replotted in Figure 5.15 B – E for 

better comparison across MyRF mutant constructs. 
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Expectedly, the different MyRF constructs show no significant differences in activating 

transcription from the pGL3-Basic and pGL3-Promoter vectors (Figure 5.15 B and C, 

respectively). Co-transfection with MyRF leads to a robust induction of transcription from 

both the PLP and the Mbp enhancers, of approximately 6-fold and 8-fold, respectively, as 

assessed by luciferase activity (Figure 5.15 A, second group). Both values are highly 

significant when compared to mock transfected cells carrying the same pGL3 reporter 

constructs (p<0.0001). Notably, the induction of the PLP reporter constructs by wild type 

MyRF is also significantly higher (p<0.001) than the induction by any of the mutated 

(K399A, R454A, R478A, triple) MyRF versions (Figure 5.15 D). The same is true for 

induction of the Mbp reporter (Figure 5.15 E). This is due to a reduced ability of MyRF 

mutants to induce expression from the pGL3-MBP and pGL3-PLP constructs. In fact, none 

of the MyRF mutants, except for R478A, cause an induction from the PLP enhancer that is 

significantly higher than that relative to mock transfected cells (Figure 5.15 D). This result 

indicates that MyRF mutants in which DNA binding is impaired possess a reduced ability 

to induce transcription from target regions. Therefore the biologic activity of MyRF is 

highly dependent on the exact nature of the amino acids at these conserved locations. 
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Figure 5.15: Ndt80 point mutants show decreased ability to induce transcriptional 
activity in luciferase assays 

A) CG4 cells were cotransfected with a pGL3 reporter construct and either empty vector 
(mock), non-mutated MyRF, mutants K399A, R454A and R478A, or a triple mutant. pGL3 
vectors containe a luciferase construct under the control of either no promoter (pGL3-
basic), a sv40 promoter (pGL3-Promoter) or the DNA sequences encompassing the MyRF 
peaks proximal to the Mbp or Plp1 gene. For each combination of MyRF variant and pGL3 
vector, 3 biological replicates were transfected. Values are expressed as luciferase 
expression relative to the pGL3-Promoter/mock transfected cells. B-E) Replotting of the 
data for better comparison within reporter construct. As evident, wildtype MyRF leads to a 
robust induction of luciferase expression in the constructs containing the PLP and Mbp 
enhancers, while the induction of these constructs by the MyRF mutants is attenuated. All 
significances based on Two-way ANOVA with post-hoc Bonferroni test of all samples. 
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5.6 Discussion 

The molecular mechanisms by which MyRF acts have been subjected to debate. In 

particular, whether it could act as a transcription factor has been controversial due to a 

reported lack of nuclear localization in immunohistochemical studies of MyRF and its 

orthologs (Russel et al., 2011) and the presence of predicted transmembrane domains 

(Stohr et al., 2000).  

To reconcile the DNA binding function of MyRF, which requires nuclear localization, with 

the proposed transmembrane domain of MyRF, we hypothesized that MyRF may undergo 

a cleavage event. Indeed, detection of MyRF fragments in Western blots demonstrated that 

MyRF is cleaved into two products of approximate equal size. Immunohistochmical 

analysis demonstrated that only the N-terminal cleavage prouct is translocated to the 

nucleus. As the cleavage is likely to occur in the region between the DNA-binding domain 

and the transmembrane domain, this region was chosen for in silico homology prediction. 

This region was found to possess a strong homology to the intracellular chaperone (ICD) 

domain of viral tailspike proteins, including the conservation of a serine-lysine dyad of 

critical importance in its autoproteolytic function (Schulz et al., 2010; Schwarzer et al., 

2007; Stummeyer et al., 2005). Strikingly, the corresponding residues in MyRF, serine 

S587 and lysine K592 are also absolutely required for MyRF cleavage indicating that the 

function of the bacteriophage ICD is conserved in MyRF. All findings concerning 

substitution mutants of MyRF were consistent with the findings made for the 

bacteriophage protein endoNF (Schulz et al., 2010). Dependance of proteolytic cleavage on 

these two residues was also demonstrated for the dictyostelium orthologue MrfA. 

Consistent with the proposed cleavage mechanism, the cleavage side could be mapped 

within one residue of MrfA S767 (the equivalent of MyRF S587) using mass spectrometry 

(Senoo et al., 2013).  The mechanism of cleavage therefore is conserved in bacteriophage 

proteins and the orthologues of MyRF in species as evolutionary distinct as Dictyostelium 

and Mus Musculus. 

Further consistent with MyRF acting as a transcription factor, DNA pulldown experiments 

demonstrate that the N-terminal cleavage product of MyRF can directly bind to DNA and 

that this binding depends on evolutionary conserved residues. Mutation of the basic amino 

acids identified by Montano et al. (2002) as being homologous to the DNA-binding amino 

acids of Ndt80 (MyRF residues K399, R454 and R478) strongly inhibited the ability of 

MyRF to either bind DNA in pull-down assays or to induce expression from luciferase 

reporters. Interestingly, in both assays, the R478 mutant showed some residual activity, 
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whereas the K399 and R454 residues appear to be more critical for DNA binding, as their 

substitution results in the least amount of protein being immobilized in DNA pulldown 

assays. Strikingly, substitution of the residue R254A in yeast Ndt80 (homologous to MyRF 

R478) also shows a less pronounced effect than the substitutions R111A or R177A 

(Montano et al., 2002). This indicates that the relative contributions of amino acid residues 

to DNA binding are conserved for proteins containing an Ndt80-like domain. 

An bioinformatics de novo motif identification and DNA pulldown assays also 

demonstrated that MyRF specifically binds to DNA containing a consensus sequence best 

estimated as (CTGG[C/T]AC). This de novo sequence is markedly different from the 

sequence recognised by the yeast transcription factor Ndt80, the middle sporulation 

element sequence 5’-TGCGACACAAAAAC-3’ (Lamoureux and Glover, 2006). Strikingly, 

however, a very similar consensus sequence to our motif has since been independently 

identified for MyRF in a protein-binding microarray, which tested the DNA sequence 

preference of a broad sample of DNA-binding domains of eukaryotes (GM98, CIS-BP ID 

T130471_1.01) (Weirauch et al., 2014). Collectively, these results demonstrate that MyRF 

activity is dependent on targeting a specific DNA consensus sequence that is present in the 

vicinity of transcription start sites of many genes expressed by oligodendrocytes. MyRF 

can recognize and bind this consensus sequence using positively charged amino acids at 

conserved sites in its primary structure. Substitution of these amino acids leads to 

decreased affinity of MyRF to DNA in pull-down assays and in diminished activity in 

luciferase assays. 

These experiments for the first time establish MyRF as a membrane tethered transcription 

factor, which undergoes autoproteolytic cleavage to allow the DNA-binding domain 

bearing N-terminus to translocate to the nucleus. The C-terminal cleavage product 

containing the transmembrane region is excluded from the nucleus. The 

immunohistochemistry studies on cells transfected with the uncleavable mutants (Figure 

5.11) show that the cleavage of MyRF is necessary for correct subcellular localization and 

biological function of MyRF. The cleavage of MyRF therefore represents a critical step in 

the activation of the protein. 

The viral tailspike proteins are known to form trimers, upon which they fold themselves 

into a defined tertiary and quaternary structure. Only when assembled into this correct 

structure are the residues of the catalytic dyad and an additional basic residue in the 

correct position for the nucleophilic attack to occur (Schulz et al., 2010). The 

autoproteolytic cleavage of the viral tailspike proteins therefore depends on their correct 

folding and importantly, their trimerization. It is tempting to speculate that the cleavage of 
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MyRF also occurs upon trimerization. While the experiments presented here do not 

directly address this question, data published by our collaborators show that MyRF is 

present in a multimeric form, either as dimers or trimers (Li et al., 2013). In the viral 

proteins the cleavage is thought to occur constitutively upon this trimerization. This might 

be the case in MyRF as well, since it is present mostly in its cleaved form, as evidenced in 

western blots and immunohistochemistry, regardless of whether endogenously expressed 

(Figure 5.5) or overexpressed (Figure 5.10). 

This particular mechanism of autoproteolytic cleavage has not been previously described 

for a eukaryotic protein. Notably, the only other proteins in vertebrates with considerable 

homology to the ICD region of MyRF are fibrinogen (as described in Chapter 5.4.1) and the 

closely related paralog of MyRF, Myelin Regulatory Factor like (MyRFL, gm239, Uniprot ID 

Q3UN70). Like MyRF, MyRFL shares striking structural homology to the tailspike proteins, 

including conservation of the catalytic serine/lysine dyad. MyRFL has a predicted 

transmembrane domain and possesses homology to Ndt80. Due to this homology and its 

closely related nature to MyRF, it is likely that the autocleavage function of the ICD is 

conserved. MyRF and MyRFL are therefore the two members of a newly described family 

of membrane bound transcription factors.  

All other known membrane-associated transcription factors (the SREBPs, Notch and 

ATF6) undergo cleavage in response to some sort of biological signal (Hoppe et al., 2001). 

While it is intriguing to propose that the cleavage of MyRF may be regulated in response to 

biological signals, the constitutive mechanism makes it appear unlikely that the 

autoproteolytic cleavage mechanism itself is the interface between upstream signalling 

and MyRF activation. The activation could however be regulated via other upstream 

mechanisms, for example, by mechanisms that alter the probability of MyRF molecules to 

trimerize. Whether the activation of MyRF is indeed increased in response to certain 

biological signals will be an extremely important question to address in future work. 
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6 Summary and general conclusions 

6.1 Aims and central findings of the thesis 

The first aim of this thesis was to establish whether the ongoing expression of MyRF is 

necessary for the maintenance of myelin and a mature oligodendrocyte identity once 

developmental myelination was complete. The second, more open-ended aim was to 

characterize the molecular mechanisms by which MyRF promotes oligodendrocyte 

differentiation and myelination. 

With regards to the first aim, it is found that MyRF is absolutely critical for the maintenance 

of myelin and a mature oligodendrocyte identity even in the developed CNS. Regarding 

MyRF’s molecular mechanisms of action, it is demonstrated that MyRF is a transmembrane 

transcription factor that undergoes autoproteolytic cleavage to allow for translocation of 

its N-terminal DNA-binding domain to the nucleus. N-terminal MyRF then acts by binding 

DNA at a target consensus sequence and directly activating the expression of target genes. 

Targets of MyRF’s transcriptional activity include genes of high specificity to mature 

oligodendrocytes. These include quintessential myelin genes such as PLP1 and MAG in 

addition to genes with roles in processes such as lipid metabolism and cytosketelal 

regulation. Results of this thesis will be further discussed in light of these overall findings. 

6.2 MyRF is critical for CNS myelin maintenance and mature 

oligodendrocyte characteristics 

It was demonstrated that the induced ablation of MyRF, specifically in myelinating cells, 

results in demyelination throughout the CNS, and is accompanied by a gradual loss of 

mature oligodendrocyte identity in the recombined cells. These results extend previous 

findings that MyRF is critical for developmental myelination (Emery et al., 2009), to show 

that MyRF is also critically required for the maintenance of myelin.  
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The findings are the first report of an ongoing requirement for a transcription factor in the 

maintenance of CNS myelin. In the PNS, the transcription factor Sox10 plays a similar 

critical role, as evident by demyelination following the induced ablation of Sox10 

specifically in myelinating cells (Bremer et al., 2011). Taken together, these results suggest 

that myelin specific proteins undergo constant turnover to allow for myelin sheath 

integrity. Strikingly, despite affecting different cell types (Schwann cells versus 

oligodendrocytes), both models show a similar time-course in that first overt motor 

symptoms appear in the fifth week following ablation of the respective gene. Future work 

might reveal whether this is coincidental, or whether it is due to failure of maintaining the 

same components critical to cellular function of both Schwann cells and oligodendrocytes. 

Indeed, myelin genes that are heavily affected by the ablation of MyRF, such as Mbp, are 

also regulated by Sox10 in both oligodendrocytes and Schwann cells. In oligodendrocytes, 

Sox10 and MyRF synergistically drive the expression of common targets (Hornig et al., 

2013; Lopez-Anido et al., 2015). It is therefore feasible that ablation of Sox10 in Schwann 

cells leads to the eventual loss of similar critical components as the ablation of MyRF in 

oligodendrocytes, and therefore a similar timecourse of pathology. On the other hand, 

induced ablation of Krox20 leads to a significantly faster demyelination (Decker et al., 

2006), potentially by inducing an active cellular program of rapid demyelination and cell 

dedifferentiation that is exclusive to Schwann cells. Overall, the myelination deficits 

following ablation of key transcription factors demonstrate that ongoing renewal of myelin 

components is necessary to maintain structural integrity of myelin sheaths. 

6.3 Ablation of MyRF results in rapid changes of CNS gene expression 

Preceding the delayed effects of MyRF ablation on myelin integrity was a rather rapid 

downregulation of myelin genes that occurred within seven days, as evidenced by qPCR. 

Given this finding, it was of interest to examine the entire spectrum of dysregulated genes. 

Therefore, illumina sequencing was performed on hemibrain sections of iCKO and control 

animals. The strategy of using brain, rather than isolated oligodendrocytes, as the source of 

mRNA has the advantage of allowing detection of secondary effects in cell types other than 

oligodendrocytes. It does, however, come at the cost of the transcripts from other cell types 

potentially diluting any gene expression changes in oligodendrocytes, as well as the 

uncertaintly of which cell types any detected gene changes occur in. 

Illumina sequencing identified 230 genes that were differentially regulated in the brain of 

MyRF iCKO at one week mice following ablation of MyRF. While this does not exclude the 

possibility that MyRF has functions in addition to its role as a transcription factor, the 
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dysregulation of such a large number of genes following the ablation of MyRF seems 

sufficient to explain the severe oligodendrocyte dysfunction and demyelination seen in the 

iCKO mice. In particular the dysregulation of proteins with essential function in the 

structural integrity of myelin, such as MBP and PLP, could result in the destabilization of 

myelin sheaths.  

The somewhat paradoxical finding that, dispite the rapid dysregulation of MyRF genes at 

one week following ablation of MyRF no overt phenotypes were observed until week five 

could be attributed to the fact that turnover of myelin and integral proteins is rather slow 

when compared to other biological processes (Sabri et al., 1974; Saher and Simons, 2010; 

Yeung et al., 2014). The timeframe between gene dysregulation and overt effects on 

myelination might therefore represent the half-life of a critical aspect or component in axo-

glial interactions which fails to be maintained.  

Of the 230 genes found to be differentially regulated, a subset is primarily expressed by cell 

types other than oligodendrocytes (based on published RNA-Seq data). Examples include 

Slc1a5 and Gpr77. This suggests that the differential expression of these particular genes 

may be an effect secondary to the changes in oligodendrocytes and that other cell types in 

the CNS, such as astrocytes and microglia respond to the changes induced by MyRF ablation 

at this early time point. It also suggests that the number of genes in mature 

oligodendrocytes which are directly affected by MyRF ablation is less than 230. In contrast, 

evaluating a RNA-sequencing transcriptome database of different CNS cell types (Zhang et 

al., 2014), 477 genes are expressed at least four fold higher in mature oligodendrocytes 

when compared to OPCs. The fact that the expression of the majority of these 477 genes is 

not significantly altered following MyRF ablation suggests that MyRF only regulates a 

specific subset of late oligodendrocyte genes, and potentially only a subset of mature 

oligodendrocyte functions. To identify these cellular functions will be a potential subject for 

future research and the reported dysregulated genes and PANTHER analysis of affected 

pathways highlights possible directions for future research. 

6.4 MyRF is a membrane associated transcription factor 

The rapid effects on myelin gene expression detailed in Chapters 3 and 4 of this thesis were 

in agreement with the hypothesis that MyRF acts as a transcription factor, a notion that 

was initially proposed when research on the yeast transcription factor Ndt80 revealed 

sequence homology to the human MyRF orthologue C11orf9 (Montano et al., 2002).  This 

hypothesis was adopted in early studies concerning mouse MyRF (Cahoy et al., 2008; 

Emery et al., 2009). The hypothesis was, however, soon challenged due to a predicted 
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transmembrane region within MyRF (Stohr et al., 2000), and the apparent lack of nuclear 

localization of the C. elegans orthologue pqn-47 (Russel et al., 2011). It was therefore a 

further aim of this thesis to investigate by which mechanisms MyRF promotes myelination, 

and if it could indeed act as a transcription factor. The presented work reconciles these 

conflicting reports in the literature by indicating that MyRF is a transmembrane protein 

that resides in membranous compartments (most likely the endoplasmatic reticulum) until 

autoproteolytic cleavage allows the N-terminus to translocate to the nucleus. The 

autoproteolytic cleavage occurs by a mechanism that is novel for eukaryotic proteins and 

has previously been characterized in bacteriophage Neck-Appendage Protein (Schulz et al., 

2010; Schwarzer et al., 2007; Stummeyer et al., 2005).  

The autoproteolytic mechanism of MyRF cleavage is distinct from mechanisms of regulated 

intramembrane proteolysis (RIP) or regulated ubiquitin/proteasome-dependent 

processing (RUP). These mechanisms depend on the interplay of multiple heterotypic 

factors as the cleavage of the membrane bound transcription factor is mediated by a 

protease and dependent on other protein classes that mark the transcription factor (e.g. 

through ubiquitination) or shift it to the compartment in which it is cleaved (e.g. Scap 

transporting SREBPs to the golgi apparatus). RIP and RUP are therefore tightly regulated 

mechanisms (reviewed in (Hoppe et al., 2001). In contrast, the homologies to the 

bacteriophage proteins would suggest that the mechanism of MyRF cleavage is constitutive. 

Consistently, MyRF was mostly present in its cleaved form when overexpressed in cell 

culture as well as in tissue extracts.  

However, the observation that MyRF cleavage does not depend on other proteases does not 

completely rule out that this process is regulated by other mechanisms. Cleavage of the 

bacteriophage Neck-Appendage protein and other tailspike proteins depends on 

homotrimerization (Schulz et al., 2010). Based on the homology of MyRF to these 

bacteriophage proteins and the apparent conservation of the catalytic residues, it is likely 

that this is also the case for MyRF. While this possibility is not directly assessed in the 

presented work, experiments by Li et al. demonstrate that MyRF forms a homophilic 

complex (Li et al., 2013). Considering the likely conservation of trimerization between 

MyRF and the bacteriophage proteins, a question of interest would be whether this has 

implications for the mode of DNA binding, for example by recognition of a trimeric motif 

repeat of the identified consensus sequence. Supporting this notion is a trimeric repeat of 

the proposed consensus sequence for the Dictyostelium orthologue MrfA within one of its 

main target promoters (Senoo et al., 2012).  
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While the cleavage of the bacteriophage proteins occurs constitutively upon successful 

trimerization, the requirement for trimerization may nevertheless have important 

implications for the regulation of MyRF activation. For example, trimerization of MyRF 

could depend on a specific MyRF conformation or the presence or absence of ligands. It is 

therefore of high interest to identify molecules that interact with MyRF, as this may identify 

prerequisites for the trimerization and thereby autoproteolytic activation of MyRF. 

Towards this goal I have separately subcloned the intramolecular chaperone domain and 

subsequent C-terminal domains of MyRF and used them as bait in a yeast-2-hybrid assay. 

This screen identified 54 potential interacting proteins for MyRF (see appendix). Although 

work is still ongoing to confirm these putative interactions, they provide a list of candidate 

interactions that may be involved in regulation of MyRF’s cleavage or other aspects of its 

biology. 

6.5 A family of MyRF-like proteins is conserved throughout evolution 

The autoproteolytic cleavage mechanism described here for mus musculus MyRF has also 

recently been demonstrated for Homo sapiens MyRF and Dictyostelium discoideum MrfA (Li 

et al., 2013; Senoo et al., 2013), indicating that it represents an evolutionary conserved 

feature throughout a range of eukaryotic species. The dual features of the Intramolecular 

Cleavage Domain and the Ndt80-like DNA binding domain define the family of MyRF-like 

proteins. The only other member of this family in mice is the paralogue gene Gm239, which 

has therefore been named Myelin Regulatory Factor-Like (MyRFL). The homology between 

MyRF and MyRFL includes the DNA-binding domain and intramolecular chaperone domain, 

suggesting that both the transcription factor function and the cleavage mechanism defined 

for MyRF will also be conserved in MyRFL. As there are no published findings on the 

transcriptional targets of MyRFL or the cell types expressing it, this may provide important 

potential avenues for future research.  

The family of MyRF-like proteins is represented from the earliest stages of multicellular 

organisms, as evident by the Dictyostelium discoideum orthologue MrfA. Considering that 

two whole genome duplications occurred during the evolution of mammalian species, it is 

surprising that instead of four paralogues, the family of MyRF-like proteins only contains 

two members in mice. A reason for this might be that the first duplicate of a MyRF-like gene 

created through a whole genome duplication was subsequently lost during evolution. The 

homology that the intramolecular chaperone domain (ICD) of MyRF has with the 

Fibrinogen alpha chain might also hint to the possibility that these two gene families had a 

common ancestor and share molecular features.  
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An interesting implication of the homology between MyRF and bacteriophage Neck-

Appendage proteins  that it seems likely to have occurred through horizontal gene transfer, 

as the ICD domain is not present in Saccharomyces cerevisiae Ndt80. Horizontal gene 

transfer is gene acquisition in a manner other than transmission from the parental 

generation, for example by movement of genetic material between different species. It is a 

well-established phenomenon in single cell organisms, though it has recently been 

demonstrated to also occur at an unexpectedly large scale throughout vertebrate evolution 

(Crisp et al., 2015). As whole genes are exchanged via horizontal gene transfer, it seems 

feasible that the genetic code conserved domains such as the ICD could also be inserted 

into existing genes and result in new protein features and functions. A potential scenario 

would be the recombination of an Ndt80 homolous gene with DNA coding for an ICD 

obtained through horizontal gene transfer. This could for example have occurred upon the 

infection of a dictyostelium precursor with a virus containing genetic material encoding an 

ICD, as horizontal gene transfer is known to occur frequently between double-stranded 

RNA-Viruses and eukaryotic cells (Liu et al., 2010). Quite strikingly, such events might have 

coincided with the development of multicellular organisms, as dictyostelium is the 

evolutionary most distant organism for which a MyRF-like protein has been reported so 

far. Future research might elucidate whether this is the case and what the implications are.  

6.6 MyRF as a factor in health and disease of the human CNS 

While the work presented here focuses purely on Mus musculus MyRF, based on the 

homology to the C11orf9 gene and the work of Li et al. (2013) it is safe to assume that 

molecular mechanisms and the critical role in myelination are conserved between mouse 

and human MyRF. Indicators for a role of human MyRF in myelination which have 

previously been reported in the literature include its enriched expression in myelin-rich 

regions of the human brain (Oldham et al., 2008), its upregulation during the 

differentiation of oligodendrocytes from human ES cells (Letzen et al., 2010) and its 

downregulation in human foetuses with the motor neuron/oligodendrocyte disease Lethal 

Congenital Contracture Syndrome (Pakkasjarvi et al., 2005). These findings suggest an 

expression of human MyRF in oligodendrocytes of the CNS and an involvement in 

myelination. Work performed by Park et al and published back-to-back with part of the 

work described here has demonstrated that human MyRF is also cleaved by the same 

autoproteolytic mechanism that the mouse orthologue is cleaved by, and can induce the 

expression of genes (e.g. Endothelin 2) in a human cell line (Li et al., 2013). These results 

indicate that, as to be expected from the large degree of homology between the human and 
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mice MyRF, they act through the same molecular mechanisms, and human MyRF is likely 

critical for the maintenance of myelin throughout adulthood.  The likely equivalent role of 

human and mouse MyRF underscores the high relevance for research regarding the role of 

MyRF in the context of human CNS function and pathology.  

For certain diseases, animal models hint to a possible involvement of MyRF. An example is 

the decreased expression of MyRF in NPC1 null mice, a model of Niemann-Pick Disease 

(Yan et al., 2011). Though it is not clear whether the observed downregulation of MyRF is 

causal for the demyelination seen or a simply a reflection of the oligodendrocyte loss in this 

model, the work presented here supports the possibility that dysregulation of MyRF could 

have a key role in the ultimate loss of myelin. Recent findings also implicate a role for MyRF 

in Huntington’s disease. When expressed specifically in oligodendrocytes, mutant 

Huntingtin binds MyRF and causes a downregulation of myelin gene expression (Huang et 

al., 2015). As this study only demonstrated this interaction in the context of transgenic 

overexpression of mutant Huntingtin, future research will be required to examine the 

relevance of this to human Huntington’s disease. 

In addition to leukodystrophies and neurodegenerative diseases, glial contribution has also 

been implicated in cognitive dysfunction. Recent research has shown that oligodendro-

genesis in the adult animal is absolutely critical for motor skill learning. Interestingly, these 

results relied on Pdgrfa-CreERT2 MyRFFL/FL mice, a model for the induced conditional 

ablation of MyRF in OPCs (McKenzie et al., 2014). While this conditional ablation of MyRF 

was primarily used as a genetic tool to prevent ongoing oligodendrocyte differentiation, at 

the same time it demonstrates that MyRF, because of its importance to oligodendrocyte 

function, is critical for motor skill learning. As MyRF is induced early in oligodendrocyte 

differentiation (Emery et al., 2009), it is possible that it represents a key molecular 

mechanism in adult myelin plasticity. Should myelinating cells also be required for other 

types of learning, this could have implications for myelination and MyRF in diseases with 

cognitive dysfunction components such as schizophrenia and bipolar disorder. Recently, 

changes in the expression of myelin-related mRNA were found in patients with major 

depressive disorder (Rajkowska et al., 2015).  

Finally, the role of MyRF is of particular interest in demyelinating diseases such as multiple 

sclerosis. As described in Chapter1.2, the hallmark of multiple sclerosis is a degradation of 

myelin sheath with an autoimmune component. Failure of remyelination is believed to be a 

key factor leading to worsening of symptoms in later stages of the disease (Franklin and 

Ffrench-Constant, 2008). Oligodendrocytes that are present in demyelinated lesions 

commonly fail to terminally differentiate (Chang et al., 2002; Kuhlmann et al., 2008; 
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Scolding et al., 1998). Current therapies aim to modulate the immune system to reduce the 

frequency of autoimmune attacks. It might prove to be valuable to combine these existing 

immune modulation strategies with therapies aimed at the stimulating oligodendrocyte 

survival and myelination (Franklin and Ffrench-Constant, 2008; Kremer et al., 2015). The 

results of this thesis identify MyRF as one of the master regulators of myelin gene 

expression, which might prove to be a valuable target for future research into therapeutics 

to treat the demyelinating components of disease. In addition, it will be of high interest to 

examine whether the “stalled” premyelinating oligodendrocytes often described in 

chronically demyelinated lesions express MyRF, and if so, whether the subcellular 

localization of MyRF or its cleavage products is affected.    

In conclusion, the work presented further establishes the critical role of MyRF in 

myelination and elucidates the molecular mechanisms by which it functions, forming a 

basis for future research towards its role in health and disease. 
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7 Appendix  

7.1 Yeast Two Hybrid Interaction screen – Aims and Methods 

The work presented in this thesis characterizes some of the molecular properties of MyRF 

but also raises new questions. As described in chapter 6.4, the potential prerequisite of 

trimerization for function of the intramolecular chaperone domain opens up the possibility 

that interacting proteins modulate activation of MyRF. It would be of high interest to 

identify such potential modulators. Also, as demonstrated in chapter 5.3, the 

autoproteolytic cleavage seperates the protein into an N-terminal fragment of 

approximately 75kDa size and a C-terminal fragment of approximately 70kDa. While an 

important function of the N-terminal fragment has been demonstrated in this thesis, the 

function of the C-terminal fragment remains elusive. The comparatively large molecular 

weight of the C-terminal fragment would however imply that it possesses a function apart 

from regulating organization and cleavage of the trimeric unit. Identification of interacting 

proteins might give an indication as to what these functions are. 

A yeast two hybrid screen against a cDNA library of adult mouse brain was employed to 

find potential interacting proteins. An advantage of this strategy is the screening against 

millions of candidates within a cellular setting. A limitation of the technique is that the 

investigated (bait) protein construct must not bind to DNA or contain activator domains. It 

is also required to be present in a soluble form, therefore the screen in its most commonly 

applied form can not pick up intramembrane interactions. For these reasons, and to get an 

indication were the interactions occur, individual screens were performed using two MyRF 

regions likely exposed to the cytoplasm or lumen of a cell organelle. MyRF588-766 represents 

the protein from its cleavage site up to (but not including) the transmembrane domain. 

MyRF782-1138 is the part of the protein following the (most certain) transmembrane domain 

and up to its C-terminus.  
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7.1.1 Generation of Bait construct 

Bait constructs were cloned from an existing MyRF wild type construct in a pCMV-Sport6 

vector. The MyRF fragments of interest were amplified using specifically designed primers 

with 15bp extensions homologues to the target cloning side of the pGBKT7 vector, as 

shown in Table 7.1. 

Construct 
 

Sequence 

MyRF1-330  
for C ATG GAG GCC GAA TTC atg gag gtg gtg gac gag acc gaa 

rev G CAG GTC GAC GGA TCC tca tgg gga ggg tgc acc tgg cgg 

MyRF588-766 
for C ATG GAG GCC GAA TTC gca gat ctg cgg gcc aag gag cac 

rev G CAG GTC GAC GGA TCC tcc ctg cag aaa acg ctg act gat 

MyRF782-1138 
for C ATG GAG GCC GAA TTC tct atg tcc aca cta tat gtg ctg 

rev G CAG GTC GAC GGA TCC tca gtc aca cag gcg gta gaa gtg gaa 

Table 7.1: Primer for Y2H Bait construct 

Large letters: overlab vector multiple clonic site, small letters: overlab MyRF sequence 

The PCR was performed using the Phusion High-Fidelity PCR Kit (Thermo Scientific) 

polymerase in a mix containing 1ng/µl template DNA, 0.5μM forward primer, 0.5μM rev 

primer, 1X Phusion HF reaction buffer, 200µM dNTPs, 3%DMSO and 0.02U/μl Phusion 

polymerase. After an initial dissociation step at 98°C for 45 seconds, the PCR was 

performed in 40 subsequent cycles of strand dissociation at 98°C for 15 seconds, and 

elongation at 72°C for 60 seconds, with a final elongation at 72°C for 10 minutes.  

pGBKT7 target vector was linearized by digesting to completion with restriction enzyme 

(New England Biolabs) in Buffer (New England Biolabs) at 37°C for 3 hours. 

The PCR product and linearized vector were then spin column purified as described earlier 

and the concentration was determined using a NanoDrop 2000c (Thermo Scientific). The 

MyRF constructs were inserted into the pGBKT7 vector (Clontech) using the In-Fusion HD 

Cloning Procedure (Clontech) according to the manufacturer’s instructions. Briefly, 50ng 

purified PCR fragment and 50ng linearized vector were added to a 10μl total reaction 

volume of 1x In-Fusion HD Enzyme Premix in H2O. The reaction was incubated for 15 

minutes at 50°C, and then cooled on ice. 2.5μl reaction product was used to transform 

100μl of Stellar Competent Cells (Clontech) as described earlier and spread onto 

Kanamycin containing agar plates. Plates were incubated at 37°C overnight and individual 

isolated colonies were picked, grown in 3ml LB0+Kanamycin and miniprepped as described 

in Chapter 2.5.2. Presence of the correct insert was certified using restriction digest and 
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sequencing of the T7 promoter, then the plasmids were amplified using MaxiPreps as 

described in Chapter 2.5.3. 

7.1.2 Transformation of yeast cells 

Y2H gold cells were transformed with the generated bait constructs using the Yeastmaker 

Yeast Transformation System 2. Y2H gold cells were unthawed and streaked onto YPDA 

Agar plates. 3 separate colonies were picked and inoculated into 3ml YPDA medium in 

culture tubes, then incubated at 30°C with shaking at 250rpm. The optical density at 

λ=600nm (OD600) was measured 8 hours and 12 hours after inoculation on a NanoDrop 

2000c. 5μl of the fastest growing culture was transferred into 50ml of YPDA and incubated 

at 30°C shaking at 250rpm until an OD600 of 0.15-0.3 was reached, typically within 20 - 24 

hours after inoculation. At this point the culture was transferred to a 50ml Falcon tube and 

centrifuged at 700g for 5 minutes at room temperature. The supernatant was discarded, 

the cells were resuspended in 100ml of fresh YPDA and incubated further at 30°C and 

250rpm. OD600 was measured at least hourly until the culture reached an OD600=0.4 – 0.5 to 

ensure cells were not overgrown. 

The yeast culture was divided into two 50ml Falcon tubes and centrifuged at 700g for 5 

minutes and the supernatant was discarded. Cells were washed by resuspending them in 

30ml distilled water and centrifuging at 700g for 5 minutes, with the supernatant being 

discarded. Pellets were resuspended in 1.5ml of 1.1TE/LiAc (1.1ml of 10X TE Buffer and 

1.1ml of 10X LiAc in ad 10ml with H2O) and transferred into 1.5ml eppendorf tubes. After 

centrifugation at 11,000g in a tabletop centrifuge, supernatant was discarded and cells 

were resuspended in 600μl of 1.1TE/LiAc, ready to be transformed. 

50μl of these competent yeast cells were added to prechilled transformation reactions 

containing 100ng of Plasmid DNA and 5μl of denatured Yeastmaker Carrier DNA (10ug/μl) 

and gently mixed. 500μl of PEG/LiAc (40% PEG 3350, 1X TE Buffer, 0.1M LiAc) were added, 

mixed and incubated at 30°C for 30 minutes with gentle vortexing every 10 minutes. 20μl 

DMSO were added, reaction was mixed and incubated in a water bath at 42°C for 

15minutes, with gentle vortexing every 5 minutes. Yeast cells were then pelleted by 

centrifugation at 11,000g, supernatant was removed and yeast cells were resuspended in 

YPD Plus Medium (Clontech), in which they were incubated at 30°C with shaking at 

250rpm for 90 minutes. After centrifugation at 11,000g medium was removed and cells 

were reconstituted in in 0.9% (w/v) NaCl solution. 100μl of a 1/10 and 1/100 dilution of 

this suspension were plated onto agar plates containing the appropriate selection 

conditions, and incubated at 30°C for 5 days. 
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7.1.3 Testing bait construct for autoactivation and toxicity 

To test for autoactivation and toxicity, yeast cells were transfected with 100ng of the 

pGBKT7+MyRF1-330, pGBKT7+MyRF588-766 and pGBKT7+ MyRF782-1138 vectors as described 

above. 100μl of a 1/10 and 1/100 dilution of the transformation mixture were then spread 

onto SD/-Trp, SD/-Trp/X-α-Gal and SD/-Trp/X-α-Gal/AbA plates. Simultaneously, yeast 

cells were also transfected with 100ng empty pGBKT7 vector and spread in 1/10 and 

1/100 dilutions onto SD/-Trp agar plates. Plates were incubated at 30°C for 4 days. A 

mating strain of Y2HGold and Y187 yeast cells, containing constructs of the known 

interactors p53 and SV40 large T-antigen respectively, were spread onto all used media as 

a positive control. Table 7.2 indicates the expected outcomes for each of the transfected 

cultures on the respective agar plates. 

Sample Selective Agar Plate Colonies Color 

Bait autoactivation test SD/-Trp Yes White 

Bait autoactivation test SD/-Trp/X-α-Gal Yes White / Very Pale Blue 

Bait autoactivation test SD/-Trp/ X-α-Gal/AbA No - 

Positive control SD/-Trp/ X-α-Gal/AbA Yes Blue 

Empty pGBKT7 vector SD/-Trp Same number as bait on SD/-Trp 

Table 7.2: Expected outcomes for autoactivation and toxicity test  

 

 

7.1.4 Protein extraction from Yeast Cells 

To confirm correct expression of the bait construct protein, 5ml of SD/-Trp broth were 

inoculated with a single colony and grown overnight at 30°C shaking at 225rpm. 50ml 

YPDA broth were then inoculated with the entire overnight culture and incubated at 30°C, 

225rpm until an OD600 = 0.6. 

The culture was quickly chilled by pouring into a 50ml Falcon tube halfway filled with ice 

and then centrifuged at 1,000g for 5min at 4°C. Supernatant was discarded and the cells 

were resuspended in 50ml ice-cold water, and then centrifuged again at 1,000g for 5 

minutes at 4°C. The pellets were then frozen on dry ice and stored at -80°C. 

For each sample the OD600 units were calculated as the OD600 prior to harvesting times the 

culture volume: OD600 units = OD600, Culture*VCulture 
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Cracking buffer (8M Urea, 5% w/v SDS, 40mM Tris-HCl, 0.1mM EDTA, 0.4mg/ml 

Bromophenol blue, 1% β-mercaptoethanol, 5X PMSF, 8X complete EDTA-free Protease 

Inhibitor Cocktail (Roche)), preheated to 70°C and refreshed with PMSF every 7 minutes.  

Figure 7.1: Workflow for protein extraction from yeast cellsFigure 7.1 illustrates the 

further processing of the samples in two repetitions. First, for each 7.5 OD600 units, yeast 

cells were then resuspended in 100μl cracking buffer Samples were transferred to 2ml 

eppedorf tubes containing 80μl glass beads per 7.5 OD600 units and incubated at 70°C for 10 

minutes, then vigorously vortexed for 1 minute. Cell debris was pelleted by centrifuging at 

18,000g for 5 minutes at 4°C and supernatant was transferred to a fresh vial. In a second 

step, the remaining cell debris was incubated at 100°C for 5 minutes, vortexed for 1 minute, 

and then centrifuged at 18,000g at 4°C for 1min. The supernatants from both centrifugation 

steps were combined. An aliquot was boiled briefly and immediately loaded onto a 10% 

SDS Page gel (Invitrogen). SDS gel electrophoresis and western blotting were performed as 

described in section 2.6, using anti-myc antibodies for the detection of the MyRF bait 

constructs and GAPDH as an internal control. 

 

Figure 7.1: Workflow for protein extraction from yeast cells  

(Yeast protocols handbook, Clontech) 
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7.1.5 Yeast mating  

Yeast strains with confirmed expression of the bait construct were grown in 50ml of SD/–

Trp broth at 30°C, 225rpm shaking until they reached a OD600 = 0.8. A sample of 10µl was 

taken, diluted 1:10 and cells were counted using a Neubaur chamber. The whole culture 

was transferred to a 50ml Falcon tube, centrifuged at 1,000g for 5 minutes at room 

temperature, then resuspended in fresh SD/-Trp broth to a cell density of 1*108cells/ml. 

5ml of the culture was then added to 45ml 2xYPDA medium in a 2L flask. 

10µl of a Mate & Plate adult mouse brain library (Clontech, Cat.# 630488) were aliquoted 

into 1:100, 1:1,000 and 1:10,000 dilutions and spread onto SD/-Leu agar plates to 

determine the library titer. The rest of the library was then added to the bait culture and 

the vial was rinsed twice with 1ml 2xYPDA which was similarly added to the flask. 

Cultures were incubated for 20 hours shaking at 40rpm, after which a drop of coculture 

was checked under a light microscope for the presence of zygotes. The culture was 

transferred to a 50ml Falcon tube and cells were pelleted by centrifugation at 1,000g for 10 

minutes at room temperature and the supernatant was discarded. Meanwhile, the 2L flask 

was rinsed with 50ml 0.5xYPDA medium. The pelleted cells were resuspended in the rinse, 

and then centrifuged at 1,000g for 10 minutes again. Supernatant was discarded and the 

procedure was repeated, thereby combining all cells of the consecutive rinses. Cells were 

centrifuged once more at 1,000g for 10 minutes, and lastly resuspended in 10ml fresh 

0.5xYPDA medium. Of this mated culture, 100µl of 1:10, 1:100, 1:1,000 and 1:10,000 

dilutions were spread onto SD/-Trp, SD/-Leu and SD/-Leu/-Trp plates to calculate the 

number of clones screened. The remainder of the culture was spread onto SD/-Trp/-Leu/X-

β-gal/AbA plates. 200µl of culture was spread onto each 15cm plate, which were then 

incubated at 30°C for 5 days.  

All blue colonies on the SD/-Trp/-Leu/X-β-gal/AbA were then patched out onto higher 

stringency SD-Ade/-His/-Trp/-Leu/X-β-gal/AbA medium and incubated at 30°C for an 

additional 5 days. 
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7.1.6 Insert Check PCR 

To identify clones containing multiple prey vectors and eliminate additional clones 

containing an identic prey vector, all clones on the SD-Ade/-His/-Trp/-Leu/X-β-gal/AbA 

medium were then screened for the insert size in their pGADT7 vector. Cultures were 

slightly touched with a sterile toothpick, which was then transferred to 25µl of sterile H2O. 

25µl Matchmaker Insert Check PCR Mix 2 (Clontech) was added and the PCR was 

performed under the conditions indicated in Table 7.3. 

1 min 94°C  

10sec 98°C 
45 repeats 

3 min 68°C 

Table 7.3: PCR cycling settings Insert Check 

5µl per reaction were mixed with 5µl OrangeG buffer and run on a 1% agarose, 1xSybrSafe, 

1xTBE gel in TBE buffer for 15min at 80 Volt, then 90min at 120V. Gel was imaged on a 

ChemiDoc XRS+ system (BioRad) and used to sort samples according to their insert size. 

Plasmid segregation was performed on cell colonies for which Insert Check PCR resulted in 

multiple bands on the agarose gel.   

To more reliably identify pairs of yeast colonies containing identical prey plasmids, insert 

check product of each colony was also digested in a HaeIII and a AluI restriction enzyme 

digest (NEB). For each digest of 3µl PCR product was incubated in a 50µl reaction 

containing 1U/µl enzyme in 1x CutSmart Buffer (NEB) for 4 hours at 37°C. Restriction 

products were loaded onto 2% agarose, 1xSybrSafe, 1xTBE gels and run for 15min at 80V, 

then 90min at 120V. Doubles were eliminated and remaining samples were run on a new 

gel, until no apparent doubles could be found, then plasmid rescue was performed on all 

remaining colonies. 

7.1.7 Library Plasmid Segregation 

If single colonies presented with multiple bands on the associated PCR insert check gel 

lane, plasmid segregation was performed. Colony was lightly touched with a sterile 

toothpick and streaked onto a SD/-Trp/-Leu/X-α-Gal plate, which was incubated for 5 days 

at 30°C. Then, a single fully blue colony was picked from this plate and streaked onto a new 

SD/-Trp/-Leu/X-α-Gal plate. This process was repeated three more times before plasmid 

rescue was performed. 
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7.1.8 Plasmid rescue 

A single blue colony was streaked onto a 1x1cm area on a SD-Leu agar plate and incubated 

at 30°C for 3 days. Half of the patch was then transferred to a 1.5ml Eppendorf tube 

containing 500µl 10mM EDTA and pelleted by centrifuging at 11,000g for 1 minute in a 

tabletop centrifuge. Supernatant was discarded and cells were resuspended in 200µl of 

ZYM Buffer (Clontech). 20µl Zymolase suspension (Clontech) was added and cells were 

incubated at 30°C, 70rpm shaking for 1 hour. After centrifugation at 2,000g for 10 minutes, 

supernatant was discarded and cells were resuspended in 250µl Buffer Y1 containing 

RNase by pipetting up and down. 250µl Y2 lysis buffer were added, the sample was 

inverted 10 times and incubated for 5 minutes at room temperature. Then lysis was 

stopped by adding 300µl Y3 Buffer. Lysate was centrifuged at 11,000g for 5 minutes; 

supernatant was transferred to a new collection tube, and centrifuged again at 11,000g for 

5 minutes. 750µl supernatant were then loaded onto a Yeast Plasmid Spin Column by 

centrifugation at 11,000g for 1 minute. Flow-through was discarded and the column was 

washed by adding 450µl Y4 Wash Buffer and centrifuging at 11,000g for 3 minutes. Flow-

through was discarded and centrifugation was repeated to dry membranes. Spin column 

was then placed into a 1.5 eppendorf tube, 50µl YE elution buffer were added directly to 

the membrane and after 1 minute incubation time DNA was eluted by centrifuging at 

11,000g for 1 minute. 100µl of DH5α competent cells were transfected with 3µl of the 

eluate as described in Chapter 2.5.1 and plated onto Ampicillin containing agar plates. In 

case of a failing transfection, 10µl TOP10 competent cells were transfected using 1µl eluate. 

Plates were incubated at 37°C overnight, then single colonies were picked and miniprepped 

as described Chapter 2.5.2. Sequencing of samples was performed using a T7 forward 

primer (TAATACGACTCACTATAGGG) and for further confirmation an AD reverse 

sequencing primer (AGATGGTGCACGATGCACAG). 
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7.2 Potential interacting proteins for the MyRF588-766 construct 

The MyRF588-766 construct resembles the protein from its autoproteolytic cleavage site to 

the putative transmembrane domain. The construct was confirmed to not cause cell toxicity 

or autoactivation of the selection markers. Mating with the adult mice brain cDNA library 

resulted in 280 positive colonies on SD-Ade/-His/-Trp/-Leu/X-β-gal/AbA plates. 

Elimination of duplicates by insert check PCR on 139 colonies resulted in 56 unique clones. 

Cotransfection of isolated plasmids with pGBKT7+MyRF588-766 resulted in 32 colonies on 

SD/-Trp/-Leu/X-β-gal/AbA plates. The hits Skiv2l2, Hexb and Cntn1 were found on 

multiple, non-identical plasmids. Overall a total number of 26 potentially interacting 

proteins were found, as presented in Table 7.4. 

GeneID Region  RefSeqID highest in 

Atp6v1d CDS NM_023721.2 Microglia 

Brk1 CDS NM_133937.1 N/A 

Cntn1 CDS NM_001159648.1 OPC 

Cpe CDS NM_013494.3 Astrocyte 

Cryzl1 CDS NM_026994.1 Neuron 

Haus4 CDS NM_145462 OPC 

Hdx CDS NM_001080549.2 Neuron 

Hebp2 CDS NM_019487.3 OPC 

Hexb CDS NM_010422.2 Microglia 

Irak1bp1 CDS NM_022986.4 OPC 

krt222 CDS NM_172946.2 Neuron 

Med8 CDS BC021870.1 Microglia 

Ndufs2 CDS BC003898.1 Myelinating OL 

Polr2c CDS NM_009090.5 Neuron 

Psme3 CDS NM_011192.3 OPC 

Snx32 CDS NM_001024560.2 Neuron 

Ptprz1 CDS BC151071.1 Astrocyte 

Skiv2l2 CDS NM_028151.2 Astrocyte 

Synrg CDS NM_194341.1 OPC 

Tceal8 CDS NM_001168578.1 Astrocyte 

Ubac1 CDS NM_133835.2 Myelinating OL 

Vps13b CDS NM_177151.3 OPC 

Vwa8 CDS NM_027906.1 Astrocyte 

Cinp CDS NM_026048.4 OPC 

D030056L22 3'  NM_177640.4 OPC 

Fosl2 3' NM_008037.4 Neuron 

Table 7.4: Potential interacting proteins for MyRF588-766 
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7.3 Potential interacting proteins for the MyRF782-1138 construct 

The MyRF588-766 construct resembles the protein from its putative transmembrane domain 

to the C-terminus. The construct was confirmed to not cause cell toxicity or autoactivation 

of the selection markers. Mating with the adult mice brain cDNA library resulted in 161 

positive colonies on SD-Ade/-His/-Trp/-Leu/X-β-gal/AbA plates. Elimination of duplicates 

resulted in 54 unique clones. Cotransfection of isolated plasmids with pGBKT7+MyRF588-766 

resulted in 32 positive colonies. The hit Eef1a1 was found on four non-identical plasmids. A 

total number of 29 potentially interacting proteins presented in Table 7.5 were found.  

GeneID Region RefSeqID  highest in 

Cntn1 CDS NM_001159647.1 OPC 

Dctn6 CDS NM_011722.4 n.f. OL 

Eef1a1 CDS NM_010106.2 Microglia 

Eml1 CDS NM_001286346.1 n.f. OL 

Hspa5 CDS NM_001163434.1 Astrocyte 

Mpped2 CDS NM_001143683.1 OPC 

Nov CDS NM_010930.4 Neuron 

Nudt19 CDS NM_033080.2 n.f. OL 

Pde12 CDS NM_178668.3 Astrocyte 

SLC30a1 CDS NM_009579.3 Astrocyte 

SLC31a1 CDS NM_175090.4 Microglia 

SLC44a1 CDS NM_133891.3 n.f. OL 

Wbp11 CDS NM_021714.4 n.f. OL 

Wdr77 CDS NM_027432.3 Neuron 

Itm2a CDS  NM_008409.2 Neuron 

Polr2g CDS  NM_026329.2 n.f. OL 

Snhg5 lnc-rna NR_040721.1 Neuron 

Bend6 3' NM_177235.3 Neuron 

Clcn3 3' NM_007711.3 n.f. OL 

Erc2 3' NM_177814.4 Neuron 

Grlf1 3' NM_172739.4 n.f. OL 

Ica1l 3' NM_027407.3 Neuron 

Igf1r 3' NM_178668.3 Neuron 

Jph4 3' NM_177049.5 Neuron 

Kmt2a 3' NM_001081049.1 Neuron 

NPC1 3' NM_008720 OPC 

PIAS1 3' XM_006511303.1 Astrocyte 

Slc1a3 3' NM_148938.3 Astrocyte 

Synj1 3' NM_001164483.1 Neuron 

Table 7.5: Potential interacting proteins for MyRF782-1138 
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Figure 7.2: Paircoil2 prediction of coiled-coil regions. 

Residues F672 to D701 have a positive score and a p-value<0.05, therefore are likely 
forming a coiled-coil structural motif. The presence of multiple leucine residues with a 
periodicity of seven resembles a leucine zipper motif. 
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