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Abstract 

There is growing interest in the tissue-protective effects of some cytokines, including 

erythropoietin (EPO) and the IL-6 family cytokine leukaemia inhibitory factor (LIF); 

both have receptors, and exert their effects, on cells other than their primary targets.  

In the nervous system, these cytokines could aid in the treatment of demyelinating 

diseases, such as multiple sclerosis, by protecting myelin from damage and 

supporting remyelination after damage has occurred. Previous work has shown that 

EPO increases myelination in oligodendrocytes, the cells responsible for myelin 

deposition in the central nervous system. I aimed to determine if LIF shares the 

promyelinating effects of EPO and understand more about the mechanisms 

mediating tissue-protective cytokine-induced myelination. 

A model of rat oligodendrocyte precursor cells was used and their myelinating 

capacity was measured as represented by myelin oligodendrocyte glycoprotein 

(Mog) expression. Initially I studied EPO and LIF’s effects on these cells before 

defining the molecular mechanisms causing their effects using microarray gene 

expression analysis. 

EPO increased myelination by eight-fold, a level that was sustained at concentrations 

up to and including 400ng/ml. After treatment with LIF at 0.2ng/ml Mog expression 

was increased by two-fold, but concentrations above 2ng/ml caused a reduced 

expression of Mog. Interestingly, when LIF and EPO were added simultaneously 

there was a significant reduction in EPO-induced Mog expression suggesting that 

LIF induced an inhibitory feedback that was responsible for blocking not only its 

own, but also EPO’s effect. The inhibitory feedback was replicated when LIF was 

replaced by ciliary neurotrophic factor (CNTF) and oncostatin M (OSM), 

glycoprotein 130 (GP130) cytokines that use the same receptor as LIF. 

The signalling mechanisms that may have caused the inhibition of EPO-induced 

Mog were then investigated. Socs3, a known inhibitory feedback of LIF and other 

IL-6 cytokines, negatively correlated with Mog expression, as the higher 

concentration of LIF and the simultaneous EPO and LIF treatment induced the 

greatest Socs3 expression.  
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Gene expression microarray analysis was performed to elucidate further mechanisms 

that may cause the inhibition of EPO-induced Mog. A variety of candidate genes 

were identified and their expression validated by qPCR. The roles of Tlr2/Myd88 

and lipocalin 2 were investigated further and Tlr2 activation showed a functional 

effect on Mog expression. 

The results showed that LIF and other GP130 cytokines inhibited EPO’s positive 

effect on myelination and clarified some of the mechanisms that resulted in 

inhibition. The implications of my work could be an increase in efficacy of EPO 

treatment, as the work has elucidated mechanisms that could inhibit EPO’s pro-

myelinating effect. Increased efficacy of EPO would impact new therapies and 

therapeutic approaches using tissue protective cytokines in regenerative medicine. 
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Chapter 1. Introduction 
 

1.1 Tissue protective cytokines 

Cytokines are essential for the activation, differentiation, and control of the immune 

system, and they regulate the intensity and duration of the immune response. 

However, it is now understood that their functions are considerably more far-

reaching and affect nearly every tissue of the body. Cytokines are small proteins 

produced by many cell types that affect target cells in an autocrine, paracrine or 

endocrine manner to provide communication throughout the body. Cytokine 

stimulation through a complementary receptor results in activation, differentiation, 

migration, or suppression of the target cell (Hiscott 2011). While the original dogma 

was that one cytokine stimulated one receptor, this is now known to be far from the 

truth; many cytokines have multiple functions, can associate with many receptors, 

and can interact with other cytokines. The term “tissue-protective cytokine” was first 

used by Ghezzi and Brines (2004) to define the cytoprotective effects erythropoietin 

(EPO) exerts on cells other than only maturing erythrocytes, especially in the 

nervous system (Ghezzi 2004). This thesis will look at the effects of EPO and other 

tissue protective cytokines, especially leukaemia inhibitory factor (LIF), in models of 

neuroregeneration and wound healing to determine how potent their effects can be 

within these model systems.  

 

 

1.1.1 EPO 

Erythropoiesis is the process through which mesenchymal stem cells in the bone 

marrow mature into erythrocytes. EPO is required for this process to reach 

completion. EPO is a 34kDa, 165 amino acid, glycoprotein which is predominantly 

produced by the foetal liver (Zanjani 1977) and the adult kidney (Koury 1988, Fisher 

et al. 1996) and was originally purified from the urine of patients with aplastic 

anaemia (Miyake 1977). The primary function of EPO is in the regulation of 

erythropoiesis although the first stages of erythroid cell differentiation do not require 

EPO. Wu et al (1995) created mouse knock-outs for EPO and the EPO receptor 

(EPOR). They found that blast-forming colony-erythroid (BFU-E) and colony 
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forming unit-erythroid (CFU-E) cells, the first stages of erythroid differentiation, 

were present in the animals but there was no further development of these cells. The 

animals died by embryonic day 13 due to a lack of primary erythropoiesis (Wu et al. 

1995). Their findings demonstrate that EPO and EPOR are not needed for the initial 

stages of differentiation, but are crucial after that for the maturation of red blood 

cells. The BFU-E and CFU-E stages strongly express EPOR, again confirming that 

stimulation by EPO is required to progress differentiation on from this stage (Spivak 

2005). 

 

Hypoxia is the main physiological condition that stimulates EPO production and it 

can increase the concentration of circulating EPO by several hundred-fold (Ebert 

1999). Hypoxia inducible factor (HIF)-1α and HIF-2α are the primary transcription 

factors responsible for the induction of EPO expression (Kapitsinou et al. 2010). 

HIF-2α is expressed widely, not just in the vasculature, although it is not as 

ubiquitous as HIF-1α (Wiesener 2003). The HIFs are always expressed in the 

circulation but under normoxic conditions they are degraded by posttranslational 

hydroxylation of specific proline residues, a process that is oxygen dependent. 

However, a lack of oxygen in hypoxic conditions means degradation of HIFs does 

not occur and they accumulate in the circulation. This increase of HIFs is detected by 

the kidneys which are stimulated to release EPO in order to increase the number of 

circulating erythrocytes and so allow the bloodstream to absorb, transport, and 

distribute more oxygen.  

 

In the foetus the liver is the main organ that synthesises and produces EPO, but 

predominant production of EPO switches to the kidney after birth, with the liver 

remaining as a secondary producer (Koury 1991). This switch after birth is regulated 

at the transcriptional level. For example, there is a negative regulatory element 3’ of 

the EPO gene that causes repression of EPO gene expression in the postnatal liver 

and while a kidney inducible element located 5’ on the gene increases expression in 

the postnatal kidney (Semenza 1990). 

 

EPO homodimerises two EPORs on the erythrocyte cell surface activating a complex 

network of signalling events, beginning with a conformational change in the EPOR-

associated Janus-kinase (JAK)-2 by autophosphorylation (Witthuhn et al. 1993). 
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This change leads to phosphorylation of eight tyrosine residues on the EPOR which 

can then recruit a variety of Src-homology (SH2) domain containing proteins that 

activate various pathways (Fig 1.1). 

 

One of the main pathways activated by EPO is the phosphatidylinositol-3 kinase 

(PI3k)/Protein kinase B (Pkb) AKT pathway (Fig 1.1). This pathway is crucial, but 

not sufficient, in protecting erythroid precursor cells from apoptosis (Bao 1999). The 

AKT pathway has substantial influence over the central nervous system. Knockout 

of an upstream inhibitor of AKT resulted in hypermyelination throughout the central 

nervous system (CNS) in mouse models (Goebbels 2010) and similar 

hypermyelination presented as thicker myelin and increased myelin gene expression 

was seen in mice that express constitutively active AKT (Flores 2008). Conversely, 

treatment with the AKT inhibitor rapamycin in vitro resulted in inhibited 

oligodendrocyte precursor cell (OPC) differentiation and reduced expression of 

myelin genes and their associated proteins (Guardiola-Diaz et al. 2012). 

 

Through AKT activation EPO is able to maintain cell survival by preventing 

expression of pro-apoptotic genes (Chong and Maiese 2007, Hou et al. 2011). EPO 

signals through AKT to provide protection in various stress conditions, such as 

hypoxia (Chong 2002, Kilic 2005) and oxidative stress (Dzietko et al. 2004). 

 

EPO also induces the signal transducer and activators of transcription (STAT) 

pathways. There are eight mammalian STATs and EPO induces STATs 1, 3, and 5. 

Following their binding to the EPOR, the STATs are phosphorylated by JAK2, after 

which they dimerise and translocate to the nucleus (Mitchell and John 2005). The 

major STAT molecule that EPO induces phosphorylation of is STAT5, which leads 

to the induction of the anti-apoptotic BCL-XL gene, which is important in protecting 

proerythroblasts from apoptosis (Socolovsky 2001). STAT5 is important for the 

neurotrophic effects of EPO, but not its induction of neuroprotection (Byts 2008). 

 

EPO also activates the extracellular-signal regulated kinases (ERK)/Mitogen 

activated protein kinases (MAPK) pathway (Fig 1.1). Binding to EPOR activates Ras 

and results in the phosphorylation of Raf (MAP3K) which in turn phosphorylates 

mitogen/extracellular signal related kinases 1 & 2 which are the upstream activators 
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of ERK1/2. ERK1/2 then translocates to the nucleus to regulate the expression of a 

number of different genes. ERK signalling has numerous effects on 

oligodendrocytes, including migration, differentiation, proliferation, survival, and 

myelination (reviewed in (Gonsalvez et al. 2015)). ERK1/2 knockout mice exhibited 

significant hypomyelination along with decreases in myelin gene expression that 

were not fatal but continued into adulthood (Ishii 2012). In this model, knockout 

mice had the same number of mature oligodendrocytes as their wild type littermates, 

so it was an inability of these oligodendrocytes to produce myelin that caused the 

hypomyelination. Overexpression of ERK1/2 was also investigated by the same 

group to see if it had the opposite effect to knockdown of ERK1/2. The myelin 

sheath of these mice was significantly thicker than controls and its density increased 

over time (Ishii 2013). 

 

Activation of the ERK pathway is crucial in erythrocytes for the pro-erythropoietic 

effect of EPO (Arcasoy and Jiang 2005, Kuhrt and Wojchowski 2015). EPO is tissue 

protective in the kidney through ERK1/2 signalling, through which it has the ability 

to protect against apoptosis resulting from ischaemia (Zou et al. 2016). Finally, there 

is evidence of EPO-induced neuroprotection through ERK signalling in primary 

retinal neuronal cells (Shen et al. 2010). 
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Figure 1.1: The signalling pathways known to be involved in the 

neuroprotective effects of EPO. JAK2 molecules that are associated with EPOR 

are phosphorylated following binding by a single EPO molecule at the cell surface 

causing a range of downstream intracellular signalling events. The 

phosphorylation of JAK2 results in the phosphorylation of the tyrosine residue on 

EPOR that then act as potential docking sites for the various pathways outlined in 

this figure. P=phosphorylation. Adapted from (Ghezzi 2004). 

Original in colour 
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1.1.1.1 Non-erythropoietic functions of EPO 

Despite EPO being named for its erythropoietic actions, numerous other functions 

for this cytokine have now been demonstrated. Elucidation of these further functions 

began with the finding that EPOR was expressed on cells other than just 

erythrocytes. For example, its expression was demonstrated on endothelial cells 

(Anagnostou et al. 1990, Anagnostou et al. 1994), trophoblasts (Fairchild 1999), 

pancreatic islets (Fenjves 2003), parathyroid cells (Ozturk 2007), and cells of the 

pituitary gland (Jelkmann 2005). It was Konishi et al (1993) who first demonstrated 

a non-erythropoietic function for EPO on embryonic cholinergic neurons where it 

promoted cell survival after the removal of serum (Konishi 1993). 

 

After the finding that EPOR is present on various cell types came the discovery that, 

along with the high-affinity EPOR, there is also a second EPO receptor with an 

affinity for binding 6-18 times lower than EPOR that was discovered on neural cells 

(Masuda et al. 1993). It was proposed that EPO binds to a heterodimer of EPOR and 

this second receptor that is also used by IL-3, IL-15, granulocyte macrophage-colony 

stimulating factor (GM-CSF) (Jubinsky 1997). This additional receptor component 

was later termed tissue-protective receptor or β-common receptor (Brines 2012) and 

there is accumulating evidence that many of the non-hematopoietic functions of EPO 

are impeded by inhibition of the functions of β-common receptor (Su 2011). Many 

of the same signalling pathways are induced when the EPO/EPOR/β-common 

receptor complex is formed as when EPO binds to the EPOR homodimer, but the 

difference in signalling between the two receptors is not completely understood. 

 

 

1.1.1.2 Neuroprotection 

Masuda et al (1993) and Digicaylioglu et al (1995) found EPOR present on cells of 

neural origin and cerebral tissue, suggesting EPO has an effect in the nervous system 

(Masuda et al. 1993, Digicaylioglu 1995). This hypothesis was supported by Brines 

et al (2000) who showed that EPO crossed the blood-brain barrier (BBB) to protect 

against experimental injury in the central nervous system (CNS) in a model of 

cerebral ischaemia in rats (Brines et al. 2000), a crucial finding as EPO can be 
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administered peripherally and it will still exert its effects in the CNS without the 

need for direct administration into the brain. It is estimated that 1-2% of circulating 

EPO crosses the BBB (Juul 2004), although permeability of this barrier is known to 

increase during periods of hypoxia-ischaemia (Plateel 1997).  

 

EPO is also neuroprotective in cerebral ischaemia as it decreases inflammation 

through reducing neuronal death (Villa 2003), and inducing angiogenesis and 

neurogenesis (Wang 2004). There is evidence that the neuroprotective properties of 

EPO are modulated by crosstalk between JAK2 and nuclear factor (NF)-κB 

pathways (Digicaylioglu 2001). Enhancement of these positive effects has been 

effective in treatment of infectious diseases that affect the CNS, such as cerebral 

malaria (Kaiser 2006).  

 

EPO is also neuroprotective in clinically relevant models of autoimmune 

demyelinating diseases. Li et al (2004) tested the effects of systemic EPO treatment 

on mice with experimental autoimmune encephalitis (EAE), a model of multiple 

sclerosis (MS) (Li 2004). They found that daily intravenous EPO injections lowered 

both disease severity and duration and the spinal cord of EPO-treated mice showed 

less axonal damage, inflammatory cell infiltration, and demyelination. EPO was anti-

inflammatory in another experiment using EAE (Agnello 2002), and also improved 

overall neurological recovery in this disease model (Zhang 2005). Overall, studies 

using EPO to treat EAE have shown that EPO halts the clinical course of the disease 

by targeting inflammation, demyelination, and axonal damage. It also induced 

neurogenesis and oligodendrogenesis in these experiments (Bartels et al. 2008, 

Sargin 2010, Cervellini et al. 2013b). 

 

 

1.1.1.3 Functions in other tissues 

EPO exerts extra-hematopoietic functions on other cell types. For example, it is 

present in cardiac tissue and it has protective effects on the infarcted heart by 

preventing apoptosis in cardiac myocytes (Parsa 2003, Depping 2005). EPO is 

beneficial in diabetes as it is tissue-protective on pancreatic-β cells (Fenjves 2003, 

Choi 2010). It is also protective in the kidney, an essential function as the kidney is 
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highly sensitive to hypoxia, trauma, and toxicity (Westenfelder 1999). EPO strongly 

reduces the inflammatory response in the kidney and prevents damage from toxins 

such as cyclosporine and Cisplantin (Chatterjee 2005). Furthermore, EPO has 

positive effects on the organ of Corti, responsible for maintaining hearing, where it 

increases the recovery after injury to this area in rats (Andreeva 2006, McClure 

2007).  

 

EPO is also strongly involved in the regulation of inflammation. While EPO gene 

expression is upregulated by HIFs, it is downregulated by NF-κB, a central 

transcription factor involved in the initiation and perpetuation of inflammation (La 

Ferla 2002). This inhibition is the common cause of anaemia seen in inflammatory 

diseases (Weiss 2005). Conversely, EPO inhibited NF-κB activation (Carvalho 

2005) and the production of other pro-inflammatory cytokines such as TNF-α, IL-6 

and IL-12/23 subunits (Nairz 2011). 

 

EPO has direct reparative effects on wound healing. Siebert et al demonstrated that 

EPOR is expressed in both healthy and damaged skin tissue and that EPO 

accelerated healing in vivo in rats (Siebert 2011). However, too much EPO can be 

detrimental to the wound. Sorg et al (2009) found that a single high dose of 

5000U/kg EPO administered systemically was beneficial and aided wound healing 

by accelerating wound epithelialisation and inducing angiogenesis in a model of full 

dermal thickness wound in hairless mice. Conversely, repeating this dose daily was 

detrimental as epithelialisation was delayed and newly formed blood vessels failed to 

properly mature (Sorg 2009). The repeated high dose prevented cell migration, 

which was encouraged by a single high dose. The authors also speculated that 

repeated EPO administration created an anti-apoptotic environment that did not 

allow for clearance of necrotic tissue and so prevented wound healing. Furthermore, 

the increase of erythrocyte mass may have caused hypertension and the negative 

effects of this. Clinically this study shows that the dose of EPO is important in 

wound healing; it is not sufficient to assume that increased EPO produces an 

increased positive effect. 

 

There is also some literature on the effect of EPO in wounds of diabetic mice. 

Recombinant human EPO (RHuEPO) administered systemically increased vascular 
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endothelial growth factor (VEGF) messenger ribonucleic acid (mRNA) expression 

and protein in non-healing wounds of diabetic mice (Geleano 2004) as well as 

increasing the rate of reepithelialisation (Hong 2014). Furthermore, topical EPO 

treatment also decreased healing time (Hamed 2010). 

 

 

1.1.1.4 Non-haematopoietic, tissue-protective EPO derivatives 

A specific section of EPO’s structure, not involved in interaction with the EPOR 

homodimer complex that mediates the erythropoietic effects of EPO, was 

responsible for its neuroprotective effects (Campana 1998). Therefore, it was 

hypothesised that molecular changes to EPOs structure would inhibit its 

erythropoietic effects but not alter its neuroprotective function. The first example of 

this was the carbamylation of lysines which resulted in the production of a 

neuroprotective but not erythropoietic molecule, termed carbamylated EPO (cEPO) 

(Leist 2004). 

 

Non-erythropoietic derivatives also originated from the structure of EPO. EPO has a 

structure composed of four α helices (Fig1.2). Sections of helices A, C, and D bind 

to EPOR during erythropoiesis, but helix B is not implicated in binding. Therefore, it 

has been hypothesised that helix B is involved in neuroprotection through binding 

with EPOR and the common β receptor, the signal-transducing subunit shared by the 

granulocyte-macrophage colony stimulating factor, and the IL-3 and IL-5 receptors 

(Brines 2004)(Fig1.2). Based on this information derivatives of EPO have been 

developed that are tissue-protective but not erythropoietic. An example of such EPO 

derivatives is ARA290, a peptide based on the structure of helix B (Brines et al. 

2008). This peptide was tested in a phase II study recently to see its efficacy in 

patients with neuropathy resulting from type II diabetes (Brines et al. 2014). 

Neuropathic symptoms improved significantly in those receiving treatment and no 

side-effects of the treatment were identified.  
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1.3.2 IL-6 cytokines 

 

  

Figure 1.2: The four α-helical structure of EPO. It is believed that parts of helices 

A & C and helix D with the loop from A to B form the two connections with EPOR 

during erythropoiesis (dashed rectangles). However, when EPO binds with β-

common receptor and EPOR it is part of helix B that binds to the receptors (dashed 

oval). It is this information that EPO derivatives have been based on. Adapted from 

(Vollgraf et al. 1999, Brines et al. 2008) 

Original in colour 
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1.1.1.5 Therapeutic uses of EPO 

The EPO gene was first cloned in 1985 (Jacobs 1985, Lin 1985), leading to the 

commercial production of RHuEPO, or epoetin, and its successful use in the 

treatment of patients with anaemia resulting from end-stage renal disease (Winearls 

et al. 1986). This unmodified EPO is the most successful recombinant medicine used 

in the treatment of anaemia, although treatment requires repeated administration. To 

improve the long term efficacy, molecules with the same biological functions as 

RHuEPO, but a longer half-life have been developed by creating specific alterations 

in the amino acid sequence of the molecule such as additional glycosylation sites 

(Egrie 2001). 

 

RHuEPO has been used for over twenty years as a commonly used drug in the 

treatment of anaemia resulting from chronic kidney disease or a side-effect of 

chemotherapy. However, very high doses are required to reach bioactive levels in the 

CNS. Such large doses of any erythropoiesis stimulating agent (ESA) cause side-

effects (Torup 2007). Thrombosis is a direct consequence from the increase in 

erythrocyte population and several animal models and patient studies have linked 

ESAs to thrombopoeisis (Wolf 1997, Stohlawetz 2000, Kirkeby 2008, Kato 2010). 

 

 EPO treatment may do more harm than good as it promotes vasculogenesis and 

angiogenesis allowing for further tumour growth in cancer patients (Hardee 2007). 

There has also been some suggestion that EPO acts as a growth factor for tumour 

progression as it has been shown to increase cell proliferation and migration (Fu 

2009), however no such effect was found by other researchers (Westenfelder 2000). 

While the exact consequences of systemic EPO treatment are unknown, there is 

considerable evidence that treatment has an overall negative outcome, with the risks 

outweighing the benefits. A large scale meta-analysis of many trials involving the 

use of ESAs in the treatment of 13,933 patients with cancer showed that ESAs 

increased mortality during the active study period and reduced long-term survival 

(Bohlius et al. 2009). The guidelines on how extensively EPO should be used in 

cancer treatment have recently been updated (Rizzo 2010).  
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This project aimed at studying the promyelinating effects of EPO, developing on the 

findings by Cervellini et al (2013) (Cervellini et al. 2013a) who investigated the 

effect of EPO on oligodendrocyte precursor cells. They found that EPO increased 

myelination, a crucial marker for neurorepair. The aim of this project is to 

understand the mechanisms behind EPO’s regenerative effects on myelination with 

the final aim of identifying therapeutic targets to allow the development of new 

drugs. 

 

 

1.1.1.6 EPO in regenerative medicine 

Regenerative medicine is a relatively new branch of biology that aims at using tissue 

engineering and molecular biology to replace, engineer, or regenerate human cells, 

tissues and organs that have been lost through disease or injury (Badylak et al. 

2009). The human body has natural abilities to defend itself from insults and heal 

injuries, but these processes are often inefficient and incomplete. Teleost fish and 

urodele amphibians are unique among vertebrates as they have the ability to 

completely regenerate amputated limbs. Higher order animals, including humans, 

have replaced the ability to regenerate tissues with processes that include 

inflammation and scar tissue formation (Metcalfe and Ferguson 2007). Regenerative 

medicine approaches aim to harness these dormant regenerative mechanisms, that 

are believed by some to have been replaced by rapid healing processes (Metcalfe and 

Ferguson 2007). There are many claims of the capacity for regenerative medicine to 

replace lost tissue structures, although the capacity to re grow limbs is potentially 

overambitious. For the time being it is more realistic to look at the scope for 

regenerating cells and tissues; for example the field of induced pluripotent stem cells 

is rapidly advancing which gives the ability for adult cells to regain pluripotency and 

therefore replace cells that have been lost (Takahashi and Yamanaka 2006, Ohnuki 

and Takahashi 2015). 

 

Angiogenesis, the formation of new blood vessels from existing ones, is one of the 

few regenerative mechanisms retained by humans (Carmeliet 2003). The ability of 

EPO to stimulate the proliferation of endothelial cells in angiogenesis is one of the 

mechanisms through which it has regenerative capabilities (Buemi 2002). As 
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discussed previously (Section 1.1.1.5) EPO may increase tumour growth through its 

stimulation of angiogenesis and therefore its use in the treatment of anaemic patients 

undergoing chemotherapy may not be appropriate (Fu 2009). While this is clearly a 

detrimental effect of EPO, its ability to stimulate tumour growth demonstrates its use 

as a tissue regenerative molecule that could potentially be applied elsewhere in the 

body (Buemi 2009). This project aims to investigate the regenerative capacity of 

EPO in the CNS beyond its angiogenic capabilities. By stimulating remyelination 

EPO will aid in regeneration of the myelin sheaths lost to demyelinating diseases. 

 

 

1.1.2 Interleukin-6 family of cytokines 

This project will develop on work on the tissue protective effect of EPO by 

investigating other cytokines that may share these properties. The IL-6 family of 

cytokines includes IL-6, LIF, ciliary neurotrophic factor (CNTF), oncostatin M 

(OSM), IL-11, cardiotrophin-1 (CT-1), cardiotrophin-like cytokine (CLC), and 

neuropoietin (Heinrich 2003, Ernst 2004) and all of these cytokines signal, in part or 

entirely, through the receptor glycoprotein 130 (GP130). Most of these cytokines 

have potent positive effects in the CNS such as increasing neurogenesis, aiding 

repair and regulating inflammation (Chen 2004, Erta 2012) but the experimental 

research presented in this thesis will mostly focus on the potential positive effects of 

LIF, after it was identified as another cytokine that may share the positive effects of 

EPO in a proof of concept bioinformatics study aimed at identifying functionally-

related tissue-protective cytokines (Mengozzi 2014).  

 

 

1.1.2.1 Leukaemia inhibitory factor 

LIF is a pleiotropic cytokine that was first described by Ichikawa et al (1969) as they 

observed the addition of various types of conditioned medium induced cells of the 

murine myeloid leukaemia M1 line to differentiate into granulocytes and 

macrophages (Ichikawa 1969, 1970). In subsequent years, various molecules were 

discovered with a variety of functions and given alternative names, such as 

cholinergic differentiation factor, differentiation-inducing factor, and hepatocyte-
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stimulating factor III (Koopman 1984, Tomida 1984, Smith 1988, Mori 1989). 

Slowly, it was recognised that these were all the same molecule, and the name LIF 

was assigned to it (Moreau 1988, Baumann 1989). 

 

LIF is a 20kDa glycoprotein that exists as a four-helix bundle in an up-up-down-

down configuration (Fig 1.3) (Robinson 1994, Hinds 1998). Along with other 

members of the IL-6 family, LIF interacts with a signal-transducing receptor 

component called GP130. Members of this family bind by forming a homodimer 

between two GP130 subunits or through a combination of GP130 and LIF receptor 

(LIFR) or another IL-6 cytokine receptor (Heinrich 2003). Although it is termed the 

LIF receptor, LIFR actually binds five members of the IL-6 family: LIF, OSM, CT-

1, CNTF, and CLC, all of which signal through a complex of LIFR and GP130 (Fig 

1.4). The pleiotropy of LIF reflects the wide array of tissues in which the LIFR is 

found, including the liver (Hilton 1991), bone (Gouin 1999), uterus (Ni 2002), 

kidney (Yoshino 2003), and CNS (Scott 2000).  

 

LIF is secreted from a wide variety of cell types including T-cells (Shen et al. 1994), 

thymic epithelial cells (Martens et al. 1996), astrocytes (Aloisi 1994), neurons 

(Cheng and Patterson 1997), mast cells (Marshall et al. 1993), fibroblasts 

(Albrengues et al. 2014), keratinocytes (Paglia et al. 1996), epithelial cells (Morel et 

al. 2000), endothelial cells (Mi 2001), osteoblasts (Chandrasekhar and Harvey 1996), 

synoviocytes (Lotz 1992), and macrophages (Jasper 2011). 

 

LIF maintains the undifferentiated state of mouse embryonic stem cells (Koopman 

1984, Smith 1988, Williams 1988), and is fundamental to embryonic implantation 

(Stewart et al. 1992). Regulation of the pluripotency of stem cells by LIF makes it a 

useful tool in laboratory investigations and in the field of regenerative medicine. It 

also stimulates megakaryocyte and platelet production (Metcalf 1992), aids in 

embryonic implantation (Ding 2008), and enhances production of 

adrenocorticotropic hormone (Chesnokova 2000). 
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Figure 1.3: The 4 α-helical structure of LIF. The helices are arranged in an 

up-up-down-down formation. The red dashed lines represent disulphide bonds. 

The N-terminus of Helix A is important for receptor binding. Adapted from 

(Nicola and Babon 2015)  

Original in colour 
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Figure 1.4: The IL-6 cytokines and their receptors. Every member of the IL-6 family 

signals through the GP130 receptor but the second subunit used varies, with some even 

using a third, smaller receptor, although this is usually not essential. Adapted from 

(Heinrich 2003) 

Original in colour 
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Initially, LIF binds to LIFR with low affinity, but a high affinity connection is 

formed when it also binds to GP130, which is structurally related to LIFR (Gearing 

1991, Xu 2010). Upon receptor dimerization, the receptors phosphorylate members 

of the JAK family. Three JAK kinases (JAK1, JAK2, and TYK2) are phosphorylated 

by IL-6-like cytokines and the combination of these activated influences the effect 

the cytokine has on the cell (Stahl et al. 1994). 

 

In IL-6 cytokine signalling, phosphorylation of JAK2 leads to phosphorylation of 

STATs 3 and 5. Phosphorylated STATs dimerise and translocate to the nucleus 

(Matsushita 2014). A threshold level of phosphorylated STAT3 (pSTAT3) is 

required to maintain pluripotency (Niwa 1998, Boeuf 2001). One of the target genes 

pSTAT3 directly regulates is the pSTAT3 inhibitor suppressors of cytokine 

signalling (Socs)-3 (Naka 1997, Starr 1997) which initiates a negative feedback loop 

by binding between the SH2 domain of Socs3 to a motif on GP130 on pTyr759 (Fig 

1.5) (Schmitz 2000). Socs3 bound to this region prevents binding and 

phosphorylation by STATs. However, Socs3 can only bind to this region after it has 

been phosphorylated by JAK2, a process that happens after cytokine stimulation. 

Therefore, a cell is still able to respond to the first wave of cytokine stimulation, 

even if there is Socs3 present in the cytosol (Bergamin 2006). 

 

LIF may share the tissue-protective effects of EPO. Boeuf et al (2001) and Duval et 

al (2000) both provided evidence that upon removal of LIF embryonic stem cells 

will either differentiate or apoptose within 36 hours, showing that LIF, like EPO, can 

be anti-apoptotic and therefore tissue-protective (Duval et al. 2000, Boeuf 2001). 

 

LIFs tissue protective effects occur primarily in the nervous system where it 

influences neurons to become cholinergic. In a study by Joly et al, LIF was the most 

important protective cytokine in the retina where it protects the Müller glial cells 

from damage (Joly et al. 2008). The study also showed that upon removal of LIF 

from these cells the STAT3 pathway was inhibited and the degeneration process was 

accelerated.  

 

LIF is not present in the healthy nervous system, but its expression is upregulated 

during various neurological disorders, including Alzheimer’s disease, Parkinson’s 
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disease (Soilu-Hanninen 2010), nerve injury (Dowsing 2001), spinal trauma (Kurek 

1998), and cerebral ischaemia (Suzuki 2000). LIF reduced the clinical severity and 

the demyelination seen in EAE by diminishing cytokine production by T-Cells, 

monocytes and neutrophils (Linker 2008). In support of the promising findings in 

EAE models, Vanderlochte (2006) demonstrated that LIF is secreted by 

macrophages and T cells in the lesions characteristic of MS and that LIF limits 

apoptosis caused by TNF-α (Vanderlocht 2006). Furthermore, LIF mRNA was 

significantly increased in the spinal cords of EAE mice and neutralising anti-LIF 

antibodies prevented functional recovery usually seen in relapsing-remitting MS 

(Butzkueven 2006). They also showed that inflammatory markers had not increased 

therefore, the authors suggested that LIF is one of the key players in repairing 

damage to the CNS during relapsing-remitting MS. In vitro, LIF, and other IL-6 

cytokines, had positive effects on myelination by aiding the final maturation of 

oligodendrocytes (Stankoff 2002), but inhibition of myelination has also been 

demonstrated (Park 2001, Ishibashi et al. 2006). 

 

LIF has not been used extensively in treatment but, in contrast to EPO, LIF has 

relatively few side-effects when used pharmacologically, despite being such a 

pleiotropic cytokine. In one study (Gunawardana et al. 2003) it was shown to have 

positive effects when administered to cancer patients after they had received 

chemotherapy. There were some side-effects, including dizziness and hypotension, 

but these were mostly mild and short-term.  
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Figure 1.5: The JAK/STAT/Socs pathway as induced by LIF. Binding of LIF 

to LIFR and GP130 leads to conformational changes in these receptors and 

therefore in JAK2, leading to the availability of a Sh2 domain. STAT3 binds to 

this domain and becomes phosphorylated. Two pSTAT3 molecules dimerise and 

translocate to the nucleus where they induce, among other genes, Socs3. Socs3 

can then bind to the SH2 domain on JAK2, inhibiting further STAT3 

phosphorylation. P=phosphorylation 

Original in colour 
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1.1.2.2 Other interleukin-6 cytokines and their neuroprotective properties 

OSM and CNTF are other cytokines from the IL-6 family that will be considered in 

this thesis. Of all the IL-6 cytokines, OSM is structurally most closely related to LIF, 

with 27% sequence identity (Bruce 1992). OSM is unique in the cytokine family as it 

can bind both LIFR and OSM receptor (OSMR) along with GP130 due to a 

distinctive loop structure between its B and C helices that allows it to bind to either 

but reduces its binding affinity to both (Fig 1.3) (Chollangi 2012). 

 

OSM inhibited neuronal death induced by N-methyl-D-aspartate by 50% when 

added simultaneously and inhibited death completely when neurons were pre-treated 

with OSM in an in vitro model. It also significantly reduced lesion volume in the 

mouse striatum, again when injury was induced by N-methyl-D-aspartate (Weiss 

2006). It can be considered anti- or pro-inflammatory depending on the target cells 

(Tanaka 2003). 

 

OSMR overexpression was neuroprotective in a model of ischaemic stroke while 

knockout of the receptor enhanced the deterioration of stroke effects. Furthermore, 

prophylactic treatment with OSM also provided protection (Guo 2015). However, 

while there is evidence that OSM is neuroprotective in certain circumstances, it 

appears to use different mechanisms than LIF (Moidunny 2010). OSM has been 

detected in MS lesions (Ruprecht 2001, Janssens 2015) and, along with LIF, is 

protective in EAE (Wallace 1999, Butzkueven 2002). 

 

CNTF signals through the LIFR/GP130 complex but also a third component termed 

the CNTF receptor alpha (CNTFRα) (Fig.1.3) (Ip 1992, Davis 1993). CNTF is 

expressed by glial cells, astrocytes, Schwann cells, and skeletal muscles, and it is 

believed to be only secreted in response to injury (Stockli 1991, Dallner 2002). LIFR 

and GP130 are both expressed ubiquitously, but CNTFRα expression is limited to 

the brain, the retina, and skeletal muscles (Beltran 2003, Fuhrmann 2003). 

 

The neuroprotective effects of CNTF were first identified in the PNS (Ernsberger 

1989), but potent positive effects in the CNS have also been observed such as an 

ability to protect neurons of the rat thalamus (Clatterbuck 1993) and CNTF is the 
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most studied neurotrophic factor of the retina (Wen 2012). The positive effects of 

CNTF in the peripheral nervous system (PNS) and CNS (Pasquin 2015) led to 

preclinical investigations of the use of CNTF in neurodegenerative diseases, 

particularly Huntington’s disease (Emerich 1996). After successful animal trials a 

phase 1 human trial demonstrated that while CNTF is pharmacologically safe, it did 

not show clinical efficacy (Bloch 2004). Human recombinant CNTF was also 

considered for the treatment of motor neuron disease after post-mortem 

investigations revealed patients had significantly lower expression of CNTF in the 

spinal cord (Anand 1995). However, a phase II clinical trial showed no improvement 

in pulmonary function, motility, or survival, suggesting that the positive effects of 

CNTF may be limited to the nervous system or it is only efficacious in mice (Miller 

1996). CNTF is important in myelination (Stankoff 2002), and directly induces Mog 

in a mouse model of MS (Salehi 2013).  

 

 

1.2 Mechanisms of repair 

The process of wound healing is crucial in order to re-establish normal, efficient 

function after trauma has occurred. The healing process relies on several biological 

factors that play an active role in all stages of healing (Barrientos 2014, Kuffler 

2015). The interplay between these factors and reinnervating a wound is crucial as 

evidenced by a lack of nerve outgrowth in hypertrophic scars (Altun 2001) and the 

inability of mice to heal ear-punch wounds when the ear in denervated (Buckley et 

al. 2011, Buckley et al. 2012). Nerves are therefore thought to be crucial for wound 

repair and likely critical for tissue regenerative processes (Buckley et al. 2012). 

There are a variety of cytokines, chemokines and growth factors (e.g. Transforming 

growth factor (TGF)-β, platelet derived growth factor (PDGF), and VEGF) that work 

to recruit reparative cells to the wound site (Pierce 1992, Suzuma 1998, Barrientos 

2008, Penn 2012). How the balance of cytokines in the wound can affect the quality 

of healing and aid in faster, more complete healing with reduced scarring is being 

investigated (Metcalfe and Ferguson 2007). The research presented in this thesis will 

involve applying the tissue protective properties of EPO and LIF to aid in increasing 

remyelination by oligodendrocytes in models of CNS repair and in wound healing in 

vitro. 
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1.2.1 Myelination 

Myelination is a process in the nervous system that is unique to vertebrates and 

which serves the purpose of aiding efficient signal transmission along axons of the 

nerve, protecting the axon from damage, and aiding in repair and regeneration. 

Myelin is essential to maintain saltatory conduction along the length of the axon to 

allow impulses to travel as quickly and efficiently as possible. If the myelin sheath is 

disrupted and not restored connections become disordered and significant loss of 

function results and remyelination is frequently limited in the CNS. The fundamental 

difference between myelination in the CNS and the PNS is that oligodendrocytes are 

the myelinating cell of the CNS, and it is Schwann cells that perform this function in 

the PNS (Martini 2010). The myelin sheath that enwraps the axon is formed of the 

extended membrane of the oligodendrocyte or Schwann cell from which it originates 

(Fig 1.6).  Each Schwann cell myelinates only one axon and it does this by wrapping 

its cell body around it. However, one oligodendrocyte can myelinate up to twenty 

axons in the CNS (Mirsky 1980). 

 

Oligodendrocytes, unlike Schwann cells (Jessen 2005), can develop and produce 

myelin independently of the presence of axons (Knapp 1987). They also have the 

capacity to migrate and find the areas in which they are needed most, unlike 

Schwann cells that remain adjacent to one axon their entire lifespan. OPCs are motile 

cells that populate the entirety of the CNS (Miller 2002).  
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Figure 1.6: Electron micrographs of myelin profiles in the optic nerve of 

adult mice. The black arrows show the innermost cytoplasmic aspect of the 

myelinating oligodendrocytes and the arrows show the wide periaxonal space, 

two features that are shared with Schwann cells. However no basal lamina is 

visible around these cells, but it would be present in Schwann cells. Asterisks 

in (a) show unmyelinated axons and asterisks in (b) shows external processes. 

ax = axon. M = myelin. Scale bar in (a) = 1µm and in (b) = 0.2µm. Images 

from (Bartsch 2003) and permission to use the images was obtained from the 

publisher and the author. 
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1.2.1.1 Mechanisms that induce myelination 

Oligodendrocytes respond to signals from axons (Scherer 1992), although the 

oligodendrocytes can be induced to express myelin in vitro and therefore signals 

from axons are not essential. Differentiation of oligodendrocytes is influenced by 

several ligand/receptor interactions, such as Notch and Jagged1 (Wang 1998), 

tropomyosin receptor kinase A and nerve growth factor (Chan 2004), PDGF receptor 

and PDGF (Assanah 2009), F3 and contactin (Hu 2003), polysialylated neuronal cell 

adhesion molecule (Charles 2000), hepatocyte growth factor and cMet (Ohya 2007), 

Wnt and b-catenin (Fancy 2009), leucine-rich repeat and immunoglobulin domain-

containing Nogo receptor interacting protein-1 (LINGO-1)(Mi 2005), C82 and cMet 

(Mela 2013) and Erbb receptor tyrosine kinases and neuregulin (Brinkmann 2008). 

These receptor/ligand pairs interact and overlap to form an overall positive effect on 

differentiation and myelination. For example, Erbb4-/- mice show increased levels of 

terminal oligodendrocyte differentiation, suggesting Erbb4 has a negative effect 

(Sussman 2005), but LINGO-1 increases differentiation by inhibiting ErbB4 

translocation (Lee 2014). 

 

Adhesion molecules are important mediators of myelination, with the most crucial 

ones in the CNS being myelin associated glycoprotein (Mag), which facilitates the 

initial axon-oligodendrocyte interactions, and neural cell adhesion molecule which is 

important throughout myelination (Bartsch 1989). Once an oligodendrocyte process 

is in contact with an axon, an action encouraged by adhesion molecules, there are a 

variety of mechanisms that are adopted to change the conformation of the process 

from an exploratory tube to an ensheathing, flat sheet that is capable of wrapping 

around the axon. 

 

Approximately 70% of the dry weight of the myelin sheath is comprised of lipids, in 

particular cholesterol and the glycosphingolipids galactosylceramide and its 

sulphated analogue sulphatide (Gielen 2006). Myelin basic protein (Mbp) and 

proteolipid protein (Plp) are the most abundant proteins of the myelin sheath, 

although the myelin-proteome is abundant, with 1200 myelin-associated proteins 

now known in the CNS and about 500 in the PNS (de Monasterio-Schrader 2012). 

Oligodendrocytes produce three times their weight in myelin and one hundred times 
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their weight in support membrane per day, meaning they have a high metabolic load 

and so are vulnerable to damage (McTigue 2008). 

 

The addition of exogenous factors to the CNS increases myelination. The research 

presented in the current thesis will explore enhancing myelination by the addition of 

EPO, LIF, and other factors to oligodendrocyte cultures to investigate their effect on 

the production of myelin. The results presented here aims to understand the role 

these cytokines have in myelination and to characterise the mechanisms behind the 

effects of the cytokines. 

 

 

1.2.1.2 The causes of demyelination 

Demyelination is a common feature of many neurological disorders such as MS, 

acute-disseminated encephalomyelitis, and optic neuritis. There are many theories as 

to why it occurs and many factors that may interact and overlap to cause 

demyelination. The most common cause of demyelination is inflammation. The 

immune system of the CNS is largely separate from that of the rest of the body. This 

separation ensures systemic inflammation does not affect such a vital system (Carson 

2006). However, inflammation in the CNS, neuroinflammation, can occur separately 

and is thought to be the mechanism behind many neuropathologies. The main 

cellular effectors of neuroinflammation are astrocytes and microglia, while 

monocytes and macrophages originating from the circulatory system also play a role. 

Chronic inflammation of the CNS can also be neurogenic and can lead to sustained 

activation of glial cells, chronic release of proinflammatory cytokines and increased 

permeability of the BBB (O'Callaghan 2008). While neuroinflammation is vital for 

the regeneration of the CNS, it can be detrimental, particularly in the brain where 

any excess swelling is dangerous. The inflammatory response is predominantly 

detrimental over the course of demyelinating disease and leads to an increase in 

demyelination (David 2011).  

 

MS is the most common inflammatory demyelinating disease. MS is a chronic 

disease of unknown aetiology that leads to progressively worse motor, and 

sometimes cognitive, dysfunction. It was estimated that in 2012 there were 107,000 
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people in the UK living with MS and that this number is increasing by 2.4% per year 

due to MS patients living longer and faster diagnoses (Mackenzie 2013). The initial 

presentation of the disease most commonly occurs in young adults, especially 

females (Compston and Coles 2008, Cruz-Orengo et al. 2014). Initially, patients 

suffer from relapsing-remitting MS which manifests as acute attacks from which 

complete recovery is normal, with periods of relative clinical stability in-between 

attacks. Incomplete recovery becomes more common as the disease progresses. The 

disease then moves onto secondary-progressive multiple sclerosis in up to 40% of 

patients by 20 years after initial diagnosis (Rovaris 2006), in which neurologic 

decline is gradual but continuous. Primary-progressive multiple sclerosis occurs 

when the relapsing-remitting stage is not present. OPCs are abundant in early MS 

lesions and present throughout the disease progression, although their number is 

reduced in more advanced cases, suggesting that the lack of myelin seen in MS is not 

due to a lack of oligodendrocytes. Mature oligodendrocytes may be completely 

absent in patients who have had MS for a significant period of time. 

 

There are two distinctly different patterns of oligodendroglial pathology in MS 

patients (Lucchinetti 1999). One group of patients showed preservation of 

oligodendrocytes in MS lesions while the other showed that about 30% of lesions 

had a significant loss of oligodendrocytes with the presence of oligodendrocyte 

apoptosis. Furthermore, work has shown oligodendrocyte death in the presence of 

activated microglia but little or no T cells, suggesting oligodendrocyte damage may 

be a causative event of MS lesion formation as opposed to an event caused by the 

initiation of the immune response (Barnett 2004). However, the best established 

explanation for the aetiology of MS is an immune attack (Steinman 1996). 

 

Demyelination may also occur as a result of viral infection, most likely from the 

papovavirus or the measles virus, which cause progressive multifocal 

leukoencephalopathy and subacute sclerosing panencephalitis respectively. The 

papovavirus remains latent in B cells, the kidney and possibly the CNS but can 

become reactivated upon conditions that lead to reduce immune system function 

(Sweet 2002). Patients suffer from neurological deficits affecting functions such as 

speech, motor function, vision, personality, and cognition. Subacute sclerosing 

panencephalitis affects the whole brain and causes reduced intellectual capabilities, 
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personality and behavioural abnormalities. Viruses may also lead to demyelinating 

lesions in rare cases following systemic viral infections causing a condition called 

acute disseminated encephalomyelitis which is widespread throughout the CNS and 

results in a variety of neurological problems, principally in children (Alper 2012). 

 

A lack of myelin also results from mutations in early growth response 2 (Egr2). Egr2 

expression is associated with the onset of myelination in the PNS (Zorick et al. 

1996) and Egr2-/- mice show blocked Schwann cell differentiation (Topilko 1994) 

and disrupted hindbrain development (Schneider-Maunoury et al. 1993). 

Furthermore, mutations in Egr2 directly lead to a lack of myelin (Warner 1998). 

 

Hypoxia and ischaemia also cause demyelination. While in usual circumstances it is 

the brain tissue that suffers the most damage, sometimes it can affect myelinating 

oligodendrocytes. Conditions that may cause this include severe small vessel 

cerebrovascular disease or carbon monoxide exposure (Love 2006). 

 

Oligodendrocyte apoptosis is another mechanism through which myelin abundance 

is lost (Lucchinetti 2000), as oligodendrocyte death causes an increase of Mog-

specific T-cells and thus an increase in the autoimmune response against myelin 

(Traka 2016). This mechanism is particularly important in MS. 

 

 

1.2.1.3 Why remyelination fails 

Remyelination is the process in the nervous system by which the myelin sheath of 

demyelinated axons is restored in order to regain efficient function so impulses can 

pass along them correctly (Smith 1979, Smith et al. 1979, Jeffery 1997). Joseph 

Babinski was the first to propose that myelin damage might be followed by repair at 

the end of the nineteenth century. However it was Alastair Compston (1998) who 

realised that Babinski might have unintentionally observed remyelination in one of 

his illustrations of acute demyelinating lesions (Fig 1.7). In the drawing, the myelin 

surrounding the axon (labelled “a”) is being attacked by macrophages (b). However, 

there are uncharacteristically short sections of myelin sheath present (c) that we now 

know represent the appearance of remyelination (Compston 1998, Franklin 2002).  
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  Figure 1.7: Acute demyelinating lesion by Joseph Babinsky. An early drawing of 

demyelination by Joseph Babinsky that it is now recognised shows remyelination. a) 

Axon b) demyelinating macrophage c) short patch of remyelination.  

(Franklin 2002) 

Original in colour 
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Smith et al first demonstrated functional recovery associated with remyelination 

after demyelination (Smith et al. 1979). Remyelination reinstates saltatory 

conduction and functional deficits that are lost after demyelination (Jeffery 1997, 

Liebetanz and Merkler 2006). However, remyelination never results in the full 

restoration of the thickness or the length of the original myelin sheath (Prineas et al. 

1984, Gupta et al. 2004). 

  

Demyelination is associated with an increase in astrocytes and microglia which are 

considered to have both beneficial and detrimental roles in MS (Williams 2007, 

David 2011). They are involved in the migration of OPCs to the damaged area via 

chemoattractive signals such as basic fibroblast growth factor (bFGF) and PDGF, the 

same signals seen in development (Hinks 1999, Waubant 2006). However, they are 

also both involved in the production of TNFα which is closely linked to the 

pathogenesis of MS (Bitsch 2000). 

 

For remyelination to be efficient OPCs must survive, proliferate, migrate to the 

lesion and differentiate into mature, myelinating oligodendrocytes (Franklin 2008). 

Depending on the molecular signals present in the MS plaques OPCs will either 

proliferate in response to PDGF, differentiate into astrocytes that contribute to the 

glial scar in response to bone morphogenic proteins (Fuller 2007), or differentiate 

into myelinating oligodendrocytes and associate with the axons. Promyelinating 

signals include insulin-like growth factor (IGF) -1 and -2 which promote survival 

and myelination of oligodendrocytes (Carson 1993, Goddard 1999, Kuhl 2002).  

 

Remyelination is often efficient and effective, including in the early stages of 

multiple sclerosis (Patrikios 2006, Crawford 2013), leading to complete repair. 

However, in many instances, including later in MS disease progression, repair is 

incomplete. There are many reasons for this; in MS particularly it may be because 

the original cause of demyelination is still present and is therefore preventing 

remyelination. However, there is evidence that remyelination can fail even if there is 

no apparent ongoing disease activity. This may be due to a lack of reparative cells as 

OPCs or stem cells in the area have been depleted, a possible occurrence as adult 

OPCs have a more limited proliferative potential than younger ones (Wolswijk 

1989).  



48 
 

 

Another hypothesis as to why remyelination fails is that OPCs have limited access to 

MS plaques as one third of them show limited numbers of OPCs (Lucchinetti 1999, 

Chang 2002, Boyd 2013). There are several factors produced at the site of injury that 

inhibit myelination, for example, the surrounding reactive astrocytes express 

elevated amounts of the chemokine CXCL1. This chemokine promotes OPC 

proliferation but inhibits OPC migration, therefore they convene around the plaque 

but are not able to enter it and produce myelin where it is required (Tsai 2002, Omari 

2006).  

 

However, around 70% of MS lesions that fail to remyelinate contain a normal 

number of OPCs (Wolswijk 1998, Munzel 2013 ), suggesting that the lack of 

remyelination is due to OPCs not maturing as opposed to a lack of OPC migration to 

the injury site. The failure of OPC maturation may be due to overexpression of 

molecules such as polysialic acid-containing neural cell adhesion molecule and 

LINGO-1, potent inhibitors of oligodendrocyte proliferation and myelination, that 

prevent OPCs that are close to the axon from myelinating them (Chang 2002). 

Furthermore, regulation of several molecules such as 9-cis retinoic acid (Huang 

2011), CXCR4 (Carbajal 2011), and the bone morphogenetic protein agonist Noggin 

(Sabo 2011) is altered in MS and influences OPC maturation. 

 

 

1.2.1.4 EPO in remyelination 

Cytokines such as EPO and LIF play important roles throughout the nervous system, 

particularly in the regulation of myelination. EPO plays a significant role in 

development in the foetal brain (Juul et al. 1998, Knabe et al. 2004) and in the event 

of neuroinflammation, or hypoxia/ischaemia an upregulation of EPO and EPOR is 

observed in the nervous system (Juul et al. 1999, Siren 2001, Eid et al. 2004). EPO 

is anti-inflammatory in the nervous system and aids in the amelioration of symptoms 

of neuroinflammatory diseases such and MS/EAE, ischaemic stroke or cerebral 

malaria (Agnello 2002, Ehrenreich 2002, Li 2004, Kaiser 2006, Savino 2006, 

Bienvenu 2008, Sargin 2010). EPO significantly improves remyelination after toxic 
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demyelination in mice, completely ameliorating the effects of cuprizone treatment in 

these animals (Hagemeyer et al. 2012). 

 

The first suggestion that EPO may be a useful treatment in neurodegenerative 

diseases came from Brines et al who found that EPO crossing the BBB could delay 

the onset, and reduce the severity of symptoms, of acute EAE, and that it could 

protect the brain from trauma and ischaemia and the associated inflammation (Brines 

et al. 2000). EPO may exert these functions through anti-inflammatory mechanisms 

as it delays the increase in TNF (Agnello 2002). As well as in a model of acute EAE 

(Mbp-induced in rats), EPO also protects in a model of chronic progressive EAE 

(Mog-induced in mice). Li et al (2004) found that EPO also reduced disease severity 

in the progressive model, even when treatment was delayed until after disease 

progression had begun (Li 2004). Furthermore, in the same model, EPO and two of 

its derivatives, CEPO and ASIALO EPO, decreased the production of 

proinflammatory cytokines in spinal cord lymphocytes (Erbayraktar 2003, Leist 

2004, Savino 2006). Few clinical trials exist to study the impact of EPO treatment on 

human patients with MS, but one trial in 2008 found patients with chronic-

progressive MS, the later stage of MS, presented improved cognition with no 

discernible increase in haemoglobin (Ehrenreich 2008). 

 

Experimental models of stroke suggest a positive effect of EPO treatment, with 

evidence of increased neurogenesis and oligodendrogenesis (Gonzalez 2013). The 

efficacy of EPO has also been investigated in stroke patients. In the first such trial 

EPO was well tolerated and patients in the EPO treated group showed improved 

clinical outcome compared to placebo group (Ehrenreich 2002). The second trial of 

EPO in stroke aimed to reproduce the successful results of the first; however it 

showed no functional benefits of EPO treatment, and may have raised the prevalence 

of the need for thrombolysis (Ehrenreich 2009). Nevertheless, recent publications 

suggest again a positive effect of EPO treatment, while they show no decrease in 

long-term recurrent strokes or mortality, they did show an increased in beneficial 

neurological outcomes (Tsai et al. 2015). Furthermore, an increase in serum EPO 

also correlated with favourable neurological outcome in a very recent study (Åberg 

et al. 2016). 
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Demyelination and a failure of remyelination is a significant problem in cerebral 

malaria, with 40% of post mortem patients showing sections of demyelination in the 

brain and the brainstem (Medana et al. 2001). Several mouse models of cerebral 

malaria using EPO treatment have had positive outcomes (Bienvenu 2008, Hempel 

2012, Bienvenu 2013, Wei et al. 2014). However, there has been considerable debate 

about the similarities, or rather the severity of the differences, between murine and 

human models, throwing some doubt as to whether these results provide a realistic 

indication of the efficacy of EPO in human cerebral malaria. However, high plasma 

EPO levels correlated with an >80% reduction in the chance of developing 

neurological complications from cerebral malaria in African children (Casals-

Pascual et al. 2008). The potential for EPO treatment in cerebral malaria has been 

considered when a prospective study showing that high-dose EPO treatment, 

combined with quinine, assessed short-term safety and found no evidence for 

increased mortality and none of the expected side-effects of EPO were seen (Picot et 

al. 2009). EPO could potentially provide an anti-inflammatory benefit to cerebral 

malaria to limit brain damage and delay influx of inflammatory cells and the release 

of pro-inflammatory cytokines, its anti-apoptotic effects could prevent neuronal cell 

death, and its promyelinating effects could decrease the chance of neurological 

complications in those that survive cerebral malaria (Casals-Pascual et al. 2009). 

 

 

1.2.1.5 LIF in remyelination 

LIF is an essential protective cytokine in the CNS. It is even recognised as the most 

important protective molecule of the retina (Joly et al. 2008). The exogenous 

addition of LIF stimulated OPC differentiation and myelination both in vitro and in 

vivo (Deverman 2012).  

 

Exogenous addition of LIF significantly reduces the clinical severity of EAE, 

although its positive effect seems to be mediated through prevention of 

oligodendrocyte loss, not an induction of remyelination. Furthermore, mutant mice 

that lacked both LIFR and GP130 experienced an increase in the severity of 

symptoms of EAE (Butzkueven 2002). Additionally, LIF has been implicated in the 

prevention of demyelination, while the numbers of OPCs were not altered by the 
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presence of LIF, highlighting that its positive effect is due to enhancing 

differentiation and myelination, not increasing cell migration (Marriott 2008). 

 

LIF has been implicated in further models of neurodegeneration, for example 

cerebral ischaemia, where it was found expressed by neurons (Suzuki 2000), 

however research into the benefits of LIF in treating cerebral ischaemia is very 

limited. Suzuki et al (2005) injected either a low-dose (10ng) or a high-dose (100ng) 

of LIF directly into the cerebral cortex of rats immediately following middle cerebral 

artery occlusion (MCAO). They found the high-dose of LIF group experienced 

significantly less neurological deficits and ischaemic damage than the low dose or 

phosphate buffered saline (PBS) treated rats. Furthermore, pSTAT3 was detected at 

much higher levels by Western blot in the high-dose animals, showing that 

functional signalling is initiated by LIF (Suzuki 2005). Rowe et al (2005) looked at 

MCAO injured rats again, but this time administered LIF systemically at 6, 24, and 

48 hours post-surgery. Infarct volume was significantly lower in LIF treated rats that 

also showed a preservation of white matter and improved functional outcomes 72 

hours after surgery (Rowe 2014). Therefore, LIF limits neurodegeneration, however 

the dose of LIF is important. 

 

 

1.2.1.6 Studying remyelination in vitro 

The regenerative capacity of the PNS is much greater than the CNS. Due to this the 

majority of studies into nerve repair have been conducted in the PNS (Faroni et al. 

2015). The restoration of function of severed nerves is possible through 

microsurgical repair but the regrowth of a damaged myelin sheath cannot be 

physically encouraged. The application of endogenous factors is the best way to 

encourage this. Unlike nerve repair, remyelination is possible in both the PNS and 

CNS. 

The finding that oligodendrocytes can be induced to myelinate in vitro in the absence 

of axons (Mirsky 1980) allowed the development of many experimental procedures 

for studying demyelination and remyelination in vitro.  Separation of cultures of pure 

OPCs from rat CNS further allowed the study of these cells individually (Chen 
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2007). In vitro models of OPCs and their capacity to myelinate are the first steps to 

understanding the process of myelination, why remyelination fails in diseased 

patients, and how remyelination can be encouraged and improved upon. 

A key breakthrough in the development of in vitro cultures was the identification of 

stage-specific markers which are identical in OPC cultures as they would be in vivo 

(Baumann 2001). The CG4 cell line is OPCs that can be differentiated and the 

myelinating capacity of these cells measured through a variety of markers such as 

myelin oligodendrocyte glycoprotein (Mog) (Solly 1996, 1997). Proteins such as 

Mog can then be used to accurately quantify the myelinating capacity of the cells in 

vitro and comparisons can be made as to how various conditions affect the 

myelination of the cells. Mbp is another frequently used marker of myelination that 

is expressed earlier than other proteins such as Mog (Nakahara 2001). However, it 

should be noted that while comparisons can be made between cells under various 

treatments in vitro this is not a comparative representation of the myelinating 

capacity of these cells in vivo as each oligodendrocyte in the body can produce 

approximately 500 times the area of myelin membrane than an oligodendrocyte in 

culture (Pfeiffer 1993). 

 

1.2.2 Wound healing 

1.2.2.1 Normal wound healing process 

The second method of tissue regeneration to be investigated in this thesis is wound 

healing. The wound healing process has four overlapping stages, originally proposed 

by Quinn and Wells (1998): haemostasis, inflammation, proliferation, and 

remodelling (Fig 1.8) (Quinn 1998). The initial stage, haemostasis, aims to prevent 

blood loss in order to reduce the immediate danger, and to provide the right 

environment to allow healing to progress. Vasoconstriction occurs immediately due 

to an increase of cytoplasmic calcium levels (McMurtry 1975) leading to tissue 

hypoxia and acidosis. This induces the release of nitric oxide, adenosine and other 

vasodilatory molecules which, along with an influx of histamine, cause subsequent 

vasodilation to allow entry of inflammatory cells into the wound space.  Further 
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blood loss is prevented by the formation of a clot from the transformation of fibrin 

from fibrinogen and the activation of thrombin and platelets (Mosesson 2005). 

 

The second stage, inflammation, then aims to prevent infection. Chemotaxis 

encourages neutrophils to migrate to the wound and subsequently destroy debris and 

bacteria. Later, phagocytosis of the wound area is performed primarily by 

macrophages which also provide various growth factors that are important in 

controlling inflammation (Velnar 2009). Inflammation is crucial and will continue as 

long as debris and bacteria are present, but a prolonged inflammatory response has a 

negative effect and can lead to the formation of a chronic wound. 

 

The third stage, proliferation, follows in which the aim switches from preventing 

further damage to repair. Angiogenesis, granulation tissue formation, collagen 

deposition, epithelialisation, and wound contraction are all components that 

stimulate wound closure in this phase (Greaves 2013). 

 

Remodelling is the final stage. It involves the formation of a normal epithelium and 

of scar tissue below the epithelium and can take up to two years before completion. 

A balance between degradation and synthesis ensues during remodelling allowing 

type 1 collagen to be deposited by fibroblasts and myofibroblasts during the previous 

stages to be slowly replaced with type 3 collagen (Profyris 2012) to replicate the 

basket-weave collagen structure seen in unwounded tissue. This latter stage is not 

often orchestrated properly in an attempt to heal the wound quickly without too 

much inflammation. In this situation, the type 1 collagen is often laid down by the 

fibroblasts in excess and in a dense parallel arrangement of the matrix that leads to 

the development of a scar. 
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  Figure 1.8: The four stages of wound healing. The wound progresses 

through haemostasis, inflammation, proliferation, and remodelling to form a 

fully closed wound and reinstate skin integrity. Adapted from (Martin 2013) 

Original in colour 
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If the stages of wound healing fail to progress as expected, and the injury does not 

heal beyond the inflammatory phase, a chronic wound can develop. Chronic wounds 

are of particular problem to people suffering from diabetes mellitus who experience 

neuropathy in their extremities. The lack of sensation in the extremities caused by 

the neuropathy means a wound, commonly on the sole of the foot, could go 

unnoticed and so untreated. Furthermore, the wounds of people with diabetes 

mellitus have very different biochemical characteristics; including reduced growth 

factor secretion (Galkowska 2006), decreased angiogenesis (Glaiano 2004) and 

decreased macrophage function (Gibran 2002). These combined symptoms enhance 

the development of chronic wounds. It is estimated that in 2010 there were 280 

million people living with diabetes mellitus and it is projected that 360 million 

people will suffer by 2030 (Shaw 2009, Whiting 2011). The estimates of how many 

of these will suffer from a foot ulcer vary but some believe it could be as high as 

25% (Boulton 2005). Treatments for foot ulcers range from off-loading strategies 

which move pressure on the foot away from the affected area (Boulton 2004), to 

hyperbaric oxygen therapy which exposes the wound to 100% oxygen for 

intermittent periods of time (Oliveira 2014), and specialised wound dressings 

(Boateng 2007). 

 

More than 85% of foot amputations are caused by diabetic foot ulcers (Snyder 2009). 

Chronic wounds fail to heal because excess inflammation does not allow for the 

regeneration of new tissue. Therefore, a wound dressing that can decrease healing 

time could help to reduce the huge personal, social, and economic burden of diabetic 

foot ulcers. This work will look at potentially incorporating tissue protective 

cytokines into wound healing strategies as the topical application of tissue protective 

cytokines directly to a wound has the potential to reduce inflammation, speed up 

wound healing, and prevent formation of chronic wounds. The use of tissue 

protective cytokines in regenerative medicine could aid in faster healing and 

potentially the restoration of skin that more closely mimics the original tissue, 

instead of scars that lack the tensile strength and flexibility of normal skin. 

 

The repair of damaged skin is an extensive topic of research within regenerative 

medicine. This research extends beyond just improving wound healing, but also the 

development and use of skin substitutes to replace tissue that has been damaged or 
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lost, such as patients suffering from 3rd degree burns (James et al. 2009). Skin 

substitutes such as grafts or artificial skin could be more effective and have a greater 

chance of success if tissue protective cytokines could be incorporated into their 

application to reduce apoptosis and inflammation and increase angiogenesis to the 

area. 

 

 

1.2.2.2 EPO in wound healing 

The effects of EPO on cell survival and proliferation mean it has potent positive 

effects on wound healing. The anti-apoptotic effect of EPO increases wound healing 

and the non-erythropoietic derivatives of EPO are also effective at aiding wound 

healing by suppression of apoptosis (Ghezzi 2004, Erbayraktar 2009). Furthermore, 

the effects that EPO has on the nervous system could be beneficial in a wound 

setting. Denervated tissues fail to heal wounds (Buckley et al. 2012) so treating a 

wound by encouraging the formation of fully mature and myelinated nerves would  

likely help to increase wound healing efficiency. In fact it is thought that the 

presence of infiltrating nerves within the regenerating blastemal-like structure of 

wounds made in the ears of mice promotes tissue regeneration (Buckley et al. 2012). 

In this situation the nerves were observed to infiltrate the regenerating ear structure 

in advance of neovascularisation. Conversely in the same animals that had wounds 

made on the dorsum, blood vessels infiltrated in advance of the nerves growing into 

the wound space, and those wounds healed with a scar (Buckley et al. 2011, Buckley 

et al. 2012). From these and other studies in urodeles, it would appear that nerves are 

critical for tissue regenerative processes (Kumar and Brockes 2012). 

 

EPO can stimulate the coagulation phase of wound healing. It is a causative agent in 

platelet aggregation and can stimulate the bone marrow to increase platelet 

production, aiding in the immediate stage after wounding has occurred (Demetz et 

al. 2014).  

 

The anti-inflammatory effects of EPO may aid in progression through the 

inflammatory phase of wound healing. This phase is important, but can regularly 

become chronic, preventing the wound from moving to the next stages. Sorg et al 
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treated mice with a repeated low-dose or a single high-dose of EPO and found the 

wound healing time was significantly decreased because the inflammatory phase was 

considerably shorter (Sorg 2009). EPO also inhibits the production of pro-

inflammatory cytokines (Brines 2008, Strunk 2008). 

 

EPOR was found on endothelial cells and so can directly stimulate angiogenesis 

(Anagnostou et al. 1994). It is also capable of indirectly stimulating angiogenesis by 

upregulating the expression of VEGF (Arroyo 1998). The effect of EPO on wound 

vasculogenesis can also be attributed to endothelial cell mitosis, recruitment of 

endothelial progenitor cells, and of mesenchymal stem cells (Heeschen 2003, Chen 

et al. 2008). Furthermore, EPO influences the remodelling phase as it orchestrates 

the TGF-β pathway and myofibroblast differentiation (Siebert 2011). However, EPO 

could potentially have negative impacts on the final stage of wound healing because 

the formation of scar tissue relies on apoptosis of myofibroblasts, endothelial cells 

and other cell types involved in the formation of granulation tissue, and decreased 

apoptosis could lead to the formation of hypertrophic scarring (Desmoulière et al. 

1995, Sarrazy 2011). 

 

The conclusion of many animal studies on EPO in wound healing is that it positively 

influences healing. In the first study of this kind, Fatouros et al (1999) found that 

EPO increased the wound breaking strength seven days after injury of Wistar rats 

(Fatouros et al. 1999). Haroon et al (2003) could later attribute this greater tensile 

strength to an increase in granulation tissue (Haroon et al. 2003). Further studies 

provide evidence that EPO is protective throughout the wound healing process and 

that this is due to an increase in VEGF-induced angiogenesis and a decrease in 

inflammation (Buemi 2002, 2004, Bohr et al. 2013). These results suggest that EPO 

could be an important regenerative tool in the restoration of tissue function 

 

The improvement of wound healing observed with the administration of some tissue 

protective cytokines in animal studies have led to many human trials of the benefit of 

EPO in the healing of human wounds. The first findings were a side-effect of using 

EPO for the treatment of anaemia resulting from chronic kidney disease; these 

patients exhibited increased healing of chronic pressure ulcers due to increased 

oxygenation and the non-hematopoietic effects of EPO (Keast 2004). Topical 
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application of EPO was also beneficial in patients with deep split-thickness skin 

grafts, pressure sores, and venous ulcers as EPO stimulated an increased formation 

of granulation tissue and aided complete epithelialisation (Bader 2011). A large trial 

on 150 burns patients in currently ongoing to investigate how regular EPO treatment 

affects the time it takes until re-epithelialisation is complete (Günter et al. 2013). 

Furthermore, diabetic patients treated with the EPO peptide ARA290 reported 

reduced symptoms from neuropathy (Brines et al. 2014). These results of EPO in 

wound healing suggest that it is a viable molecule for regenerative therapies. 

 

 

1.2.2.3 LIF in wound healing 

The first evidence of LIF in the skin was its expression in a squamous carcinoma 

skin cell line (Baumann 1989). LIF was later identified in healthy human 

keratinocytes of the epidermis, that were also expressing LIFR, suggesting LIF has 

autocrine effects on these cells (Paglia et al. 1996). LIF is expressed constitutively in 

the epidermis, a rare event for cytokines in the skin, however its very low normal 

release (1 to 1.5 pg/ml) (Paglia et al. 1996) is severely increased in keratinocytes of 

tumour cells lines (1 to 2 ng/mL) (Szepietowski et al. 2001).  

 

There is little evidence of LIF in wound healing, although LIF transfection did 

increase skin collagen production and angiogenesis (Akita et al. 2004). Furthermore, 

IL-6 which shares the GP130 receptor with LIF has been implicated. IL-6 is essential 

in wound healing as IL-6-/- mice as wound injuries remained larger than wild type 

mice and complete reepithelialisation took 14 days in knockout mice compared to 10 

days in the wild types (Lin 2003). 

 

STAT3 is expressed in keratinocytes and is essential for keratinocyte migration, but 

not proliferation (Sano et al. 1999, Quadros 2004). Socs3, which is a downstream 

negative regulator of STAT3, a function that is also present in wound healing. Socs3 

knockout mice exhibited impaired wound healing, prolonged secretion of 

chemokines, a hyperproliferative epidermis, and neutrophil infiltration into wounds 

through irregular STAT3 phosphorylation (Zhu et al. 2008). Findings such as this 

provide evidence that LIF may also have an impact on wound healing. The work 
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presented here will look at the effects of EPO and LIF on wound healing, developing 

on work in models of oligodendrocyte myelination. 

 

 

1.2.3 Applications of this thesis 

The current work presented here will investigate the role of tissue protective 

cytokines, particularly EPO and LIF, in increasing myelination by oligodendrocytes 

and in increasing the rate of wound healing.  

 

The aims of this thesis are to study the mechanisms through which EPO increases 

myelination. To do this the myelinating properties of LIF, another tissue protective 

cytokine, will be investigated both separately and simultaneously with EPO. The 

comparisons between the cytokines, and the effects that they have synergistically, 

will help to study molecular mechanisms and help to eventually identify therapeutic 

targets for demyelinating diseases.  

 

The use of tissue protective cytokines in wound healing was also investigated. 

Chronic wounds develop primarily when wounds remain in the inflammatory phase. 

Here a cycle can develop where inflammation causes tissue necrosis, which in turn 

causes more inflammation. The application of a tissue protective cytokine could 

prevent apoptosis and inflammation and so aid in the development of the wound 

beyond the inflammatory stage. If a tissue protective cytokine could be incorporated 

into a wound dressing it could be administered topically and therefore avoid the side 

effects associated with systemic delivery. Again, EPO and LIF will both be tested in 

a simple wound healing model to determine if there are any improvements in cellular 

repair brought about by either of these cytokines and therefore show their potential 

uses in regenerative medicine.  

 

The hypothesis at the start of this project was that LIF shares the pro-myelinating 

effects of EPO and that it may synergise with EPO or serve as a viable alternative for 

EPO in the treatment of demyelinating diseases. Furthermore, tissue protective 

cytokines such as EPO and LIF may be effective in treating chronic wounds. 
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1.3 Aims 

1. To thoroughly test EPO and LIF in a previously established model of neurorepair 

1.1. To determine if LIF has the same positive effects on Mog induction as EPO 

and to test the synergistic effect of adding the cytokines simultaneously 

1.2. To define the mechanisms of action in terms of signal transduction pathways 

of these tissue protective cytokines by measuring the phosphorylation or the 

expression of specific proteins 

1.3. To study the gene expression profile involved in the differential effects of 

the cytokines on myelination using microarrays by comparing CG4 cells 

treated with EPO, LIF and their combination 

1.4. To validate by qPCR gene expression changes detected by microarray 

analysis 

1.5. To determine if the detected genes have any functional impact on Mog 

expression by studying the effect of their proteins on differentiating CG4 

cells 

2. To test these cytokines in models of wound repair using scratch assays to see if 

they have a significant effect on wound healing 
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Chapter 2. Materials and Methods 
 

2.1 Materials and Suppliers 

Material Supplier 
Acrylamide/Bis Bio-Rad Laboratories 
APS Sigma-Aldrich 
bFGF Invitrogen 
Biotin Sigma-Aldrich 
Brilliant III qPCR master mix Agilent technologies 
Bromophenol Blue Sigma-Aldrich 
BSA Sigma-Aldrich 
Chloroform Sigma-Aldrich 
CNTF Peprotech 
DMEM/F12+Glutamine Sigma-Aldrich 
DMEM Sigma-Aldrich 
dNTP GE Healthcare Life Sciences  
DTT Invitrogen 
ECL GE healthcare Life Sciences 
EDTA Thermo Fisher Scientific 
EGTA Sigma-Aldrich 
EPO Sigma-Aldrich 
Ethanol Sigma-Aldrich 
FCS Invitrogen 
Glucose Sigma-Aldrich 
Glycerol Melford Laboratories 
Glycine Sigma-Aldrich 
Glycogen Invitrogen 
High performance autoradiography film GE Healthcare Life Sciences 
Insulin Sigma-Aldrich 
Isopropanol Sigma-Aldrich 
Lcn2 Adipogen 
LIF Sigma-Aldrich 
Lipofectamine Invitrogen 
Methanol Thermo Fisher Scientific 
M-MLV-RT Invitrogen 
miRNeasy Mini Kit Qiagen 
N1 supplement Sigma-Aldrich 
Nitrocellulose blotting membrane GE healthcare Life Sciences 
OSM Peprotech 
Pam3 Axxora 
PBS Fisher 
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PDGF Invitrogen 
Pen/Strep GIBCO 
PhosphoSTOP  Roche Life Sciences 
Plates and flasks for CG4 cells Falcon 
Plates and flasks for HaCaT and Send-1 
cells 

Corning 

PMA Sigma-Aldrich 
Poly-L-ornithine Sigma-Aldrich 
Progesterone Sigma-Aldrich 
Protease inhibitors Roche 
Putrescine Sigma-Aldrich 
QIAzol QIAGEN 
Opti-MEM Thermo Fisher Scientific 
Random primers Promega 
RIPA buffer Thermo Fisher Scientific 
RNAse OUT Invitrogen 
RNAse-free H2O Thermo Fisher Scientific 
SDS Sigma-Aldrich 
Socs3 siRNA “1” Ambion 
Socs3 siRNA “2” Thermo Fisher Scientific 
Sodium selenite Sigma-Aldrich 
Taqman probes and primers Thermo Fisher Scientific 
Temed Sigma-Aldrich 
Thyroxine Sigma-Aldrich 
Transferrin Sigma-Aldrich 
Trizma base Sigma-Aldrich 
Tween-20 Sigma-Aldrich 
ZA Sigma-Aldrich 
β-mercaptoethanol Sigma-Aldrich 

 

Table 2.1: Materials used in the project with the manufacturing supplier that 
they were purchased from. 
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2.2 Commonly used buffers and solutions 

  

Product Dilution Volume Composition 
qPCR master mix  10µl/sample RT-PCR buffer, MgCl2, nucleotides, 

stabilisers, mutant Taq DNA 
polymerase 

Running buffer 10X 1L 250mM Tris pH 8.3, 144.13g glycine, 
1% SDS 

Running gel  1 gel Acrylamide/bis solution 1650µl (9% 
gel) or 1850µl (10% gel), running gel 
buffer 1375µl, SDS 10% 55µl, APS 
55µl, Temed 5.5µl, H2O 2420µl (9% 
gel) or 2260µl (10% gel). 

Running gel buffer 4X 100ml 1.5M Trizma® (tris)-hydrochloride 
(HCl) pH 8.8 

Sample buffer 6X 10ml 375mM Tris-HCl, 12% SDS, 60% 
glycerol, 0.02% bromophenol blue, 
pH 6.8 

Stacking gel  1 gel Acrylamide/bis solution 417.5µl, 
stacking gel buffer 625µl, SDS 10% 
25µl, APS 37.5µl, Temed 2.5µl, H2O 
1430µl. 

Stacking gel buffer  4X 100ml 500mM Tris-HCl, pH 6.8 
Supplemented 
RIPA buffer 

 1ml Glycerol 50µl, EDTA 2µl (1mM), 
EGTA 25µl (1mM), Protease 
inhibitors 143µl, PhosphoSTOP 
100µl, RIPA buffer 680µl 

Tris buffered saline 10X 1L Tris base 200mM (24.2g/l), NaCl 
1.37M (80g/l) 

Table 2.2: Commonly used buffers and solutions 
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2.3 Cell lines 

2.3.1 CG4 cell line 

Central Glia-4 (CG4) cells, rat oligodendrocyte precursor cells that have the ability 

to differentiate into mature, myelinating oligodendrocytes or type-2 astrocytes, were 

used to assess the pro-myelinating properties of LIF in comparison to EPO (Figs 2.1 

and 2.2). While these are a cell-line, they are viable OPCs as when transplanted into 

myelin-deficient rats or into regions of experimental demyelination they develop into 

mature oligodendrocytes and remyelinate the affected neurons (Tontsch et al. 1994, 

Franklin et al. 1995). They have served as a good model by our group and by others 

for the study of the mechanisms regulating the expression of myelin components, 

signalling factors, and transcription factors (Anderson 1994, Solly 1997, Bichenkov 

1999, McNulty et al. 2001, Annenkov et al. 2011, Wang et al. 2011, Cervellini et al. 

2013a). 

 

Based on previous work, CG4 cells overexpressing EPOR were used. The 

development of these was described previously (Cervellini et al. 2013a). Briefly, 

CG4 cells were transduced with the mouse EPOR gene in a constitutive lentiviral 

vector modified to include the V5 epitope, the mouse encephalomyocarditis internal 

ribosome entry site and the enhanced green fluorescent protein reporter. The cells 

were screened for EPOR expression by qPCR. The overexpression of EPOR in these 

cells should be considered when analysing results, but they reflect in vivo 

oligodendrocytes that express EPOR (Ott et al. 2015). In this thesis the cells are 

referred to as “CG4”; however throughout the CG4 EPOR cells are used. 

 

The cells were cultured on plates coated with poly-L-ornithine in PBS (15µg/ml). To 

coat the plates enough poly-L-ornithine was added to coat the base of the plate and 

then they were incubated at 37°C for 1 hour before two washes in PBS. 

 

CG4 cells were seeded in growth medium (GM) consisting of Dulbecco’s modified 

eagle medium (DMEM) supplemented with Biotin, basic fibroblastic growth factor 

(bFGF), platelet derived growth factor (PDGF), N1 supplement, and 30% 

conditioned medium from neuroblastoma B104 cells (Table 2.3). The conditioned 



65 
 

medium was obtained by culturing B104 cells to confluence in DMEM 

supplemented with 10% foetal bovine serum (FBS) before changing their medium to 

N1 supplemented DMEM without serum. They were then incubated for three and a 

half days before the medium was aspirated, centrifuged, filtered and then split into 

aliquots of 15ml and stored at -80oC. 

 

The CG4 cells were not allowed to exceed 80% confluence and so were passaged 

every other day, although with plating at a lower density passage could occur after 3 

days, in which case half the medium was changed on the second day. Trypsin was 

used to passage the cells but, because of a lack of serum in the medium, trypsin 

inhibitor was required throughout culture. 

 

CG4 cells were plated in 24-well plates at a density of 4x104 cells/ml in 1ml GM in 

experiments measuring Mog and at 8x104 cells/ml in experiments measuring 

signalling pathways. Each condition was sampled in quadruplicate. For both myelin 

investigations and signalling investigations they were incubated in GM for 24 hours 

before GM was removed and they were washed in serum-free DMEM twice. 

Differentiation medium (DM) was then added which contained 

DMEM/F12+glutamine supplemented with: progesterone, putrescine, sodium 

selenite, insulin, transferrin, biotin, thyroxine, glucose, and penicillin/streptomycin 

(Table 2.4).  
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Component Volume for 
50ml 

Final 
concentration 

B104-conditioned N1 medium 15ml  
N1 supplement 500µl X1 
Biotin 50µl 10ng/ml 
bFGF 50µl 5ng/ml 
PDGF 50µl 1ng/ml 
HEPES 1M 500µl  
NEAA 500µl  
DMEM+glutamine+pen/strep ≈32.5ml  

 

 

 

Component Volume for 
50ml 

Final 
concentration 

Progesterone 7.5µl 3ng/ml 
Putrescine 2.5µl 5µg/ml 
Sodium selenite 44.5µl 4µg/ml 
Insulin 62.5µl 12.5µg/ml 
Transferrin 50µl 50µg/ml 
Biotin 50µl 10ng/ml 
Thyroxine 20µl/ml 0.4µg/ml 
Glucose 333.5µl 3% 
DMEM/F12=glutamine+pen/strep 49ml  

 

 

  

Table 2.3: Supplements used for CG4 growth medium. 

Table 2.4: Supplements used for CG4 differentiation medium. 
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Figure 2.2: CG4 cells 24 hours after differentiation. After 

incubation for 24-hours in GM the cells were washed twice 

in serum-free DMEM then DM was added. Scale bar 

represents 400µm. 

Figure 2.1: Undifferentiated CG4 cells. The cells were 

grown in GM on Poly-L-Ornithine coated plates. Scale bar 

represents 400µm. 

Original in colour 
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2.3.2 sEnd-1 cell line 

sEnd-1 cells are a mouse skin endothelial cell line used here for scratch assay 

models. The cells are derived from subcutaneous haemangioma and show 

morphology similar to that of in vivo endothelial cells (Boraschi et al. 1991). They 

were maintained in DMEM supplemented with 10% FCS and 1% 

penicillin/streptomycin. The cells were cultured in T75 flasks and passaged once 

~80% confluent. Upon splitting the cells in a 1:5 ratio, passage would usually be 

carried out every 2 days, but if plated at a lower density and passaged less frequently 

they remained viable. The cells were not sufficiently robust to survive centrifugation. 

Therefore, the medium was changed the day after thawing and the day after passage 

to remove any remaining DMSO or trypsin. 

 

 

2.3.3 HaCaT cell line 

HaCaT cells are a human keratinocyte cell line that maintains full epidermal 

differentiation capacity and the ability to keratinise. Furthermore, when transplanted 

onto nude mice they form an epidermal tissue that mimics that of normal 

keratinocytes (Boukamp 1988). The cells were maintained in DMEM supplemented 

with 10% FCS and 15 penicillin/streptomycin in T75 flasks. Upon splitting 1:5 

~80% confluence would be achieved after 2-3 days.  

 

2.4 In vitro oligodendrocyte myelination model 

2.4.1 Myelination and signalling investigations 

The effect of various cytokines on CG4 cell myelination was investigated by three 

day incubation immediately following cell differentiation. Half the medium was 

changed at day 2, along with the supplemented cytokines. In the experiments in 

which the earlier signalling events were being observed the cells were incubated for 

24-hours in DM before addition of the cytokine(s). The cells were then incubated for 

1 hour before the experiment was stopped. 
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2.4.1.1 RNA extraction 

Following cell stimulation, DM was removed and cells were thoroughly washed and 

resuspended in 400µl of QIAzol. Two wells were then pooled into one single sample 

in RNAse-free Eppendorf tubes.  

 

Total RNA extraction began with the addition of 160µl cold chloroform per 800µl 

sample. Each Eppendorf microcentrifuge tube was shaken vigorously to homogenise 

the solution. The samples were then centrifuged at 12,000xg at 4°C for 15 minutes 

after which a separation between the upper, colourless aqueous phase and the lower, 

pink phenol-chloroform phase was obvious. Also visible was the layer of DNA and 

protein which appeared solid white around the edge of the tube in the upper phase. 

The top 200µl of the aqueous phase was transferred to a new Eppendorf for each 

sample, with care taken not to touch the interphase or the phenol-chloroform layers. 

Added to this new Eppendorf microcentrifuge tube was 1µl of glycogen as an inert 

co-precipitant to increase the yield of RNA, and 200µl of cold isopropanol. The 

samples were inverted gently to mix then incubated at 4°C overnight to allow RNA 

precipitation.  

 

The next day the samples were centrifuged at 12,000xg at 4°C for 30minutes after 

which an opaque pellet of RNA precipitate was visible at the bottom of the tube. The 

supernatant was completely aspirated, with care taken not to disturb the pellet. One 

millilitre of cold 75% ethanol was then added and the tubes were vortexed briefly 

until the pellet was detached. The samples were then centrifuged at 7,500xg at 4°C 

for 15minutes to wash. The supernatant was again removed completely, before air-

drying until the tubes were completely dry and the RNA pellets were no longer 

visible at the bottom of the tube. The samples were then resuspended in 12µl 

RNAse-free H2O before incubation at 60°C for 10 minutes. The Nanodrop ND-1000 

was used to determine the RNA quality and quantity by determining the ratio of 

absorbance at 260nm and at 280nm. Samples with a ratio below 1.7 were discarded. 
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2.4.1.2 Reverse transcription 

Reverse transcription (RT) is a process through which complementary DNA (cDNA) 

is synthesised from an RNA template, producing cDNA that mimics the original 

DNA of the cell (Sanders et al. 2014).  

 

RT was carried out to obtain single-stranded cDNA from the extracted RNA for use 

in quantitative polymerase chain reaction (qPCR) analysis. The RT reaction began 

with incubation of the samples with 500ng random primers and 0.6mM dNTP for 10 

minutes at 60°C. To this RT buffer, DTT 10mM, RNAse OUT 40 U, and M-MLV-

RT 200 U was added before incubation for 10 minutes at 25°C, then 60 minutes at 

37°C, and finally 15 minutes at 70°C.  

 

 

2.4.1.3 Quantitative polymerase chain reaction 

PCR was originally invented by Kary Mullis in 1988 as a method to amplify 

fragments of nucleic material (Saiki 1988). Specific primers for a sequence between 

a 3’ and a 5’ marker are used to amplify a certain length of target sequence. Once the 

sequence has been recreated a Taq polymerase enzyme synthesizes it into a 

continuous strand. In this manner a measurable quantity of DNA is acquired that will 

correlate with the occurrence of this sequence in the original cDNA. Traditional PCR 

is not quantitative as only a final measurement is taken. This would not take into 

account quantification reaching a plateau earlier in some samples than others. 

Therefore, qPCR was developed in which the measurement is taken at the 

exponential increase stage, before the amplification plateaus, thus allowing accurate 

quantification and comparison between samples (Nolan 2006).  

 

For the qPCR, brilliant III qPCR master mix and Taqman probes were used. For 

each sample, assayed in duplicate, a mix of 10µl master mix, 1µl 20X gene 

expression assay mix, 7µl H2O, and 2µl cDNA was used. The qPCR was carried out 

on the MX 3000P sequence Detection System and analysis of the results was carried 

out using the 2-ΔΔCT Method (Livak 2001) in which the number of cycles required to 

reach a threshold where the quantity of DNA is deemed to be significantly different 
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from baseline is measured (Fig 2.3). The housekeeping gene (Hprt1) was measured 

for every sample in order to provide a normalised background measurement that 

should be uniform across all samples. The cycles and steps required for qPCR are 

outlined in Table 2.5. 

 

The analysis of the qPCR data begins with subtracting the cycle threshold (Ct) of the 

housekeeping gene from that of the gene of interest for the same sample, therefore 

normalising the gene expression against the housekeeping gene, obtaining the ΔCt. 

From here the results are normalised versus one control sample which is the 

calibrator, providing the ΔΔCt value, which for the calibrator will be 0. Once the 

difference between the samples and the control is obtained and the values are 

expressed as a fold change the 2-ΔΔCt value is obtained, providing a measure of how 

much that gene was amplified above baseline. Statistical significance between these 

samples was determined using the unpaired two-tailed student t-test. The genes 

measured by qPCR for the myelination experiments are Mog, Socs3, Mbp and Egr2 

and the full list of genes measured by qPCR and their probes ID numbers is in table 

2.6. 
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Cycles # Cycle 
setting 

Cycle purpose 

1 cycle 3 minutes at 
95°C 

Initialisation step: the Taq polymerase is activated 

40 
Cycles 

15 seconds 
at 95°C 

Denaturation step: the cDNA template is divided to 
obtain two single strands of DNA 

20 seconds 
at 60°C 

Annealing-extension step: Taq DNA polymerase 
extends the DNA from the primers 

 

 

 

 

  

Table 2.5: Cycles and steps required for qPCR. The cycles remained the same 
for each primer used. 

Figure 2.3: Typical amplification plot from qPCR analysis. The plot measures the 

number of cycles required to reach the threshold, shown as the blue horizontal line. 

The more cycles required for samples to cross the threshold indicates lower expression 

of the gene in that sample. 

Original in colour 
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Probe ID number 
Hprt1 Rn01527840_m1 
Mog Rn00575354_m1 
Socs3 Rn00585674_s1 
Mbp Rn00690431_m1 
  
CD36 Rn01442639_m1 
Igf1 Rn00710306_m1 
Fos Rn00487426_g1 
JunB Rn00572994_s1 
Tnfrsf1a Rn01492348_m1 
Inhba Rn01538592_m1 
Mag Rn01457782_m1 
Pmp2 Rn01457054_m1 
Ppargc1a Rn00580241_m1 
Tlr2 Rn02133647_s1 
Lcn2 Rn00590612_m1 

  Table 2.6: The genes measured by qPCR throughout the project and the ID number 

of their Taqman probe. All probes purchased from Thermo Fisher Scientific. 
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2.4.1.4 Western Blot Analysis 

Western blots were set up as a method to separate proteins using gel electrophoresis. 

The samples are loaded into the top of an acrylamide gel and a current passed 

through the gel. The samples were negatively charged due to sodium dodecyl 

sulphate (SDS) in the sample buffer, therefore they migrate through the gel towards 

the positively charged electrode. Smaller proteins migrate faster through the gel, so 

the proteins become separated based on size. The concentration of acrylamide in the 

gel is altered to change the density of the gel depending on the size of the protein of 

interest; for a high molecular weight the percentage is lowered so the larger proteins 

will not remain stationary at the top of the gel, and for lower molecular weights the 

percentage of acrylamide is increased so the proteins do not run through the whole 

gel. The charge is removed as the smallest proteins reach the bottom of the gel and 

the remaining proteins remain in the gel.  After running, the proteins are transferred 

from the gel to a nitrocellulose membrane for detection by antibodies (Towbin et al. 

1979, Burnette 1981). 

 

For creating protein samples for Western blot analysis, CG4 cells were plated at a 

density of 2x105 cells/ml in 24-well plates, and differentiated after 24 hours. After a 

further 24 hours they were treated with the required cytokine(s) for 10-80 minutes 

before the experiment was stopped by putting the plate on ice. The medium was 

completely removed and 120µl of supplemented radioimmunoprecipitation assay 

buffer (RIPA) was added per well. The supplemented buffer contained: RIPA buffer, 

glycerol, EDTA 1mM, EGTA 1mM, protease inhibitors and PhosphoSTOP 

phosphatase inhibitors. The samples were left on ice for ten minutes then the surface 

was scraped to collect the cell extracts and transferred to new Eppendorf tubes. 

These were left on ice for 30 minutes then centrifuged at top speed at 4°C for 15 

minutes. The supernatant was collected and transferred to a new Eppendorf tube for 

each sample. Protein concentration was measured using the BIOrad colorimetric 

protein assay which is based on the Bradford dye-binding method (Bradford 1976). 

The colour change of Coomassie blue is measured as the binding of this dye to 

protein causes a shift in the absorption maximum of the dye. The samples were 

incubated with the dye at room temperature for 15 minutes. A series of dilutions of 

BSA were prepared to create a standard curve against which sample proteins could 
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be compared. Absorption was then measured using the Synergy HT Plate Reader 

(Biotek) and quantification of proteins was used to ensure 30µg of cellular proteins 

were used for the Western blot.  

 

Acrylamide gels were made using Acrylamide/Bis solution (percentage of final 

solution varied depending on the size of the protein to be measured), running gel 

buffer (1.5M Tris/HCL pH8.8), SDS 10%, APS, tetramethylethylenediamine, and 

H2O. 10X running buffer is composed of Trizma base, glycine, and 1% SDS. It is 

then diluted to 1X in H2O before use (table 2.2). The running buffer was added to the 

Western apparatus first and allowed to polymerise at room temperature. The stacking 

gel was then added on top and the comb inserted. The gel was then incubated at 4°C 

and either used after a minimum of half an hour or could be left overnight before 

use.  

 

Samples were prepared for Western blot by dilution to 30µg of protein in 25µl in 

sample buffer with the remaining volume made up of distilled water. To this, 5µl 

sample buffer is added with 10% β-mercaptoethanol, as the gels were to be subjected 

to electrophoresis under reducing conditions. The samples were then boiled at 100°C 

for 5 minutes before being spun down briefly. Each well was loaded with 28µl of 

sample plus 10µl molecular weight markers in one well before electrophoresing at 

150V until the blue dye front reached the bottom of the gel (approximately 60 

minutes) (Fig 2.4). 

 

After performing the electrophoresis of the protein samples, the gel was transferred 

to nitrocellulose blotting membranes by sandwiching the gel and the membrane 

between two pieces of blotting paper and two sponges in the transfer apparatus (Fig 

2.5). The apparatus was placed in a tank and submerged in cold transfer buffer 

(Table 2.1). The Western blot transfer was subjected to a current of 400mA for 90 

minutes. 

 

After transfer the nitrocellulose membrane was blocked in 5% bovine serum albumin 

(BSA) in tris buffered saline (TBS) for 1 hour rocking at room temperature to coat 

the membrane in excess non-specific protein to prevent the antibody from binding to 

the membrane itself. The membrane was then incubated with the primary antibody at 
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the concentration specified by the manufacturer in TBS with 5% BSA and 0.1% 

tween-20 overnight at 4°C (Table 2.7).  

 

The next morning the membrane was washed 3x5 minutes in TBS+0.1% tween-20. 

The secondary antibody was then added at the required concentration (Table 2.6) in 

TBS with 5% BSA and 0.1% tween-20 for 1 hour at room temperature. The 

membrane was then washed again in TBS+0.1% tween-20 3x5 minutes before 

incubating in ECL for 5 minutes, continuously washing the ECL over the membrane. 

The membrane was then exposed to autoradiography film and developed using SRX-

101A Developer (Konica Minolta). 
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Antibody Working 
dilution 

Molecular 
weight 

Secondary 
antibody 

Working 
Dilution 

Antibody 
solution 

pSTAT3 1:1000 80kDa α-rabbit 1:25,000 TBS + 5% 
BSA + 
0.1% Tween 

TotalSTAT3 1:1000 80kDa α-mouse 1:5000 TBS + 5% 
Milk + 
0.1% Tween 

pERK1/2 1:1000 44/42kDa α-rabbit 1:25,000 TBS + 5% 
BSA + 
0.1% Tween 

TotalERK1/2 1:1000 44/42kDa α-rabbit 1:25,000 TBS + 5% 
Milk + 
0.1% Tween 

 

 

  

Table 2.7: Antibodies used for Western blot analyses. All antibodies purchased 
from cell signalling. 

Figure 2.4: Schematic representing the setup of gel electrophoresis. Samples 

were loaded into the wells at the top of the acrylamide gel before a current is passed 

through. The negatively charged proteins in the samples travel through the gel 

towards to positively charged electrode. They are separated by weight as the smaller 

proteins travel further through the gel. 

Original in colour 
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  Figure 2.5: Schematic representing the setup of transfer apparatus. The proteins 

from the gel were transferred to the membrane using the setup shown. The current 

passed from the anode to the cathode to transfer the proteins from the gel to the 

membrane from where it could be developed. The sponges and pieces of blotting paper 

ensure the gel and membrane are pressed together tightly, protected from damage, and 

that the current passed evenly through them. 

Original in colour 
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  CG4 Oligodendrocyte Precursor Cells 

To measure myelination To measure signalling To measure protein expression 

Plate 4x104  in GM Plate 8x104 in GM Plate 8x104 in GM 

Incubate for 24 hrs 

Replace GM with DM 

Add cytokine(s) 

Incubate for 48hrs 

Change half of the 
medium 

Incubate for 24 hrs 

Stop experiment 
using QIAzol 

Extract RNA 

Perform reverse 
transcription 

Measure Mog or 
Mbp by qPCR 

Add cytokine(s) 

Incubate for 1hr 

Stop experiment 
using QIAzol 

Extract RNA 

Perform reverse 
transcription 

Measure Socs3 or 
Egr2 by qPCR 

Incubate for 24hrs 

Add cytokine(s) 

Incubate for 
required time 

Stop experiment 
using RIPA buffer 

Analyse protein 
expression by 
Western blot 

Incubate for 24hrs 

Figure 2.6: Diagram representing the experimental design. The myelinating 

capacity, the signalling mechanisms and the protein expression of CG4 cells were 

measured and the diagram represents the different protocols used to achieve the 

different outcomes. 

Original in colour 
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2.4.1.5 Gene silencing by siRNA transfection 

Gene silencing was used to inhibit Socs3 expression. To do this CG4 cells were 

forward transfected with silencer RNAs for Socs3. Forward transfection protocols 

involve adding the transfection mixture to previously plated cells, as opposed to 

reverse transfection in which the cells are added to a plate already containing the 

transfection mixture. 

 

CG4 cells were plated at a density of 4x104 cells/well and 8x104 cells/well for Mog 

and Socs3 analysis respectively. siRNA was used at a concentration of 60nM. Two 

Socs3 siRNAs were attempted, either in combination or individually, plus a negative 

control siRNA. Two solutions were required for siRNA transfection and for each 

well the two transfection mixtures were: 

o 3.6µl siRNA (either 3.6µl of one siRNA, or 1.8µl of each of two siRNAs) in 

50µl Opti-MEM 

o 1µl Lipofectamine in 50µl Opti-MEM  

 The two solutions were mixed together and incubated at room temperature for 15 

minutes. 

 

The GM was removed from the cells 24 hours after plating and they were 

differentiated using 500µl DM per well. One hundred microliters of transfection 

mixture was then added to every well and resuspended gently to mix. After 

incubation at 37°C for 24 hours the medium was removed and 1ml DM plus 

cytokines was added for the remainder of the experiment. This method of plating the 

cells then waiting 24 hours before transfection is known as forward transfection.  

 

 

2.5 Gene expression microarrays 

Analysis of gene expression microarrays was used to further elucidate the 

mechanisms that resulted in changes of expression of Mog after CG4 cells are 

treated with EPO, LIF, or both. Microarray technology was first described in 1995 

by Brown et al. as a way of measuring a large number of genes at once (Schena 

1995). The profiling of thousands of genes simultaneously allows for the detection of 
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subtle changes in transcript variants and for the identification of genes that may not 

have been previously implicated in the specified condition.  

 

CG4 oligodendrocyte precursor cells were cultured at a density of 3.5x105 cells/well 

on poly-L-ornithine coated six-well plates in GM as described in Section 2.1.1. The 

cells were incubated overnight before being washed twice with serum-free DMEM 

after which the medium was replaced with DM, also described earlier, to induce a 

switch from proliferation to differentiation. They were incubated for 3 hours before 

treatment; no cytokine (control), EPO 10ng/ml, LIF 0.2ng/ml, LIF 10ng/ml, or 

EPO+LIF 10ng/ml, each condition in quadruplicate. At 1 or 20 hours the experiment 

was terminated using QIAzol by adding 1ml to each well after medium was 

aspirated. The bases of the wells were washed thoroughly then the QIAzol was 

transferred to new Eppendorfs. Each sample was vortexed for 1 minute and left at 

room temperature for 15 minutes. Total RNA was extracted using the miRNeasy 

Mini Kit in which the samples were centrifuged with chloroform. Then the upper 

aqueous phase was transferred to the supplied collection tubes, washed thoroughly 

with 100% ethanol then transferred to an RNeasy MinElute spin column in a 

collection tube. Several washing stages followed and were repeated several times 

upon advice from the manufacturer. RNA quality and concentration were determined 

using Nanodrop ND-1000 by determining the ratio of absorbance at 260nm and at 

280nm. 

 

Microarray analysis was carried out by Oxford Gene Technology (Oxford Gene 

Technology, Begbroke, Oxfordshire, UK. The raw data has been entered into the 

Gene Expression Omnibus (GEO) database for NCBI and are accessible through 

GEO series accession number GSE84687 (www.ncbi.nlm.nih.gov/geo). Raw data 

were normalised and analysed using GeneSpring (Agilent) and Excel softwares. For 

each sample one excel file with normalised gene expression data (gProcessed Signal) 

was obtained. Eight samples were analysed simultaneously on each array plate. The 

organisation of this was planned to ensure that treatment duplicates were spread out 

over the plates to minimise the effect of a problem with one plate. The samples were 

also normalised between array plates. 30367 transcripts were analysed. Samples 

were labelled according to the cytokine used and organised into groups and separated 

into 1 and 20 hours documents. 

http://www.ncbi.nlm.nih.gov/geo
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CG4 cells plated at 3.5x105/well 

GM replaced with DM to induce differentiation Undifferentiated cells stopped 

24 hrs 

3 hrs 

Treated with EPO, LIF or EPO+LIF, all at 10ng/ml. 
Also left control wells with no cytokine 

1 hr 

20 hrs 
Stopped 

experiment 

Stopped 
experiment 

Figure 2.7: Gene expression microarray experimental design. In total eight 

different conditions were tested for the effects they had on CG4 cell gene 

expression. Each condition was tested in quadruplicate and each cytokine was 

added at 10ng/ml. 
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Hypothesis-driven filtering strategies and unbiased cluster and pathway analysis was 

used. Gene expression between the experimental groups was compared by Student’s 

t test on the Log2 of the gProcessed Signal. Fold change in the expression was 

calculated as the ratio between the averages of the gProcessed Signals of the various 

groups and expressed as Log2 ratio. To identify genes with shared expression 

patterns among the experimental groups of interest, hierarchical cluster analysis was 

performed using the Genesis software. Genesis is a software package that produces a 

heat map of the up or downregulation of the genes to group those that have a similar 

expression profile together (Sturn 2000). Once a list of differentially expressed genes 

between experimental groups is identified STRING software was used to identify 

functional associations between genes (Szklarczyk 2015). A selection of genes was 

validated by qPCR analysis, performed on the same samples used for the 

microarrays. 

 

2.6 Scratch assay 

The scratch assay is a model of in vitro wound healing that measures migration of a 

monolayer of cells in a tissue-culture plate after an artificial wound is made down the 

centre (Liang 2007). Two cell types were used to try to obtain the best model of 

wound healing: Send-1 mouse endothelial skin cells and HaCaT cells which are 

human keratinocytes (kindly donated by Dr Ferdinand Lali, Blond McIndoe 

Research Foundation, East Grinstead).  

 

Twelve-well plates coated with poly-L-ornithine were used. The cells were plated at 

a concentration of 10x104 cells/well in DMEM supplemented with 1% pen/strep and 

10% FCS. Six replicates were used for each condition to ensure as minimal 

variability as possible. Cells were incubated overnight or until confluent. Achieving 

confluence was important because cell-cell interactions are an essential aspect of 

wound healing in vivo and should be replicated as closely as possible in these 

experiments. 

 

Horizontal lines were drawn along the underside of the plate as a marker half-way up 

each well. A sterile ruler was then laid vertically over the top of the wells and a 

scratch was made down the centre of the cell monolayer using a P1000 pipette tip. 
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Care was taken to ensure the angle of the tip was as similar as possible between 

wells so that the width of the scratch was uniform among the replicates. The cells 

were then washed twice in serum-free DMEM before being replaced with DMEM 

plus various concentrations of serum, most commonly 0.1% or 1%. The serum 

concentration was varied in an attempt to find a concentration at which the cells were 

healthy but did not migrate too quickly for measurements to be made. The cytokine 

being investigated was added at this stage. 

 

Scratches were then photographed immediately (T0) using an inverted microscope 

and the 4X objective. The position of the photograph was normalised using the 

horizontal line drawn on the underside of the plate, with this line always aligned with 

the bottom of the image. The cells were incubated at 37°C and further photographs 

taken of the scratches at later time points ensuring the picture is taken at the same 

place by aligning the horizontal line with the bottom of the image again (Fig 2.7). 

 

Analysis of wound closure was made by anonymising images and measuring the area 

of the scratch in each picture using Image J software (Fig 2.8) before calculating the 

percentage closure between the time points and the T0 measurement of the same 

well. The treated scratches can then be compared to the control ones to determine if 

the addition of a cytokine has any effect on the speed of wound closure.  

2.7 Statistics 

Results are expressed as mean ± standard deviation. Student’s t test was used to 

compare the means of cytokine-treated samples with the mean of the control samples 

or EPO-treated samples in some circumstances. The results were considered 

significantly different when P<0.05, and absolute FC>1.5 (Log2 >0.58 or <-0.58) 

although P<0.01 and P<0.001 were also used to decrease the chance of false positive 

where possible. 

Student’s t test was also used for analysis of gene expression microarray results. This 

is because the gene expression microarray was used only as an initial discovery step 

to indicate genes not previously impflicated in demyelination. After genes had been 

identified the results were validated by qPCR so t test analysis reduced the number 

of false negative results. 
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Figure 2.8: Example of a HaCaT cell scratch assay. A wound was created 

down the centre of a monolayer of cells using a p1000 pipette tip. The rate of 

wound closure was then measured at intervals and compared to time 0h to 

measure percentage closure. Figure 2.4 represents images taken at 1, 18, 24, and 

36 hours. White scale bar represents 1mm. 

Original in colour 
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Figure 2.9: Example of measuring a scratch wound area using ImageJ. The area 

of the wound was drawn out using the drawing tool and marked with a yellow line. 

The scale was set to 200 pixels per unit and the area within the yellow line was 

obtained. These arbitrary units were then used to calculate percentage closure. 

Original in colour 
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Chapter 3. The effect of LIF on CG4 cells 
 

3.1 Introduction 

LIF has potent positive tissue protective effects in the nervous system (Section 

1.1.2.1). It is the most important neuroprotective cytokine in the retina (Joly et al. 

2008), and it reduces the clinical severity of EAE (Linker 2008). Furthermore, 

mutant mice that lacked LIFR and GP130 demonstrated an increase in severity of the 

symptoms of EAE (Deverman 2012). The exogenous addition of LIF stimulated 

OPC differentiation and myelination both in vitro and in vivo (Deverman 2012). 

 

Cervellini et al (2013) demonstrated that EPO increases Mog expression in CG4 

EPOR cells (used throughout the project but referred to as only “CG4” from here) by 

at least 8-fold (Cervellini et al. 2013a). Mog expression is a good marker for 

oligodendrocyte maturation because, unlike other myelin genes, it is only expressed 

after 1-2 days of differentiation in culture, so represents the later stages of maturation 

(Scolding 1989). Furthermore, expression of Mog is related to myelin deposition, not 

just process extension, and it is upregulated by CG4 cells only when they are 

producing myelin (Solly 1996). The initial purpose of this work was to determine if 

LIF has a synergistic effect with EPO on the myelinating capacity of these cells.  

 

 

3.2 LIF induced Mog expression via a bell-shaped concentration response curve 

CG4 cells were originally plated at a density of 3x104 cells/ml as in the protocol used 

by Cervellini et al; however RNA yields were typically too low for analysis. 

Furthermore, it was found that, for three day experiments, 4x104 cells/ml did not 

become confluent enough to run the risk of becoming astrocytic, therefore the higher 

density of cells was used. Twenty-four hours after plating, the cells were 

differentiated and treated immediately with LIF. To ascertain the optimal 

concentration of LIF the cells were treated with a range of concentrations of LIF. It 

had been found that 8ng/ml was the optimum concentration of EPO for Mog 

upregulation in these cells and at higher concentrations (up to 400ng/ml was 

investigated) Mog expression reached a plateau (Cervellini et al. 2013a). I initially 
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tested LIF over a wide range of concentrations (0.004-10ng/ml), based on the same 

concentrations as used for EPO.  

 

As seen in Figure 3.1, 0.2ng/ml was the optimum concentration of LIF in terms of 

Mog expression, although the induction was only around 1.5-fold. Interestingly, 

conversely what was observed with EPO, 2 and 10ng/ml LIF induced less Mog (1.6 

FC, SD 0.2 and 1.2FC, SD 0.4 respectively) expression than the optimum 

concentration of 0.2ng/ml (2.9 FC, SD 0.4). The highest concentration, 10ng/ml, did 

not induce any significant increase in Mog expression when compared to the control 

group. This suggests that there was potentially a feedback mechanism that was 

preventing Mog expression from reaching increased levels of induction when the 

concentration of LIF increased. Furthermore, this feedback mechanism was not 

present following EPO stimulation, as concentrations up to at least 400ng/ml did not 

cause any reduction in Mog induction (Cervellini et al. 2013a). These findings are 

supported by work by Ishibashi (2006) who also found a negative feedback at higher 

concentrations of LIF (Ishibashi et al. 2006). A very low concentration of 

0.004ng/ml LIF was used to see if such a low concentration had an effect on Mog 

expression. However, 0.004ng/ml LIF induced less Mog (1.8 FC, SD 0.5) than 

0.2ng/ml suggesting that LIF produced an increase in Mog expression that correlates 

with the concentration of LIF. The resulting graph (Fig. 3.1) showed a clear bell-

shaped response curve to increased concentrations, demonstrating the negative effect 

LIF had at higher concentrations that was not present at lower concentrations. The 

experiment was repeated twice with successful replication of the results.  
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Figure 3.1: LIF induced a bell-shaped concentration response of Mog induction 

in CG4 cells. CG4 cells were plated at a density of 4x104 cells/well and differentiated 

for three days after treatment with indicated concentrations of LIF. Mog mRNA was 

measured by qPCR and results are expressed as arbitrary units versus 0ng/ml LIF. 

Data represented here are the mean ± SD of quadruplicate samples. * P<0.05, ** 

P<0.01, ***P<0.001 versus 0ng/ml by Student’s t-test. 

LIF (ng/ml) Mog Mean SD P value 
0 0.8 0.3  
0.004 1.8 0.5 0.184 
0.2 2.9 0.4 0.0001 
2 1.6 0.2 0.0071 
10 1.2 0.4 0.2163 
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3.3 LIF inhibited the induction of Mog by EPO 

The potential for a synergistic effect that EPO and LIF have on Mog induction was 

investigated. An understanding of how LIF affects EPO-induced Mog will help in 

elucidating the mechanisms behind Mog induction in these cells and therefore the 

mechanisms behind their myelinating capacity. It was hypothesised that LIF would 

cause an increase of the promyelinating effect of EPO on Mog expression. 

 

EPO and LIF were added both individually and simultaneously immediately after 

differentiation of CG4 cells as in the previous LIF experiments. The use of the 

cytokines individually in these experiments allowed for a direct comparison between 

the effects of the two cytokines to also be assessed in this experiment. EPO was 

added at 10ng/ml to be comparable to the previous LIF concentration response 

experiments in which 10ng/ml LIF was used as the upper limit and is the 

concentration when the reduced effect of LIF is clearly visible. As EPO and LIF 

have roughly the same molecular weight, using the same concentration was justified. 

Furthermore, in previous EPO experiments all concentrations between 8ng/ml and 

400ng/ml were shown to act similarly, so 10ng/ml should be expected to act the 

same as 8ng/ml which was defined as the optimum concentration of EPO in that 

work (Cervellini et al. 2013a). The experimental procedure took three days to 

complete and Mog expression was analysed by qPCR. 

 

The experiments showed clearly that LIF did not reproduce the same positive effect 

on Mog expression as EPO as the individual LIF treatments did not increase Mog 

expression as much as EPO when each cytokine was used individually (Fig 3.2). 

Furthermore, the increase seen at 0.2ng/ml LIF was not observed here, although the 

induction was trending towards significance (P=0.08). The experiment using 

10ng/ml LIF confirmed that this concentration did not induce Mog.  

 

The surprising result from these experiments was that LIF did not induce a 

synergistic effect of Mog induction when added simultaneously to EPO. On the 

contrary, LIF inhibited the positive effect of EPO on Mog expression, which was a 

new finding and had not been seen in the literature before.  
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The treatment with EPO and LIF simultaneously induced significantly less Mog 

expression than with EPO alone; 0.2ng/ml LIF significantly inhibited the positive 

effect of EPO on Mog expression by about half, despite the fact that, when added 

alone, LIF increased the induction of Mog, although not significantly in this 

experiment. Ten ng/ml LIF almost completely abolished induction of Mog by EPO, 

however Mog was still significantly induced when compared to the control 

(P=0.0001). The reduction of EPO-induced Mog expression by LIF suggests that LIF 

induced negative feedback mechanisms that inhibited the production of myelin by 

these cells. The results presented here showed that these pathways were induced by 

LIF and not by EPO, but that they had the capability to inhibit the positive effects of 

both cytokines. The experiments were repeated twice with successful replication of 

the results. 

 

 

3.4 The effects of EPO and LIF on Mog were consistent in other myelin genes 

Mbp is another protein that is expressed by myelinating oligodendrocytes. It is the 

second most abundant myelin protein in the CNS and comprises about 10% of the 

dry weight of myelin (Boggs 2006). It was decided to use Mog expression as a 

measure of myelination because treatment of these cells with EPO induces a bigger 

fold-change increase in Mog than in Mbp expression (Cervellini et al. 2013a) and 

Mog is expressed later in myelination than Mbp. However, it was important to check 

that changes in Mog expression were reflected in Mbp expression so that it could be 

concluded that Mog was a reliable representation of myelin genes. Therefore, qPCR 

was re-run on samples in which Mog had previously been measured but this time 

Mbp was measured. As hypothesised, the expression of Mbp reflected that of Mog; 

Mbp was also increased by EPO treatment but reduced when LIF was present 

simultaneously (Fig 3.3). The consistency in myelin gene expression shows that Mog 

gene expression is a good gene indicator for overall myelin production. 
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Figure 3.2: LIF inhibited the induction of Mog expression by EPO. CG4 cells 

were plated at a density of 4x104 cells/well and differentiated for three days after 

treatment with indicated cytokine. LIF (L) was used at 0.2ng/ml in panel A and at 

10ng/ml in panel B, and the concentration of EPO (E) is always 10ng/ml. Mog 

mRNA was measured by qPCR and results are expressed as arbitrary units versus 

the control. Data represented here are the mean ± SD of quadruplicate samples. 

*P<0.05, **P<0.01, *** P<0.001 versus the control and #P<0.05, ##P<0.01 versus 

EPO alone…. 

A 

B 
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Figure 3.2 cont.: LIF inhibited the induction of Mog expression by EPO. 

Graph A data: 

Cytokine (ng/ml) Mog Mean SD P value 
0 0.9 0.2  
0L, 10E 7.7 1.4 0.0001 
0.2L, 0E 1.7 0.8 0.0873 
0.2L, 10E 3.9 0.9 0.0327 
 

Graph B data: 

Cytokine (ng/ml) Mog Mean SD P value 
0 1.5 0.9  
0L, 10E 20.6 5.2 0.0016 
10L, 0E 1.6 0.8 0.8975 
10L, 10E 3.9 0.9 0.0327 
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  Figure 3.3: LIF inhibited the induction of Mbp expression by EPO. CG4 cells 

were plated at a density of 4x104 cells/well and differentiated for three days after 

treatment with the indicated cytokine. Mbp mRNA was measured by qPCR and 

results are expressed as arbitrary units versus the control. Data represented here are 

the mean ± SD of quadruplicate samples. ** P<0.01 versus the control and 

##P<0.01 vs EPO alone. 

Cytokine (ng/ml) Mbp Mean SD P value 
0 1.3 0.4  
0L, 10E 5.7 1.1 0.0013 
0.2L, 0E 1.9 0.9 0.3383 
0.2L, 10E 1.4 0.6 0.7971 
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3.5 Other IL-6 cytokines had the same effect on Mog expression as LIF 

LIF is part of a pleiotropic group of cytokines, the IL-6 cytokine family, which 

perform a wide array of frequently overlapping functions around the body (Section 

1.1.2.2). LIF is the primary cytokine that associates with LIFR but CNTF, CT-1, 

OSM, and CLC can also bind to this receptor. For this reason, I decided to see if 

CNTF and OSM shared the inhibitory effect caused by LIF on EPO-induced Mog. 

The experiment was conducted using the same protocol as the previous LIF and EPO 

experiments with the cytokines added at equimolar concentrations to 10ng/ml and 

also carried out for three days after the cells underwent differentiation. 

 

OSM and CNTF clearly inhibited the effect of EPO on Mog expression as there was 

a marked inhibition of EPO-induced Mog when the GP130-user cytokine was added 

simultaneously (Fig.3.4). Furthermore, neither cytokine induced any increase in Mog 

expression when added individually. Both of these results reflected the effect of LIF 

addition to the cell culture conditions. The experiment was repeated and the results 

replicated. 

 

To determine if the effects of CNTF and OSM correlated consistently with those of 

LIF, a low-concentration treatment was also added to the CG4 cells. As seen in 

previous experiments, at the low concentration, 0.2ng/ml, LIF induced a 1.5-2 fold 

increase in Mog expression. OSM was consistent with this and even seemed to 

induce slightly more Mog expression, although the difference between LIF and OSM 

was not significant (P=0.17) (Fig.3.5). Interestingly, CNTF did not induce an 

increase in Mog expression, despite the fact that CNTF decreased the effect of EPO, 

indicating that it did have a functional effect in these cells. Also of note, as seen in 

Fig.3.4, CNTF did not completely block EPO-induced Mog as did OSM, suggesting 

that CTNF had reduced functionality in these cells. This may be due to CNTF’s use 

of a third receptor, as well as the GP130/LIFR complex it shares with LIF and OSM, 

that was perhaps not abundant enough in these cells to produce the complete effect 

of CNTF. 
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Figure 3.4: CNTF and OSM inhibited the induction of Mog expression by 

EPO. CG4 cells were plated at a density of 4x104 cells/well and differentiated for 

three days after treatment with indicated cytokine. Mog mRNA was measured by 

qPCR and results are expressed as arbitrary units versus the control. Data 

represented here are the mean ± SD of quadruplicate samples. *P<0.05, ** 

P<0.001 versus the control and # P<0.05, ## P<0.01 versus EPO alone. 

   P value 
Cytokine Mog Mean SD vs Ctrl vs EPO 
0 1.4 0.3   
EPO 17.8 4.7 0.0004  
OSM 1.4 0.2 0.8745  
CNTF 1.9 0.2 0.0543  
EPO+OSM 1.6 0.3 0.3001 0.0022 
EPO+CNTF 3.5 1.1 0.0117 0.0011 
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Figure 3.5: OSM, but not CNTF, induced low levels of Mog expression after 

low-concentration cytokine treatment. CG4 cells were plated at a density of 

4x104 cells/well and differentiated for three days after treatment with indicated 

cytokine. Mog mRNA was measured by qPCR and results are expressed as 

arbitrary units versus the control. Data represented here are the mean ± SD of 

quadruplicate samples. *P<0.05, ** P<0.001 versus the control. 

Cytokine (ng/ml) Mog Mean SD P value 
Ctrl 1.1 0.3  
LIF 2.3 0.6 0.0101 
OSM 3.0 0.6 0.0016 
CNTF 1.3 0.2 0.1874 
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3.6 Conclusions 

x LIF treatment produced a bell-shaped response curve of Mog mRNA 

expression 

x LIF inhibited EPO-induced Mog expression 

x OSM and CNTF shared the inhibitory effect of LIF on EPO-induced Mog 

expression 

 

LIF induced Mog expression in CG4 cells, a result that is in agreement with previous 

literature in which LIF increased myelination (Deverman 2012, Mashayekhi 2015, 

Rittchen 2015). However, high concentrations of LIF, 10ng/ml, induced less Mog 

expression than the optimum concentration of 0.2ng/ml, producing a bell-shaped 

response curve from the cells to increasing concentrations of LIF. Ishibashi (2006) 

also found that higher concentrations, above 5ng/ml, caused an inhibition of myelin, 

although they were observing Mog protein by immunocytochemistry (Ishibashi et al. 

2006). Mog mRNA expression was measured by qPCR, which may explain why 

Mog was sensitive to lower concentrations in the experiments presented in this thesis 

compared to the results obtained by Ishibashi through immunohistochemistry (2006). 

Less inhibition was required to inhibit at the transcriptional level than to maintain the 

inhibition after translation, and so produce an inhibition of Mog protein. The finding 

of the inhibitory effect of higher concentrations of LIF on cells at the mRNA level is 

novel to this work. 

 

When EPO and LIF were added simultaneously LIF inhibited induction of Mog 

expression by EPO, as CG4 cells treated with the cytokines simultaneously showed a 

reduced induction of Mog. This novel finding shifted the focus of my research 

towards understanding the mechanisms that resulted in the observation of the bell-

shaped concentration response curve of LIF and its inhibition of the positive effect of 

EPO on Mog induction. 

 

It was also found that OSM, another IL-6 cytokine that uses exactly the same 

receptors as LIF, inhibited the positive effect of EPO, as seen with LIF. CNTF, that 

uses the GP130/LIFR complex but plus an additional receptor subunit, inhibited the 
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effects of EPO but did not induce complete inhibition as OSM did and did not 

increase Mog expression at low levels as LIF and OSM did.  

 

High concentrations (10ng/ml) of LIF did not induce increases in Mog, suggesting 

the concentration of LIF is delicately balanced and potentially finding the correct 

concentration for use in treatment would be difficult. However, the interaction 

between EPO and LIF is interesting and the inhibition of EPO’s promyelinating 

effects by LIF should be considered when using EPO in treatment. Endogenous 

factors present in the body that might be able to inhibit EPO in vivo should be 

considered to obtain the maximum positive effect of EPO, without this effect being 

inhibited. 

 

Taken together, there are a number of novel findings presented in this chapter which 

suggest that there is a signalling mechanism, or multiple mechanisms, that are 

induced by LIF and OSM, but not by EPO, that have an inhibitory effect on the 

myelinating capacity of the CG4 cells. Furthermore, it appears that while this 

inhibitory mechanism is not induced by EPO, it has the ability to inhibit the positive 

effect of EPO as mentioned previously. The interplay between these cytokines is 

very interesting and has not been investigated before; therefore the subsequent work 

in this thesis will use various methods to determine the mechanisms that LIF utilises 

to inhibit EPO-induced Mog.  

 

The following chapter will look at known signalling mechanisms Egr2 and Socs3 to 

determine if they can be linked to the inhibition by measuring their expression and 

the phosphorylation of their upstream components. Furthermore, the expression of 

Egr2 and Socs3 will be modified to identify their role in the regulation of Mog 

expression by EPO and LIF. 
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Chapter 4. Signalling mechanisms 
 

4.1 Introduction 

In this chapter the downstream signalling mechanisms responsible for the inhibition 

of EPO-induced Mog will be explored. After initial binding of the LIF/LIFR/GP130 

complex on the cell surface a variety of signalling pathways are activated (Section 

1.1.2.1). Possibly the main inhibitory signalling mechanism that is induced by LIF 

involves Socs3, a protein that is activated by STAT3 and binds to JAK2 to prevent 

further phosphorylation of STATs (Nicholson 2000, Babon 2014). Socs3 limits the 

ability of LIF to prevent demyelination in vivo (Emery 2006). There is evidence to 

suggest that Socs3 can bind to EPOR and prevent signalling resulting from its 

phosphorylation (Sasaki 2000, Hortner 2002). However, it binds with around a ten-

fold lower affinity than for the GP130 (Babon 2014) and no evidence for its binding 

in the CNS has been detected. Previous work, all conducted in the early 2000s, 

focussed only on the effect of Socs3 on erythropoiesis (Marine et al. 1999, Krebs 

and Hilton 2000, Hortner 2002, Jegalian 2002). The current work will investigate 

how signalling induced by LIF inhibited EPO-induced Mog expression 

 

 

4.2 The inhibitory mechanisms of LIF are induced immediately 

The time point at which LIF was added to the EPO-treated CG4 cells was different 

from the original experiments (Chapter 3) where EPO and LIF were added 

simultaneously to clarify whether it was an early or late signalling event that caused 

the inhibition. The experiment was performed exactly as before (Section 3.3) but, 

along with immediate addition of LIF, it was also added 24 and 48 hours later. This 

experiment was carried out using the high-concentration of LIF (10ng/ml) as it was 

the concentration that had the greatest inhibitory effect on EPO-induced Mog 

expression. 

 

The most complete inhibition of Mog expression was seen when LIF was added at 

the same time as EPO (Fig.4.1). Incomplete inhibition was seen when LIF was added 
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at 24 and 48 hours, suggesting that it was an early signalling mechanism that was 

required to inhibit EPO. The experiment demonstrated that a signalling mechanism 

initiated at a later time point could not completely inhibit all of the effects of EPO, 

possibly because the pathways required to induce Mog expression are early events, 

with Mog induction being initiated later. If the negative feedback seen when LIF was 

present was not initiated immediately the inhibition of EPO was not complete. The 

mechanism that inhibited EPO needed to be present immediately to completely 

inhibit EPO-induced Mog expression. 

 

 

4.3 Egr2 mRNA expression did not correlate with inhibition of Mog 

The first signalling mechanism that was investigated was the pathway involving 

Egr2. Egr2 is a protein that is crucial in promoting myelination in the PNS (Topilko 

1994, Decker 2006), but in oligodendrocytes it appears to work as a feedback 

inhibitor (Cervellini et al. 2013a). Recent work has shown the importance of Egr2 in 

response to EPO stimulation (Mengozzi 2012). Egr2 is also induced by LIF 

(Mengozzi 2014), so the effect of the addition of both cytokines on Egr2 expression 

was investigated as it could be a protein that could affect Mog induction. 

 

CG4 cells were plated at 8x104 cells/well and the cytokines were added after 24 

hours of differentiation. The higher cell count was used because the experiment was 

only run for one day after differentiation. This is because Egr2 is expressed much 

earlier than Mog and so a higher cell count would ensure that a sufficient quantity of 

RNA would be present after the experiment had been run. The experiment was 

stopped after 1 hour and RT and qPCR performed to measure Egr2 expression. LIF 

and EPO both induced significant increases in Egr2 expression (Fig.4.2), although 

EPO induced nearly 100-fold more Egr2 expression than LIF. However, the level of 

Egr2 expressed remained elevated when LIF and EPO were added simultaneously 

with no decrease when compared to EPO treatment alone (P=0.77), suggesting that 

Egr2 expression is not inhibited by LIF. Therefore, as Egr2 levels are increased in 

cells treated with EPO+LIF, it can be concluded that induction of Egr2 alone was not 

sufficient to cause an increase in Mog. Furthermore, Egr2 was not the protein 

responsible for the inhibition of EPO-induced Mog by the addition of LIF.  
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Figure 4.1: The inhibitory effect of LIF on EPO-induced Mog was strongest 

when both cytokines were added simultaneously.  CG4 cells were plated at a 

density of 4x104 cells/well and differentiated for three days after treatment 

10ng/ml LIF (L) or EPO (E) or both, with LIF added either simultaneously or 24, 

or 48 hours later. Mog mRNA was measured by qPCR and results are expressed as 

arbitrary units versus the control. Data represented here are the mean ± SD of 

quadruplicate samples. * P<0.05, ** P<0.01, ***P<0.001 versus the control and 

###P<0.001 vs EPO alone by Student’s t-test. 

   P value 
Cytokines Mog mean SD vs Ctrl vs EPO 
0 1.1 0.1   
EPO 12.0 2.8 0.0012  
LIF 1.3 0.4 0.3122  
EPO+LIF 1.4 0.4 0.2420 0.0003 
EPO+24h LIF 3.1 1.1 0.0221 0.0010 
EPO+48h LIF 8.6 1.8 0.0009 0.0888 
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Figure 4.2: Egr2 induction was most potent when EPO was present and was 

not reduced when LIF was also present. CG4 cells were plated at a density of 

8x104 cells/well and differentiated for one day before 10ng/ml LIF or EPO or 

both were added for one hour. Data represented here are the mean ± SD of 

quadruplicate samples. ** P<0.01, *** P<0.001 versus the control.  

Cytokine (ng/ml) Mog Mean SD P value 
0 0.8 0.1  
EPO 104.7 21.1 0.00006 
LIF 4.4 0.6 0.00002 
LIF+EPO 113.7 57.5 0.00774 
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4.4 ERK1/2 phosphorylation did not correlate with inhibition of Mog 

ERK is downstream of Raf and MEK1/2 (Gaesser 2016). Activation of these 

MAPKs results in the phosphorylation of ERK (pERK). Once phosphorylated, 

pERK translocates to the nucleus to regulate the expression of several genes, 

including Egr2. There is evidence that ERK1/2 has significant effects on 

myelination; ERK1/2 knockout mice exhibited significant hypomyelination (Ishii 

2012) and, conversely, sustained activation of ERK1/2 leads to increased thickness 

of the myelin sheath (Ishii 2013). EPO induces pERK1/2 while LIF supresses its 

phosphorylation (Xu 2015, Cherepkova 2016). For the purposes of this study, the 

phosphorylation of ERK was measured to confirm that it is linked to increased 

myelination and to determine if it is suppressed when LIF is present and so provide 

an explanation for a lack of Mog induction.  

 

CG4 cells were plated at a density of 2x105 cells/well on 24-well plates. They were 

differentiated 24 hours after plating and stimulated with EPO, LIF, or both 24 hours 

after differentiation. The experiment was stopped 10 or 30 minutes after the addition 

of the cytokines and the protein content was measured before pERK1/2 was 

measured by Western blot.  

 

As hypothesised, EPO induced high levels of pERK1/2 as bands were seen at 44/42 

kDa respectively at both time points (Fig.4.3). LIF seemed to induce pERK1/2 

strongly at 10 minutes but this expression had diminished by 30 minutes, indicating 

that LIF had an immediate but unsustained effect on pERK1/2. This could show that 

LIF did not maintain pERK1/2 long enough to produce the positive effect on Mog as 

induced by EPO. Perhaps pERK1/2 only increased Mog when its levels were 

increased continuously. 

 

Stimulation with the cytokines simultaneously had an additive effect on pERK1/2. It 

was certainly not diminished and so was still increased in conditions where Mog 

induction was inhibited, meaning that here an increase in pERK1/2 was seen in 

conditions where Mog was both increased and inhibited. The increased expression 

by EPO that remained elevated when LIF was also present suggested that pERK1/2 
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was important, but not sufficient, for Mog induction, as its presence did not 

guarantee that Mog expression would increase.  

 

In conclusion, it appeared that pERK1/2 might be involved in the increase in Mog 

induction by EPO but its presence alone was not sufficient to ensure that Mog 

expression remained increased, as high levels were still present when the cells were 

treated with LIF. Therefore, it appears as though it was not involved in the inhibition 

of EPO-induced Mog by LIF. 

 

 

4.5 Socs3 induction occurred early in LIF signalling 

Other pathways classically known to be induced by LIF and other IL-6 cytokines 

were investigated. The JAK-STAT-Socs pathway is one of the most important 

signalling mechanisms induced by IL-6 cytokines so may partly be responsible for 

the observed inhibition seen in the CG4 cell model. 

 

A time course experiment was performed to determine the chronology of Socs3 

induction. CG4 cells were plated at a density of 8x104 cells/well and differentiated as 

before. As the induction of Socs3 was expected to be quick and it was important that 

the differentiation state of the cells did not affect its expression, the cells were 

allowed to differentiate for 24 hours before LIF was added to induce Socs3 

expression. The experiment was stopped after 30 minutes, 1 hour, 4 hours, or 24 

hours and Socs3 expression was measured by qPCR. 

 

Socs3 was induced significantly at 30 minutes compared to the control and to LIF 

treatment at later time points (Fig 4.4). It was induced at high levels at 1 hour 

compared to the control, and still maintained a high increase in expression. 

Furthermore, while the expression was reduced further at 4 and 24 hours, it still 

remained significantly elevated compared to the control (P<0.001). The results 

indicated that Socs3 was significantly induced by LIF and that its expression 

remained increased for an extended period of time. The experiment was repeated and 

the same results obtained.   
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Figure 4.3: pERK was induced by EPO and not inhibited by the addition of Mog. 

CG4 cells were plated at a density of 2x105 cells/well and differentiated for 24 hours 

before EPO, LIF, or both were added at a density of 10ng/ml for 10 or 30 minutes. 

pERK1/2 protein density was measured by Western blot and total ERK1/2 was used as 

a loading control. The proteins of ERK1/2 can be seen at 44 and 42kDa respectively. 
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  Figure 4.4: Socs3 was induced at an early time point by LIF. CG4 cells were 

plated at a density of 8x104 cells/well and differentiated for one day before LIF was 

added for the time specified. Socs3 mRNA was measured by qPCR and results are 

expressed as arbitrary units versus the control. Data represented here are the mean 

± SD of quadruplicate samples. ***P<0.0001 versus the control. 

LIF (10ng/ml) Socs3 Mean SD P value 
0 0.9 0.2  
30mins 1.0 1.0 3.34E-06 
1hr 0.6 0.6 6.88E-05 
4hrs 0.3 0.3 0.0002 
24hrs 0.2 0.2 5.99E-06 
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4.6 Induction of Socs3 correlated with decreased Mog induction 

The previous experiment confirmed that Socs3 was induced by LIF and that it was 

best to measure the expression of Socs3 at an early time point. Therefore Socs3 

expression was measured after varying concentrations of LIF. This would determine 

if Socs3 expression correlated with the induction of Mog because a signalling protein 

that correlated with Mog expression could be causing the inhibition of Mog 

expression at high concentrations of LIF. To measure Socs3 induction 8x104 CG4 

cells were plated per well of 24-well plates and differentiated as in Section 4.3. The 

cytokines were added 24 hours after differentiation and the experiment was stopped 

after one hour of cytokine treatment. Socs3 expression was measured by qPCR.  

 

The initial experiment showed that Socs3 induction increased as the concentration of 

LIF increased (Fig. 4.5). The concentrations used here match those used to measure 

Mog induction by LIF in Section 3.1. From the two graphs it was observed that 

0.2ng/ml, which is the optimum concentration of LIF for Mog induction, induced 

significantly less Socs3 than 2 and 10ng/ml of LIF, both of which inhibited LIF-

induced Mog (Fig.3.1). The increased Socs3 expression at the higher concentration 

of LIF may offer an explanation as to why 10ng/ml LIF induces less Mog than 

0.2ng/ml. This experiment was repeated and the results remained the same. 
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Figure 4.5: LIF induction of Socs3 was concentration dependent. CG4 cells 

were plated at a density of 8x104 cells/well and differentiated for one day before the 

indicated concentration of LIF was added for one hour. Socs3 mRNA was measured 

by qPCR and results are expressed as arbitrary units versus the control. Data are 

mean ± SD of quadruplicate samples. *P<0.05, ** P<0.01, ***P<0.001 versus the 

control. 

LIF (ng/ml) Socs Mean SD P value 
0 0.9 0.2  
0.004 0.7 0.2 0.2066 
0.2 1.4 0.2 0.0108 
2 3.1 0.9 0.0039 
10 4.4 0.4 0.00007 
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Secondly, Socs3 induction was measured upon EPO treatment and simultaneous 

treatment with EPO and LIF to assess if it was upregulated when they were added 

simultaneously. Again, the cytokines were added 24 hours after differentiation, both 

at 10ng/ml, and the experiment was stopped one hour later.  

 

The increase of Socs3 expression by 10ng/ml LIF was confirmed in this experiment 

(Fig.4.6). Furthermore, the results showed that EPO induced significantly less Socs3 

expression than LIF (P=0.0001). Finally, the increase in Socs3 expression induced 

by LIF was still present when the cytokines were added simultaneously; the presence 

of EPO did not prevent LIF from inducing high levels of Socs3. The experiment was 

repeated and the same results were obtained. 

 

The results shown in Figures 4.5 and 4.6 demonstrated that Mog negatively 

correlated with Socs3 induction. Therefore, the treatments that induced less Mog, i.e. 

LIF 10ng/ml and EPO+LIF, are those that induced greatest Socs3 expression. It can 

be implied from this result that Socs3 was an inhibitory feedback mechanism that 

prevented the induction of Mog. It seemed that the quantity of Socs3 induced was 

important as EPO treatment alone, which induced a large increase in Mog, also 

induced some Socs3. Potentially if this small amount of Socs3 induction was 

inhibited, then the expression of Mog would be increased even further. However, the 

results simply show a correlation, more work was needed to prove causation. 
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Figure 4.6: LIF was a more potent inducer of Socs3 than EPO. CG4 cells were 

plated at a density of 8x104 cells/well and differentiated for one day before the 

indicated cytokine was added for one hour. Socs3 mRNA was measured by qPCR 

and results are expressed as arbitrary units versus the control. Data represented here 

are the mean ± SD of quadruplicate samples. *P<0.05 **P<0.001 ***P<0.0001 

versus the control. 

   P value 
Cytokine Socs Mean SD vs Ctrl vs EPO 
Ctrl 0.9 0.1   
EPO 2.6 0.4 0.0003  
LIF 5.4 0.6 4.56E-06 0.0002 
EPO+LIF 7.9 0.5 1.72E-07 3.74E-06 
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4.7 Inhibition of STAT3 phosphorylation occurred only after a high 

concentration of LIF 

More evidence was required to prove that Socs3 was having an effect in the CG4 

cells and that the observed effects were not simply as a result of an inert induction of 

the Socs3 signalling cascade. Analysis of STAT3 phosphorylation would show if 

Socs3 was preventing STAT3 phosphorylation and therefore its further downstream 

effects. STAT3 phosphorylation was measured by Western blot.  

 

CG4 cells were plated at a density of 2x105 cells/well. The cells were differentiated 

after 24 hours and then treated with 0.2ng/ml or 10ng/ml of LIF 24 hours after that. 

LIF was added to the cells at eight 10-minute intervals to provide a thorough time 

course of STAT3 phosphorylation. Total cellular extracts were prepared using RIPA 

buffer.  

 

At both concentrations of LIF, STAT3 was phosphorylated by the ten-minute time 

point, as seen by bands at the expected molecular weight of 85kDa (Fig 4.7). At 

0.2ng/ml LIF the levels of pSTAT3 remained elevated for the whole time-course, up 

to 80 minutes. In contrast, when the cells were treated with 10ng/ml LIF the levels of 

pSTAT3 only remained elevated for 20 minutes, by 30 minutes the quantity of 

protein was decreasing and by 40 minutes there was very little detection. These 

results suggest that at the higher concentration there is a negative feedback that is not 

present at 0.2ng/ml. This finding fits the hypothesis that it is Socs3 that caused the 

inhibition of Mog induction as Socs3 was transcriptionally regulated by pSTAT3. 

Therefore, at 10ng/ml, enough STAT3 was phosphorylated and translocated to the 

nucleus to induce Socs3 expression that in turn prevented further phosphorylation of 

STAT3. At 0.2ng/ml, Socs3 expression did not increase enough to cause an 

inhibition of pSTAT3. 
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Figure 4.7: Low-concentration of LIF did not cause an inhibition of pSTAT3 but 

high concentration did after 20 minutes. CG4 cells were plated at a density of 

10x104 cells/well and differentiated for 24 hours before 0.2 or 10ng/ml LIF were 

added for the time indicated. pSTAT3 protein density was measured by Western blot 

and total STAT3 was used as a loading control. STAT3 protein is 80kDa. 
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4.8 Socs3 was also induced by OSM and CNTF 

Section 3.5 demonstrated that OSM and CNTF, IL-6 family cytokines that share 

LIFR, induced inhibition of EPO-induced Mog in the same way as LIF. For this 

reason the expression of Socs3 by cells treated with OSM and CNTF was measured. 

The experiment was performed identically to experiments measuring Socs3 

induction by LIF, and OSM and CNTF were added at and equimolar concentration 

to LIF. 

 

OSM and CNTF both induced significant quantities of Socs3 (P=0.00016 and 

P=0.002 respectively), as did LIF (P=0.00001) (Fig 4.8). CNTF seemed to induce 

less Socs3 that the other two cytokines. In Section 3.5 it was noted that CNTF did 

not induce as much Mog as LIF or OSM and it did not completely inhibit EPO-

induced Mog as LIF and OSM did. The slightly reduced effects of CNTF when 

compared to LIF and OSM could be due to a third receptor that CNTF utilises; the 

CNTFR. Both LIF and OSM signal through only LIFR and GP130, while CNTF also 

uses the CNTFR. The CG4 cells used here could express less CNTFR, and so 

explain why the effect of CNTF on these cells was slightly reduced. The experiment 

was repeated and the same results obtained. 
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Figure 4.8: OSM and CNTF also induced Socs3 expression. CG4 cells were 

plated at a density of 8x104 cells/well and differentiated for one day before 10ng/ml 

LIF and equimolar concentrations of OSM and CNTF were added for one hour. 

Socs3 mRNA was measured by qPCR and results are expressed as arbitrary units 

versus the control. Data represented here are the mean ± SD of quadruplicate 

samples. **P<0.01, ***P<0.001 versus the control. 

Cytokine (ng/ml) Mog Mean SD P value 
Ctrl 0.7 0.3  
LIF 7.2 1.0 0.00002 
OSM 7.1 1.5 0.0002 
CNTF 4.6 1.5 0.0021 

 



116 
 

4.9 Inhibition of Socs3 

To investigate the relationship between Socs3 and Mog, Socs3 was inhibited. I 

hypothesised that inhibition of Socs3 would cause an increase in Mog. The method 

used to inhibit Socs3 was the use of small interfering RNA (siRNA). Fire et al 

(1998) found that protein expression of endogenous genes could be restricted by 

endogenous injection of double stranded RNA in Caenorhabditis elegans, the 

molecule injected was later named siRNA (Fire 1998, Elbashir 2001). The siRNA 

can block gene expression by binding to the complementary RNA sequence and so 

preventing translation of this sequence (Matranga 2005). To produce this effect in 

vitro Lipofectamine 2000 transfection of the siRNA into the genome of the cells was 

used (Gopalakrishnan 2009). 

 

CG4 cells were plated at a density of 4x104 cells/well on 24-well plates and 

differentiated after 24 hours. The transfection mixture consisted of Lipofectamine 

2000 and Opti-MEM. Two siRNAs were used individually and in combination. 

Furthermore, a control siRNA was used as a negative control. Twenty four or forty 

eight hours after transfection 10ng/ml LIF was added to each well. Two time points 

were used to ensure that the siRNA would have been properly incorporated into the 

mRNA and that this would have led to a translational decrease in Socs3 expression. 

The experiment was stopped 1 hour after the addition of LIF and Socs3 mRNA 

expression was measured by qPCR. 

 

The siRNA did not successfully inhibit Socs3 expression (Fig 4.9). At 24 hours, the 

cells that were treated with siRNA2, either alone or in combination with siRNA1, 

even expressed more Socs3 mRNA than those that were not transfected and only 

treated with LIF. The upregulation seen showed that the siRNAs were not inert; it is 

possible that there was an overcompensation of Socs3 expression after the attempted 

inhibition.  

 

To confirm that the siRNA was not inhibiting post-transcriptional Socs3, Mog was 

also measured after transfection with the Socs3 siRNA. Cells were plated at a density 

of 3x104cells/well and transfected 24 hours later. In this experiment the two siRNAs 

were used in combination and the control siRNA was used again. EPO and LIF were 
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added 24 hours after transfection and the cells were incubated for 3 days before Mog 

expression was measured by qPCR. Socs3 siRNA did not have any effect on Mog 

expression (Fig 4.10). If the siRNA had inhibited Socs3 it would be expected that the 

inhibition of EPO-induced Mog by LIF would be prevented, however, the inhibition 

was still seen when cells treated with EPO+LIF simultaneously were transfected 

with the Socs3 siRNA. Furthermore, the control siRNA showed no difference in 

effect over the Socs3 siRNA, leading to the conclusion that the siRNA transfection 

was not successful. 

 

Another method used to inhibit Socs3 was the use of a chemical inhibitor, 

Zoledronic acid (ZA). ZA is an amino-bisphosphonate that is approved for use in the 

USA for treatment of Paget’s disease, postmenopausal osteoporosis, multiple 

myeloma, and bone metastases from solid tumours (Ibrahim 2003). ZA is a known 

inhibitor of Socs3 (Scheller 2011) so it was used in another attempt to inhibit Socs3. 

 

CG4 cells were plated at a density of 8x104 cells/well in a 24-well plate. They were 

allowed to proliferate for 1 day at which point differentiation medium and a range of 

concentrations of ZA was added. After overnight incubation, 10ng/ml LIF was added 

and the experiment was stopped 1 hour after the addition of LIF. Socs3 mRNA 

expression was measured by qPCR. 

 

ZA had no effect on Socs3 induction in CG4 cells at any of the concentrations added 

(Fig.4.11). There was no variation in the results between concentrations of ZA and 

none produced a significantly different change from the control.  
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Figure 4.9: Socs3 siRNA failed to inhibit Socs3 expression. CG4 cells were 

plated at a density of 4x104 cells/well and differentiated and transfected 24hours 

later. LIF was added 24 or 48 hours after transfection and the experiment was 

stopped 1 hour after the addition of LIF. Socs3 mRNA was measured by qPCR 

and results are expressed as arbitrary units versus the control. Data represented 

here are the mean ± SD of quadruplicate samples. ***P<0.001 versus the control 

and ##P<0.01 versus EPO alone… 

24hrs 

48hrs 



119 
 

 

  

Figure 4.9 cont.:  

24hr data: 

   P value 
Cytokine (ng/ml) Socs3 Mean SD vs Ctrl vs EPO 
Ctrl 1.1 0.1   
LIF 4.0 0.4 0.0003  
siRNA1 4.8 0.6 0.0006 0.1331 
siRNA2 6.4 0.7 0.0002 0.0068 
siRNA1+2 5.5 0.4 0.00004 0.0097 
 

48hr data: 

   P value 
Cytokine (ng/ml) Socs3 Mean SD vs Ctrl vs EPO 
Ctrl 1.0 0.0   
LIF 4.5 0.7 0.0012  
siRNA1 6.2 0.9 0.0006 0.0665 
siRNA2 4.2 0.2 0.00001 0.5235 
siRNA1+2 4.1 0.4 0.0002 0.4324 
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  Figure 4.10: Socs3 siRNA failed to inhibit Mog expression. CG4 cells were plated 

at a density of 4x104 cells/well and differentiated and transfected 24hours later. LIF 

was added 24 hours after transfection and the experiment was stopped 3 days later. 

Mog mRNA was measured by qPCR and results are expressed as arbitrary units 

versus the control. Data represented here are the mean ± SD of quadruplicate 

samples. *P<0.05 ***P<0.001 versus the control and ###P<0.001 versus EPO alone. 

   P value 
Cytokine (ng/ml) Mog Mean SD vs Ctrl vs EPO 
Ctrl 1.1 0.2   
EPO 19.0 2.4 5.5E-06  
EPO+LIF 1.3 0.1 0.2035 5.75E-06 
EPO+LIF+Socs3si 1.5 0.3 0.0816 6.41E-06 
EPO+LIF+Ctrlsi 0.6 0.1 0.0299 4.74E-05 
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Figure 4.11: Zoledronic acid failed to inhibit Socs3 expression. CG4 cells were 

plated at a density of 8x104 cells/well and differentiated 24 hours later, at which 

point ZA was added. LIF was added 24 hours later and the experiment was 

stopped 1 hour after this addition. Socs3 mRNA was measured by qPCR and 

results are expressed as arbitrary units versus the control. Data represented here 

are the mean ± SD of quadruplicate samples. No statistical significance. 

ZA (µM/ml) Socs3 mean SD P value 
0 0.9 0.1  
0.1 0.9 0.2 0.6451 
1 0.9 0.1 0.4141 
10 0.9 0.2 0.6448 
 



122 
 

Potentially the reason there was no effect of ZA seen here was that it affects Socs3 

post-translationally, preventing formation of the active protein as opposed to 

expression of the mRNA. Therefore it was decided to measure Mog output when ZA 

was present to see if it was having an effect on the final outcome of the treatment 

with EPO and LIF. It was hypothesised that, because ZA blocks Socs3 protein there 

would not be a decrease in Mog when EPO+LIF were added simultaneously. 

 

CG4 cells were plated at a density of 4x104 cells/well in 24-well plates. They were 

differentiated 24 hours later and ZA was added at both 1 and 10 µM/ml to the cells 

that required it. After overnight incubation EPO alone or EPO+LIF were added and 

the experiment was run for an additional 3 days. Mog mRNA expression was 

measured by qPCR. 

 

The pre-treatment of these cells with ZA failed to prevent the inhibition of EPO-

induced Mog by LIF (Fig 4.12). The samples treated with ZA as well as EPO+LIF 

showed the same reduction in Mog expression as those that were not. It appears that 

ZA had no effect on these cells. 

 

To finally confirm that ZA had no effect in these cells the basal expression of Mog 

after ZA treatment was investigated. CG4 cells were plated at 3x104 cells/ml. They 

were differentiated after 24 hours and ZA was added to the wells that required it at a 

concentration of 10µM/ml. Twenty four hours later EPO was added and the 

experiment was run for 3 days. Mog mRNA expression was measured by qPCR. 

 

The results seen in Figure 4.13 show that ZA had no effect on either basal Mog 

expression or on the increased Mog induction by EPO. The graph appears to show a 

difference between EPO treatment alone and EPO and ZA treatment, but this 

difference was not statistically significant (P=0.069). The combined results after ZA 

treatment show that it had no effect on Socs3.  
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Figure 4.12: Zoledronic acid failed to increase Mog induction. CG4 cells were 

plated at a density of 4x104 cells/well and differentiated 24 hours later, at which 

point ZA was added. EPO and LIF were added 24 hours after ZA treatment. The 

experiment was run for 3 days after the addition of the cytokines. Mog mRNA 

was measured by qPCR and results are expressed as arbitrary units versus the 

control. Data represented here are the mean ± SD of quadruplicate samples. 

*P<0.05, **P<0.01 and ***P<0.001 versus the control and ##P<0.01 and 

###P<0.001. 

   P value 
Samples Mog Mean SD vs Ctrl vs EPO 
Ctr 0.7 0.2   
EPO 7.9 2.1 0.0005  
EPO+LIF 1.3 0.3 0.0210 0.0007 
EPO+LIF+ZA1 1.5 0.3 0.0038 0.0035 
EPO+LIF+ZA10 1.3 0.3 0.0132 0.0008 
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Figure 4.13: Zoledronic acid failed to increase Mog induction or basal Mog 

levels. CG4 cells were plated at a density of 3x104 cells/well and differentiated 24 

hours later, at which point ZA was added. EPO was added 24 hours after ZA 

treatment. The experiment was run for 3 days after the addition of EPO. Mog 

mRNA was measured by qPCR and results are expressed as arbitrary units versus 

the control. Data represented here are the mean ± SD of quadruplicate samples. 

***P<0.001 versus the control. 

   P value 
Samples Mog Mean SD vs Ctrl vs EPO 
Ctrl 0.9 0.1   
Ctrl+ZA 0.8 0.2 0.1909  
EPO 8.2 2.2 0.0005  
EPO+ZA 5.1 0.8 0.0001 0.0693 
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4.10 A known inducer of Socs3 also inhibited EPO-induced Mog 

As inhibition of Socs3 was not successful (Section 4.9) it was decided to induce 

Socs3 to provide further evidence that it caused inhibition of EPO-induced Mog 

expression by LIF. If an inducer of Socs3 also causes the inhibition of EPO-induced 

Mog it would show that Socs3 has the capacity to induce inhibition.  

 

Phorbol 12-myristate 13-acetate (PMA) inhibits IL-6 signalling by inducing 

expression of Socs3 (Terstegen 2000). For this reason it was used to replace LIF in 

the simultaneous treatment with EPO. To confirm that it induced Socs3 in these 

cells, PMA was added at 10ng/ml individually and simultaneously with EPO 24 

hours after differentiation of CG4 cells. They were treated for 1 hour before Socs3 

mRNA expression was measured by qPCR. 

 

PMA induced very high levels of Socs3 expression when added simultaneously with 

EPO (Fig 4.14). Interestingly, and dissimilar to LIF, it did not induce Socs3 when 

added alone suggesting that in this instance it is a combined effect of EPO and PMA 

that caused a high increase in Socs3 expression. 

 

The effect of this significant increase in Socs3 expression by PMA and EPO 

simultaneously was investigated by measuring the influence on Mog expression after 

these treatments. CG4 cells were plated at a density of 4x104 cells/well and PMA 

was used at the same concentration as EPO and added at the same time. The 

experiment proceeded for three days to allow for the induction of Mog expression, 

which was measured by qPCR. 

 

PMA caused a decrease in EPO-induced Mog, reflecting the inhibition seen by LIF 

(Fig 4.15). The similarities between induction of Mog by PMA and by LIF suggest 

that a signalling pathway that is common to these two molecules was involved in the 

inhibition of EPO-induced Mog. As Socs3 is known to be present downstream of 

both of these molecules it can be assumed that it was working in the same way after 

PMA treatment as it did after LIF treatment. The conclusion drawn here was that 

Socs3 was involved in LIF’s inhibition of EPO-induced Mog. The experiment was 

repeated and the same results obtained. 
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Figure 4.14 PMA induced Socs3 expression when added simultaneously 

with EPO. CG4 cells were plated at a density of 8x104 cells/well and 

differentiated for one day before treatment with EPO, PMA or both at 10ng/ml. 

Socs3 mRNA was measured by qPCR and results are expressed as arbitrary 

units versus the control. Data represented here are the mean ± SD of 

quadruplicate samples. *P<0.05, ***P<0.001 versus the control and ###P<0.001 

versus EPO alone. 

   P value 
Samples Socs3 Mean SD vs Ctrl vs EPO 
Ctrl 1.1 0.3   
EPO 2.9 1.2 0.0327  
PMA 1.8 0.5 0.0525 0.1582 
EPO+PMA 8.7 0.5 2.033E-07 0.0001 
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Figure 4.15: PMA inhibited induction of Mog expression by EPO. CG4 cells were 

plated at a density of 4x104 cells/well and differentiated for three days after treatment 

with PMA, EPO, or both at 10ng/ml. Mog mRNA was measured by qPCR and results 

are expressed as arbitrary units versus the control. Data represented here are the mean 

± SD of quadruplicate samples. **P<0.001 versus the control and ##P<0.001 versus 

EPO alone. 

   P value 
Samples Mog Mean SD vs Ctrl vs EPO 
Ctrl 3.0 0.1   
EPO 10.1 1.9 0.0011  
PMA 1.4 0.3 0.0539  
EPO+PMA 4.8 0.3 2.3226E-06 0.0021 
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4.11 Conclusions 

x Socs3 expression correlated with decreased Mog expression 

x A known inducer of Socs3 also inhibited Mog expression 

x Egr2 and ERK1/2 were not involved in the inhibition of EPO-induced Mog, 

despite being previously linked to myelination 

The purpose of the experiments presented in this chapter was to investigate the 

signalling mechanisms that lead to the inhibition of EPO-induced Mog by the 

addition of LIF. It was confirmed that it is an early signalling event that caused the 

inhibition of EPO-induced Mog because only LIF added simultaneously with EPO 

caused a complete inhibition of Mog; it did not when it was added at later time 

points.  

 

Socs3 is known to be induced by IL-6 cytokines. The results here confirmed that 

Socs3 is an early-induced protein and so could be causing the inhibition seen. Socs3 

expression was then shown to negatively correlate with Mog induction. The 

conditions that demonstrated the lowest Mog induction (LIF 10ng/ml and EPO+LIF) 

showed the highest levels of Socs3 expression, while EPO alone and LIF 0.2ng/ml, 

conditions that increased Mog induction, resulted in lower levels of Socs3. 

Furthermore, with treatment of 0.2ng/ml LIF phosphorylation of STAT3 was 

sustained up to 80 minutes, whereas 10ng/ml LIF initially increased the 

phosphorylation of STAT3 but inhibition was observed after 20 minutes, suggesting 

that Socs3 was expressed at high enough concentrations to cause an inhibitory 

feedback. 

 

In attempting to prove that the interaction between Socs3 and Mog is not just 

coincidental, Socs3 was intentionally upregulated by PMA. EPO-induced Mog was 

also inhibited by PMA and an increased expression of Socs3 was induced when 

added simultaneously with EPO.  

 

Furthermore, neither Egr2 nor pERK1/2 correlated with the suppression of Mog 

induction seen when the CG4 cells were treated with EPO+LIF, demonstrating that 

this signalling pathway was not involved in the inhibition. 
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Taken together, these results suggest a functional implication for Socs3 expression 

and an explanation for how LIF inhibits EPO-induced Mog. Suppression of EPO by 

Socs3 has not been investigated in a model of neurorepair so from this series of 

experiments it can be concluded that a novel feedback mechanism has been 

identified. 

 

The identification of Socs3 as a viable inhibitor of EPO has implications for 

treatment of demyelinating diseases. If there is a chance that EPO treatment is being 

inhibited by Socs3 expression as induced by endogenous cytokine stimulation, then 

the use of EPO in regenerative medicine could be less efficacious than if Socs3 were 

not present. If Socs3 expression was inhibited, less EPO would be required in 

treatment. Therefore, given a reduced quantity of EPO would be required for 

therapeutic efficacy, it is likely that the side-effects of EPO would be reduced.  

 

The current chapter focussed on signalling mechanisms previously investigated as 

downstream consequences of EPO and/or LIF stimulation. While this approach did 

lead to potential answers for what caused inhibition of EPO-induced Mog by LIF, I 

only explored known signalling mechanisms. To investigate a much wider variety of 

genetic effects of EPO and LIF, chapter 5 will characterise the genetic profile of the 

cytokine treated CG4 cells using gene expression microarrays. In the analysis that 

follows, hierarchical clustering and gene association software were used to screen 

over 30,000 genes to identify those that may have a functional impact on myelination 

in these cells. 
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Chapter 5. Gene expression microarray analysis of EPO-

regulated genes 
 

5.1 Introduction 

Microarray technology was first described in 1995 by Schena et al. as a method of 

profiling the expression of a large number of genes simultaneously (Schena 1995). 

The analysis of thousands of genes concurrently allowed for the detection of subtle 

changes in transcript variants and for the identification of genes that may not have 

been previously implicated in the specified condition.  

 

Previous work by Cervellini et al, and confirmed by experiments undertaken in this 

project, investigated the effect of EPO on CG4 OPCs, showing that EPO consistently 

upregulated myelin genes such as Mog in these cells (Cervellini et al. 2013a).  

 

The mechanisms that control OPC differentiation and myelination are complex and 

rely on the interaction between many signalling pathways that act in synergy to 

produce an overall increase in myelination. Individual signalling pathways may have 

opposing effects on myelination but the optimal conditions and combination of 

orchestrated signalling pathways induces a genetic profile in OPCs that leads to a 

pro-myelinating phenotype. 

 

Microarray gene technologies have been used to study the oligodendrocyte genome 

previously, leading to a greater understanding of basic mechanisms of 

oligodendrocyte development. Using this technology, SRY-box containing gene 17 

was identified as a gene whose expression was coordinated with that of four myelin 

genes (Sohn 2006). Furthermore, oligodendrocytes demonstrated overall a large 

change in gene expression as the cells prepared to commit to a myelinating 

phenotype including upregulation of myelin structural genes, cholesterol 

biosynthesis genes and actin cytoskeleton regulatory genes (Nielsen 2006). 

Oligodendrocyte differentiation was also investigated by microarrays, and patterns in 

transcription factor expression were identified (Dugas 2012). Comparisons between 

the two latter datasets showed that 70% of the upregulated transcription factors 
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important in differentiation identified by Dugas et al were also identified as 

important in myelination by Nielsen et al (Joseph A. Nielsen et al. 2010). 

 

EPO had protective properties in models of cerebral ischaemia (Mengozzi 2012). 

The genes responsible for its ability to provide this protective effect have been 

investigated previously by gene expression microarrays, introducing Arc, Bdnf, Egr1 

and Egr2 as important regulators of synaptic plasticity. The pro-myelinating effects 

of EPO on oligodendrocytes have been investigated previously, and confirmed in 

this thesis. CG4 cells treated with EPO show an increased expression of the myelin 

gene Mog, but the genetic expression that results in its ability to increase 

myelination is not well understood. 

 

Analysis of the genes whose expression is altered by differentiation and by the 

addition of EPO will elucidate the mechanisms that are most important in 

contributing to maturation and myelination. Developing a greater understanding of 

these mechanisms will clarify potential therapeutic targets that could be used to 

increase OPC differentiation and myelination in disease models. Furthermore, by 

investigating two time points; 1 hour and 20 hours, genes that were induced 

immediately could be investigated as well as those induced later. Genes that are 

induced early will be compared to gene expression profiles at the later time point to 

identify concomitant effects upon gene regulation. The results obtained by 

microarray analysis alluded to several regulatory mechanisms and validation of 

genes involved in such regulatory pathways by qPCR was largely confirmed. 

 

 

5.2 Confirmation of the effect of EPO and LIF on CG4 cells 

Gene expression microarray analysis was conducted to investigate the effects of 

EPO, LIF and EPO+LIF simultaneously on gene expression in CG4 cells. The cells 

were plated at a density of 3.5x105 cells/well in 6-well plates. Twenty-four hours 

after plating they were differentiated and 3 hours after that the cytokines were added. 

Half of the experiment was stopped at 1 hour and the same number of samples was 

stimulated for 20 hours. The use of two time points would allow comparisons 

between the genes that are induced immediately, those whose expression remains 
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elevated throughout the time-course, and those that are only altered at later time 

points, representing downstream effects. The experiment was stopped using QIAzol 

and total RNA extracted using miRNeasy Mini Kit (Qiagen) and the quality and 

quantity measured using Nanodrop ND-1000. Gene expression microarray analysis 

was carried out by Oxford Gene Technologies (Section 2.5). 

 

Before the samples were sent away for analysis by microarrays it needed to be 

confirmed that the experiment showed the same results as those seen in previous 

work from this project (Chapters 3&4). As the longest time point of the experiment 

was 20 hours, Mog could not be used to confirm the experiment worked as it is 

measured at 3 days. Therefore, expression of Socs3 and Egr2 in the 1 hour samples 

were analysed by qPCR and these results compared to previous data from Chapter 4 

(Fig 5.1). The patterns of expression observed support those seen in the previous 

work. Crucially, Socs3 expression was increased by LIF and EPO+LIF, suggesting 

again that it is a causative agent of the inhibition of EPO-induced myelination. 

Therefore these samples were suitable for the microarray analysis.  
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Figure 5.1: Egr2 and Socs3 induction in CG4 cell samples to be analysed by 

microarrays. CG4 cells were plated at a density of 35x104 cells/well and differentiated 

for 3 hours before 10ng/ml LIF or EPO or both were added for one hour. Data 

represented here are the mean ± SD of quadruplicate samples. *P<0.05, ** P<0.01, *** 

P<0.001 versus the control & ##P<0.01, ###P<0.001 versus EPO alone by Students t 

test… 
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Figure 5.1 cont.: 

Egr2 results: 

   P value 
Cytokine (ng/ml) Egr2 Mean SD vs Ctrl vs EPO 
Ctrl 1.0 0.2   
EPO 5.7 1.3 0.0006  
LIF 2.7 0.7 0.0030 0.0086 
LIF+EPO 11.9 11 1.4881E-06 0.0011 
 

Socs3 results: 

   P value 
Cytokine (ng/ml) Socs3 Mean SD vs Ctrl vs EPO 
Ctrl 1.0 0.1   
EPO 1.3 0.2 0.0487  
LIF 6.1 0.8 1.3101E-05 0.0002 
LIF+EPO 6.3 1.2 0.0001 0.0010 
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5.3 Transcripts that are altered by differentiation 

A group of undifferentiated samples that were not treated with cytokines were 

included in the gene expression microarray analysis. The inclusion of these samples 

allowed analysis of the genes that were altered by differentiation. The cells used for 

the undifferentiated samples were plated at the same time as the cells for the other 

samples but were not induced to differentiate and were not treated with either EPO 

or LIF. The experiment was stopped after culture for 48 hours and the total RNA was 

extracted. The undifferentiated samples were not considered to be at either time 

point because the time point measured time since the addition of the cytokines. As 

such they were only considered in analysis versus the control samples i.e. those that 

were differentiated but were not stimulated by cytokines. 

 

There were 30367 transcripts analysed in the microarrays. Those that had no mapped 

EntrezGene IDs and those with no functional annotation were removed and 21575 

transcripts remained. The fold change between each control sample at both time 

points versus the mean of the undifferentiated samples was calculated. The mean of 

the control fold changes was calculated and filtered for control versus 

undifferentiated at both time points separately with parameters for significance set at 

a fold change greater than or equal to 1.5 (Log2 FC ±0.58) and p<0.05 by Student’s t 

test. For the purpose of comparing the differentiated samples to the undifferentiated 

ones it should be noted that the early time point is 4 hours of differentiation and the 

second time point is 23 hours. The 1 hour and 20 hour time points throughout the 

rest of the analysis refer to those samples treated with cytokines, as these were the 

time points after cytokine addition. After the 4 hour samples were filtered for 

significance 2134 genes remained. After the same filter was applied to the 23 hours 

samples 3761 genes remained. More genes were altered at 23 hours than 1 hour 

when comparing the control to undifferentiated because the cells have had an extra 

19 hours of differentiation that increased their maturity.  

 

Filters were applied to both time points simultaneously, and 982 genes remained. 

Analysis was difficult with so many genes and the large number meant that a more 

conservative test needed to be applied. Therefore the p value was reduced to less 

than or equal to 0.01 by Students t test, a parameter which left 580 genes remaining. 
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By increasing the level of significance the chance of a false positive was also 

reduced, as only those within a 1% confidence interval were included. The 

significant genes were ordered for mean fold change at both time points separately 

and then ten most highly up- and downregulated at each time point are shown in 

Tables 5.1 and 5.2.  

 

Firstly of note from the analysis presented in table 5.2 is that Mbp was the second 

most highly upregulated gene at 23 hours. In previous experiments Mbp expression 

was the same as Mog expression when induced by EPO and LIF (Section 3.4). Mbp 

is the second most abundant protein in the CNS myelin, after proteolipid protein, and 

is the only protein known to be essential for myelination (Readhead et al. 1990). Its 

gene expression as determined by our analysis as such a highly upregulated gene 

supports evidence for its role in maturation of OPCs. 

 

The most highly upregulated gene at 4 hours was fatty acid deacetylase 6 (Fads6). 

While this gene has not been linked specifically to myelination, the enzymes that it 

codes for have been implicated in demyelinating diseases. The Fads family of genes 

is important in the development of cerebral white matter (Peters 2014). 

 

Chemokine C-C motif (Ccl20) appeared among the most highly downregulated in 

both tables 5.2 and 5.3. It was the only gene to appear in both tables that may have a 

functional relation to oligodendrocytes. Ccl20 is a chemokine involved in immunity 

and inflammation. Neurodegenerative injury led to increased Ccl20 expression, and 

it was toxic to neurons and oligodendrocytes (Das et al. 2011, Leonardo 2012). The 

downregulation of Ccl20 in differentiated cells suggests that it reduced cell viability 

and supported the hypothesis that it is detrimental to oligodendrocyte development. 

 

Hes5 was one of the most highly downregulated genes at 1 hour. It is downstream of 

the Notch pathway, which is crucial to oligodendrocyte development (Morrison et al. 

2000). Notch is selectively downregulated in oligodendrocytes that begin 

myelinating and it is upregulated during demyelination (Woodhoo 2007, Aparicio et 

al. 2013). Furthermore, it is expressed in oligodendrocytes that fail to remyelinate in 

MS plaques (John 2002).  
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   1hr 20hrs 
 Gene name Accession 

number 
Average 
Log2 FC 

P value Average 
Log2 FC 

P value 

Upregulated      
 Fads6 NM_001107064 6.45 0.00002180 1.20 0.00528068 

 Crym NM_053955 5.01 0.00052411 3.41 0.00359519 
 Rpe65 NM_053562 4.99 0.00000000 5.22 0.00000001 
 Shroom2 NM_001047893 4.54 0.00001449 3.46 0.00005107 
 Prr15 NM_001104527 4.44 0.00003671 3.57 0.00015374 
 Hs3st6 NM_001109450 4.37 0.00003525 1.27 0.00415522 
 Txnip NM_001008767 3.54 0.00007228 5.83 0.00000678 
 Bmp4 NM_012827 3.53 0.00000053 2.50 0.00000383 
 Btbd17 NM_001134534 3.38 0.00028875 2.89 0.00066828 
 Kcnj12 NM_053981 3.18 0.00073958 3.09 0.00051745 

Downregulated      
 Skor2 XM_003751807 -2.32 0.00330278 -2.17 0.00436327 

 Trib3 NM_144755 -2.35 0.00001099 -2.88 0.00000092 
 Tfrc NM_022712 -2.39 0.00037228 -1.70 0.00086615 
 Bdnf NM_012513 -2.41 0.00001348 -1.94 0.00015074 
 Fam212b NM_001107713 -2.66 0.00015119 -1.78 0.00030249 
 Hes5 NM_024383 -3.36 0.00015832 -2.60 0.00020626 
 Ccl20 NM_019233 -3.58 0.00005855 -2.72 0.00003949 
 Egr1 NM_012551 -3.69 0.00019517 -1.90 0.00279780 
 Spry4 NM_001106150 -4.59 0.00000022 -1.14 0.00014540 
 Samd9l XM_001069386 -5.05 0.00000011 -1.35 0.00010806 

 

  

  

Table 5.1: Genes differentially expressed in undifferentiated vs. differentiated 

samples at 4 hours. Genes were filtered for significant changes between the control and 

undifferentiated cells at both time points. Ordered for fold change at 4 hours and the most 

highly up- and downregulated are shown here.  Significance was defined as a p value less 

than 0.05 and fold change greater than 1.5. P value was calculated using Students t test. 
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   1hr 20hrs 
 Gene name Accession 

number 
Average 
Log2 FC 

P value Average 
Log2 FC 

P value 

Upregulated      
 Txnip NM_001008767 3.54 0.00007228 5.83 0.00000678 
 Mbp NM_001025289 1.53 0.00014749 5.42 0.00000023 
 Ninj2 NM_021595 2.82 0.00000383 5.40 0.00000020 
 Rpe65 NM_053562 4.99 0.00000000 5.22 0.00000001 
 Sema5a NM_001107659 1.49 0.00000548 4.61 0.00000002 
 Sim2 NM_001107108 2.98 0.00005752 4.48 0.00000927 
 Mid2 NM_001191889 1.63 0.00012772 3.83 0.00000262 
 P2ry12 NM_022800 1.23 0.00169351 3.65 0.00000900 
 Prr15 NM_001104527 4.44 0.00003671 3.57 0.00015374 
 Arrdc3 NM_001007797 1.67 0.00083525 3.54 0.00000581 
Downregulated      
 Ccl20 NM_019233 -3.58 0.00005855 -2.72 0.00003949 
 Acvr1c NM_139090 -0.88 0.00726047 -2.86 0.00055348 
 Ldlrad4 NM_001271365 -1.03 0.00889526 -2.86 0.00005705 
 Trib3 NM_144755 -2.35 0.00001099 -2.88 0.00000092 
 Slc37a2 XM_006242809 -0.85 0.00033732 -2.89 0.00003887 
 Mdfic NM_001105668 -0.88 0.00627783 -2.92 0.00003656 
 Tac1 NM_001124769 -1.34 0.00045308 -3.81 0.00002348 
 Gjb2 NM_001004099 -2.20 0.00004985 -4.54 0.00000187 
 Slc7a11 NM_001107673 -0.89 0.00040854 -4.69 0.00000078 
 Wdr16 NM_001100968 0.92 0.00008156 -4.72 0.00000035 

 

  

Table 5.2: Genes differentially expressed in undifferentiated vs. differentiated 

samples at 23 hours. Genes were filtered for significant changes between the control and 

undifferentiated cells at both time points. Ordered for fold change at 23 hours and the 

most highly up- and downregulated are shown here. Significance was defined as a p 

value less than 0.05 and fold change greater than 1.5. 
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The genes significantly changed at both time points between undifferentiated versus 

control samples were analysed by hierarchical clustering. The fold change values of 

the control samples were expressed versus the mean of the undifferentiated samples. 

The heat map image that was produced showed that most genes behaved similarly 

between 4 hours and 23 hour analysis (Fig 5.2). The trend appeared to be that a 

stronger expression was observed at 23 hours than 4 hours, as in general the red or 

the green tiles were brighter on the right side of the heat map image. This signifies 

genes that are expressed from an early time point whose expression only increases 

with time. There were areas of the gene expression tiling of the image where the 4 

hours panel showed the greater expression, perhaps indicating that those genes were 

induced strongly and very quickly but after initial induction their expression was not 

sustained. It must be noted that only genes that were altered at both time points were 

represented here, therefore any that were unaltered compared to undifferentiated 

levels were excluded. 

 

At the top of the image however were two clusters that represented opposing effects 

at each time point (Fig 5.3). Cluster 1 represented genes that were upregulated at 4 

hours but downregulated at 23 hours and cluster 2 showed genes whose expression 

was induced in the opposite effect. Included in these clusters were genes Vegfa, a 

growth factor that influences cell maturity and differentiation, although most of what 

is known is in endothelial cells (Hirashima 2009). ErbB2 also appeared which has 

potent effects on myelination of Schwann cells so may have a similar effect on 

oligodendrocytes (Basak 2015). Both of these genes were downregulated at 4 hours 

but upregulated at 23 hours. 
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Figure 5.2: Genes changed by the control 

vs. undifferentiated samples at both time 

points. Hierarchical clustering and heat map 

of the differentially expressed transcripts 

identified by comparing control vs. 

undifferentiated at a threshold of 1.5 fold 

change (Log2 FC±0.58) and P<0.01. Each 

sample represents the expression change 

compared to the mean Log2 of 

undifferentiated. Red indicates an increase 

and green indicates a decrease in expression 

compared to controls. Average linkage 

clustering analysis was performed using 

Genesis software. The whole image is shown 

to give a full overview of the analysis. 

Individual clusters are shown later. Four 

columns of each treatment are biological 

replicates. The first four columns represent 4 

hour samples and the final four the 23 hour 

analysis. Bars 1&2 indicate clusters of 

interest. 

Original in colour 
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Figure 5.3: Genes changed by the control cells vs. undifferentiated samples at both 

time points. Clusters only. Hierarchical clustering and heat map of the differentially 

expressed transcripts identified by comparing the control vs. undifferentiated at a 

threshold of 1.5 fold change (Log2 FC±0.58) and P<0.01. Each sample represents the 

expression change compared to the mean Log2 of undifferentiated. Red indicates an 

increase and green indicates a decrease in expression compared to controls. Average 

linkage clustering analysis was performed using Genesis software. Two clusters of 

interest labelled as 1 &2. Four columns of each treatment are biological replicates. 

Original in colour 
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5.4 Transcripts that are altered by differentiation and by EPO 

The gene expression microarray analysis was also used to elucidate how EPO 

affected gene expression when it was used to stimulate CG4 OPCs. Previous 

experimental work presented in Chapter 3 of this thesis, and that carried out by 

Cervellini et al (2013), showed that EPO significantly increased expression of two 

myelin genes, Mog and Mbp, by differentiating CG4 cells (Cervellini et al. 2013a). 

Therefore, analysis of the genes significantly altered by EPO could provide crucial 

information about the mechanisms that mediate the EPO’s promyelinating effect. 

 

The same filters employed in Section 5.2 were applied so that only the transcripts 

significantly changed between the controls at both time points and the 

undifferentiated samples were present. Again, the parameters of significance were 

set at fold change greater than 1.5 (Log2 FC±0.58) and a P value less than or equal to 

0.01 as determined by the Students t test. In addition to being expressed as control 

versus undifferentiated, the same genes were also filtered for EPO versus control. 

This provided a comparison of how the addition of EPO affected these genes that 

were important in differentiation.  

 

Hierarchical cluster analysis was performed on the genes that were significantly 

altered between control at both time points and undifferentiated samples, this time 

with the additional values for EPO versus control (Fig 5.4). The clusters on the right 

of the heat map image, controls versus undifferentiated, were not altered by the 

addition of the EPO-treated samples to the analysis. On the whole the clusters look 

the same including the two clusters near the top of the image where the genes were 

altered differently between the two time points. Furthermore, the right side of the 

image is mostly dark in colour intensity with very few tiles showing an increased or 

decreased expression. The conclusion to be drawn from this was that on the whole 

the genes that were altered during differentiation were not those that were altered 

during EPO-induced myelination. 

 

However, there were a few small clusters in which genes were altered between 

differentiated and undifferentiated samples and were then altered in the same way by 

EPO compared to differentiated samples. One such gene was tumour necrosis factor 
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receptor super family (Tnfrsf)-9, also known as Cd137, which was downregulated at 

both conditions. Upregulation of this ligand in the CNS has been linked to 

oligodendrocyte apoptosis and mice knockout models for this gene showed reduced 

severity of EAE (Yeo et al. 2012). Another gene that was modulated in the same 

way between both conditions was myelin associated glycoprotein (Mag). The 

upregulation of Mag was important because it is a myelin gene and so its expression 

is related to the myelinating capacity of the cells. Its expression profile here 

demonstrated that the myelin produced by the cells increased upon differentiation 

and was further amplified upon stimulation with EPO, although this effect was only 

seen at 20 hours. 
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Figure 5.4: Genes changed by the control vs. 

undifferentiated samples at both time points plus 

the expression of these genes when the cells are 

treated with EPO expressed vs the control. 

Hierarchical clustering and heat map of the 

differentially expressed transcripts identified by 

comparing the control vs. undifferentiated at a 

threshold of 1.5 fold change (Log2 FC±0.58) and 

P<0.01. Samples treated with EPO are also included; 

the values shown represent EPO vs the control. Each 

sample represents the expression change compared 

to the mean Log2 of undifferentiated or the control. 

Red indicates an increase and green indicates a 

decrease in expression compared to the controls. 

Average linkage clustering analysis was performed 

using Genesis software. The whole image is shown 

to give a full overview of the analysis. Four columns 

of each treatment are biological replicates. The 

conditions are; Ctrl 1hr, ctrl 20hrs, EPO 1hr, and 

EPO 20hrs. Bars 1&2 indicate clusters of interest. 

Original in colour 
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5.5 Transcripts that are altered by the addition of EPO 

Section 5.4 looked at the effect that EPO had on only those genes that were altered 

during differentiation. One of the further aims of the gene expression microarray 

analysis was to determine the effect of EPO on all genes to study the mechanism 

behind the promyelinating effect of EPO. It was important to investigate the effects 

of EPO at both time points, and the comparison between the two time points, to 

ascertain any patterns of gene expression that were consistent for the duration of the 

experiment. Initially, the transcripts were sorted for EPO versus control with 

parameters for significance set at fold change greater than or equal to 1.5 

(Log2FC±0.58) and P value less than or equal to 0.05 by Student’s t-test and these 

filters applied to both time points. Only 12 transcripts remained after these two 

filters, all of which are represented in Table 5.3 with their average FC values and P 

values. The low number of genes that had significant P values across both time 

points suggests that it was not the same genes initiating myelination as those 

sustaining it.  

 

The most highly upregulated gene was H19, which is a non-coding RNA that is 

linked closely to development (Gabory et al. 2010). The significant upregulation of 

H19 by EPO at 20 hours could demonstrate that EPO induced a pro-developmental 

genotype, which could lead to the increase in myelination. Peripheral myelin protein 

2 (Pmp2) appeared as the second most highly upregulated gene in the table. Pmp2 is 

a myelin gene and although it is primarily known for myelination in the PNS 

(Zenker et al. 2014), it is expressed in the CNS (Gould et al. 2008) and the presence 

of it so highly upregulated by EPO represented the potent pro-myelinating effects of 

EPO. 

 

The expression of these genes in differentiated versus undifferentiated sample 

analysis was investigated to determine if any genes were consistently changed across 

both sets of analyses. Those genes changed in both analyses would be important in 

both the differentiation of the cells and the myelinating effect of EPO. Again, Pmp2 

was present throughout both time points, highlighting its importance in developing a 

pro-myelinating phenotype. 
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The time points were also considered separately. The same parameters were applied 

to the individual time points. At 1 hour 159 genes were significantly different and at 

20 hours 617 genes were significantly changed by EPO. The genes were filtered for 

fold change and the ten most highly up- and downregulated genes for each time point 

are shown in Tables 5.4 & 5.5.  

 

Cd36 was one of the most highly upregulated genes at 20 hours. It is important in 

cellular differentiation and so could explain how EPO increased the myelinating 

capacity of the CG4 cells (Christiaens et al. 2012). Therefore, qPCR was performed 

on the samples used in the microarrays to confirm the expression seen. The 

validation was successful as the large upregulation of Cd36 seen in cells treated with 

EPO seen in the microarrays was replicated in the qPCR validation (Fig 5.5). 
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  1hr 20hrs 
Gene 
name 

Accession 
number 

Average 
Log2 FC 

P.value Average 
Log2 FC 

P.value 

H19 NR_027324 2.43 0.00000518 12.53 0.00000024 
Pmp2 NM_001109514 0.86 0.00711807 5.29 0.00000058 
Arl4a NM_019186 0.91 0.00000791 1.85 0.00000004 
Cish NM_031804 0.83 0.02744074 1.75 0.00000273 
Ccdc166 NM_001163519 -0.75 0.02514777 0.92 0.00863588 
Fos NM_022197 1.91 0.00000507 0.90 0.00001360 
Ovch2 XM_003748959 -0.82 0.01749556 0.87 0.01979570 
Irx2 NM_001039505 0.73 0.00801204 0.83 0.00151167 
Spry4 NM_001106150 1.27 0.00145496 0.77 0.00006127 
Fam222a NM_001109067 -0.75 0.00666498 0.59 0.04166606 
Olr841 NM_001000405 -0.69 0.02647437 -1.32 0.03298333 
Bcl6 NM_001107084 -0.60 0.00153975 -1.34 0.00000001 

 

  

Table 5.3: Genes differentially expressed in EPO-treated vs the control 

samples at both time points. Genes were filtered for significant changes between 

EPO and the control treatments at both time points. Significance was defined as a 

P value less than or equal to 0.05 and fold change greater than 1.5. 
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   1hr 20hrs 
 Gene 

name 
Accession 
number 

Average 
Log2 FC 

P value Average 
Log2 FC 

P value 

Upregulated      
 Egr1 NM_012551 4.60 0.00000056 0.48 0.00578004 
 H19 NR_027324 2.43 0.00000518 12.53 0.00000024 
 Hoxc6 XM_006226279 2.00 0.00175606 0.07 0.54237074 
 Fos NM_022197 1.91 0.00000507 0.90 0.00001360 
 Pstpip1 NM_001106824 1.43 0.03506725 0.09 0.72003330 
 Vsig8 NM_001105972 1.29 0.00062659 0.05 0.65808805 
 Spry4 NM_001106150 1.27 0.00145496 0.77 0.00006127 
 Wfdc3 NM_001106541 1.08 0.00303977 -0.30 0.40864902 
 Ptpn22 NM_001106460 1.06 0.01714175 0.04 0.75196221 

 Has2 NM_013153 1.03 0.00048971 -0.49 0.02806679 
Downregulated      
 Usp17l5 XM_219062 -1.11 0.00280315 0.52 0.14905731 
 Olr1678 NM_001000893 -1.11 0.04172825 0.05 0.59491368 
 Olr813 NM_001000846 -1.16 0.04339875 -0.37 0.10163985 
 Cldn7 NM_031702 -1.25 0.03816708 0.05 0.62358439 
 Sptb NM_212522 -1.26 0.00028376 1.04 0.26304015 
 Tchh XM_006224200 -1.26 0.00269190 0.19 0.45776918 
 Cntnap2 XM_006236412 -1.26 0.02828578 0.04 0.75580201 
 Krtap8-1 XM_002724689 -1.31 0.00347626 0.04 0.76468505 
 Tmem119 NM_001107155 -1.37 0.00347876 -0.03 0.90302842 
 Gpx3 NM_022525 -1.41 0.01333592 0.08 0.80757283 

 

  

Table 5.4: The most highly up- and downregulated genes between cells treated with 

EPO vs. the control at 1 hour. Genes were filtered for significant changes between EPO 

and the control treatments. Significance was defined as a P value less than 0.05 and fold 

change greater than 1.5. The corresponding values for the genes at 20 hours, again EPO vs 

ctrl, are also shown. 
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   1hr 20hrs 
 Gene name Accession 

number 
Average 
Log2 FC 

P value Average 
Log2 FC 

P value 

Upregulated      
 H19 NR_027324 2.43 0.00000518 12.53 0.00000024 

 Cd36 NM_031561 -0.07 0.50432600 5.92 0.00000004 
 Pmp2 NM_001109514 0.86 0.00711807 5.29 0.00000058 
 Htr2c NM_012765 -0.07 0.49929561 5.14 0.00000000 
 Tnfrsf11a NM_001271235 0.54 0.05497056 4.37 0.00000000 
 Ptpre NM_053767 -0.31 0.18143596 4.01 0.00000033 
 Mrvi1 NM_001105210 -0.09 0.38085052 3.96 0.00000788 
 Igf2 NM_178866 -0.22 0.04840662 3.68 0.00000006 
 Trpc4 NM_080396 -0.29 0.11010510 3.42 0.00000085 
 Angpt1 NM_053546 -0.01 0.97020816 3.41 0.00000298 

Downregulated      
 Mtnr1b NM_001100641 -0.20 0.48074189 -1.07 0.03269191 

 Crb2 NM_001135761 -0.12 0.68727106 -1.07 0.00118175 
 Hist2h2ab NM_001111341 -0.19 0.22948236 -1.07 0.00811987 
 Npy NM_012614 -0.03 0.72601068 -1.11 0.00010454 
 Btnl7 NM_212488 -0.13 0.61080050 -1.13 0.00080593 
 Rpl10l XM_003750173 -0.61 0.17480689 -1.20 0.03785364 
 Slco1a2 NM_131906 -0.18 0.42477322 -1.22 0.00575591 
 Olr841 NM_001000405 -0.69 0.02647437 -1.32 0.03298333 
 Bcl6 NM_001107084 -0.60 0.00153975 -1.34 0.00000001 
 Cryab NM_012935 0.03 0.88450361 -1.54 0.00000481 

 

  

Table 5.5: The most highly up- and downregulated genes between cells treated with 

EPO vs. the control at 20 hours. Genes were filtered for significant changes between 

EPO and the control treatments. Significance was defined as a P value less than 0.05 and 

fold change greater than 1.5. The corresponding values for the genes at 1 hour, again 

expressed as EPO vs ctrl, are also shown. 
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Figure 5.5: qPCR validation of the microarray data; CD36. Each graph 

compares the mean Log2 FC of each gene after the specified cytokine treatment 

(10ng/ml) versus the control sample “B”±SD performed in quadruplicate. RT and 

qPCR were performed on the same samples as those used in the microarray. 

**P<0.01, ***P<0.001 vs ctrl & #P<0.05 ###P<0.001 vs EPO alone… 
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Figure 5.5 cont.: 

Microarray results: 

   P value 
Cytokine (ng/ml) CD36 Mean SD vs Ctrl vs EPO 
Ctrl -0.2 0.3   
EPO 5.7 0.1 3.65E-08  
LIF 0.05 0.3 0.4833 3.57E-06 
LIF+EPO 4.1 0.2 8.68E-07 1.59E-05 
 

qPCR validation results: 

   P value 
Cytokine (ng/ml) CD36 Mean SD vs Ctrl vs EPO 
Ctrl -0.1 -0.1   
EPO 11.0 11.0 7.06E-11  
LIF 0.2 0.2 0.0188 1.52E-10 
LIF+EPO 9.6 0.3 0.0001 0.00012 
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A direct comparison was needed to analyse the effect on genes between time points. 

To do this the parameters for significance were applied individually, but when the 

genes were analysed by hierarchical clustering the corresponding values at both time 

points were represented. This allowed visualisation of the effect of EPO treatment 

between one time point, where the change was significant, and the other time point, 

regardless of significance (Fig 5.6). At both time points very little occurred at the 

time point that was not filtered for, as little green or red was visible from that side of 

the heat map cluster analysis. Again this showed that it was not the same genes that 

induced an early increase in myelination as those that maintain its increase for the 

long term. 

 

Igf1 codes for a member of the IGF protein family that is involved in growth and 

differentiation. It is known that IGF1 plays an important role in oligodendrocyte 

development and myelin formation (McMorris 1988, Beck 1995, Shinar 1995) and is 

protective to oligodendrocytes in models of cerebral injury (Lin et al. 2005, Pang et 

al. 2007). In Schwann cells, Igf1 downregulation is one of the key mechanisms 

through which demyelination occurs (Hao 2015). Igf1 appeared in image B (Fig 5.6) 

approximately half way down, and was the 14th most highly-upregulated gene by 

EPO versus control at 20 hours. Therefore, it was decided to validate it to confirm 

that the expression seen in the microarrays corresponded with its expression profile 

by qPCR. The validation was successful as it reflected the large increase in Igf1 

induced by the addition of EPO (Fig 5.7).  
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A 

B Figure 5.6: Genes changed by EPO 

vs the control samples at both time 

points. Hierarchical clustering and 

heat map of the differentially 

expressed transcripts identified by 

comparing EPO vs. the control at a 

threshold of 1.5 fold change (Log2 

FC±0.58) and P<0.05. Each sample 

represents the expression change 

compared to the mean Log2 of the 

control. Red indicates an increase and 

green indicates a decrease in 

expression compared to the controls. 

Average linkage clustering analysis 

was performed using Genesis 

software. Panel A is filtered for EPO 

vs the control at 1 hour with the 

expression levels at 20 hours also 

shown and panel B is filtered for EPO 

vs the control at 20 hours with the 

expression levels at 1 hour also 

shown. Four columns of each 

treatment are biological replicates. 

The whole image is shown to give a 

full overview of the analysis. 

Original in colour 
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Figure 5.7: qPCR validation of the microarray data; Igf1. Each graph compares 

the mean Log2 FC of each gene after the specified cytokine treatment (10ng/ml) 

versus the control sample “B”±SD performed in quadruplicate. RT and qPCR were 

performed on the same samples as those used in the microarray. **P<0.01, 

***P<0.001 vs ctrl & #P<0.05 ###P<0.001 vs EPO alone. 
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Figure 5.7 cont.: 

Microarray results: 

   P value 
Cytokine (ng/ml) Igf1 Mean SD vs Ctrl vs EPO 
Ctrl -0.19 0.19   
EPO 2.19 0.27 3.03E-05  
LIF -0.24 0.05 0.3598 6.72E-06 
LIF+EPO 1.44 0.50 0.0045 0.0399 
 

qPCR validation results: 

   P value 
Cytokine (ng/ml) Igf1 Mean SD vs Ctrl vs EPO 
Ctrl -0.7 0.8   
EPO 4.7 0.6 0.0001  
LIF -0.1 0.8 0.3663 9.14E-05 
LIF+EPO 4.0 0.3 8.87E-05 0.1067 
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5.6 Conclusion 

x Expression of Egr2 and Socs3 in the microarray analysis corresponded with 

results obtained previously in this thesis (Sections 4.3 and 4.6) 

x Genes that are important in CG4 cell differentiation were identified 

x Genes that are important in increasing myelination were identified 

Microarray analysis was carried out to determine the genetic profile behind a 

differentiating and pro-myelinating phenotype of CG4 OPC cells. Gene expression 

microarray analysis technology was used for this project to expand on previous 

results. In preliminary experiments I had investigated the role of Egr2, induced by 

EPO at high levels in these cells (Cervellini et al. 2013a) and of Socs3 which is 

induced by LIF. These are well known pathways. Therefore, microarrays were used 

to identify genes and mechanisms that had not previously been associated with this 

work. The large quantity of transcripts measured in the microarrays provided a broad 

spectrum of data that would be impossible to replicate by other techniques. 

 

Initial analysis of the microarrays looked at the difference between the cells that had 

been induced to differentiate and those that had not. The genes expressed in this 

analysis provided information into the maturation process of oligodendrocytes from 

their precursor state. From ordering genes so that those with the largest fold changes 

were represented at both time points Ccl20 was identified as a gene that was 

dramatically downregulated at both time points. Ccl20 is a chemokine that is 

neurotoxic after neurodegeneration (Das et al. 2011, Leonardo 2012). Its significant 

downregulation by differentiating oligodendrocytes supported the hypothesis that it 

was detrimental to oligodendrocyte development and showed that it could potentially 

exacerbate neurological insult by preventing the replenishment of the number of 

mature oligodendrocytes. 

 

Hierarchical cluster analysis was used to investigate the differentiated cells at both 

time points versus undifferentiated cells. The output showed that for most of the 

genes the expression, either up- or downregulated, was consistent across the time 

points. Furthermore, the expression seemed to be stronger at 20 hours, suggesting 

that the effect was amplified as maturation continued (Fig 5.2). This suggested that 
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maintaining expression of pro-myelinating signals was more important to the final 

development of mature oligodendrocytes than early, but unsustained expression. 

 

Hierarchical cluster analysis was used to compare the expression of the genes altered 

by differentiation to the expression of the same genes by the addition of EPO. The 

tiles representing the expression induced by EPO showed very little in this analysis 

suggesting that it is not the genes that are altered by differentiation providing the 

pro-myelinating effect of EPO. 

 

The effect of EPO on these cells was then investigated without first filtering for gene 

expression significantly changed by differentiation. There were only 12 genes that 

were altered significantly by EPO treatment versus control at both 1 hour and 20 

hours showing that, for myelination, maintaining expression of genes expressed 

early is not as important as it was for differentiation. Instead, the positive effect of 

EPO on myelination seemed to result from an induction of genes at later time points 

than early ones as there were more genes remaining after filtering at 20 hours than 1 

hour. 

 

From hierarchical cluster analysis of the genes that were significantly changed 

between EPO and control at each individual time point, it was clear that at 1 hour 

more gene regulation involved suppression of anti-myelinating genes than 

upregulation of pro-myelinating ones. However, at 20 hours the expression of these 

genes is more even suggesting a balance between upregulating pro-myelinating 

signals and downregulating anti-myelinating signals (Fig 5.6). H19, Pmp2 and Cd36 

were identified as genes that may be involved in the promyelinating effect of EPO. 

 

In the next chapter, the microarray analysis was used to investigate the causes of 

inhibition of EPO-induced Mog by the addition of LIF. To do this, the gene 

expression of samples treated with EPO+LIF were compared to those treated by 

EPO alone. Filtering for the genes altered significantly between these two treatments 

elucidated genes that were induced in conditions where Mog was inhibited, and thus 

allowed identification of mechanisms that decrease the myelinating capacity of these 

oligodendrocytes.  
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Chapter 6. Gene expression microarray analysis of 

inhibition of EPO-induced Mog by LIF 
 

6.1 Introduction 

LIF is a potent pro-myelinating cytokine within the CNS. However, LIF inhibited 

EPO-induced Mog when both cytokines were added simultaneously, reducing the 

promyelinating effect of EPO. Microarray analysis was used to determine any 

changes in gene expression that may be involved in LIF-induced inhibition of Mog 

and other myelin genes. 

 

To initiate signalling, LIF binds to a complex of the LIFR and GP130, a common 

signalling component used by every member of the IL-6 cytokine family. Binding 

initiates tyrosine phosphorylation of the receptors which in turn results in the 

phosphorylation of JAKs 1, 2, and TYK2, which are present on both receptors, 

which leads to a variety of downstream signalling events. 

 

The most important signalling pathway initiated by LIF is the STAT pathway, with 

STAT3 being the most important of the seven STATs known to be involved in LIF 

signalling. STATs, which are always present in the cytoplasm, bind to the cytokine 

receptors through their Sh2 domain, a mechanism that is only possible after receptor 

phosphorylation. After phosphorylation, the STATs dimerise and translocate to the 

nucleus, where they induce Socs3. Socs3 contains a Sh2 domain that competes to 

bind to JAK2 and thus prevents further STAT3 phosphorylation (Section 1.1.2) 

(Babon 2014). Previous work, described in Chapter 4, implicated Socs3 in the 

inhibition of EPO-induced Mog by LIF, as increased Socs3 expression correlated 

with decreased Mog induction. 

 

LIF also induces the PI3K signalling cascade. The PI3k enzyme modifies certain 

phosphatidylinositides so that protein kinase B/Akt is recruited to the plasma 

membrane. Substrates of Akt include Bcl-2/Bcl-XL-antagonist, causing cell death, 

the phosphorylation of which leads to increased cell survival and growth. The PI3k 

pathway is crucial for survival responses to cytokine stimulation (Alonzi 2001).  
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The SHP2 domain on the LIFR is responsible directly for initiation of MAPK 

cascades, including the ERK/Egr pathway. Similarly to STATs, activation of these 

pathways involves recruitment of signalling components to the activated LIFR, in 

this case Ras/Raf signalling leads to MAPK signalling. Interestingly, while LIF 

induces MAPK, STAT3, and PI3k, in embryonic stem cells, the latter two pathways 

are responsible for maintaining pluripotency while MAPK has the opposite effect. 

However, the outcome of LIF stimulation on these cells is preserving pluripotency, 

suggesting that MAPK is subservient to the other two pathways (Section 1.1.2) 

(Burdon et al. 1999, Meloche 2004).  

 

Gene expression analysis was carried out using microarrays on cells treated with 

EPO, LIF, and both cytokines simultaneously in order to examine the genes whose 

expression was induced by each cytokine and the interactions that may happen 

between these genes. Filtering strategies and gene association software such as 

hierarchical cluster analysis and the STRING database were used to analyse the gene 

expression arrays and to elucidate connections and interactions between the genes.  

 

When CG4 cells were treated with EPO there was an eight-fold increase in Mog 

expression and when they were treated with LIF there was a minor increase in Mog 

expression at a concentration of 0.2ng/ml but no increase at a high concentration of 

10ng/ml. When both cytokines were added simultaneously LIF inhibited EPOs 

positive effect as there was a significant decrease in Mog expression compared to 

EPO treatment alone. The purpose of the gene expression microarray analysis was to 

determine other mechanisms that may be involved in inhibiting Mog expression. To 

do this the genetic regulation of CG4 cells after stimulation with EPO, LIF, and both 

cytokines together was investigated. By looking at which genes were expressed 

differently by cells treated with both EPO and LIF than those treated with only EPO 

the genes that are differentially expressed between the treatments were elucidated 

and their involvement in the inhibition of EPO-induced Mog could be hypothesised. 

Furthermore, two time points were analysed; 1 hour and 20 hours after treatment 

with EPO and LIF. This allowed investigations into early induced genes at 1 hour 

and later induced genes at 20 hours and comparisons between genes that are altered 
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between the two time points. This chapter will look at the two time points separately. 

The results found by microarrays were validated by qPCR.  

 

 

6.2 Analysis of genes altered after cytokine treatment for 1 hour 

6.2.1 Transcripts altered by EPO and by EPO+LIF treatment 

30367 transcripts were analysed by microarrays. After the probes with no mapped 

EntrezGene IDs and those with no functional annotation were removed 21575 

transcripts remained. Initial parameters used to indicate significance were a P value 

less than 0.05 determined by a Student’s t-test and a fold change greater than 1.5. 

Initially transcripts that were significantly different between EPO and the control 

were filtered and 159 genes remained. Secondly, these 159 genes were filtered for 

those that were significantly different between the EPO+LIF group and the EPO 

only group, using the same parameters, with 45 genes remaining.  

 

The 45 remaining significant genes were clustered using hierarchical clustering 

software. This software uses hierarchical clustering analysis to determine clusters of 

genes with similar expression patterns (Fig 6.1). Two clusters were identified in 

these analyses that have some significance to this investigation. Cluster 1 revealed 

genes that were upregulated by EPO but expression returned to the control level 

when treated with EPO+LIF. These could be genes whose activation was important 

in myelination but that are then inhibited by the presence of LIF. Homeobox C6 

(Hoxc6) has been linked to Schwann cell differentiation and so could potentially link 

to maturation and the myelinating capacity of oligodendrocytes too (Zhang et al. 

2007).  

 

Cluster 2 revealed genes that were downregulated by EPO but did not differ from the 

control when the cells were treated with EPO+LIF. These could be genes that 

inhibited myelination as their expression was decreased by EPO alone but 

upregulated by the presence of LIF, when myelination was decreased. Other genes of 

interest that are significantly changed both by EPO versus the control and EPO+LIF 

versus EPO are Egr1 and Fos that appeared at the top of the image. These were 
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significantly upregulated by EPO, confirming previous results obtained in a rat 

model of cerebral ischaemia (Mengozzi 2012). 

 

It was noteworthy that Socs3 was not present after both of these filters had been 

applied. In the previous work in this project a clear link was seen between Socs3 

induction and a reduction in myelination. Therefore, it was expected that Socs3 

would be important to the microarray analysis. However, because the first filter 

applied in this analysis meant that only genes significantly different between EPO 

and the control were present, and because Socs3 was not induced significantly by 

EPO (Section 4.6, Figure 4.6), Socs3 did not appear in this initial analysis, 

suggesting that in order to properly understand the gene expression patterns induced 

by LIF treatment, genes that are not significantly different between EPO and the 

control also needed to be included.   
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Figure 6.1: Genes changed by EPO vs control samples and EPO+LIF vs EPO at 

1 hour. Hierarchical clustering and heat map of the differentially expressed 

transcripts identified by comparing EPO vs. the control and then EPO+LIF vs. EPO at 

a threshold of 1.5 fold change (Log2 FC±0.58) and P<0.05. Expression changes in 

LIF treated samples vs. the control are also shown. Each sample represents the 

expression change compared to the mean Log2 of the control. Red indicates an 

increase and green indicates a decrease in expression compared to the controls. 

Average linkage clustering analysis was performed using Genesis software. Bars 1&2 

represent clusters. Four columns of each treatment are biological replicates. 

Original in colour 
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6.2.2 Transcripts altered by treatment with EPO+LIF compared to EPO alone 

Genes that were altered by EPO+LIF versus EPO were explored, regardless of 

whether they were significantly changed between EPO and the control. Therefore, 

genes whose only effect was an inhibition of myelination would still be present in 

the analysis. Filtering thus would allow investigation into those genes that may have 

been involved in the inhibitory effect of LIF on EPO-induced Mog. 

 

The 21575 transcripts from the data set were filtered to leave only those significantly 

different between the samples treated with EPO+LIF and those treated with EPO 

alone. The parameters of a fold change greater than 1.5 and P value less than 0.05 by 

Student’s t-test were used again, after which 632 transcripts remained. These genes 

were ordered by fold change between EPO+LIF and EPO and the ten most highly 

upregulated and the 10 most highly downregulated are shown in table 6.2.  

 

JunB and Fos appeared among the most highly upregulated. While the Jun proteins 

are known to have positive effects on Schwann cells, their effects in the CNS are less 

clear with evidence of a correlation between c-Jun induction and apoptosis in 

oligodendrocytes (Ladiwala 1998). Here they were considerably upregulated by 

treatment with EPO+LIF compared to EPO alone, suggesting that they induced a 

significant inhibitory effect. 

 

It was decided to validate both Fos and JunB as they appeared so highly upregulated 

in this analysis. Furthermore, they form a heterodimer to produce the transcription 

factor activator protein 1(AP-1), a complex that has been implicated in myelin gene 

expression (Dobretsova et al. 2004).  Validation by qPCR was performed on the 

same samples that had been used for microarray analysis. The validation was 

successful for both Fos and JunB genes as the results from the qPCR validation 

reflected those for the microarrays (Fig 6.2 and 6.3).  



164 
 

   EPO vs Ctrl EPO+LIF vs EPO 
 Gene name Accession 

Number 
Average 
Log2 FC 

P.value Average 
Log2 FC 

P.value 

Upregulated      
 Gpx2 NM_183403 -1.27 0.90475438 5.04 0.00000004 
 Bcl3 NM_001109422 -1.81 0.00845620 4.83 0.00000000 
 H19 NR_027324 -3.20 0.00000518 4.16 0.00000090 
 Atf3 NM_012912 -0.83 0.15629416 3.20 0.00000000 
 Trib1 NM_023985 -1.29 0.15653837 3.12 0.00000835 
 Reg3b NM_053289 -0.37 0.36307107 3.11 0.00000255 
 JunB NM_021836 -1.32 0.00427060 3.02 0.00000357 
 Fos NM_022197 -1.92 0.00000507 2.89 0.00000109 
 Bhlhe40 NM_053328 -2.97 0.88340288 2.84 0.00001004 
 Arid5a NM_001034934 -0.97 0.14387640 2.77 0.00000003 
Downregulated      
 Itgb4 NM_013180 4.65 0.04297722 -5.14 0.00000038 
 Try10 NM_001004097 3.85 0.44264247 -5.15 0.00000064 
 Spink5 NM_001170606 5.89 0.04848904 -5.96 0.00000003 
 Fads6 NM_001107064 4.79 0.24102092 -6.08 0.00000339 
 Col17a1 NM_001106366 6.02 0.14983697 -6.16 0.00000002 
 S100a6 NM_053485 6.47 0.87984925 -6.40 0.00000002 
 Hspb1 NM_031970 6.53 0.13518615 -6.69 0.00000001 
 Lor XM_001057506 6.62 0.29951528 -6.85 0.00000001 
 Krt10 NM_001008804 7.99 0.31945128 -8.07 0.00000005 
 Krt17 NM_212545 8.39 0.16122838 -8.53 0.00000001 

 

 

  

Table 6.1: Genes differentially expressed in cells treated with EPO+LIF vs. EPO 

alone at 1 hour. Genes were cut for significant changes between EPO+LIF and EPO. 

Significance was defined as a p.value less than 0.05 and fold change greater than 1.5. 

P.value calculated using Students t test. 
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Figure 6.2: qPCR validation of the microarray data; Fos. Each graph compares 

the mean Log2 FC of Fos after the specified cytokine treatment (10ng/ml) versus 1 

control sample ±SD performed in quadruplicate. RT and qPCR were performed on 

the same samples as those used in the microarrays. **P<0.01, ***P<0.001 vs ctrl 

& ###P<0.001 vs EPO alone… 
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Figure 6.2 cont.: 

Microarray results: 

   P value 
Cytokine (ng/ml) Fos Mean SD vs Ctrl vs EPO 
Ctrl -0.1 0.2   
EPO 1.8 0.2 5.07E-06  
LIF 4.5 0.5 2.21E-06 5.49E-05 
LIF+EPO 4.7 0.2 3.71E-08 1.09E-06 
 

qPCR validation results: 

   P value 
Cytokine (ng/ml) Fos Mean SD vs Ctrl vs EPO 
Ctrl -0.2 0.2   
EPO 1.4 0.3 0.0002  
LIF 4.5 0.2 1.78E-08 2.61E-06 
LIF+EPO 4.4 0.3 2.74E-07 1.31E-05 
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Figure 6.3: qPCR validation of the microarray data; JunB. Each graph 

compares the mean Log2 FC of JunB after the specified cytokine treatment 

(10ng/ml) versus 1 control sample ±SD performed in quadruplicate. RT and qPCR 

were performed on the same samples as those used in the microarrays. **P<0.01, 

***P<0.001 vs ctrl & ###P<0.001 vs EPO alone. 
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Figure 6.3 cont.: 

Microarray results: 

   P value 
Cytokine (ng/ml) JunB Mean SD vs Ctrl vs EPO 
Ctrl 0.04 0.04   
EPO 0.6 0.2 0.0042  
LIF 3.1 0.9 0.0007 0.0023 
LIF+EPO 3.6 0.3 2.54E-07 3.57E-06 
 

qPCR validation results: 

   P value 
Cytokine (ng/ml) JunB Mean SD vs Ctrl vs EPO 
Ctrl 0.0 0.2   
EPO 0.8 0.2 0.0024  
LIF 4.1 0.3 5.08E-07 9.56E-07 
LIF+EPO 3.8 0.3 1.01E-06 2.22E-06 
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6.2.2.1 Transcripts unaltered by EPO but upregulated by EPO+LIF 

The transcripts that were significantly different between EPO+LIF and EPO were 

analysed by hierarchical clustering software. The resultant image showed groups of 

genes that were expressed in a similar manner under these treatments (Fig 6.4). 

Seven clusters that are marked on the image using blue bars were selected for further 

investigation (Fig 6.4).  

 

The first criteria for the selection of clusters from Figure 6.4 was genes that were not 

altered by EPO but upregulated by EPO+LIF (Fig 6.5). Treatment with a high 

concentration of LIF (10ng/ml) decreased the expression of EPO-induced Mog, 

therefore investigation into those genes that were upregulated by LIF would clarify 

mechanisms through which LIF induced inhibitory mechanisms. The presence of 

such a high number of genes that fit this criteria was evidence that LIF had a strong 

effect on gene expression and was potentially inducing inhibition through a variety 

of mechanisms. 

 

As expected, Socs3 was present here; it appeared in cluster 1. It was strongly 

upregulated by both the LIF 10 group and the EPO+LIF group but was unchanged 

by treatment with EPO alone. This reflected the previous work, shown in Chapter 4, 

where Socs3 expression by CG4 cells was significantly increased by treatment with a 

high concentration of LIF (10ng/ml). Socs3 expression in these samples was 

validated by qPCR to confirm that the results are reproducible when measured by 

different experimental procedures (Fig 6.6).  

 

Myeloid differentiation primary response gene 88 (Myd88) was also identified in 

cluster 1. Myd88 is an adapter protein that is used by almost all toll-like receptors 

(TLRs), of which Tlr2 is also present in cluster 1 (Deguine 2014). It has a role in 

neurological differentiation and in EAE, as Myd88-/- mice were completely resistant 

to the disease progression (Miranda-Hernandez 2011), and Tlr2 inhibits 

oligodendrocyte maturation and remyelination, an effect not shared by all the Tlrs 

(Sloane 2010).  
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Figure 6.4: EPO+LIF vs EPO cluster 

analysis at 1 hour. Hierarchical clustering 

and heat map of the differentially expressed 

transcripts identified by comparing EPO and 

LIF vs. EPO at 1hr at a threshold of fold 

change greater than 1.5 and P<0.05. 

Expression changes in EPO treated samples 

and LIF treated samples are also shown 

expressed vs the control. Each sample 

represents the expression change compared 

with the mean of four control samples. Red 

indicates an increase and green indicates a 

decrease in expression compared to the 

controls. Average linkage clustering analysis 

was performed using Genesis software. The 

whole image is shown to give a full overview 

of the analysis. Individual clusters are shown 

later. Numbered blue bars mark the position of 

clusters. Four columns of each treatment are 

biological replicates. 

 

Original in colour 
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Figure 6.5: EPO+LIF vs EPO cluster 

analysis. Clusters of genes expressed 

here are not changed by EPO alone but 

are upregulated by EPO+LIF at 1 hour. 

Hierarchical clustering and heat map of 

the differentially expressed transcripts 

identified by comparing EPO+LIF vs. 

EPO at 1hr at a threshold of greater than 

1.5 fold change and P<0.05. Expression 

changes in EPO treated samples and LIF 

treated samples are also shown expressed 

vs the control. Each sample represents the 

expression change compared with the 

mean of four control samples. Red 

indicates an increase and green indicates a 

decrease in expression compared to the 

controls. Average linkage clustering 

analysis was performed using Genesis 

software. Four columns of each treatment 

are biological replicates. 

Original in colour 
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Figure 6.6: qPCR validation of the microarray data; Socs3. Each graph compares the 

mean Log2 FC of Socs3 gene expression after the specified cytokine treatment (10ng/ml) 

versus 1 control sample ±SD performed in quadruplicate. RT and qPCR were performed 

on the same samples as those used in the microarrays. **P<0.01, ***P<0.001 vs ctrl & 

##P<0.01, ###P<0.001 vs EPO alone. 



173 
 

 

  
Figure 6.6 cont.: 

Microarray results: 

   P value 
Cytokine (ng/ml) Socs3 Mean SD vs Ctrl vs EPO 
Ctrl -0.2 0.2   
EPO 0.3 0.1 0.0024  
LIF 1.9 0.6 0.0005 0.0018 
LIF+EPO 2.2 0.3 1.19E-05 2.58E-05 
 

qPCR validation results: 

   P value 
Cytokine (ng/ml) Socs3 Mean SD vs Ctrl vs EPO 
Ctrl -0.2 0.2   
EPO 0.2 0.3 0.079  
LIF 2.5 0.2 2.06E-06 2.17E-05 
LIF+EPO 1.9 0.3 3.47E-05 0.0003 
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All the genes present in these clusters were entered into STRING: software that 

interrogates functional protein association networks in order to analyse the genes 

which may be have functional association with each other and therefore provide 

links to further genes that should be considered. STRING is a database of 

interactions, both direct and indirect, between proteins that provide a visual 

representation of the interactions between a list of proteins. All the genes identified 

in the clusters that are not altered by EPO but upregulated by EPO+LIF by 

hierarchical cluster analysis (Fig 6.5) were entered into STRING (Fig 6.7). 

 

The STRING analysis highlighted a group of functionally connected genes centred 

around Stat3 and Socs3 (Fig 6.8). It further suggested that they could have an effect 

on other signalling mechanisms. Egr2 was also present, another signalling 

mechanism that has previously been investigated. Myd88 and Tlr2 are also 

highlighted by this analysis suggesting their potential importance in the inhibition of 

EPO-induced Mog. 

 

A gene identified from this STRING image is Tnfrsf1a as it is linked to both Stat3 

and Myd88. TNF is an inflammatory cytokine that has been linked to MS, including 

being found overexpressed in the brain of MS patients at autopsy (Hofman 1989) 

and its expression correlated with MS disease severity (Rieckmann 1995). The 

receptor coded for by the Tnfrsf1a gene is one of the major receptors responsible for 

TNF signal transduction and is implicated in the pathogenesis of EAE (Archambault 

2006) and is crucial for normal disease pathology as Tnfrsf1a-/- mice were 

completely resistant to EAE (Suvannavejh 2000). This suggests that 

oligodendrocytes that produced less myelin were more susceptible to TNF. 

Validation by qPCR was successful as an increase in Tnfrsf1a expression was seen 

in samples treated with LIF and those treated with EPO+LIF, reflecting the 

upregulations seen in the microarrays (Fig 6.9). The increase of a key receptor for 

TNF in the conditions in which myelination is reduced is evidence for the 

association between inflammation and demyelination.  
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Figure 6.7: STRING analysis of genes unaltered by EPO but upregulated by 

EPO+LIF at 1hour. All transcripts were filtered for EPO+LIF vs EPO with 

parameters of fold change greater than 1.5 and p<0.05. The genes represented here 

were selected from a hierarchical cluster analysis where clusters that were not changed 

by EPO but upregulated by EPO and LIF were identified. The nodes represent the 

proteins encoded by the genes and the lines between the nodes represent functional 

interactions between them. Confidence score >0.4 with text mining. 

Original in colour 
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Figure 6.8: Centre section of STRING analysis shown in Fig 6.7. Genes shown here 

are not altered by EPO and upregulated by EPO+LIF at 1 hour. The nodes represent 

the proteins encoded by the genes and the lines between the nodes represent functional 

interactions between them. Confidence score >0.4 with text mining. 

Original in colour 
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Figure 6.9: qPCR validation of the microarray data; Tnfrsf1a. Each graph 

compares the mean Log2 FC of Tnfrsf1a gene expression after the specified cytokine 

treatment (10ng/ml) versus 1 control sample ±SD performed in quadruplicate. RT and 

qPCR were performed on the same samples as those used in the microarray. *P<0.05, 

**P<0.01 vs ctrl & #P<0.05, ##P<0.01, ###P<0.001 vs EPO alone. 
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Figure 6.9 cont.: 

Microarray results: 

   P value 
Cytokine (ng/ml) Tnfrsf1a Mean SD vs Ctrl vs EPO 
Ctrl 0.1 0.2   
EPO 0.1 0.1 0.8930  
LIF 0.6 0.3 0.0193 0.0142 
LIF+EPO 1.0 0.3 0.0012 0.0008 
 

qPCR validation results: 

   P value 
Cytokine (ng/ml) Tnfrsf1a Mean SD vs Ctrl vs EPO 
Ctrl 0.4 0.4   
EPO 0.4 0.3 0.9387  
LIF 1.3 0.3 0.0106 0.0035 
LIF+EPO 1.0 0.3 0.0501 0.0215 
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6.2.2.2 Transcripts upregulated by EPO but downregulated by EPO+LIF 

The second condition for clusters selected from the significant genes between 

EPO+LIF and EPO at 1 hour (Fig 6.4) was genes that were upregulated by treatment 

with EPO alone but downregulated by treatment with EPO+LIF (Fig 6.10). Genes 

regulated thus were considered in Section 6.2.1 however in that section only genes 

that were significantly different between EPO and the control remained after 

filtering. Therefore, the rest of this chapter will consider a wider range of genes that 

were present after only filtering of EPO+LIF versus EPO. Genes that were regulated 

in this way are of interest to the analyses undertaken here because they could be 

important in increasing myelination, as represented by an increase when EPO 

treatment alone was present. In contrast the presence of LIF actively downregulated 

these compared to their basal levels in the control samples, suggesting that LIF was 

inhibiting these pro-myelinating genes. 
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Figure 6.10: EPO+LIF vs EPO cluster analysis. Clusters of genes expressed here 

are upregulated by EPO alone and downregulated by EPO+LIF at 1 hour. 

Hierarchical clustering and heat map of the differentially expressed transcripts 

identified by comparing EPO and LIF vs. EPO at 1hr at a threshold of 1.5 fold change 

and P<0.05. Expression changes in EPO treated samples and LIF treated samples are 

also shown expressed vs the control. Each sample represents the expression change 

compared with the mean of four control samples. Red indicates an increase and green 

indicates a decrease in expression compared to the controls. Average linkage 

clustering analysis was performed using Genesis software. Four columns of each 

treatment are biological replicates and the blue bars indicate clusters of interest. 
Original in colour 
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There were several genes identified by the analysis that will be discussed further. As 

mentioned in Section 6.2.1, Hoxc6 and Dusp6 were both present in this cluster. In 

cluster 7, Inhibin beta a (Inhba) was identified which creates a homodimer to form 

ActivinA, a molecule that is secreted by inflammatory macrophages and is known to 

be important in remyelination and differentiation of oligodendrocytes and was also 

present in the cluster analysis when transcripts had been filtered for EPO versus the 

control and EPO+LIF versus EPO (Miro 2013). qPCR validation was performed on 

Inhba, however, it was unsuccessful as LIF and EPO+LIF groups were upregulated 

in the validation while they were downregulated in the microarrays (Fig 6.11). The 

failure of validation was potentially due to a very low expression. This result meant 

that Inhba would be considered no further. 

 

STRING analysis of the clusters that are upregulated by EPO but downregulated by 

EPO+LIF was carried out to determine functional connections between the proteins 

coded for by the genes present (Fig 6.12). The majority of the information this 

analysis provided was just confirmation of the functional connections between the 

genes that had been selected from the cluster analysis. However, at the centre of this 

image was Vegfa, which had not been previously recognised. Vegfa is involved in 

migration but not proliferation of OPCs (Hayakawa 2012) and it is expressed by 

astrocytes and neurons in the CNS (Ogunshola 2000, Argaw 2006). However, there 

is no previous evidence that it is expressed by oligodendrocytes, suggesting that the 

upregulation of Vegfa by EPO seen in the microarrays was a novel finding. 
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  Figure 6.11: qPCR validation of the microarray data; Inhba. Each graph compares 

the mean Log2 FC of Inhba gene expression after the specified cytokine treatment 

(10ng/ml) versus 1 control sample ±SD performed in quadruplicate. RT and qPCR were 

performed on the same samples as those used in the microarray. **P<0.01, ***P<0.001 

vs ctrl & ##P<0.01, ###P<0.001 vs EPO alone. 
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Figure 6.11 cont.: 

Microarray results: 

   P value 
Cytokine (ng/ml) Inhba Mean SD vs Ctrl vs EPO 
Ctrl -0.8 0.6   
EPO 0.0 0.1 0.0327  
LIF -2.01 1.1 0.0788 0.0086 
LIF+EPO -3.0 0.2 0.0004 3.36E-07 
 

qPCR validation results: 

   P value 
Cytokine (ng/ml) Inhba Mean SD vs Ctrl vs EPO 
Ctrl -0.7 0.8   
EPO -0.6 0.6 0.8771  
LIF 1.9 0.3 0.0011 0.0004 
LIF+EPO 1.3 0.8 0.0158 0.0117 
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Figure 6.12: STRING analysis of genes upregulated by EPO and downregulated 

by EPO+LIF at 1hour. All transcripts were filtered for EPO+LIF vs EPO with 

parameters of fold change greater than 1.5 and p<0.05. The genes represented here 

were selected for from hierarchical cluster analysis where clusters that were 

upregulated by EPO and downregulated by EPO+LIF. The nodes represent the proteins 

encoded by the genes and the lines between the nodes represent functional interactions 

between them. Confidence score >0.4 with text mining. 

Original in colour 
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6.3 Analysis of genes altered after cytokine treatment for 20 hours 

6.3.1 Transcripts altered by EPO vs the control and EPO+LIF vs EPO 

Analysis of the effects of EPO and LIF at a late time point, 20 hours, would allow 

identification of those genes that were induced further downstream than those seen at 

1 hour that may have affected the myelinating capacity of the CG4 cells. The same 

number of transcripts were analysed at 20 hours as 1 hour, again leaving 21575 

transcripts after those that were unnamed or had no functional annotation were 

removed. The same parameters applied to the 1 hour analysis were used initially with 

significance being defined as a fold changed greater than 1.5 and P value less than 

0.05 by Student’s t-test. The first filter was for EPO vs ctrl, after which 617 genes 

remained. The second filter was for EPO+LIF vs EPO after which 341 genes 

remained. The remaining genes were ordered for fold change between EPO+LIF and 

EPO and the top ten most highly up- and downregulated are shown in Table 6.2.  

 

Analysis of Table 6.2 showed that genes that were most highly upregulated by the 

addition of LIF were also upregulated when EPO alone was present suggesting that 

the addition of LIF simply exaggerated any effect of EPO on the expression of these 

genes. However, this was not true of the genes most highly downregulated upon the 

addition of LIF. While some of these downregulated genes were also downregulated 

by EPO, there were a few that were instead upregulated by EPO, including CD36 

and Htr2c which showed a high fold change of 4.85 and 5.14 respectively. These 

genes may have some relevance in mediating the myelinating effects of EPO. 
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   EPO vs Ctrl EPO+LIF vs EPO 
 Gene Name Accession 

number 
Average 
Log2 FC 

P Value Average 
Log2 FC 

P Value 

Upregulated      
 Itga9 XM_006244173 1.54 0.00072575 4.46 0.00000210 
 Bcl3 NM_001109422 0.96 0.00000775 4.38 0.00000000 
 Tmem176b NM_134390 2.40 0.00004984 3.45 0.00000018 
 Il33 NM_001014166 0.85 0.00012281 3.00 0.00000001 
 Fos NM_022197 0.90 0.00001360 2.96 0.00000001 
 Anxa2 NM_019905 1.06 0.00205820 2.89 0.00000856 
 Ampd3 NM_031544 1.14 0.00069063 2.84 0.00000493 
 Atp1b2 NM_012507 0.69 0.00002644 2.67 0.00000002 
 Klhl31 NM_001108170 0.92 0.03864935 2.60 0.00001855 
 Vgf NM_030997 1.16 0.00096804 2.35 0.00000109 
Downregulated      
 Ppargc1a NM_031347 1.48 0.00016825 -1.43 0.00006620 
 Depdc1 XM_001080406 -0.71 0.03851175 -1.48 0.00120565 
 Nek2 NM_053691 -0.65 0.00129277 -1.52 0.00138468 
 Shroom2 NM_001047893 1.73 0.00017057 -1.52 0.00012310 
 Bub1 NM_001106507 -0.69 0.02338221 -1.54 0.00192689 
 Nod1 NM_001109236 -0.83 0.01821738 -1.56 0.00099279 
 Pgf NM_053595 1.46 0.00498708 -1.56 0.00145360 
 Cd36 NM_031561 4.85 0.00000002 -1.78 0.00002427 
 Esam NM_001004245 -0.80 0.00769477 -1.86 0.00022118 
 Htr2c NM_012765 5.14 0.00000000 -1.98 0.00000201 
 

  
Table 6.2: The most highly up- and downregulated genes between cells treated with 

EPO alone vs control and then EPO+LIF vs EPO alone at 20 hours. Genes were 

first cut for significant changes between EPO and the control and then between 

EPO+LIF and EPO. Significance was defined as a P value less than 0.05 and fold 

change greater than 1.5. 
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Hierarchical cluster analysis was performed on the genes that remained after the 

filters were entered to produce a heat map that is an aid to defining clusters of genes 

that were expressed similarly to each other (Fig 6.13). There were two clusters that 

were identified from this figure (Fig 6.14 shows just these two clusters). Genes in 

cluster 1 were upregulated by EPO but not altered when the cells were treated with 

both EPO+LIF, suggesting that they were important in inducing myelination, and so 

upregulated by EPO, but that the presence of LIF inhibited them. Genes in cluster 2 

were downregulated by EPO but unaltered by EPO+LIF, possibly suggesting 

inhibitory genes that treatment with EPO diminished. 

 

Genes of note that appeared in cluster 1 (Fig 6.14) included Igf1, which is known to 

be important in myelination and cerebral development (Beck 1995) as discussed in 

Chapter 5. Mag, another myelin gene, and peroxisome proliferator-activated receptor 

gamma (Ppargc1a) which is important in metabolism and so crucial to the high 

metabolic load required for myelin production and deposition were also in Figure 

6.14.  
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Figure 6.13: Genes changed by EPO vs the 

control and EPO+LIF vs EPO at 20 hours. 

Hierarchical clustering and heat map of the 

differentially expressed transcripts identified by 

comparing EPO vs. the control and then 

EPO+LIF versus EPO at a threshold of 1.5 fold 

change (Log2 FC 0.58) and P<0.05. Expression 

changes in LIF treated samples are also shown 

expressed vs the control. Each sample represents 

the expression change compared to the mean 

Log2 of the control. Red indicates an increase and 

green indicates a decrease in expression 

compared to the controls. Average linkage 

clustering analysis was performed using Genesis 

software. Four columns of each treatment are 

biological replicates. The whole image is shown 

to give a full overview of the analysis. Bars 1&2 

indicate clusters of interest. 

Original in colour 
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Figure 6.14: Genes changed by EPO vs the control and EPO+LIF vs EPO at 20 

hours. The clusters shown here are those in which genes are regulated differently 

by LIF and EPO+LIF treatments than EPO alone. Hierarchical clustering and heat 

map of the differentially expressed transcripts identified by comparing EPO vs. the 

control and then EPO+LIF versus EPO at a threshold of 1.5 fold change (Log2 FC 

0.58) and P<0.05. Expression changes in LIF treated samples are also shown 

expressed vs the control. Each sample represents the expression change compared to 

the mean Log2 of the control. Red indicates an increase and green indicates a decrease 

in expression compared to controls. Average linkage clustering analysis was 

performed using Genesis software. Bars 1&2 indicate clusters of interest. Four 

columns of each treatment are biological replicates. 

Original in colour 
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Mag expression was validated by qPCR as it was important to show that a gene 

associated with myelination acted in the same way in these samples as Mog had in 

the other experimental work that comprises this thesis. Mog was not present in the 

microarray analysis because it is a very late-induced gene, so other myelin genes had 

to be selected from the analysis for confirmation that the microarray analysis 

reflected the work seen previously in the lab. The qPCR validation of Mag was not 

successful, as although the data replicated that seen in the microarray analysis, the 

difference between EPO+LIF and EPO was not significant (P=0.326), therefore no 

inhibition of this myelin gene by LIF was seen (Fig 6.15). 

 

It was important to successfully validate a myelin gene from the microarrays to 

create a link directly to the previous work from this project that warranted the 

microarray analysis. Pmp2 is a myelin gene that was detected in the microarrays to 

be expressed in the same way as Mog is in the current project, so qPCR validation 

was carried out on it. The validation was successful as EPO induced large amounts 

of Pmp2 while both LIF and EPO+LIF treatment groups induced significantly less 

than EPO (P=0.000001 and P=0.0025 respectively), showing significant inhibition of 

EPO-induced myelination (Fig 6.16). 

 

Also seen in cluster 1 (Fig 6.14) is Ppargc1a, which was mentioned in Section 6.3.1, 

where it was still present after cuts for both EPO versus the control and EPO+LIF 

versus EPO. It is a transcription factor, also known as Pgc-1α, which is a master 

regulator of metabolism, and therefore may play a crucial role in the production of 

myelin, and is associated with mitochondrial function (Lindholm 2012). The 

expression of Ppargc1a was validated by qPCR (Fig 6.17). Crucially, treatment with 

EPO+LIF significantly changed Ppargc1a expression when compared to EPO in the 

microarray analysis (P=0.00006) but there was considerably less significance 

between these two groups in the qPCR validation (P=0.01). Consequently, Ppargc1a 

will not be investigated further. 
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Figure 6.15: qPCR validation of the microarray data; Mag. Each graph compares 

the mean Log2 FC of Mag gene expression after the specified cytokine treatment 

(10ng/ml) versus control sample “B”±SD performed in quadruplicate. RT and qPCR 

were performed on the same samples as those used in the microarray. *P<0.05, 

**P<0.01, ***P<0.001 vs ctrl & #P<0.05, ##P<0.01, ###P<0.001 vs EPO alone. 
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Figure 6.15 cont.: 

Microarray results: 

   P value 
Cytokine (ng/ml) Mag Mean SD vs Ctrl vs EPO 
Ctrl -0.19 0.2   
EPO 0.27 0.3 3.03E-05  
LIF 0.05 0.1 0.3598 6.71E-06 
LIF+EPO 0.50 0.5 0.0045 0.0399 
 

qPCR validation results: 

   P value 
Cytokine (ng/ml) Mag Mean SD vs Ctrl vs EPO 
Ctrl -0.1 0.8   
EPO 1.6 0.4 0.0114  
LIF 0.4 0.2 0.2506 0.0024 
LIF+EPO 1.2 0.5 0.0328 0.3255 
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Figure 6.16: qPCR validation of the microarray data; Pmp2. Each graph 

compares the mean Log2 FC of Pmp2 gene expression after the specified cytokine 

treatment (10ng/ml) versus control sample “B”±SD performed in quadruplicate. RT 

and qPCR were performed on the same samples as those used in the microarray. 

**P<0.01, ***P<0.001 vs ctrl & ##P<0.01, ###P<0.001 vs EPO alone. 
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Figure 6.16 cont.: 

Microarray results: 

   P value 
Cytokine (ng/ml) Pmp2 Mean SD vs Ctrl vs EPO 
Ctrl 0.2 0.3   
EPO 5.5 0.1 5.76E-07  
LIF 1.2 0.5 0.0316 1.46E-05 
LIF+EPO 4.3 0.2 3.66E-06 2.24E-05 
 

qPCR validation results: 

   P value 
Cytokine (ng/ml) Pmp2Mean SD vs Ctrl vs EPO 
Ctrl 0.0 0.2   
EPO 5.2 0.3 1.14E-07  
LIF 0.3 0.4 0.1828 1.34E-06 
LIF+EPO 4.0 0.4 1.36E-06 0.0025 
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Figure 6.17: qPCR validation of the microarray data; Ppargc1a. Each graph 

compares the mean Log2 FC of Ppargc1a gene expression after the specified cytokine 

treatment (10ng/ml) versus control sample “B”±SD performed in quadruplicate. RT 

and qPCR were performed on the same samples as those used in the microarray. 

**P<0.01, ***P<0.001 vs ctrl & ##P<0.01, ###P<0.001 vs EPO alone. 
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  Figure 6.17 cont.: 

Microarray results: 

   P value 
Cytokine (ng/ml) Ppargc1a Mean SD vs Ctrl vs EPO 
Ctrl -0.4 0.3   
EPO 1.1 0.2 0.002  
LIF -0.5 0.1 0.4771 8.01E-05 
LIF+EPO -0.3 0.2 0.7742 6.62E-05 
 

qPCR validation results: 

   P value 
Cytokine (ng/ml) Ppargc1a Mean SD vs Ctrl vs EPO 
Ctrl -0.1 0.3   
EPO 1.1 0.2 0.0007  
LIF -0.1 0.2 0.8668 0.0001 
LIF+EPO 0.6 0.0 0.0021 0.0104 
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6.3.2 Transcripts altered by treatment with EPO+LIF compared to EPO alone 

As with the 1 hour analysis it was decided to analyse just those genes altered 

between treatment of cells with EPO+LIF combined and EPO alone as this would 

give a clearer explanation of the causes behind the inhibition of EPO-induced Mog 

by LIF. The transcripts were filtered initially using the same parameters as before 

(fold change greater than 1.5 and P value less than or equal to 0.05). However, after 

this 1169 transcripts remained which were too many to analyse. Also, as there is 

such a large quantity it is possible to increase the level of significance and so only be 

left with genes that show a substantial effect. Therefore, the P value was lowered 

first to less than or equal to 0.01, which still left 961 genes remaining, before it was 

decided to use less than or equal to 0.001, after which 688 genes remained, a number 

low enough that it could be properly analysed without fear that important 

interactions might be missed. The remaining genes were ordered for fold change 

between EPO+LIF versus EPO and the ten most highly up- and downregulated genes 

are shown in Table 6.3. 

 

Table 6.3 differs from table 6.2 in that it shows genes that are not significantly 

changed by the addition of EPO, whereas those in table 6.2 were significantly 

changed between EPO and the control and between EPO+LIF and EPO. By 

comparing the two tables it can be seen that the three most highly upregulated genes 

by EPO+LIF were not significantly changed by EPO alone, suggesting that these 

could be inhibitory genes that required LIF for activation.  

 

The remaining genes and their expression values versus the control were analysed by 

hierarchical cluster analysis (Fig 6.18). It appeared from the image that 

downregulated genes would provide little information here as shown by the large 

section of green tiles which suggest that in this analysis genes that were 

downregulated by EPO were only further downregulated by EPO+LIF. Genes that 

acted in this way did not correlate with, or offer an explanation for, the inhibition 

seen by EPO+LIF so would not be considered in this analysis.   
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   EPO vs Ctrl EPO+LIF vs. EPO 
 Gene name Accession 

Number 
Average 
Log2 FC 

P.value Average 
Log2 FC 

P.value 

Upregulated      
 Gfap NM_017009 0.05 0.7581313 6.70 0.0000000 
 Gpx2 NM_183403 -0.40 0.1826736 5.66 0.0000001 
 Emp3 NM_030847 0.06 0.8565486 4.74 0.0000003 
 Itga9 XM_006244173 1.54 0.0007258 4.46 0.0000021 
 Bcl3 NM_001109422 0.96 0.0000078 4.38 0.0000000 
 Prom1 NM_021751 0.08 0.7467147 4.23 0.0000007 
 Cxcl14 NM_001013137 -0.21 0.1784740 4.08 0.0000001 
 Tmem176a NM_001039008 0.08 0.5659822 3.96 0.0000000 
 Ccl20 NM_019233 -0.69 0.3883343 3.94 0.0000333 
 Tmem176b NM_134390 2.40 0.0000498 3.45 0.0000002 
Downregulated      
 Fam64a NM_001113781 -0.53 0.0018208 -1.45 0.0000072 
 Shroom2 NM_001047893 1.73 0.0001706 -1.52 0.0001231 
 Ndnf XM_006236609 -0.20 0.4210522 -1.55 0.0001464 
 Nod1 NM_001109236 -0.83 0.0182174 -1.56 0.0009928 
 Dct XM_006222052 -0.06 0.6137649 -1.58 0.0000062 
 Pcp4 NM_013002 -0.64 0.0642694 -1.62 0.0006832 
 Cd36 NM_031561 4.85 0.0000000 -1.78 0.0000243 
 Esam NM_001004245 -0.80 0.0076948 -1.86 0.0002212 
 Htr2c NM_012765 5.14 0.0000000 -1.98 0.0000020 
 Slc15a1 NM_057121 0.50 0.0084439 -2.30 0.0004087 
 Table 6.3: The most highly up- and downregulated genes between cells treated 

with EPO+LIF and EPO alone at 20 hours. Genes were first cut for significant 

changes between EPO+LIF and EPO. Significance was defined as a p.value less 

than 0.001 and fold change greater than 1.5. 
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Figure 6.18: Genes changed by EPO+LIF vs EPO at 

20 hours. Hierarchical clustering and heat map of the 

differentially expressed transcripts identified by 

comparing EPO+LIF versus EPO at a threshold of 1.5 

fold change and P<0.001. Each sample represents the 

expression change compared to the mean Log2 of the 

control. Red indicates an increase and green indicates a 

decrease in expression compared to the controls. 

Average linkage clustering analysis was performed 

using Genesis software. Four columns of each treatment 

are biological replicates. The whole image is shown to 

give a full overview of the analysis. Green bars indicate 

clusters of interest. 

Original in colour 
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6.3.2.1 Transcripts upregulated by EPO+LIF 

Several clusters of interest were identified here that were unaltered by EPO but 

upregulated by EPO+LIF, therefore representing potential genes that are inhibitory 

to myelin production (Fig 6.19). Cluster 1 included Fos, as mentioned in the 1 hour 

analysis where its expression was stronger so it was successfully validated at that 

time point. Also in this cluster was Tlr2 which was also of importance in the 1 hour 

analysis. Furthermore, Myd88 and Irf1 which are both downstream of Tlr2 appeared 

in clusters 5 and 3 respectively. Tlr2 was validated because it, and its downstream 

signalling components, were present in both 1 hour and 20 hour analysis and because 

it is more abundant on oligodendrocyte precursor cells than mature 

oligodendrocytes. Furthermore, stimulating Tlr2 with hyaluronan blocked maturation 

of the immature cells (Sloane 2010). The qPCR validation was successful (Fig 6.20) 

as samples treated with LIF and those treated with EPO+LIF expressed significantly 

more Tlr2 than the control samples or those treated with EPO alone, reflecting the 

results seen in the microarrays. Tlr2 will be investigated further to see if the results 

here have elucidated a biological functionality (Section 6.3.3). 
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Figure 6.19: Genes changed by 

EPO+LIF vs EPO at 20 hours. 

Selected are those unchanged by 

EPO alone but upregulated by 

EPO+LIF. Hierarchical clustering and 

heat map of the differentially expressed 

transcripts identified by comparing 

EPO+LIF versus EPO at a threshold of 

1.5 fold change and P<0.001. 

Expression changes in EPO treated 

samples and LIF treated samples are 

also shown expressed vs the control. 

Each sample represents the expression 

change compared to the mean Log2 of 

the control. Red indicates an increase 

and green indicates a decrease in 

expression compared to the controls. 

Average linkage clustering analysis was 

performed using Genesis software. Four 

columns of each treatment are 

biological replicates. Bars 1, 3, 4, & 5 

indicate clusters of interest. 

Original in colour 
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  Figure 6.20: qPCR validation of the microarray data; Tlr2. Each graph 

compares the mean Log2 FC of Tlr2 gene expression after the specified cytokine 

treatment (10ng/ml) versus 1 control sample ±SD performed in quadruplicate. RT 

and qPCR were performed on the same samples as those used in the microarrays. 

***P<0.001 vs ctrl & ###P<0.001 vs EPO alone. 
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Figure 6.20 cont.: 

Microarray results: 

   P value 
Cytokine (ng/ml) Tlr2 Mean SD vs Ctrl vs EPO 
Ctrl 0.0 0.4   
EPO -0.1 0.4 0.7525  
LIF 3.2 0.1 4.78E-05 7.13E-05 
LIF+EPO .3. 0.2 4.66E-06 7.29E-06 
 

qPCR validation results: 

   P value 
Cytokine (ng/ml) Tlr2 Mean SD vs Ctrl vs EPO 
Ctrl 0.2 0.5   
EPO 0.0 0.5 0.7496  
LIF 3.2 0.4 9.28E-05 7.44E-05 
LIF+EPO 3.6 0.3 2.92E-05 2.4E-05 
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Lipocalin 2 (Lcn2) also appears in cluster 4. LCN2 is an iron-trafficking protein that, 

among multiple other functions, has been linked in several studies to demyelinating 

diseases. Lcn2-/- mice exhibit an amelioration of the symptoms of EAE and are less 

susceptible to white matter damage after subarachnoid haemorrhage, damage which 

in wild type mice caused an increase in Lcn2 (Egashira 2014, Nam 2014). There is 

debate about whether Lcn2 is neuroprotective or neurodetrimental. It is known that it 

is upregulated after neuronal injury but the consequences of this are unclear. These 

links of Lcn2 to demyelinating diseases justified validation of Lcn2 as it could 

provide novel evidence to a causative agent of demyelination. The validation was 

successful (Fig 6.21). Expression of Lcn2 was significantly increased by LIF and 

EPO+LIF treatment both in the microarrays and in the qPCR validation. 

Investigation into the potential biological functionality of Lcn2 would be carried out 

further (Section 6.3.4). 

 

The genes represented in clusters unaltered by EPO but upregulated by EPO+LIF 

were entered into STRING to provide evidence of functional connections between 

the proteins they code for (Fig 6.22, a close-up of the centre of the STRING analysis 

is shown in Fig 6.23). Tlr2, Myd88, and Irf1 again feature prominently in the centre 

of the image. After being identified from both the 1 hour and 20 hours analysis this 

pathway will feature prominently in further investigation. JunB, Fos, and Stat3, all 

identified in previous work, are also in the centre of this image with a large number 

of functional connections to other proteins. 

 

In the STRING image, Lcn2 had a functional connection to Tlr2 and Tlr2 has been 

shown to increase the expression of Lcn2 in epithelial cells and macrophages (Eller 

2013). Lcn2 also has a connection here to Erb-b2 receptor tyrosine kinase-2 (Erbb2) 

which is a receptor upstream of the MAPK and Pi3K pathways, among others 

(Yarden 2001), which has been linked to Schwann cell myelination (Basak 2015). 
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  Figure 6.21: qPCR validation of the microarray data; Lcn2. Each graph 

compares the mean Log2 FC of Lcn2 gene expression after the specified cytokine 

treatment (10ng/ml) versus 1 control sample ±SD performed in quadruplicate. RT 

and qPCR were performed on the same samples as those used in the microarrays. 

**P<0.01, ***P<0.001 vs ctrl & ##P<0.01, ###P<0.001 vs EPO alone… 
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  Figure 6.21 cont.: 

Microarray results: 

   P value 
Cytokine (ng/ml) Lcn2 Mean SD vs Ctrl vs EPO 
Ctrl -0.4 0.5   
EPO -0.4 0.4 0.9697  
LIF 1.4 0.4 0.0035 0.0019 
LIF+EPO 1.6 0.1 0.0002 0.0001 
 

qPCR validation results: 

   P value 
Cytokine (ng/ml) Lcn2 Mean SD vs Ctrl vs EPO 
Ctrl 0.0 0.1   
EPO 0.5 0.4 0.0546  
LIF 2.5 0.3 7.38E-06 0.0003 
LIF+EPO 2.6 0.3 6.3E-06 0.0002 
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Figure 6.22: STRING analysis of genes unaltered by EPO but upregulated by 

EPO+LIF at 20 hours. All transcripts were filtered for EPO+LIF vs EPO with 

parameters of fold change greater than 1.5 and p<0.001. The genes represented here 

were selected for from hierarchical cluster analysis where clusters that were unaltered by 

EPO but upregulated by EPO+LIF were identified. The nodes represent the proteins 

encoded by the genes and the lines between the nodes represent functional interactions 

between them. Confidence score >0.4 with text mining. 

Original in colour 
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Figure 6.23: STRING analysis of genes unaltered by EPO and upregulated by 

EPO+LIF at 20 hours. Centre of Figure 6.22. All transcripts were filtered for EPO 

and LIF vs EPO with parameters of fold change greater than 1.5 and p<0.001. The 

genes represented here were selected for from hierarchical cluster analysis where 

clusters that were unaltered by EPO but upregulated by EPO+LIF were identified. 

The nodes represent the proteins encoded by the genes and the lines between the 

nodes represent functional interactions between them. Confidence score >0.4 with 

text mining. 

Original in colour 
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6.3.3 Biological functionality of Tlr2 

Tlr2 was chosen for further analysis into its effects on myelination from the outcome 

of this microarray analysis. In the microarrays Tlr2 was not induced by EPO, but it 

was very highly induced by both LIF alone and EPO+LIF treatments, a pattern of 

induction that was seen at both time points. Furthermore, Myd88, a signalling 

mechanism downstream of Tlr2, was also present throughout the microarrays, with a 

similar expression pattern as Tlr2. Myd88 strengthened the hypothesis that Tlr2 and 

its corresponding signalling mechanisms are implicated in the inhibition by LIF of 

EPO-induced Mog. 

 

Tlrs are receptors that reside on the surface of cells and provide a crucial component 

of the innate immune system. They have the ability to recognise pattern-associated 

molecular patterns (PAMPs) that reside on the surface of a variety of pathogens, with 

the same PAMPs being present on many different species. The PAMPs vary very 

little between species thus allowing Tlrs to recognise a wide range of infectious 

agents and induce the innate immune response as well as activating the creation of an 

adaptive immune response (Medzhitov 2000). 

 

In addition to recognising foreign PAMPs, Tlrs have the ability to recognise 

endogenous danger signals called danger-associated recognition molecules. The 

majority of these molecules are a product of the immune system, but in the CNS they 

are known to be released upon disease and infection after cell death and necrosis and 

the remodelling and regeneration of tissue (Piccinini 2010). Microglia, neurons, 

astrocytes, and oligodendrocytes of the CNS all express Tlrs. Oligodendrocytes 

express Tlrs 2 and 3, while Tlr2 is also present on astrocytes and microglia (Kielian 

2006, Bsibsi 2012). Generally, the final effect of Tlr stimulation in the CNS is 

facilitation of innate immune activation, but the exact role of the Tlrs that are 

expressed in oligodendrocytes is unknown but they may be involved in regulating 

inflammation, gliosis, and demyelination (Kigerl 2007). A link between Tlr2 and 

EAE has been determined, although from studies using knockout models it seems 

that it is Myd88 that is responsible essential for the action of Tlrs (Prinz 2006). 
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In order to determine a biological functionality of Tlr2 the cells were stimulated with 

Pam3, an agonist of Tlr2 (Jin 2007). It was hypothesised that Tlr2 stimulation would 

inhibit EPO-induced Mog as it was upregulated by treatment with LIF and with 

EPO+LIF. CG4 cells were plated at a density of 4x104 cells/well and differentiated 

after 24 hours incubation. Simultaneous to differentiation the cells were treated with 

EPO, LIF, and Pam3 before incubation for 3 days. The experiment was stopped 

using QIAzol and RT and qPCR were performed to measure Mog expression. 

 

As expected from the results of previous work, LIF inhibited EPO-induced Mog (Fig 

6.24). Interestingly, Pam3 also inhibited when added with EPO but without LIF, 

suggesting that the CG4 cells expressed basal levels of Tlr2 without stimulation by 

LIF. However, when EPO, LIF, and Pam3 were all added simultaneously Pam3 

increased the inhibition shown by LIF to the point where there was no difference 

between the expression of Mog by the EPO+LIF+Pam3 group and the control group 

(P=0.09). The experiment was repeated and the same results obtained. These results 

showed that, as the microarrays suggested, LIF increased Tlr2 expression as 

stimulation of Tlr2 increased the inhibition seen. Furthermore, the inhibition of EPO-

induced Mog by Pam3 alone showed that a basal level of Tlr2 was significant 

enough to cause Mog inhibition. While several investigations have shown that 

oligodendrocytes express Tlrs (Bsibsi 2002, Kigerl 2007, Sloane 2010), there is no 

clarification about the effect of that they have on oligodendrocytes. For example, 

Bsibsi (2012) found that Tlr2 stimulation promoted oligodendrocyte survival, 

differentiation, and myelination, a direct contradiction to what has been found in this 

work in both the gene expression microarrays and follow-up experiments on the 

effect of Tlr2 on Mog induction (Bsibsi 2012). This contradictory evidence is 

potentially explained by Wu et al (2013) who found that Tlr2 is important for both 

the demyelination after nerve injury and the subsequent remyelination (Wu 2013). 

 

The work on Tlr2 had shown that Tlr2 has a functional effect on myelination. Tlr2 is 

the only Tlr that showed a significant upregulation in the gene expression 

microarrays, but the TLR2 protein must heterodimerise with either TLR1 or TLR6 to 

create a functional receptor. But, neither of these Tlrs are present on 

oligodendrocytes, which only express Tlrs 2 and 3 (Bsibsi 2012). The Tlrs must form 

a heterodimer with one-another before binding to their ligand to induce the required 
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signalling pathways. Oligodendrocytes only express Tlrs 2 and 3, while Tlr2 must 

bind with Tlr1 or 6 to form its heterodimer. This presents a paradox as Tlr2 must be 

associating with something. The responsiveness of oligodendrocytes to Tlr 

stimulation could be evidence that Tlr2 can form a homodimer, an interaction that 

has been previously hypothesised but not proven (Oiu 2013). Extensive follow-up 

experimental investigation would be needed to confirm that a Tlr2 protein 

homodimer is being formed, or to show that indeed Tlrs 1 or 6 are present on the 

surface of oligodendrocytes. 
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Figure 6.24: Pam3 treatment increased the inhibitory effect of LIF on EPO-

induced Mog expression. CG4 cells were plated at a density of 40,000/well and 

differentiated for three days after treatment with the indicated cytokine. Mog 

mRNA was measured by qPCR and results are expressed as arbitrary units versus 

the control. Data represented here are the mean ± SD of quadruplicate samples. ** 

P<0.01, ***P<0.001 vs ctrl & ##P<0.01, ###P<0.001 vs EPO alone, & ^P<0.05, 

^^^P<0.001 vs EPO+LIF. 

   P value 
Sample Mog 

Mean 
SD vs Ctrl vs EPO vs EPO+LIF 

Ctrl 0.8 0.1    
EPO 8.3 1.4 3.37E-05   
EPO+LIF 1.6 0.3 0.0012 6.94E-05  
EPO+Pam3 3.1 0.3 1.14E-05 0.0003 0.0004 
EPO+LIF+Pam3 1.0 0.1 0.0902 0.0003 0.0121 
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6.3.4 Biological functionality of Lipocalin 2 

Lcn2 is a protein involved in a range of cellular processes such as cell survival 

(Kehrer 2010), migration (Yang 2009) and differentiation (Bolignano 2008) and is 

linked to innate immunity by preventing iron metabolism that is essential of bacterial 

propagation (Goetz 2002, Yang 2002). Lcn2 has been linked to diseases and injuries 

of the nervous system. Lcn2 gene expression was found upregulated at the onset of 

EAE, with expression continuing throughout the course of disease, primarily being 

expressed in astrocytes and monocytes (Berard 2012). Furthermore, Lcn-/- mice 

suffered from ameliorated symptoms of EAE (Nam 2014). These experimental 

findings have also been replicated in human experiments; Lcn2 protein levels were 

increased in the cerebrospinal fluid of MS patients (Berard 2012) and the gene 

expression of Lcn2 in the cerebrospinal fluid coincided with active phases of the 

disease (Marques et al. 2012). Lcn2 expression was the most highly upregulated in 

patients with progressive MS, the final and most severe stage of the disease, over 

those with relapsing-remitting MS (Al Nimer et al. 2016). Furthermore, Lcn2 

expression was increased after subarachnoid haemorrhage and Lcn-/- mice were less 

susceptible to white matter damage following such an injury (Egashira 2014). In the 

brain, Lcn2 binds to a receptor called the brain type organic cation transporter 

(24p3R) (Devireddy 2005). 

 

Upon investigating the literature, there seemed to be strong links between Lcn2 and 

demyelinating diseases, yet its relationship to oligodendrocytes has not been 

investigated (Berard 2012, Al Nimer et al. 2016). Therefore it was thought that it 

could be a novel molecule to investigate further. The validation was successful (Fig 

6.21) so it was decided to treat the CG4 cells with recombinant human Lcn2 to see if 

it has a functional effect on their myelinating capacity. Both the microarrays and the 

validation correlated increased Lcn2 with decreased Mog, i.e. it was treatment with 

LIF and EPO+LIF that caused the most Lcn2 induction, suggesting that it had a 

causative role in myelin inhibition. 

 

CG4 cells were plated at a density of 4x104 cells/well and differentiated after 

overnight incubation. EPO and Lcn2 were added at the point of differentiation. Lcn2 

has a molecular weight of 25kDa (Flower 1996) so it is roughly comparable in 
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molecular weight to EPO and LIF, however the expression of 24p3R, the receptor 

for Lcn2, on these cells is unknown. Therefore, similar concentrations as those used 

for EPO and LIF were a good starting point, but a range of concentrations of Lcn2 

were used (1, 10 and 50ng/ml). The experiment was stopped after 3 days and Mog 

was measured by qPCR to see if the presence of Lcn2 had inhibited Mog expression. 

 

There was no inhibition of EPO-induced Mog by any of the attempted concentrations 

of Lcn2 (Fig 6.25). All the treatments induced a significant increase of Mog 

expression, but the addition of Lcn2 had no significantly different effect than the 

treatment with EPO alone (P>0.05). There was no apparent effect of toxicity of Lcn2 

on these cells, and circulating Lcn2 is around 80ng/ml in healthy people, with its 

expression being highly influenced by the presence of disease; circulating 

concentrations can reach 800ng/ml (Wheeler 2008). Therefore, one final high 

concentration of Lcn2 was used to determine if it had any impact at all on these cells.  

 

The experiment was run as before but with just one concentration of 300ng/ml Lcn2. 

Again, the addition of Lcn2 showed no effect (Fig 6.26). EPO alone increased Mog 

expression, as expected, but the addition of Lcn2 had no effect on EPO-induced Mog 

(P=0.97). These two experiments led to the conclusion that Lcn2 has no direct effect 

on oligodendrocytes at the concentrations investigated and it did not cause inhibition 

of myelination alone as LIF can. This may mean that Lcn2 is involved in the 

inhibition of myelin gene expression, but it is not sufficient to cause the inhibition 

alone.  
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Figure 6.25: Lcn2 treatment did not inhibit EPO-induced Mog expression. CG4 

cells were plated at a density of 40,000/well and differentiated for three days after 

treatment with either EPO alone, or with the addition of Lcn2 at various 

concentrations. Mog mRNA was measured by qPCR and results are expressed as 

arbitrary units versus the control. Data represented here are the mean ± SD of 

quadruplicate samples. ** P<0.01, ***P<0.001 vs the control. 

   P value 
Samples Mog mean SD vs ctrl vs EPO 
Ctrl 0.9 0.1   
EPO 11.4 1.0 7.48E-07  
EPO+Lcn2 
(1ng/ml) 

12.1 3.9 0.0012 0.7528 

EPO+lcn2 
(10ng/ml) 

12.8 0.3 1.39E-08 0.0748 

EPO+Lcn2 
(50ng/ml) 

13.8 1.8 6.77E-06 0.0615 
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Figure 6.26: High-concentration Lcn2 treatment did not inhibit EPO-induced 

Mog expression. CG4 cells were plated at a density of 40,000/well and 

differentiated for three days after treatment with either EPO alone or with the 

addition of Lcn2 at 300ng/ml. Mog mRNA was measured by qPCR and results are 

expressed as arbitrary units versus the control. Data represented here are the mean ± 

SD of quadruplicate samples. ***P<0.001 vs the control. 

   P value 
Samples Mog mean SD vs ctrl vs EPO 
Ctrl 0.8 0.3   
EPO 8.1 1.4 5.82E-05  
EPO+Lcn2 8.1 1.2 1.90E-05 0.9747 
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6.4 Conclusions 

x Hierarchical clustering was used to identify genes that may inhibit EPO-

induced Mog at both 1 hour and 20 hours 

x Validation of microarrays by qPCR was carried out to confirm the results 

seen 

x Tlr2 and Lcn2 were identified from the microarrays and a biological 

functionality in CG4 cells of Tlr2 was confirmed. 

The purpose of the gene expression microarray analysis was to determine the effect 

that LIF had on gene expression in CG4 oligodendrocyte precursor cells. The genes 

expressed after treatment with LIF alone and when EPO+LIF were added 

simultaneously were investigated, and comparing these expression profiles to those 

expressed by EPO treatment alone.  

 

Several methods were used to identify genes that may be important in the inhibition 

of EPO-induced Mog expression. Initially the most highly regulated genes between 

EPO versus the control and EPO+LIF versus EPO were found by ordering for fold 

change. A few genes of interest were identified here, and these will be crucial as they 

were highly regulated between the groups.  

 

The genes were finally sorted for significance between EPO+LIF and EPO alone, 

without the original EPO versus the control filter. At 20 hours the p value was 

reduced to less than or equal to 0.001 because of the large number of genes present. 

The cluster analyses from the sorted genes elucidated many genes that may have a 

causative association with the inhibition of EPO-induced Mog expression. 

Specifically, genes that were unaltered by EPO but upregulated by EPO+LIF and 

those upregulated by EPO and downregulated by EPO+LIF were investigated 

further. These patterns of expression help to answer the question of what caused LIF 

to have an inhibitory effect on EPO-induced Mog. 

 

STRING analysis was used on the selected clusters to help identify genes that had 

not previously been identified and this pointed to more genes that should be 

considered. 



218 
 

There were more genes of interest at 20 hours than at 1 hour because more late-

induced genes were present. The 20 hour analysis may have been more interesting 

overall but the genes at 1 hour were important because they show what was initiated 

first and what then leads on to the later expression. 

 

Several of the genes of interest from the microarrays were validated by qPCR to 

confirm that the expression detected in the microarrays correlated with qPCR 

analysis on these samples. The majority of the validations were successful, but a 

couple that did not correlate highlighted the importance of checking any value from 

the gene expression microarrays before taking investigations into the specified gene 

any further. 

 

Socs3 was identified in the microarray analysis at 1 hour. Socs3 is a negative 

feedback regulator of the JAK-STAT signalling pathway that has been investigated 

extensively in previous experimental work presented in this thesis (Chapter 4). It was 

induced significantly by LIF, but not by EPO, and its expression remained elevated 

when EPO and LIF were both present. This pattern of expression was seen both in 

the microarray analysis and qPCR analysis on CG4 cells. It is believed that the 

induction of Socs3 by LIF inhibited EPO-induced Mog expression.  

 

Tlr2 appeared consistently throughout the microarrays and analysis of the literature 

suggested that it negatively regulated myelination. Its expression was significantly 

upregulated by the presence of LIF at both time points. Furthermore, Myd88, a 

signalling molecule that is downstream of Tlr2 was also present consistently 

throughout the analysis. For these reasons it was decided to test the biological 

functionality of Tlr2 by stimulating the cells with Pam3, a Tlr2 agonist. Treatment 

thus increased the inhibitory effect seen by LIF on EPO-induced Mog, suggesting 

that LIF upregulated Tlr2 and stimulation of this lead to an increase in inhibition. 

 

The results from the gene expression microarrays elucidated new pathways that may 

be involved in the inhibition of myelination, such as Tlr2 which is novel data as it 

has been implicated in neuroinflammation and demyelination, but not an inability to 

produce myelin. 
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So far the work in the current thesis has gone a long way towards investigating the 

interaction between EPO and LIF and how LIF had an inhibitory effect on the 

signalling induced by EPO, including looking at known induction pathways by both 

cytokines and using gene expression microarrays to elucidate the genetic 

mechanisms behind the inhibition. The next chapter will look at applying this 

knowledge to wound healing models, as it is believed that the application of tissue 

protective cytokines to wounds could accelerate healing and decrease the prevalence 

of chronic wounds. 
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Chapter 7. In vitro wound healing assay 
 

7.1 Introduction 

Wound healing is a complex process that aims to reinstate the strength and integrity 

of the skin, the body’s first defence against invading pathogens. Chronic wounds can 

develop through a number of mechanisms including a prolonged inflammatory 

response. Chronic wounds that do not heal cause considerable pain, disability, and 

possible amputation. 

 

The wound healing process consists of four overlapping stages, each of which 

prepares the wound for the following stage (Shaw 2009) (Section 1.2.2.1). The first 

stage of wound healing is haemostasis, the primary aim of which is to prevent 

exsanguination. Pro-inflammatory cytokines released at this stage include TGF-β, 

PDGF, FGF, and epidermal growth factor (Werner 2003). Further blood loss is 

prevented by the formation of a clot from the transformation of fibrin from 

fibrinogen and the activation of thrombin and platelets (Mosesson 2005).  

 

The next phase is the inflammatory phase which is characterised by the progressive 

infiltration of neutrophils, macrophages, and lymphocytes and aims to establish an 

immune barrier against invading microorganisms (Hart 2002). Initially neutrophils 

destroy debris and bacteria in the wound, but this action is carried out by 

macrophages later on that also provide various growth factors that are important in 

controlling inflammation (Velnar 2009). Immune cells that are already present in the 

tissue become activated in the inflammatory period, which then release a variety of 

cytokines and chemokines. Inflammation is crucial and will continue as long as 

debris and bacteria are present, but a prolonged inflammatory response has a 

negative effect and can lead to a chronic wound. 

 

The third stage, proliferation, follows in which the aim switches from preventing 

further damage to repair. There is a large amount of cell migration into the wound as 

well as proliferation of those cells already present that leads to re-epithelialisation 
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(Ilina and Friedl 2009). Granulation tissue formation is vital in this phase to replace 

the lost mass of tissue and to aid contraction of the wound (Greaves 2013). 

  

Remodelling is the final stage. It involves the formation of a normal epithelium and 

of scar tissue below the epithelium and can take up to two years before completion. 

This last stage is not often orchestrated properly in an attempt to complete healing 

quickly with priority given to wound closure over aesthetics. In this situation, the 

type 1 collagen is often laid down by the fibroblasts in excess and in a dense parallel 

arrangement of the matrix that leads to the development of a scar. 

 

The complex interactions between cytokines, cells and the extracellular matrix are 

central to wound healing. For example, a lack of PDGF and its receptor have been 

strongly linked to impaired wound healing; its appearance is delayed in impaired 

wound healing of aged mice (Ashcroft et al. 1997) and human dermal ulcers have 

significantly lower levels of PDGF than surgically created acute wounds (Pierce et 

al. 1995). Some FGFs are highly upregulated in a wound, for example FGF7 

expression increased 100-fold by 24 hours after wounding in humans (Marchese 

1995). Blocking FGF2 using a polyclonal antibody led to a reduced cellularity and 

vascularisation of the granulation tissue (Broadley 1989). VEGFA is also strongly 

induced by cutaneous injury, with the expression mainly coming from keratinocytes 

and macrophages, and its receptor is upregulated on the blood vessels of cutaneous 

tissue (Frank 1995, Lauer et al. 2000). Furthermore, reduced expression of VEGFA 

is associated with defects in wound healing (Lauer et al. 2000).  

 

TGF-β is also crucial to wound healing. Wounds sustained by developing embryos 

heal completely without any evidence of scarring (reviewed in (Larson et al. 2010)). 

The expression of TGF-β isoforms is very different between embryonic and post-

natal wounds; embryonic wounds express very high levels of TGF-β3 and very low 

levels of TGF-β1 whereas adult wounds predominantly express TGF-β1 (Cowin AJ 

2001, Ferguson and O'Kane 2004). Suppression of TGF-β1 and/or TGF-β2 resulted 

in improved adult healing while deletion of TGF-β3 was detrimental (Shah et al. 

1992, Shah et al. 1995). These observations show that the balance of TGF-β 
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isoforms greatly impacts wound healing and the optimum ratio of TGF-β isoforms is 

essential for scar forming versus scar-free healing.  

 

It is hypothesised here that EPO could be a tissue-protective cytokine with wound 

healing capabilities as it is in various other tissues. For example, EPO stimulates 

platelet aggregation (Malyszko 1995), expression of plasminogen activator-inhibitor 

(Stasko 2002) and tissue factor (Fuste 2002), plus its anti-inflammatory effects 

(Brines 2008). There is considerable literature in rat and mouse models to suggest 

that EPO would have a positive effect in skin wound healing. However, most 

investigations have been performed using systemic EPO treatment (Elsherbiny 2012, 

Arslantas 2015) with far fewer successful topical treatments (Hong 2014). 

 

Studying wound healing in vitro is difficult because of the multitude of cell types, 

cytokines, and growth factors that combine in a complex array of interactions in 

order to close the wound. Replication of this very complex process under laboratory 

conditions would be a near impossibility. 

 

One simple method used by many laboratories to study wound healing in vitro is the 

scratch assay model. This involves plating cells and growing them until they form a 

confluent monolayer at which point a scratch or “wound” is made down the centre of 

the monolayer, removing a section of cells. The cells are then treated with the 

cytokines or growth factors of interest and the area of the scratch measured 

immediately and at later time points, thus allowing measurement of the percentage of 

wound closure (Liang et al. 2007). 

 

7.2 sEnd-1 cells 

The first cell line that was investigated using the scratch assay model was the mouse 

skin endothelial cell line known as sEnd-1 cells (Williams et al. 1989). Initially, the 

optimal serum concentration needed to be determined so that the cells remained 

viable, proliferative and migratory and remained attached to the base of the well. An 

assessment of the speed of wound closure could then be undertaken. Cells were 

plated at a density of 2x105 cells/well in 12-well plates and cultured in DMEM 

containing 10% FCS and 1% pen/strep. It was important that the cells were grown to 
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confluence so that interactions and signals between cells replicated the intact layer of 

cells in the endothelium of the skin. Once the cells became confluent, a scratch was 

made down the centre of each well using a p1000 pipette tip, leaving a wound of 

about 1.5mm in which there were no cells. At this point a horizontal line was drawn 

along the underside of the plate as a reference point for the position of the scratch 

wound ensuring that each time a measurement was taken it recorded in a uniform 

manner. The medium was removed and the cells were washed twice in serum-free 

DMEM before the medium was replaced with DMEM with 0, 0.1, 1, or 10% FCS. 

The scratches were photographed immediately, using the line along the bottom of the 

plate as a reference point for the image. The area of the scratch was measured using 

ImageJ. The cells were incubated at 37°C and the scratch was photographed and 

measured again 24, 48, and 72 hours later (Figure 2.5).  

 

The cells treated with 10% FCS had completely repaired the scratch wound in the 

monolayer by 24 hours after wounding (Fig 7.1). This meant that this concentration 

caused wound closure too quickly to accurately measure any differences in treatment 

used on the cells. The decision had to be made whether to use 1 or 0.1% FCS. 

Treatment with 0.1% FCS closed the wound at the same rate as 0% FCS and there 

was not any evidence of unhealthy cells. Therefore, it was decided to use 0.1% 

serum for future experiments. 

 

Various concentrations of EPO were then used to investigate the effect of this 

cytokine on the scratch wound healing in sEnd-1 cells. The experiment was 

conducted in the presence of 0.1% FCS and varying concentrations of EPO were 

used (0, 0.4, 2, and 10ng/ml). In this preliminary investigation, these concentrations 

were selected based on previous work in CG4 cells to determine the optimal 

concentration of EPO. At 24 hours there was no significant difference between any 

of the EPO concentrations and the control samples (without EPO addition), but at 48 

hours both 1ng/ml and 10ng/ml had closed the scratch wound significantly more 

than the control (P=0.02, and 0.01 respectively), with 10ng/ml EPO resulting in 

complete closure of the scratch wound (Fig 7.2). After investigation of the literature, 

there are no publications regarding an interaction between sEnd-1 cells and EPO, so 

this result represents the first evidence that these cells respond to EPO. Furthermore, 

it suggests that EPO may accelerate wound closure in the endothelium.   
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Figure 7.1: Scratch wound closure by sEnd-1 cells treated with varying 

concentrations of FCS. sEnd-1 cells were plated at a density of 2x105 cells/well in 

12-well plates before a 1.5mm scratch was made along the centre of the well 

containing the confluent cells. The rate at which the wound closed in medium with 

different percentages of FCS was measured and expressed as percentage closure. 

0.1% FCS did not induce significantly more wound closure than the control. 1% 

FCS resulted in the wound closing more significantly than the control at all time 

points (p<0.05). 10% FCS closed the wound significantly more than the control at 

all time points (p<0.001) 

 Time (h) 
 24 48 72 
FCS 
(%) 

Mean 
closure 
(%) 

SD P value Mean 
closure 
(%) 

SD P value Mean 
closure 
(%) 

SD P value 

0 39.6 0.1  58.1 0.04  57.9 0.06  
0.1 40.8 0.1 0.6539 61.3 0.08 0.5761 64.4 0.08 0.2758 
1 63.1 0.1 0.0061 70.5 0.07 0.0349 77.2 0.04 0.0149 
10 100 0.1 2.7E-05 100 0 0.0001 100 0 0.0009 
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  Figure 7.2: EPO concentration response of scratch wound closure by sEnd-1 

cells (Experiment 1). sEnd-1 cells were plated at a density of 2x105 cells/well in 

12-well plates before a 1.5mm scratch was made along the centre of the well 

containing confluent cells. The rate at which the wound closed in medium with 

different concentrations of EPO was measured and expressed as percentage 

closure. EPO at 2 and 10ng/ml resulted in the scratch wound closing significantly 

more than the control by 48 hours (p=0.03 and 0.01 respectively).  

 Time (h) 
 24 48 
EPO 
(ng/ml) 

Mean 
closure (%) 

SD P value Mean 
closure (%) 

SD P value 

0 52.9 0.1  73.9 0.1  
0.4 45.5 0.0 0.3978 88.9 0.0 0.0961 
2 69.2 0.1 0.1825 95.8 0.0 0.0261 
10 74 0.1 0.1523 100 0 0.0139 
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The experiment in Figure 7.2 demonstrated that EPO influenced sEnd-1 cells to 

migrate across and close a scratch wound in the cell monolayer. The repeat 

experiment was performed in exactly the same way as before on cells that were only 

two passage numbers higher than the original. The cells were treated with 0, 0.2, 2, 

and 10ng/ml EPO. However, in the repeat experiment, it was observed that with the 

addition of EPO, at any concentration, there was no effect on the rate of healing, and 

no significant difference was seen between any samples at either time point (Fig 

7.3). This shows significant variability between experimental outcomes. In the 

second experiment the control scratch wound had closed by 98% in 48 hours, but in 

the previous experiment the wound had only closed by 74% by the same time point. 

As the cells were grown to confluence in both experiments and there was no visible 

difference between them this is unexplained but shows that the experiment produces 

variable results. 

 

It was decided to compare the effect of LIF treatment on these cells with that of 

EPO. In an attempt to reduce the variability seen in the previous experiments, 6 

replicates were used for each treatment, instead of 3 replicates as used previously. It 

was also decided to observe the cells at 18 hours post scratch wounding to see if a 

greater difference was seen at 18 than 24 hours and therefore the effect of the 

cytokine treatment may be more obvious. The experiment was carried out as before 

but two concentrations of LIF, 0.2 and 10ng/ml, were used along with EPO at 

10ng/ml. This concentration of EPO was used because it had been the concentration 

that increased scratch wound closure the most in the previous experiment and, 

despite the variability, 10ng/ml did not seem to be inhibitory compared to the lower 

concentrations. By 18 hours, both concentrations of LIF resulted in closure of the 

scratch wound that was significantly quicker than the control (0.2ng/ml p=0.02, and 

10ng/ml p=0.01) (Fig 7.4). In the CG4 OPCs 10ng/ml LIF had an inhibitory effect 

on myelination (Section 3.2), a negative effect that was not replicated in these sEnd-

1 cells as 10ng/ml LIF was the most effective treatment on scratch wound closure 

here. By 24 hours both concentrations of LIF had again resulted in closure of the 

scratch wound significantly more than the control (0.2ng/ml p=0.03 and 10ng/ml 

p=0.003). There was still no statistical difference between the two concentrations of 

LIF (p=0.39), although 10ng/ml LIF was trending towards closing the scratch wound 

faster than 0.2ng/ml LIF. As with EPO, there was no information in the literature 
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about the effect of LIF on these cells, so the positive effect seen represents new 

knowledge, if replicated. 

 

Even though the first experiment treating these cells with EPO demonstrated that it 

closed the scratch wound significantly quicker than the control, in two repeat 

experiments the positive effect of EPO was not replicated. EPO had not closed the 

wound significantly more than the control treated scratch wound at 18 hours 

(p=0.53), and by 24 hours there was less wound closure than the control, although 

again this difference was not significant (p=0.35). 

 

The conclusions from this experiment as a whole are that LIF speeds up healing time 

in these cells as a reduced scratch wound area was observed compared to the original 

after 18 and 24 hours. However, in these experiments EPO did not have a positive 

effect on scratch wound closure and there is evidence that its presence actually 

delayed healing in this model with this cell line.  
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Figure 7.3: EPO concentration response of scratch wound closure by sEnd-1 

cells (Experiment 2). sEnd-1 cells were plated at a density of 2x105 cells/well in 

12-well plates before a 1.5mm scratch was made along the centre of the cell 

containing the confluent cells. The rate at which the scratch wound closed in 

medium with different concentrations of EPO was measured and expressed as 

percentage closure. No significant difference was seen at any concentration at any 

time point.  

 Time (h) 
 24 48 
EPO 
(ng/ml) 

Mean 
closure (%) 

SD P value Mean 
closure (%) 

SD P value 

0 55.6 0.07  97.7 0.04  
0.4 57.2 0.04 0.7564 93.1 0.02 0.1188 
2 61.9 0.08 0.3684 95.9 0.04 0.6207 
10 65.0 0.04 0.1251 93.4 0.01 0.1273 
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  Figure 7.4: Scratch wound closure by sEnd-1 cells treated with EPO or LIF 

(Experiment 1). sEnd-1 cells were plated at a density of 2x105 cells/well in 12-

well plates before a 1.5mm scratch was made along the centre of the well 

containing the confluent cells. The rate at which the wound closed in medium with 

either EPO or LIF was measured and expressed as percentage closure. LIF at both 

concentrations was significantly different from the control at both 18 and 24 hours 

and there was no significant difference between the concentrations of LIF. EPO 

induced no significant change in scratch wound closure compared to the control.  

 Time (h) 
 18 24 
Samples Mean 

closure (%) 
SD P value Mean 

closure (%) 
SD P value 

Ctrl 41.6 0.07  49.3 0.07  
EPO 38.7 0.09 0.5352 55.9 0.15 0.3506 
LIF 0.2 57.1 0.12 0.0204 66.9 0.15 0.0275 
LIF 10 60.4 0.13 0.0099 74.7 0.15 0.0034 
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The experiment was repeated to confirm the results. The experimental procedure was 

carried out exactly as described above and the confluent cells were scratched as 

before and subjected to the same conditions and the same concentrations of EPO and 

LIF were used. The experiment showed drastically different results than those seen 

previously (Fig 7.5). Both cytokines decreased scratch wound healing when 

compared to the control. In all other previous experiments, the control samples have 

been noticeably slower to heal than the other treatments, but in this one it is clear 

that the control samples had healed significantly more than those treated with 

cytokines.  

 

The results from a 3rd repeat of the experiment are represented in Figure 7.6. Again, 

this shows different results. At 18 hours LIF 10ng/ml had closed the scratch wound 

significantly less than the control (P=0.007) but the other two treatments had induced 

no significant difference to the control. At 24 hours, both 0.2 and 10ng/ml LIF had 

induced significantly less healing than the control (p= 0.011 and 0.013 respectively), 

while, with 63% closure compared to 60% by the control, EPO was the only 

treatment to induce more healing than the control, but this difference was not 

significant (p=0.72). Again, the results of these two experiments show large 

variation between experiments and no consensus on the effect of either EPO or LIF 

treatment on sEnd-1 cells. 
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  Figure 7.5: Scratch wound closure by sEnd-1 cells treated with EPO or LIF 

(Experiment 2). sEnd-1 cells were plated at a density of 2x105 cells/well in 12-

well plates before a 1.5mm scratch was made along the centre. The rate at which 

the wound was closing in medium with either EPO or LIF was measured and 

expressed as percentage closure. All three treatments closed the scratch wound 

significantly slower than the control at both time points.  

 Time (h) 
 18 24 
Samples Mean 

closure (%) 
SD P value Mean 

closure (%) 
SD P value 

Ctrl 69.9 0.15  82.4 0.13  
EPO 46.5 0.14 0.0182 57.9 0.18 0.0226 
LIF 0.2 42.5 0.08 0.0025 53.9 0.09 0.0015 
LIF 10 46.0 0.16 0.0218 58.9 0.21 0.04543 
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Figure 7.6: Scratch wound closure by sEnd-1 cells treated with EPO or LIF 

(Experiment 3). sEnd-1 cells were plated at a density of 2x105 cells/well in 12-

well plates before a 1.5mm scratch was made along the centre of the well 

containing the confluent cells. The rate at which the wound closed in medium with 

either EPO or LIF was measured and expressed as percentage closure. LIF’s effect 

on scratch wound closure at both concentrations was significantly different from 

the control at both 18 and 24 hours and there was no significant difference between 

the concentrations of LIF. EPO induced no significant change in scratch wound 

closure compared to the control.  

 Time (h) 
 18 24 
Samples Mean 

closure (%) 
SD P value Mean 

closure (%) 
SD P value 

Ctrl 44.2 0.08  59.9 0.12  
EPO 50.1 0.10 0.3013 62.6 0.13 0.7195 
LIF 0.2 33.8 0.09 0.0705 41.0 0.09 0.0117 
LIF 10 32.5 0.02 0.0079 44.4 0.04 0.0128 
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The experiment with sEnd-1 cells was repeated for the 4th time because of a lack of 

continuity between experiments. The only difference between this experiment and 

the previous ones was that the size of the scratch was measured at 18, 24, 36, and 48 

hours to get an accurate idea of progression of the wound closure over a longer 

period of time. The experiment was set-up in the same way as the previous ones, 

again using the same concentrations of EPO and LIF. Throughout the experiment 

EPO closed the wound significantly more than the control, and by the end of the 

experiment the wounds were 91% closed compared to the initial scratch wound area 

(Fig 7.7). Neither of the concentrations of LIF induced quicker healing than the 

control samples. At 0.2ng/ml and at 36 hours, LIF had induced significantly less 

healing than the control (p=0.01). Yet again these results show variation from 

previous experiments and do not correlate with them in a way that any conclusion 

about the effect of treatment with either of these cytokines could be reached. 

 

It was decided to measure closure at 6 hours post scratch to determine if the 

cytokines were having an earlier effect on scratch wound healing that was not 

detected by 18 hours. As LIF 0.2ng/ml has shown no effect up to this point it was not 

used. By 6 hours, cells had begun to migrate to close all scratch wounds, with the 

control samples showing 36.43% closure while EPO and LIF treated samples 

showed 39.81% and 39.41% respectively, however the difference between the 

cytokine-treated samples and the control samples was not significant (Fig 7.8). By 

24 hours LIF had induced 91% wound closure which was significantly more than the 

control (P=0.04). By 24 hours EPO had not induced significantly more healing than 

the control (P=0.42). From this experiment it can be concluded that the effects of the 

cytokine treatment are not observed by 6 hours, and that the variability seen among 

all other previous experiments has not been corroborated.   
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  Figure 7.7: Scratch wound closure by sEnd-1 cells treated with EPO or LIF 

(Experiment 4). sEnd-1 cells were plated at a density of 2x105 cells/well in 12-

well plates before a 1.5mm scratch was made along the centre of the well 

containing the confluent cells. The rate at which the wound closed in medium with 

either EPO or LIF was measured and expressed as percentage closure. EPO 

induced significant wound closure compared to the control at all time points 

(p<0.01). LIF at 0.2ng/ml induced significantly less scratch wound closure than the 

control at 36 hours (p=0.012) but not at 48 hours (p=0.13). LIF at 2ng/ml did not 

induce a significantly different wound closure than the control at any time point.  

 Time (h) 
 18 24 
Samples Mean 

closure (%) 
SD P value Mean 

closure (%) 
SD P value 

Ctrl 54.4 0.07  63.8 0.09  
EPO 77.5 0.13 0.0031 84.6 0.12 0.0068 
LIF 0.2 45.6 0.07 0.0585 54.4 0.08 0.0877 
LIF 10 53.3 0.09 0.8303 64.5 0.09 0.9017 
 Time (h) 
 36 48 
Samples Mean 

closure (%) 
SD P value Mean 

closure (%) 
SD P value 

Ctrl 73.9 0.04  74.6 0.08  
EPO 87.6 0.08 0.0046 91.1 0.06 0.0021 
LIF 0.2 63.7 0.07 0.0129 67.1 0.08 0.1359 
LIF 10 74.8 0.10 0.8405 76.4 0.15 0.8037 
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Figure 7.8: Scratch wound closure by sEnd-1 cells treated with EPO or LIF. 

sEnd-1 cells were plated at a density of 2x105 cells/well in 12-well plates before a 

1.5mm scratch was made along the centre of the well containing the confluent 

cells. The rate at which the wound closed in medium with either EPO or LIF was 

measured and expressed as percentage closure. A significant difference between 

cytokine treated and the control scratch wound closure was seen by LIF at 24 hours 

(p=0.04).  

 Time (h) 
 6 24 
Samples Mean 

closure (%) 
SD P value Mean 

closure (%) 
SD P value 

Ctrl 36.4 0.18  65.1 0.22  
EPO 39.8 0.08 0.6880 77.2 0.20 0.4181 
LIF 39.4 0.03 0.6386 91.1 0.08 0.0420 
 



236 
 

The final attempt made to elucidate a clear and consistent response from these cells 

was to carry out the experiment in hypoxia. EPOR is upregulated in hypoxic 

conditions, in many cell types, in order to make cells more susceptible to EPO 

(Beleslin-Cokic et al. 2004, Emara 2014), therefore reducing the levels of oxygen 

may make cells more responsive to EPO. It must be noted that in this work 

“hypoxia” is defined as 5% oxygen, because atmospheric conditions that all other 

experiments have been conducted in is 21%. However, oxygen tension in the body 

can range from 14% in the lungs (Miller et al. 2010) to less oxygenised organs such 

as the brain (Dings 1998), eye (Siegfried et al. 2010), and bone marrow (Harrison et 

al. 2002) where oxygen tension can range from 0.5 to 7% (Jagannathan 2016). So 

what I define as hypoxia would not be considered low oxygen in vivo. Use of 5% 

oxygen will induce increased expression of EPOR compared with 21% oxygen 

which is of benefit to this experimental model. As such, 5% oxygen is used 

throughout these experiments 

 

The experiment was set up as before, and the wounded cells were treated with 

10ng/ml of both EPO and LIF. The difference with this experiment is that the cells 

were placed into hypoxia once the scratch wound had been made. Placing the cells in 

hypoxia at the time of wounding is designated “acute hypoxia” for the purposes of 

these assays. As with previous experiments there was no significant difference in 

wound healing after treatment with EPO or LIF when compared to the control (Fig 

7.9). At 18 hours all three conditions had closed the wound between 40-50% and by 

24 hours the results for all three were between 50-60%.  

  



237 
 

T im e  (H o u rs )

P
e

rc
e

n
ta

g
e

 c
lo

s
u

re

0 1 2 2 4
0

2 0

4 0

6 0

8 0

1 0 0
C trl

E P O  1 0 n g /m l

L IF  1 0 n g /m l

  Figure 7.9: Scratch wound closure by sEnd-1 cells in acute hypoxia treated 

with EPO or LIF. sEnd-1 cells were plated at a density of 2x105 cells/well in 12-

well plates before a 1.5mm scratch was made along the centre of the well 

containing the confluent cells. After wounding the cells were placed into 

conditions of 5% O2. The rate at which the wound closed in medium with either 

EPO or LIF was measured and expressed as percentage closure. No significant 

difference between healing by the control and cytokine-treated scratch wounds was 

seen at either time point.  

 Time (h) 
 18 24 
Samples Mean 

closure (%) 
SD P value Mean 

closure (%) 
SD P value 

Ctrl 42.8 0.07  55.0 0.06  
EPO 42.2 0.14 0.9359 51.9 0.18 0.6925 
LIF 10 43.2 0.16 0.9471 58.7 0.18 0.6475 
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To conclude that hypoxia was not improving the outcome of experiments with sEnd-

1 cells the experiment was again repeated but with chronic hypoxia. Cells were 

placed in hypoxia upon plating, approximately 24 hours before the scratch was 

made, and this was defined as “chronic hypoxia”. Other than the alterations in 

oxygen tension the experiment was carried out as before. Again, neither EPO nor 

LIF induced significantly faster wound healing when compared to the control (Fig 

7.10). Both conditions seemed to close the wound slower than the control, but the 

difference was not significant. 

 

Using the sEnd-1 cell line I could not come to any clear, consistent result. 

Detachment of the cell monolayer was a consistent problem throughout the 

experiment, even when the concentration of serum was increased. In an attempt to 

overcome the problem of detachment, the plates were coated with poly-L-ornithine, 

a solution that did reduce the amount of detached cells, but it did not completely 

solve the problem and detachment was still a considerable cause for concern. This 

problem may have occurred because the cells must be grown to confluence before 

the scratch can occur so that the cells across the whole plate interact with each other 

and so that signals progress through the system like they would in the skin. 

However, after the cells had reached confluence in this model the experiment was 

still continuing for at least another 24 hours, by which time the level of confluence 

causes detachment due to a lack of space. The detachment could affect the results 

because any cells that are detaching from the wound edge would alter the results of 

the experiment.   
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  Figure 7.10: Scratch wound closure by sEnd-1 cells in chronic hypoxia treated 

with EPO or LIF. sEnd-1 cells were plated at a density of 2x105 cells/well in 12-

well plates before a 1.5mm scratch was made along the centre of the well 

containing the confluent cells. After plating the cells were placed into conditions of 

5% O2 The rate at which the wound closed in medium with either EPO or LIF was 

measured and expressed as percentage closure. No significant difference between 

healing by the control and cytokine-treated scratch wounds was seen at either time 

point. 

 Time (h) 
 18 24 36 
Samples Mean 

closure 
(%) 

SD P 
value 

Mean 
closure 
(%) 

SD P 
value 

Mean 
closure 
(%) 

SD P 
value 

Ctrl 56.1 0.11  68.0 0.14  72.7 0.09  
EPO 46.4 0.09 0.1247 57.2 0.11 0.1667 71.7 0.14 0.8877 
LIF 56.5 0.18 0.9597 67.5 0.19 0.9609 66.8 0.16 0.4353 
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7.3 HaCaT cells 

The sEnd-1 cell line provided variable results and no conclusive information on the 

effect of EPO or LIF on wound healing. Therefore, it was decided to use a different 

cell line in the hope that the variability was diminished. HaCaT cells are an 

immortalised human keratinocyte cell line which was the first of its kind to maintain 

a keratinising phenotype (Boukamp 1988, Seo et al. 2012). HaCaT cells have been 

used for scratch assay investigations before (Walter et al. 2010, Pyun et al. 2015). 

Literature searches do not show any evidence that EPO or LIF have been used to 

stimulate HaCaT cells before. EPOR is present on keratinocyte cell lines (Siebert 

2011). Furthermore, increased healing of scratch assays of HaCaT cells was induced 

through phosphorylation of ERK1/2 (Ranzato et al. 2009), which is known to be 

phosphorylated through EPO signalling (Kuhrt and Wojchowski 2015) (Section 4.4). 

Conversely, there is no evidence for LIF or LIFR expression in the skin, therefore 

EPO would be tested first in the model of HaCaT wound healing and, if successful, 

LIF would then be considered.  

 

The experiment for the HaCaT cells was carried out in exactly the same way as the 

sEnd-1 cells, except that the Poly-L-ornithine coating was used throughout to 

optimise the chances that cells detaching would not be a problem. As before, the 

optimal concentration of FCS was determined in which the cells were viable, 

proliferative and migratory, but would not heal so quickly that the wound could not 

be properly measured. The cells were plated at 2x105 cells/well of a 12-well plate 

based on work by Walter et al who plated 10x104 cells/well in 24-well plates (Walter 

et al. 2010). The initial serum-concentrations, as before, were 0, 0.1, 1, and 10% 

FCS, and the wound size was only measured at 24 hours. 

 

Unlike the serum concentration-response performed on sEnd-1 cells, both 1 and 10% 

FCS demonstrated significantly faster wound closure in HaCaT cells than the control 

(p=0.0002 and 0.0000004 respectively), with 10% serum exhibiting 97% closure 

while the control had not yet reached 50% closure (Fig 7.11). Serum at 0.1% had 

also induced significantly more closure of the scratch wound in HaCaT cells than the 

control (p=0.03) but this time it was only 58.2% compared to 47.7% by the control. 
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One and ten percent serum closed the wound too quickly to be viable conditions for 

the scratch assay; therefore 0.1% serum was used for the scratch assay experiments. 

 

HaCaT cells were treated with 1 and 10ng/ml concentrations of EPO and grown in 

DMEM supplemented with 0.1% serum. The initial experiment carried out 

demonstrated that in 0.1% serum cells were detaching and the conditions for the 

experiment were sub optimal. Therefore the experiment was repeated with 1% 

serum. Neither concentration of EPO showed significantly more wound closure than 

the control. It appeared that 10ng/ml EPO inhibited scratch wound closure compared 

to the control throughout the experiment, although there was not a significant 

difference between the treatments. The increase in scratch wound closure of the 

lower, but not the higher concentration of EPO suggests that increasing 

concentrations of EPO between 1 and 10ng/ml decreases cell migration and scratch 

wound closure in HaCaT cells.     
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  Figure 7.11: Scratch wound closure by HaCaT cells treated with varying 

concentrations of FCS. HaCaT cells were plated at a density of 2x105 cells/well in 

12-well plates before a 1.5mm scratch was made along the centre of the well 

containing the confluent cells. The rate at which the scratch wound closed in 

medium with varying concentrations of serum was measured and expressed as 

percentage closure. *P<0.05, ***P<0.001 versus 0% FCS. 

FCS (%) Mean 
closure (%) 

SD P value 

0 47.7 0.09  
0.1 58.2 0.05 0.0271 
1 81.2 0.11 0.0001 
10 97.6 0.06 3.78E-07 
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  Figure 7.12: Scratch wound closure by HaCaT cells treated with EPO 

(Experiment 1). HaCaT cells were plated at a density of 2x105 cells/well in 12-

well plates before a 1.5mm scratch was made along the centre of the well 

containing the confluent cells. The rate at which the scratch wound closed in 

medium with two different concentrations of EPO was measured and expressed as 

percentage closure. Treatment of the cells with EPO at 10ng/ml (at 36 hours) was 

the only data point that was significantly different from the control (P=0.004).  

 Time (h) 
 18 24 36 
EPO 
(ng/ml) 

Mean 
closure 
(%) 

SD P 
value 

Mean 
closure 
(%) 

SD P 
value 

Mean 
closure 
(%) 

SD P 
value 

0 48.1 0.08  64.5 0.12  82.5 0.11  
1 55.6 0.06 0.0933 75.9 0.07 0.0811 93.0 0.05 0.0574 
10 43.3 0.05 0.2510 53.4 0.04 0.0656 80.9 0.06 0.7761 
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The experiment was repeated exactly as before, again in 1% serum. At 18 hours both 

concentrations of EPO resulted in cell migration that closed the wound significantly 

more than the control (Fig 7.13). However, a large amount of variation was observed 

in the control samples. At 24 hours, the closure of the scratch wound by the controls 

ranges from 37.33% to 91.33%, with the mean at 71.25%. This is an immense range 

of 54% so it is questionable whether or not the results seen can be relied upon. The 

marked variability in these results mean that this experiment again is not reliable and 

the results do not provide conclusive evidence for an effect of EPO. 

 

The experiment was attempted again, carried out with exactly the same protocol as 

before (Fig 7.14). However, in this experiment treatment with EPO produced no 

significant difference in scratch wound healing than the control. The variability 

between samples was very low as evidenced by the small error bars on the graph. 

Again, this experiment can lead to no conclusion about the effect of EPO on wound 

healing in these cells.  
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Figure 7.13: Scratch wound closure by HaCaT cells treated with EPO 

(Experiment 2). HaCaT cells were plated at a density of 2x105 cells/well in 12-

well plates before a 1.5mm scratch was made along the centre of the well 

containing the confluent cells. The rate at which the wound was closing in medium 

with EPO was measured and expressed as percentage closure. No significant 

difference between scratch wound closure between the control and EPO-treated 

wounds was seen at either time point.  

 Time (h) 
 18 24 
EPO 
(ng/ml) 

Mean 
closure (%) 

SD P value Mean 
closure (%) 

SD P value 

0 66.7 0.25  71.3 0.22  
1 89.2 0.13 0.0875 95.7 0.09 0.0509 
10 85.4 0.15 0.1630 94.0 0.09 0.0744 
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Figure 7.14: Scratch wound closure by HaCaT cells treated with EPO 

(Experiment 3). HaCaT cells were plated at a density of 2x105 cells/well in 12-

well plates before a 1.5mm scratch was made along the centre of the well 

containing the confluent cells. The rate at which the wound closed in medium with 

EPO was measured and expressed as percentage closure. No significant difference 

between healing by the control and EPO-treated scratch wounds was seen at either 

time point.  

 Time (h) 
 18 24 36 
EPO 
(ng/ml) 

Mean 
closure 
(%) 

SD P 
value 

Mean 
closure 
(%) 

SD P 
value 

Mean 
closure 
(%) 

SD P 
value 

0 66.6 0.10  70.3 0.10  79.2 0.06  
1 70.2 0.13 0.6291 77.3 0.11 0.3107 85.9 0.10 0.2236 
10 67.6 0.07 0.8472 75.5 0.07 0.3352 85.2 0.06 0.1211 
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It was hypothesised that the variability in results being obtained from the 

experiments could again be due to cell detachment. It was proposed that the 

reduction of serum within the media from 10% to 1% had a detrimental effect on cell 

adhesion. To overcome this, cells were initially cultured in DMEM containing 10% 

FCS, but upon plating the cells for the experiment the serum concentration was 

reduced to 5% before a step-wise further reduction leading down to 1% upon scratch 

wounding the confluent monolayer. Furthermore, a very high concentration of EPO 

was used at 100ng/ml with the hypothesis that the concentrations so far had not been 

sufficient to stimulate EPOR effectively. Less cellular detachment was observed 

under these conditions, but again there was no significant difference between any 

concentration of EPO and the control cells (Fig 7.15). The highest concentration of 

EPO resulted in 79.82% closure of the original scratch wound but the control 

conditions also resulted in 74.15% closure, so the enhanced positive effect of EPO 

on scratch wound closure was not significantly different from that of the control. 

 

The results of all these experiments did not lead to any conclusive results. Some 

experiments showed that EPO had a positive effect on closure of a cell monolayer 

scratch wound, while other experiments showed no effects at all. The variability in 

some experiments and the tendency for cell detachment led to the conclusion that 

EPO does not have any effect in these cells. Therefore, it was decided not to look at 

the effect of LIF as there was no evidence in the literature of LIFR on keratinocytes 

and as the model was not working properly it seemed futile to attempt it. 
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Figure 7.15: Scratch wound closure by HaCaT cells treated with EPO. HaCaT 

cells were plated at a density of 2x105 cells/well in 12-well plates before a 1.5mm 

scratch was made along the centre of the well containing the confluent cells. Serum 

was gradually reduced from 10% FCS during culture to 5% upon plating then 1% 

when the experiment begun. The rate at which the wound closed in medium with 

EPO was measured and expressed as percentage closure. No significant difference 

between healing by the control and EPO-treated wounds was seen at either time 

point. 

 Time (h) 
 18 24 
EPO 
(ng/ml) 

Mean 
closure (%) 

SD P value Mean 
closure (%) 

SD P value 

0 66.6 0.06  74.15 0.08  
1 68.6 0.05 0.5226 75.84 0.06 0.6796 
10 65.9 0.07 0.8554 73.61 0.07 0.9043 
100 72.2 0.13 0.3485 79.82 0.12 0.3480 
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7.4 Conclusion 

Previous experimental work in this project has focussed on the effect of treatment 

with EPO and LIF on the myelinating capacity of CG4 OPCs, thus providing 

evidence of their potential therapeutic effects on demyelinating diseases, such as 

MS. Wound healing is a complex process that is easily inhibited or delayed, resulting 

in the formation of a chronic wound. Both EPO and LIF had some positive effect on 

myelination by CG4 cells, although to varying intensities, and it was hypothesised 

that the information gleaned from the previous work could be translated to a wound 

healing model as cytokines with tissue-protective properties could aid in the correct 

progression through the four stages of wound healing.  

 

The use of scratch assays to measure the effect that EPO and LIF have on wound 

healing did not yield any reproducible results. sEnd-1 cells were the first cell line 

attempted using this model. Initial experiments seemed to suggest that EPO had a 

positive effect on cell migration and scratch wound closure as those cells treated 

with EPO closed the scratch wound in the cell monolayer more quickly than the 

untreated cells. However, this result was not replicated in subsequent experiments. 

The scratch assay was then performed in hypoxia, both acute and chronic, in an 

attempt to upregulate EPOR to a greater extent than the expression observed under 

atmospheric oxygen conditions. However, no change in scratch wound closure was 

seen between any of the treatments in these experiments. Furthermore, the effect of 

LIF on these cells was unclear. In some experiments LIF increased scratch wound 

closure at both 0.2 and 10ng/ml, but in other experiments no difference in wound 

area was seen when compared to the control. Additionally, there was even evidence 

in some experiments that LIF could inhibit scratch wound healing.  

 

HaCaT cells were then used in the scratch assay model to see if more reproducible 

data could be obtained. As HaCaT cells are a human cell line they also offered a 

closer representation to how the cytokines could affect wound healing in humans. 

However, again, the results were not reproducible and very different results were 

observed between experiments. 
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The main reason to be offered for the lack of reproducibility was cell detachment 

which occurred in these experiments because the cells were grown to confluence 

before the wound was created. Attempts were made to limit cell detachment by 

coating the plates with poly-L-ornithine and by slowly reducing the serum 

concentration of the medium and while these methods did reduce the amount of 

detached cells, there was no improvement in the outcome of the experiments. 

 

Unfortunately, the attempt to use EPO and LIF in wound healing models elucidated 

no reproducible increase in wound healing. A more reliable model in which cell 

detachment could be properly limited could provide a better method through which 

to study wound healing. Maybe the best way to achieve this would be a skin cell line 

that doesn’t rely on serum supplementation. Furthermore, the scratch assay only 

involves one cell monolayer, which does not reflect the complexity of a skin wound, 

in which several layers and cell types interact with each other and a variety of 

cytokines and growth factors to close the wound. Perhaps the only effective way to 

investigate wound healing is in vivo, as it is a very complicated process to try to 

emulate in the lab. 
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Chapter 8. Conclusions 

The discovery that EPOR is expressed on cells other than erythrocyte precursors 

(Anagnostou et al. 1990) prompted investigation into how extensively EPO can 

influence cellular processes around the body. EPOR is expressed within the brain 

and EPO can cross the BBB, allowing EPO to have extensive neuroprotective and 

neuroreparative functions (Masuda et al. 1993, Brines et al. 2000). EPO’s effects are 

beneficial in preclinical models of EAE (Agnello 2002, Li 2004) and cerebral 

ischaemia (Villa 2003) demonstrating its potential therapeutic benefit. EPO increases 

oligodendrogenesis in vivo and the expression of myelinating genes by 

oligodendrocytes in vitro (Cervellini et al. 2013a, Gonzalez et al. 2013). 

 

LIF is a pleiotropic cytokine with a broad spectrum of activities. LIF has been 

studied as a neuroprotective molecule as it is expressed by astrocytes and neurons 

and LIFR is expressed by neurons in the CNS (Aloisi 1994, Cheng and Patterson 

1997, Scott 2000, Stankoff 2002, Joly et al. 2008). LIF was identified as a cytokine 

that may share the tissue protective properties of EPO (Mengozzi 2014). 

 

The work presented in this thesis aimed to determine the effects of EPO and LIF on 

myelination by CG4 oligodendrocyte precursor cells and therefore develop a better 

understanding of the cellular mechanisms related to these effects. As in several cases 

OPCs are abundant in MS plaques (Wolswijk 1998, Chang 2000), it is believed that 

it is not a lack of OPCs that cause failure in remyelination, rather an inability of 

these cells to myelinate (Chari 2002). Therefore, tissue protective cytokines could be 

a viable solution to stimulate an increase in the myelin produced by oligodendrocytes 

and consequently increase remyelination. 

 

8.1 LIF does not have the same positive myelinating effects as EPO 

The first aim of the experimental work presented in this thesis was to demonstrate 

the promyelinating effects of LIF on CG4 oligodendrocyte precursor cells. LIF is 

important for the long-term survival of oligodendrocytes (Barres 1993), has a 

promyelinating effect (Stankoff 2002), and is beneficial in models of EAE 

(Butzkueven 2002, 2006). However, some studies offer conflicting results; Marriott 
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et al (2008) found that LIF limited demyelination in a mouse model of cuprizone-

induced demyelination but exogenous LIF treatment offered no benefit to 

remyelination (Marriott 2008), and Ishibashi et al (2006) provided evidence of a 

bell-shaped concentration response curve in vitro with concentrations above 5ng/ml 

LIF being inhibitory (Ishibashi et al. 2006). LIF did increase myelination by CG4 

cells, but to a lesser extent than EPO. This provides the first conclusion of this work: 

LIF increased the expression of Mog by CG4 cells, but the expression of Mog was 

higher after EPO treatment when compared to LIF treatment. However, it should be 

considered that these cells were engineered to overexpress EPOR. The model mimics 

the upregulation of EPOR that occurs in these cells upon injury in vivo (Kato et al. 

2011) and the cells responded to LIF without artificial increase in LIFR or GP130. 

Therefore, it can still be concluded that the cells do not respond as well to LIF as 

they do to EPO. 

Furthermore, LIF induced a bell-shaped concentration response curve, with higher 

concentrations inducing no increase in Mog expression in CG4 cells over that of the 

control. This was the first demonstrated evidence of an inhibitory effect of LIF on 

myelin gene expression, as it had the capacity to increase myelination at low 

concentrations, but not at higher ones. 

 

8.2 LIF inhibited EPO-induced Mog expression 

The effects of LIF and EPO in combination were measured. I hypothesised that when 

added simultaneously the two cytokines would have a synergistic effect, or that LIF 

would not affect Mog expression in any way. However, the results were unexpected 

as LIF inhibited EPO-induced Mog, even when added at 0.2ng/ml which alone 

increased Mog expression. This result was replicated several times and showed that 

there was an inhibitory mechanism that was induced by LIF, but not EPO. 

Furthermore, potentially this same mechanism could have been the cause of the bell-

shaped concentration response curve produced by the addition of LIF to the cell 

culture conditions; at high concentrations, above 0.2ng/ml, it triggers a feedback 

mechanism.  
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LIF also inhibited EPO-induced Mbp expression. Like Mog, Mbp is a myelin gene 

whose expression is typically seen earlier in OPC differentiation than that of Mog. I 

decided to study Mog because it is induced late and would be a full representation of 

the later effects of cytokine treatment on these cells. Mog expression correlates 

directly with myelin deposition, making it a good marker for myelination in these 

cells (Solly 1996). However, it was important to also measure the effects on another 

myelin gene so that it could be concluded that the effect is not unique to Mog. Mbp 

was increased by EPO, but not by 10ng/ml LIF. Additionally, EPO-induced Mbp 

was inhibited when the cells were simultaneously treated with both EPO and LIF. As 

the inhibitory effect of LIF on the expression of Mbp reflected the effect that LIF 

had on Mog expression it can be concluded with more confidence that LIF inhibited 

overall myelination in these cells, not just one myelin gene. Previous research into 

the effect of LIF in the CNS showed that it induces myelination in the CNS (Joly et 

al. 2008, Deverman 2012, Rowe 2014), so this is novel evidence that myelin genes 

expression is inhibited by LIF in this specific model. 

 

OSM and CNTF were also used in this model as literature indicated that they may 

also be neuroprotective (Wallace 1999, Butzkueven 2002, Pasquin 2015). These are 

two cytokines from the same cytokine family as LIF, the IL-6/GP130 family. They 

both signal through the same receptors as LIF, LIFR and GP130, although CNTF has 

an additional β-chain receptor termed the CNTFR. In this model, the effect of OSM 

consistently reflected the effect of LIF on Mog expression. However, throughout 

these experiments CNTF did produce the same effects of LIF and OSM. The effect 

of OSM was almost identical to that of LIF, but CNTF consistently had a reduced 

effect; it induced less Mog expression after treatment with a low concentration and, 

unlike LIF and OSM, CNTF did not completely inhibit EPO-induced Mog after a 

high concentration treatment. CNTF is the only cytokine of these three that uses a 

third receptor, the CNTFR, in addition to the LIFR/GP130 complex. I could 

hypothesise that this discrepancy was due to a lack, or low expression, of the 

CNTFR. 
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8.3 Socs3 expression negatively correlated with Mog induction 

I therefore decided to identify the mechanisms that inhibit EPO-induced Mog 

expression. The JAK/STAT/Socs pathway is an important pathway in IL-6 cytokine 

signalling. LIF induces conformational changes in JAK2 which allow the binding 

and phosphorylation of STAT3. These phosphorylated transcription factors dimerise 

and translocate to the nucleus where they regulate gene expression, including 

inducing the expression of Socs3. In turn, Socs3 binds to JAK2, preventing further 

phosphorylation of STAT3 and so inducing an inhibitory feedback mechanism 

(Babon 2014).  

While Socs proteins negatively regulated EPO signalling in one previously published 

study (Jegalian 2002), this work was in erythrocytes. Any interaction between Socs3 

and EPO in models of neuroprotection had not been investigated before this work 

was published. 

As expected, LIF induced Socs3 expression. This expression increased as the 

concentration of LIF increased, potentially explaining why higher concentrations of 

LIF (10ng/ml) had an inhibitory effect on Mog expression. Phosphorylation of 

STAT3 was measured and pSTAT3 levels remained elevated after exposure to a low 

concentration of LIF (0.2ng/ml) but at a high concentration (10ng/ml) they were 

inhibited after 20 minutes, again suggesting that at the higher concentration of LIF 

Socs3 was induced and, therefore, caused the inhibition of pSTAT3. This inhibition 

was not seen at the low LIF concentration (0.2ng/ml) suggesting that at this 

concentration not enough Socs3 was induced to cause an inhibition of the signalling 

pathways induced by LIF. Therefore, this might explain why stimulation with a low 

concentration of LIF increased Mog expression in the CG4 cells, but a high 

concentration of LIF did not. 

The expression of Socs3 was measured after treatment with EPO alone and in 

combination with LIF. EPO induced reduced expression of Socs3, not comparable to 

LIF. The level of Socs3 expression was increased when EPO and LIF were added 

simultaneously. Therefore, another conclusion of this work is that Socs3 expression 

negatively correlates with Mog expression. In conditions where Mog was increased 

(low concentration of LIF and EPO treatment alone) Socs3 expression was low, and 
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alternatively conditions where Mog expression was inhibited (high concentration of 

LIF and simultaneous EPO and LIF treatment) Socs3 expression was significantly 

increased. Furthermore, a known inducer of Socs3, PMA, also inhibited EPO-

induced Mog expression. Previous results obtained in vivo in LIF-knockout mice 

suggested a link between LIF-induced Socs3 and protection from demyelination 

(Emery 2006). However, such a close relationship between the expression of Socs3 

and of Mog, and therefore the remyelinating capacity of oligodendrocytes is a novel 

finding. 

 

8.4 Igf1, CD36 and other genes were important in differentiation and 
myelination of CG4 cells 

Microarray analysis was used to study the effect that differentiation and treatment 

with EPO had on CG4 cell gene expression. Filtering strategies and hierarchical 

cluster analysis were utilised to visualise changes in gene expression. Initially, 

differentiated and undifferentiated samples were compared. From filtering for only 

those transcripts whose expression changed specifically between these groups a 

variety of genes were identified such as Hes5, which is downstream of the Notch 

pathway. This pathway is a negative regulator of myelination so the downregulation 

of Hes5 is evidence of the importance of the pathway in OPC maturation (Morrison 

et al. 2000, Woodhoo 2007). Ccl20 was also identified, which is increased in 

situations of neurodegeneration (Das et al. 2011, Leonardo 2012). Upon 

differentiation in these cells Ccl20 is downregulated, supporting the hypothesis that 

its expression has a negative effect on CG4 cells.  

The genes whose expression was significantly different between differentiated and 

undifferentiated samples was analysed by hierarchical cluster analysis and the 

resulting heat map image demonstrated that the expression of the large majority of 

genes was the same, either up- or downregulated, across both the early and late time 

points.  

The genes altered between the EPO-treated samples and the control (differentiated) 

samples were also considered. H19 was the most highly up-regulated gene across 

both time points. It is a non-coding RNA that is linked closely to development 
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(Gabory et al. 2010) so its high upregulation in EPO-treated samples demonstrated 

the pro-developmental effect that EPO has on these cells.  Furthermore, Pmp2, a 

myelin gene, was consistently upregulated by EPO-treated samples at both time 

points, providing further evidence for the pro-myelinating effect of EPO.  

CD36 expression was highly upregulated by EPO treatment at 20 hours, a gene 

known to be important in cellular differentiation (Christiaens et al. 2012). CD36 is a 

scavenger receptor that binds an array of small biomolecules, including fatty acids 

(Love-Gregory and Abumrad 2011), a function that suggests it may be important in 

myelin production (Jay and Hamilton 2016). One paper suggested that deletion of 

CD36 inhibited peripheral remyelination (Eto et al. 2003), but conflicting results 

showed that CD36-/- mice demonstrated better recovery from spinal cord injury than 

their wild type littermates (Myers et al. 2014). However, CD36 expression has not 

previously been identified in oligodendrocytes. 

Igf1 was identified in the microarrays as one of the most highly upregulated genes in 

cells treated with EPO versus the control. It is an important neuronal growth factor 

(Xiang et al. 2011) and EPO treatment increased peripheral myelination and Igf1 

expression in a model of mouse sciatic nerve injury (Wang et al. 2015). EPO and 

Igf1 have synergistic protective effects in the CNS (Kang et al. 2010, Utada et al. 

2015) and Igf1 has the ability to stimulate EPO production (Kim et al. 2008), so the 

evidence provided by the microarrays that EPO induces Igf1 expression further 

exemplifies the relationship between these two proteins. Furthermore, the expression 

of protective molecules, such as Igf1, by EPO treatment provides a further 

mechanism through which EPO is protective in the CNS. 

The difference between the gene expression profiles of samples treated with EPO at 

the two time points was analysed. When the transcripts were filtered for significance 

between the EPO-treated and the control group at both time points only 12 

transcripts remained. Furthermore, heat map images generated through hierarchical 

cluster analysis showed very little similarity between the two time points. These 

observations led to the conclusion that the early gene expression changes induced by 

EPO were not sustained throughout the experiment and the early-induced genes did 

not influence the 20 hour time point. Perhaps these genes are just important for the 

initiation of myelination, but not for sustaining it.   
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8.5 Tlr2 stimulation inhibited EPO-induced Mog 

The genes expressed by the samples treated with EPO and LIF simultaneously were 

compared their expression to the samples treated with EPO alone. From the 

hierarchical cluster analysis several clusters were selected that showed a difference 

between gene expression in EPO and LIF treated groups and those treated with EPO 

alone. A variety of genes were identified and several were validated by qPCR. Socs3 

expression was significantly different between EPO and LIF groups and EPO alone 

at 1 hour, again highlighting the importance of this signalling protein in the 

inhibition of EPO-induced myelination. 

Two genes identified through comparisons between EPO+LIF-treated groups and 

EPO treatment alone were Lcn2 and Tlr2, which were both upregulated by the 

samples treated with EPO+LIF. Analysis of Lcn2 and Tlr2 was performed to identify 

if the expression changes seen in the microarrays indicated biological functionality 

in CG4 cells. I hypothesised that Lcn2 treatment would inhibit EPO-induced Mog 

but treating the cells simultaneously with Lcn2 and EPO had no effect on EPO-

induced Mog, even when a very high concentration of Lcn2 was used.  

However, Tlr2 was identified as another mechanism through which myelination may 

be regulated. This receptor was significantly upregulated in conditions where Mog 

expression is reduced, i.e. LIF alone and EPO and LIF simultaneously. However, 

stimulating the CG4 cells with EPO and Pam3, a Tlr2 agonist, simultaneously also 

caused a reduction in Mog expression, suggesting that Tlr2 is also expressed on CG4 

cells without LIF stimulation and again showing that it has the capacity to reduce 

Mog expression. Though, treatment with EPO, LIF and Pam3 completely abolished 

Mog expression indicating that a combination of stimulants can work together to 

prevent myelination. This highlights the complicated nature of myelination and the 

variety of factors that need to be taken into consideration when developing 

treatments to enhance remyelination. Nevertheless, it can be concluded that Tlr2 is 

functional at the transcriptional level in these cells and its stimulation has an 

inhibitory effect on EPO-induced Mog gene expression. The signalling cascade 

induced by Tlr2 is known but which parts of this pathway are important for 

myelination is not well understood. Figure 8.1 shows an example of Tlr2 signalling, 

which results in the upregulation of transcription factors NF-κB and AP-1. 
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Figure 8.1: The signalling pathways induced by Tlr2. Upon binding of a Tlr2 

ligand, adaptor proteins Myd88 and Myd88-adaptor-like protein (MAL) propagate the 

signal. Signalling cascades then occur, resulting in activation of transcription factors 

NF-κB and AP-1. Both of these have an effect on myelination or oligodendrocytes 

death (Hilliard et al. 2001, Dobretsova et al. 2004). The signalling pathway 

represented here is simplified as it is not known which sequence of events leads to 

inhibition of myelination by Tlr2. Adapted from (O'Neill et al. 2013) 
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8.6 Concluding remarks 

The data presented in my thesis are the first to demonstrate that LIF has a negative 

effect on EPO-induced myelin gene expression. Figure 8.2 is a representation of the 

genes and proteins investigated in this thesis and how they influence myelination. 

There is ongoing research into the benefit of EPO in treatment of demyelinating 

diseases (Brines et al. 2000, Agnello 2002, Li 2004). However, LIF is upregulated in 

the injured nervous system (Dowsing 2001, Soilu-Hanninen 2010) so its presence 

needs to be considered when using EPO treatment to increase myelination. 

 

The signalling protein Socs3 showed strong negative correlation with Mog and 

induction of Socs3 with PMA also inhibited EPO-induced Mog. It was not known 

previously that Socs3 correlated with Mog so closely or that it has the potential to 

inhibit the effects induced by EPO. Clinically, if Socs3 could be inhibited it would 

increase the promyelinating capacity of EPO and therefore increase the efficacy of 

EPO treatments.  

 

Gene expression microarrays were used to further identify genes that could influence 

myelination by oligodendrocytes. Tlr2 was identified in the microarrays and upon 

further investigation demonstrated biological functionality. Again, inhibition of Tlr2, 

or suppression of its ligands, in the CNS could have be beneficial to myelination. 

 

The effect of these cytokines in preclinical models should be further investigated. 

While many models of MS exist, EAE is the most frequently used as its pathology is 

well understood, the genome of the mice is fully characterised and knockout models 

can be utilised (Robinson et al. 2014). EPO and LIF have both been used in models 

of EAE (Li 2004, Butzkueven 2006, Savino 2006, Linker 2008, Mengozzi et al. 

2008), but they have not been used in combination. Also, the effect of endogenous 

LIF on EPO has not been considered before now. LIF inhibited EPO in vitro so it 

could have inhibitory effects on an EPO treatment. LIF knockout-mice survive into 

adulthood, so it would be interesting to see if the promyelinating effect of EPO was 

increased in LIF knockout mice. Socs3 knockout mice would theoretically also 

demonstrate an increased benefit to EPO treatment. However, Socs3 knockout mice 

do not survive beyond embryonic day 13 due to placental defects (Roberts 2001). 
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Figure 8.2: Regulation of myelination by EPO and LIF in oligodendrocytes. EPO 

increases myelination while LIF at a high concentration inhibits it. This figure shows 

the myelin genes measured and the mechanisms induced by EPO and LIF to regulate 

myelination. 
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Demyelination has serious consequences in the CNS and a failure to remyelinate has 

a considerable detrimental effect on the patient. Remyelination is possible, as 

evidenced by relapsing-remitting MS in which recurrent attacks of demyelination 

occur which are followed by repair and complete restoration of function. However, 

as the disease progresses repair becomes less efficient so strategies to increase 

remyelination in patients reaching the late stages of disease are required. EPO has 

potent neuroprotective effects and can aid in increasing myelination, but my thesis 

demonstrates that the interactions of LIF, and other IL-6 cytokines, need to be 

considered. Full understanding of the signalling mechanisms that result in inhibition 

of the promyelinating effects of EPO would help in the identification of strategies to 

increase the effect of EPO and prevent inhibition by other cytokines. My findings 

can be therapeutically beneficial because targets that regulate myelination were 

identified. A full understanding of the regulation of myelination and, importantly, 

the mechanisms that inhibit myelin production, would allow therapeutics that 

stimulate only promyelinating factors to be developed.  

 

EPO should be considered a useful promyelinating molecule, but the presence of 

proteins such as Socs3 that inhibit EPO’s promyelinating effects should be properly 

considered. Furthermore, EPO could be useful in other regenerative strategies. The 

regeneration of cells, tissues, and organs relies on the promotion of proliferation and 

protection from apoptosis, and EPO can be used for both of these purposes. 

Furthermore, its angiogenic effects would be invaluable to promoting regeneration, 

as angiogenesis is one of the few regenerative processes that higher animals are still 

capable of. The mechanisms regulating EPO as identified in this project should again 

be considered in these applications in order to increase EPO’s regenerative benefits. 
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Appendix I 
LIF 

(ng/ml) 
Mog 
Ct 

Mean 
Mog 

Hprt1 
Ct 

Mean 
Hprt1  

Mog-
Hprt1 

Mog fold 
induction 

Mog 
mean sd P 

value 
0 31.86 31.4 23.81 24.0 7.35 1.00 0.8 0.3  1A 30.91  24.27       1B 30.26 30.2 22.88 23.0 7.19 1.11    1B 30.14  23.14       1C 31.63 31.7 24.21 24.0 7.70 0.78    1C 31.67  23.69       1D 32.23 32.4 23.94 23.7 8.67 0.40    1D 32.49  23.45       0.004 30.42 30.7 23.8 24.1 6.59 1.69 1.8 0.5 0.0184 

2A 30.94  24.39       2B 31.45 31.1 23.99 23.9 7.20 1.11    2B 30.81  23.87       2C 30.35 30.5 24.3 24.3 6.18 2.24    2C 30.59  24.28       2D 30.87 30.9 24.71 24.5 6.37 1.97    2D 30.94  24.36       0.2 28.75 28.9 22.89 22.8 6.08 2.41 2.9 0.4 0.0001 
3A 29.06  22.77       3B 30.3 30.1 24.47 24.5 5.64 3.27    3B 29.94  24.5       3C 30.29 30.4 24.76 24.7 5.77 2.98    3C 30.59  24.58       3D 30.14 30.0 24.42 24.3 5.73 3.06    3D 29.84  24.1       2 31.41 31.5 24.8 24.9 6.62 1.65 1.6 0.2 0.0071 
4A 31.6  24.97       4B 31.5 31.6 24.65 24.7 6.94 1.32    4B 31.68  24.65       4C 31.1 31.2 24.38 24.5 6.74 1.53    4C 31.34  24.59       4D 31.32 31.6 25.12 25.1 6.47 1.83    4D 31.87  25.13       10 30.52 30.3 23.14 23.2 7.17 1.13 1.2 0.4 0.2163 
5A 30.15  23.19       5B 31.75 31.8 23.91 23.9 7.89 0.69    5B 31.78  23.85       5C 31.61 32.0 24.94 25.0 7.05 1.23    5C 32.44  25.02       5D 31.1 31.3 24.71 24.7 6.67 1.60    5D 31.53  24.59       

 

Table A1: Raw data related to Figure 3.1 showing Ct values obtained by 

qPCR on CG4 cells treated with a range of doses of LIF. P values throughout 

are expressed vs control, unless otherwise stated 
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Cytokie 
(ng/ml) 

Mog 
Ct 

Mean 
Mog 

Hprt1 
Ct 

Mean 
Hprt1 

Mog-
Hprt1 

Mog fold 
induction 

Mog 
mean 

SD P 
Value 

0L, 0E 33.89 33.69 25.38 25.31 8.38 1.00 0.9 0.2  
1A 33.49  25.25       
1B 33.1 33.03 24.52 24.64 8.39 0.99    
1B 32.96  24.76       
1C 33.09 33.20 24.78 24.75 8.45 0.95    
1C 33.3  24.71       
1D 32.6 32.90 23.96 23.97 8.93 0.68    
1D 33.19  23.97       

0L, 10E 30.32 30.66 25.28 25.3 5.36 8.11 7.7 1.4 0.0001 
3A 30.99  25.32       
3B 30.31 30.31 25.13 24.94 5.37 8.03    
3B 30.3  24.74       
3C 29.79 29.98 24.59 24.74 5.24 8.82    
3C 30.16  24.89       
3D 30.29 30.33 24.68 24.47 5.87 5.70    
3D 30.37  24.25       

0.2L, 0E 33.17 33.23 28.43 24.58 8.65 0.83 1.7 0.8 0.0873 
2A 33.29  24.58       
2B 31.83 32.41 24.26 24.46 7.95 1.34    
2B 32.98  24.65       
2C 32.21 32.34 25.31 25.32 7.02 2.58    
2C 32.47  25.33       
2D 32.23 32.42 25 25.12 7.3 2.11    
2D 32.6  25.23       

0.2L, 
10E 

31.3 31.13 24.51 24.59 6.54 4.23 3.9 0.9 0.0327 

7A 30.95  24.66       
7B 32.08 31.81 24.74 24.68 7.13 2.81    
7B 31.53  24.61       
7D 31.59 31.59 25.38 25.14 6.45 4.50    
7D 31.59  24.9       

 

 

 

 

 

Table A2: Raw data related to Figure 3.2A showing Ct values obtained by qPCR on 

CG4 cells treated with doses of LIF at 0.2ng/ml and/or EPO 10ng/ml. 
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Cytokine 
(ng/ml) 

Mog 
Ct 

Mean 
Mog 

Hprt1 
Ct 

Mean 
Hprt1 

Mog-
Hprt1 

Mog fold 
inductio

n 

Mog 
mean SD P 

Value 

0 32.86 32.95 24.24 24.33 8.62 1.00 1.5 0.9  1A 33.03  24.41       1B 31.39 31.62 23.78 24.34 7.29 2.52    1B 31.85  24.89       1D 32.98 32.49 23.90 23.90 8.59 1.02    1D 31.99  No Ct       0L, 10E 28.63 28.78 24.66 24.62 4.17 21.93 20.6 5.2 0.0016 
6A 28.93  24.57       6B 29.27 29.28 24.66 24.66 4.62 16.00    6B 29.29  24.66       6C 29.53 29.53 25.07 25.00 4.53 17.03    6C 29.53  24.93       6D 27.96 28.22 24.56 24.37 3.85 27.28    6D 28.47  24.17       10L, 0E 32.10 31.91 24.65 24.63 7.29 2.52 1.6 0.8 0.8975 
5B 31.72  24.60       5C 32.66 32.75 24.65 24.50 8.25 1.29    5C 32.84  24.35       5D 33.40 33.02 24.36 24.42 8.60 1.01    5D 32.63  24.47       10L, 10E 31.30 31.13 24.51 24.59 6.54 4.23 3.9 0.9 0.0327 
7A 30.95  24.66       
7B 32.08 31.81 24.74 24.68 7.13 2.81    
7B 31.53  24.61       
7D 31.59 31.59 25.38 25.14 6.45 4.50    
7D 31.59  24.90       

 

 

 

 

 

 

 

 

Table A3: Raw data related to Figure 3.2B showing Ct values obtained by qPCR on CG4 

cells treated with doses of LIF at 10ng/ml and/or EPO 10ng/ml. 
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Cytokine 
(ng/ml) 

Mbp 
Ct 

Mean 
Mbp 

Hprt
1 Ct 

Mean 
Hprt1 

Mbp-
Hprt1 

Mbp fold 
induction 

Mbp 
mean SD P 

Value 
Ctrl 21.45 21.90 24.09 24.19 -2.29 1.00 1.3 0.4  1A 22.34  24.28       1B 21.95 21.98 24.65 24.60 -2.62 1.25    1B 22.01  24.54       1C 21.66 21.83 24.67 24.89 -3.06 1.71    1C 21.99  25.10       0L, 10E 19.91 19.93 24.28 24.52 -4.60 4.94 5.7 1.1 0.0013 

3A 19.94  24.76       3B 19.98 20.10 25.07 25.14 -5.04 6.73    3B 20.22  25.21       3C 19.49 19.73 24.90 24.74 -5.01 6.57    3C 19.97  24.57       3D 20.12 20.33 24.80 24.81 -4.49 4.58    3D 20.53  24.82       10L, 0E 21.26 21.69 25.46 25.28 -3.59 2.46 1.9 0.9 0.3383 
2A 22.12  25.10       2B 21.35 21.67 25.34 25.43 -3.77 2.78    2B 21.98  25.52       2C 21.91 22.01 24.79 24.98 -2.97 1.60    2C 22.11  25.16       2D 22.02 22.46 24.14 24.42 -1.96 0.80    2D 22.89  24.69       10L, 10E 21.85 21.86 25.34 25.18 -3.32 2.04 1.4 0.6 0.7971 
4A 21.87  25.02       4B 22.30 22.52 24.75 24.77 -2.25 0.97    4B 22.73  24.78       4C 22.39 22.52 25.44 25.14 -2.62 1.26    4C 22.65  24.84       

 

 

 

 

 

 

 

 

Table A4: Raw data related to Figure 3.3 showing Ct values obtained by qPCR on 

CG4 cells treated with doses of LIF at 10ng/ml and/or EPO 10ng/ml. 
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Table A5: Raw data related to Figure 3.4 showing Ct values obtained by qPCR 

on CG4 cells treated with doses of OSM or CNTF at 10ng/ml and/or EPO 

10ng/ml. 

         P 
value 

Cytokine 
(ng/ml) 

Mog 
Ct 

Mean 
Mog 

Hprt
1 Ct 

Mean 
Hprt1 

Mog-
Hprt1 

Mog fold 
induction 

Mog 
mean 

sd vs 
Ctrl 

vs 
EPO 

Ctrl 32.52 32.73 24.39 24.42 8.32 1.00 1.4 0.3   
1A 32.94  24.44        
1B 32.40 32.51 25.10 24.93 7.58 1.67     
1B 32.61  24.76        
1C 32.75 32.73 24.65 24.81 7.93 1.31     
1C 32.71  24.96        
1D 32.41 32.59 24.93 24.94 7.66 1.58     
1D 32.77  24.94        
EPO 29.94 29.66 25.30 25.18 4.49 14.22 17.8 4.7 0.0004  
4A 29.38  25.05        
4B 28.99 29.11 24.97 24.99 4.12 18.32     
4B 29.23  25.01        
4C 29.93 29.80 25.28 25.32 4.48 14.32     
4C 29.66  25.36        
4D 29.25 29.32 25.78 25.60 3.72 24.25     
4D 29.38  25.42        
OSM 33.90 33.46 25.98 25.89 7.57 1.68 1.4 0.2 0.8745  
2A 33.01  25.79        
2B 33.66 33.79 25.66 25.86 7.93 1.31     
2B 33.91  26.05        
2C 33.70 33.60 26.01 25.81 7.79 1.44     
2C 33.49  25.60        
2D 33.78 33.98 25.98 25.99 7.99 1.26     
2D 34.17  26.00        
CNTF 33.03 33.23 25.74 25.81 7.43 1.85 1.9 0.2 0.0543  
3A 33.43  25.87        
3B 32.54 32.93 25.63 25.69 7.24 2.11     
3B 33.31  25.75        
3C 33.29 33.31 25.69 25.60 7.71 1.52     
3C 33.33  25.51        
3D 32.88 33.20 25.74 25.84 7.36 1.94     
3D 33.51  25.93        
EPO+ 
OSM 

33.93 33.70 26.53 26.25 7.45 1.83 1.6 0.3 0.3001 0.0022 

5B 33.46  25.97        
5C 34.18 33.84 26.49 26.33 7.52 1.74     
5C 33.50  26.16        
5D 34.16 34.14 26.14 26.26 7.88 1.35     
5D 34.12  26.38        
EPO+ 
CNTF 

32.92 32.49 25.91 26.05 6.44 3.68 3.5 1.1 0.0117 0.0011 

6A 32.05  26.19        
6B 31.77 32.00 25.96 25.97 6.03 4.89     
6B 32.22  25.98        
6C 34.06 33.90 26.68 26.69 7.21 2.16     
6C 33.73  26.70        
6D 32.74 32.67 26.15 26.04 6.63 3.22     
6D 32.59  25.92        
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Samples Mog 
Ct 

Mean 
Mog 

Hprt1 
Ct 

Mean 
Hprt1 

Mog-
Hprt1 

Mog fold 
induction 

Mog 
mean 

sd P 
value 

Ctrl 30.62 30.6 23.85 24.0 6.57 1.00 1.1 0.3   
1A 30.55  24.18        
1B 29.52 29.8 23.85 23.8 6.01 1.47     
1B 30.09  23.74        
1C 31.36 31.6 24.88 24.7 6.87 0.82     
1C 31.83  24.58        
1D 31.32 31.4 24.71 24.7 6.69 0.92     
1D 31.45   24.69             
LIF 29.82 29.8 24.91 24.8 5.06 2.86 2.3 0.6 0.0101 
2A 29.8  24.6        
2B 30.57 30.8 24.94 25.1 5.69 1.85     
2B 30.93  25.19        
2C 30.12 30.3 24.42 24.5 5.81 1.70     
2C 30.54  24.63        
2D 29.31 29.5 24.68 24.4 5.11 2.76     
2D 29.7   24.12             
OSM 28.63 28.5 23.31 23.4 5.07 2.84 3.0 0.6 0.0016 
3A 28.34  23.53        
3B 28.97 29.1 24.03 24.5 4.61 3.90     
3B 29.14  24.87        
3C 29.96 29.9 24.87 24.6 5.28 2.45     
3C 29.79  24.32        
3D 29.26 29.4 24.48 24.3 5.14 2.70     
3D 29.57   24.08             
CNTF 31.27 31.1 24.84 24.8 6.32 1.19 1.3 0.2 0.1874 
4A 30.96  24.76        
4B 31.21 31.3 24.92 25.1 6.19 1.31     
4B 31.4  25.32        
4C 31.4 31.5 24.94 25.1 6.36 1.16     
4C 31.56  25.3        
4D 30.91 31.1 25.22 25.2 5.85 1.65     
4D 31.22   25.22             

 

 

 

 

 

Table A6: Raw data related to Figure 3.5 showing Ct values obtained by 

qPCR on CG4 cells treated with doses of LIF OSM or CNTF at 0.2ng/ml. 
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Table A7: Raw data related to Figure 4.1 showing Ct values obtained by qPCR on 

CG4 cells treated with LIF and EPO at 10ng/ml. 

 

         P value 
Cytokine 
(10ng/ml) 

Mog 
Ct 

Mean 
Mog 

Hprt1 
Ct 

Mean 
Hprt1 

Mog-
Hprt1 

Mog fold 
induction 

Mog 
mean sd vs Ctrl vs 

EPO 
Ctrl 32.49 32.65 24.09 24.19 8.46 1.00 1.1 0.1   

1A 32.80  24.28        
1B 32.94 33.00 24.65 24.60 8.41 1.04     
1B 33.06  24.54        
1C 33.29 33.16 24.67 24.89 8.28 1.14     
1C 33.03  25.10        

EPO 29.65 29.52 24.28 24.52 5.00 11.00 12.0 2.8 0.0012  
3A 29.39  24.76        
3B 29.73 29.73 25.07 25.14 4.59 14.62     
3B 29.73  25.21        
3C 29.43 29.42 24.90 24.74 4.68 13.74     
3C 29.40  24.57        
3D 30.19 30.18 24.80 24.81 5.37 8.51     
3D 30.17  24.82        

LIF 32.92 32.84 25.46 25.28 7.56 1.87 1.3 0.4 0.3122  
2A 32.76  25.10        
2B 33.24 33.31 25.34 25.43 7.88 1.50     
2B 33.37  25.52        
2C 32.84 33.25 24.79 24.98 8.28 1.14     
2C 33.66  25.16        
2D 32.77 33.06 24.14 24.42 8.64 0.88     
2D 33.34  24.69        

EPO+LIF 33.63 33.32 25.34 25.18 8.14 1.25 1.4 0.4 0.2420 0.0003 
4A 33.01  25.02        
4B 32.98 33.10 24.75 24.77 8.33 1.09     
4B 33.22  24.78        
4C 33.36 33.35 25.44 25.14 8.21 1.19     
4C 33.33  24.84        
4D 33.33 33.16 25.70 25.67 7.49 1.96     
4D 32.99  25.64        EPO+24h 

LIF 32.01 32.26 26.60 25.58 6.69 3.42 3.1 1.1 0.0221 0.0010 

5A 32.51  24.55        
5B 32.17 32.23 25.13 25.26 6.97 2.82     
5B 32.28  25.39        
5C 32.84 32.71 25.15 25.12 7.59 1.83     
5C 32.58  25.09        
5D 31.86 31.90 25.54 25.55 6.35 4.33     
5D 31.93  25.56        EPO+48h 

LIF 30.43 30.53 25.04 25.08 5.45 8.06 8.6 1.8 0.0009 0.0888 

6A 30.63  25.12        
6B 30.94 30.68 24.77 24.88 5.80 6.32     
6B 30.41  24.98        
6C 30.38 30.25 25.26 25.08 5.17 9.78     
6C 30.12  24.90        
6D 29.91 29.97 24.80 24.88 5.10 10.30     
6D 30.03  24.95        
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Cytokine 
(10ng/ml) Egr2 Mean 

Egr2 Hprt1 Mean 
Hprt1 

Egr2-
Hprt1 

Egr2 fold 
induction 

Egr2 
mean SD P 

Value 
Ctrl 31.49 31.62 24.87 24.89 6.74 1.00 0.8 0.1  1A 31.75  24.90       1B 31.76 31.62 24.96 24.67 6.96 0.86    1B 31.48  24.37       1C 31.80 31.85 24.59 24.55 7.30 0.68    1C 31.89  24.50       1D 31.69 31.70 25.11 24.71 7.00 0.84    1D 31.71  24.30       EPO 24.46 24.59 24.74 24.94 -0.34 135.30 104.7 21.1 0.00006 

3A 24.72  25.13       3B 24.81 24.76 24.53 24.56 0.19 93.05    3B 24.70  24.59       3C 24.76 24.68 24.80 24.42 0.27 88.65    3C 24.60  24.03       3D 24.71 24.67 24.80 24.61 0.07 101.83    3D 24.63  24.41       LIF 29.50 29.52 24.69 24.82 4.70 4.10 4.4 0.6 0.00002 
2A 29.53  24.94       2B 29.34 29.40 24.59 24.59 4.81 3.81    2B 29.45  24.59       2C 29.45 29.22 24.66 24.83 4.39 5.10    2C 28.98  25.00       2D 29.01 28.84 24.43 24.35 4.49 4.74    2D 28.67  24.27       LIF + 

EPO 24.49 24.40 25.23 25.23 -0.84 190.02 113.7 57.5 0.00774 

4A 24.30  25.23       4B 24.19 24.37 24.82 24.58 -0.21 123.21    4B 24.54  24.33       4C 24.32 24.56 23.54 23.70 0.86 58.69    4C 24.79  23.85       4D 24.23 24.15 23.67 23.79 0.36 82.71    4D 24.07  23.90       

 

 

 

 

 

Table A8: Raw data related to Figure 4.2 showing Egr2 Ct values obtained by 

qPCR on CG4 cells treated with LIF and EPO at 10ng/ml. 
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LIF 
(10ng/ml) 

Socs3 
Ct 

Mean 
Socs3 

Hprt1 
Ct 

Mean 
Hprt1 

Socs3-
Hprt1 

Socs3 fold 
induction 

Mog 
mean 

SD P Value 

Ctrl 23.77 23.89 25.47 25.32 -1.43 1 0.9 0.2  
2A 24.01  25.17       
2B 23.87 23.93 24.67 24.76 -0.83 0.66    
2B 23.99  24.84       
2C 23.86 23.88 25.1 25.19 -1.32 0.92    
2C 23.89  25.28       
2D 23.27 23.24 24.65 24.73 -1.50 1.05    
2D 23.2  24.81       

30mins 20.54 20.4 24.8 24.86 -4.46 8.17 9.2 1.0 3.34E-06 
1A 20.26  24.92       
1B 20.11 20.15 24.59 24.68 -4.53 8.54    
1B 20.19  24.76       
1C 19.85 19.93 24.71 24.73 -4.81 10.37    
1C 20  24.75       
1D 20.29 20.19 24.83 24.87 -4.68 9.51    
1D 20.08  24.9       

1hr 21.42 21.35 24.68 24.78 -3.43 4.00 3.7 0.6 6.88E-05 
3A 21.28  24.88       
3B 21.52 21.51 24.93 24.65 -3.14 3.27    
3B 21.49  24.36       
3C 21.3 21.26 24.86 24.81 -3.55 4.33    
3C 21.22  24.75       
3D 21.42 21.56 24.56 24.68 -3.12 3.22    
3D 21.7  24.79       

4hrs 22.24 22.13 24.77 24.92 -2.79 2.57 2.4 0.3 0.0002 
4A 22.01  25.06       
4B 22.41 22.50 25.41 25.42 -2.92 2.81    
4B 22.58  25.42       
4C 22.69 22.73 25.2 25.22 -2.49 2.08    
4C 22.77  25.24       
4D 22.01 22.26 24.85 24.82 -2.57 2.20    
4D 22.5  24.79       

24hrs 22.33 22.39 25.3 25.23 -2.84 2.66 2.7 0.2 5.99E-06 
6A 22.45  25.16       
6B 22.11 22.22 25.1 25.17 -2.96 2.88    
6B 22.32  25.24       
6C 22.22 22.32 25.27 25.25 -2.93 2.82    
6C 22.42  25.22       
6D 22.82 23.25 26.18 26 -2.75 2.50    
6D 23.68  25.82       

 

 

 

Table A9: Raw data related to Figure 4.4 showing Socs3 Ct values obtained by 

qPCR on CG4 cells treated with LIF at 10ng/ml added at different time points. 
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LIF 
(ng/ml) 

Socs3 Mean 
Socs3 

Hprt1 Mean 
Hprt1 

Socs3
-

Hprt1 

Socs3 fold 
induction 

Socs3 
mean 

SD P Value 

0 22.6 22.6 23.99 24.4 -1.79 1.00 0.9 0.2  1A 22.69  24.87       1B 22.52 22.6 23.92 24.1 -1.52 0.83    1B 22.63  24.27       1C 22.84 22.7 24.53 24.6 -1.92 1.10    1C 22.51  24.66       1D 22.95 23.1 24.13 24.3 -1.15 0.64    1D 23.29  24.4       0.004 22.95 23.0 24.71 24.6 -1.60 0.88 0.7 0.2 0.2066 
2A 23.02  24.45       2B 23.05 23.1 24.57 24.5 -1.46 0.80    2B 23.1  24.49       2C 23.96 23.4 23.73 23.7 -0.27 0.35    2C 22.88  23.66       2D 22.65 22.6 23.95 23.9 -1.24 0.68    2D 22.61  23.78       0.2 21.71 21.7 23.86 24.2 -2.53 1.67 1.4 0.2 0.0108 
3A 21.69  24.59       3B 22.28 22.2 24.03 24.2 -2.07 1.21    3B 22.08  24.46       3C 22.62 22.3 24.34 24.4 -2.15 1.28    3C 21.98  24.55       3D 22.17 22.3 24.63 24.7 -2.42 1.55    3D 22.4  24.78       2 21.86 21.8 25.19 24.8 -2.93 2.20 3.1 0.9 0.0039 
4A 21.79  24.31       4B 20.83 21.0 24.23 24.3 -3.34 2.93    4B 21.16  24.43       4C 21.59 21.6 24.84 24.9 -3.26 2.77    4C 21.69  24.95       4D 20.58 20.8 24.45 24.7 -3.93 4.41    4D 20.96  24.94       10 20.84 20.8 24.63 24.6 -3.74 3.88 4.4 0.4 0.00007 
5A 20.83  24.52       5B 21.09 21.3 24.91 25.1 -3.86 4.21    5B 21.44  25.34       5C 20.99 20.9 25.11 24.9 -4.00 4.64    5C 20.86  24.74       5D 20.98 21.0 25.04 25.1 -4.07 4.87    5D 21.1  25.18       

 

 

Table A10: Raw data related to Figure 4.5 showing Socs3 Ct values obtained 

by qPCR on CG4 cells treated with LIF at various doses. 
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         P Value 
Sample 
(ng/ml) 

Socs3 
Ct 

Mean 
Socs3 

Hprt
1 Ct 

Mean 
Hprt1 

Socs3
-
Hprt1 

Socs3 
FC 

Socs
3 
mean 

SD vs ctrl vs 
EPO 

Ctrl 22.88 22.94 24.60 24.46 -1.52 1.00 0.9 0.1   
1A 23.00  24.31        
1B 23.17 23.05 24.45 24.42 -1.38 0.91     
1B 22.92  24.39        
1C 23.50 23.56 24.79 24.59 -1.03 0.71     
1C 23.61  24.38        
1D 23.53 23.62 25.03 24.86 -1.25 0.83     
1D 23.70  24.69        

EPO 21.77 21.74 24.78 24.71 -2.97 2.74 2.6 0.4 0.0003  
3A 21.70  24.63        
3B 21.54 21.65 24.00 24.28 -2.63 2.17     
3B 21.76  24.56        
3C 21.70 21.52 24.01 24.20 -2.68 2.23     
3C 21.34  24.38        
3D 21.26 21.51 24.53 24.65 -3.14 3.08     
3D 21.75  24.76        

LIF 20.28 20.21 24.16 24.10 -3.89 5.19 5.4 0.6 4.56E-
06 

0.0002 

2A 20.14  24.04        
2B 20.00 20.27 24.52 24.40 -4.14 6.15     
2B 20.53  24.28        
2C 21.34 21.20 24.82 24.97 -3.78 4.79     
2C 21.05  25.12        
2D 20.30 20.36 24.15 24.31 -3.95 5.39     
2D 20.42  24.46        

EPO+ 
LIF 

20.39 20.49 25.09 25.06 -4.57 8.31 7.9 0.5 1.72E-
07 

3.74E-
06 

4A 20.59  25.03        
4B 19.72 19.81 24.21 24.25 -4.45 7.62     
4B 19.89  24.29        
4C 20.24 20.25 25.11 24.84 -4.59 8.43     
4C 20.26  24.57        
4D 20.67 20.61 25.00 25.01 -4.40 7.39     
4D 20.55  25.02        

  

 

 

 

Table A11: Raw data related to Figure 4.6 showing Socs3 Ct values obtained by 

qPCR on CG4 cells treated with LIF and EPO at 10ng/ml. 
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Cytokine 
(10ng/ml) 

Mog 
Ct 

Mean 
Mog 

Hprt1 Mean 
Hprt1 

Mog-
Hprt1 

Mog fold 
induction 

Mog 
mean 

SD P Value 

Ctrl 25.26 25.3 25.98 26.3 -1.05 1.00 0.7 0.3   
1A 25.26  26.63        
1B 24.26 25.0 25.54 25.9 -0.86 0.88     
1B 25.78  26.22        
1C 25.46 25.9 25.52 25.5 0.40 0.37     
1C 26.32  25.47        
1D 25.82 25.7 24.87 25.6 0.06 0.46     
1D 25.56   26.39             
LIF 21.79 21.7 26.24 25.8 -4.03 7.92 7.2 1.0 0.00002 
2A 21.67  25.28        
2B 23.45 23.0 26.87 27.0 -4.02 7.84     
2B 22.47  27.08        
2C 20.5 20.7 24.39 24.6 -3.90 7.24     
2C 20.89  24.8        
2D 21.09 21.3 24.43 24.9 -3.56 5.72     
2D 21.6   25.38             
OSM 21.16 21.3 25.89 25.5 -4.16 8.66 7.1 1.5 0.0002 
3A 21.51  25.1        
3B 22.45 21.5 25.07 25.0 -3.54 5.64     
3B 20.48  24.94        
3C 21.43 21.7 25.34 25.3 -3.65 6.06     
3C 21.92  25.3        
3D 20.71 20.8 24.75 24.8 -4.09 8.22     
3D 20.81   24.94             
CNTF 21.27 21.2 24.74 24.7 -3.52 5.56 4.6 1.5 0.0021 
4A 21.18  24.75        
4B 21.39 21.4 24.74 25.0 -3.59 5.84     
4B 21.34  25.17        
4C 23.77 23.2 25.73 25.6 -2.45 2.64     
4C 22.63  25.56        
4D 22.51 22.4 25.47 25.5 -3.11 4.17     
4D 22.27  25.52        

 

 

 

 

 

 

 

Table A12: Raw data related to Figure 4.8 showing Socs3 Ct values obtained by 

qPCR on CG4 cells treated with LIF, OSM and CNTF at 10ng/ml. 
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         P Value 
Samples Socs3 

Ct 
Mean 
Socs3 

Hprt1 Mean 
Hprt1 

Socs3-
Hprt1 

Socs3 
FC 

Socs3 
mean 

SD vs Ctrl vs LIF 

Ctrl 23.61 23.9 24.31 24.3 -0.45 1.00 1.1 0.1     
1A 24.14  24.33         
1B 24.11 24.0 24.52 24.7 -0.68 1.18      
1B 23.87  24.83         
1C 23.53 23.9 24.43 24.7 -0.74 1.23      
1C 24.36   24.94               

LIF 22.36 22.2 24.86 24.7 -2.54 4.26 4.0 0.4 0.0003   
2A 21.98  24.55         
2B 22.15 22.2 24.86 24.7 -2.53 4.23      
2B 22.24  24.58         
2C 21.78 22.1 24.41 24.4 -2.26 3.51      
2C 22.47   24.35               
siRNA1 21.34 21.8 24.14 24.3 -2.55 4.30 4.8 0.6 0.0006 0.1331 
3A 22.2  24.5         
3B 21.31 21.5 24.57 24.4 -2.91 5.52      
3B 21.62  24.18         
3C 21.77 21.7 24.32 24.4 -2.66 4.64      
3C 21.7   24.47               
siRNA2 21.79 21.8 24.74 25.1 -3.28 7.14 6.4 0.7 0.0002 0.0068 
4A 21.88  25.49         
4B 21.68 21.7 24.68 24.7 -2.97 5.74      
4B 21.72  24.65         
4C 21.98 21.9 25.02 25.1 -3.13 6.41      
4C 21.91   25.12               
siRNA1+2 21.48 21.8 24.49 24.6 -2.83 5.22 5.5 0.4 0.00004 0.0097 
5A 22.02  24.67         
5B 21.49 21.3 24.24 24.4 -3.02 5.94      
5B 21.18  24.46         
5C 22.36 22.3 25.14 25.2 -2.88 5.39      
5C 22.32   25.29               

 

 

 

 

 

 

Table A13: Raw data related to Figure 4.9 showing Socs3 Ct values obtained by 

qPCR on CG4 cells treated with LIF and Socs3 siRNAs for 24 hours 
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         P value 
Samples Socs

3 Ct 
Mean 
Socs3 

Hprt
1 

Mean 
Hprt1 

Socs3
-

Hprt1 

Socs3 
FC 

Socs
3 

mean 

SD vs 
Ctrl 

Vs 
LIF 

Ctrl 23.67 23.8 24.17 25.1 -1.28 1.00 1.0 0.0     
6A 23.93  25.99         
6B 24.14 24.1 25.44 25.4 -1.26 0.99      
6B 24.11  25.33         
6C 23.83 24.0 25.39 25.3 -1.30 1.01      
6C 24.1   25.14               

LIF 21.33 21.4 24.77 24.7 -3.32 4.11 4.5 0.7 0.0012   
7A 21.38  24.58         
7B 21.09 21.1 24.98 24.8 -3.71 5.37      
7B 21.13  24.65         
7C 21.16 21.2 24.41 24.5 -3.30 4.06      
7C 21.17   24.52               
siRNA1 20.5 20.5 24.25 24.2 -3.65 5.17 6.2 0.9 0.0006 0.0665 
8A 20.56  24.11         
8B 20.72 20.6 24.39 24.6 -4.01 6.63      
8B 20.38  24.73         
8C 21.01 21.0 25.11 25.0 -4.07 6.89      
8C 20.92   24.95               
siRNA2 21.25 21.2 24.29 24.5 -3.31 4.07 4.2 0.2 0.0000

1 
0.5235 

9A 21.23  24.8         
9B 20.65 20.8 24.27 24.3 -3.43 4.44      
9B 20.99  24.23         
9C 20.87 20.7 23.8 24.0 -3.32 4.10      
9C 20.59   24.29               
siRNA1+2 20.49 20.5 24.27 23.9 -3.38 4.27 4.1 0.4 0.0002 0.4324 
10A 20.56  23.53         
10B 20.56 20.5 23.99 23.6 -3.14 3.63      
10B 20.39  23.24         
10C 20.21 20.2 23.64 23.6 -3.41 4.36      
10C 20.27   23.65               

 

 

 

 

 

 

Table A14: Raw data related to Figure 4.9 showing Socs3 Ct values obtained by 

qPCR on CG4 cells treated with LIF and Socs3 siRNAs for 48 hours 
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Table A15: Raw data related to Figure 4.10 showing Mog Ct values obtained by 

qPCR on CG4 cells treated with EPO, LIF and Socs3 siRNA. 

 

 

         p value 
Samples Mog 

Ct 
Mean 
Mog 

Hprt
1 Ct 

Mean 
Hprt1 

Mog-
Hprt1 

Mog 
FC 

Mog 
mean 

sd vs Ctrl vs EPO 

Ctrl 32.39 32.53 24.65 24.72 7.81 0.84 1.1 0.2   
1A 32.67  24.79        
1B 32.07 32.19 24.60 24.64 7.55 1.00     
1B 32.30  24.67        
1C 31.75 31.55 24.24 24.18 7.38 1.13     
1C 31.35  24.11        
1D 31.90 32.23 25.06 25.11 7.12 1.35     
1D 32.56  25.16        
EPO 28.30 28.28 25.32 25.12 3.16 21.04 19.0 2.4 5.5E-06  
2A 28.25  24.92        
2B 28.55 28.60 25.39 25.10 3.50 16.62     
2B 28.64  24.81        
2C 28.50 28.53 25.34 25.08 3.45 17.21     
2C 28.55  24.82        
2D 27.48 27.48 24.25 24.32 3.16 20.97     
2D 27.48  24.39        
EPO+LIF 33.83 34.47 27.26 27.43 7.04 1.42 1.3 0.1 0.2035 5.75E-0.6 
3A 35.11  27.60        
3B 33.90 33.75 26.45 26.54 7.21 1.27     
3B 33.59  26.62        
3C 33.22 33.42 26.21 26.17 7.25 1.23     
3C 33.61  26.12        
3D 34.07 34.15 26.67 26.75 7.40 1.11     
3D 34.22  26.82        
EPO+LIF
+Socs3 si 

34.61 35.24 27.81 27.72 7.52 1.02 1.5 0.3 0.0816 6.41E-06 

4A 35.87  27.63        
4B 34.41 34.14 27.24 27.27 6.87 1.61     
4B 33.86  27.30        
4C 34.08 33.78 27.01 26.86 6.92 1.55     
4C 33.47  26.70        
4D 34.01 33.95 27.13 27.15 6.80 1.69     
4D 33.88  27.17        
EPO+LIF
+Ctrl si 

33.83 34.37 26.43 26.51 7.87 0.80 0.6 0.1 0.0299 4.74E-05 

5A 34.91  26.58        
5B 34.46 35.00 26.59 26.68 8.32 0.59     
5B 35.54  26.77        
5D 37.46 35.98 27.61 27.51 8.47 0.53     
5D 34.50  27.41        
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ZA 
(µM/ml) 

Socs3 
Ct 

Mea
n 
Socs3 

Hprt
1 Ct 

Mean 
Hprt1 

Socs3
-
Hprt1 

Socs3 
fold 
inductio
n 

Socs3 
mean 

SD P 
Value 

0 19.98 20.23 23.78 23.93 -3.70 1.00 0.9 0.1  
1A 20.48  24.07       
1B 20.17 20.10 23.71 23.61 -3.51 0.88    
1B 20.03  23.51       
1C 19.82 19.86 23.38 23.5 -3.64 0.96    
1C 19.9  23.61       
0.1 19.92 19.97 23.23 23.19 -3.22 0.72 0.9 0.2 0.6451 
2A 20.01  23.15       
2B 19.73 19.81 23.63 23.52 -3.72 1.01    
2B 19.88  23.41       
2C 20.47 20.47 24.23 24.1 -3.64 0.96    
2C 20.46  23.97       
1 19.55 19.64 22.63 22.9 -3.26 0.74 0.9 0.1 0.4141 
3A 19.73  23.17       
3B 20.55 20.50 24.17 24.1 -3.60 0.94    
3B 20.45  24.03       
3C 19.78 19.83 23.54 23.45 -3.63 0.95    
3C 19.87  23.36       
10 20.1 20.09 23.55 23.23 -3.15 0.68 0.9 0.2 0.6448 
4A 20.07  22.91       
4B 19.61 19.66 23.56 23.31 -3.65 0.97    
4B 19.71  23.06       
4C 20.3 20.35 23.83 24.07 -3.73 1.02    
4C 20.39  24.31       

 

 

 

 

 

 

 

 

 

Table A16: Raw data related to Figure 4.11 showing Socs3 Ct values obtained 

by qPCR on CG4 cells treated with ZA at various doses 
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         P value 
Samples Mog 

Ct 
Mea
n 
Mog 

Hprt
1 Ct 

Mea
n 
Hprt
1 

Mog-
Hprt
1 

Mog 
FC 

Mog 
mea
n 

SD vs 
Ctrl 

vs 
EPO 

Ctrl 32.28 31.76 23.65 24.37 7.39 1.00 0.7 0.2   
1A 31.23  25.09        
1B 33.27 32.25 24.45 24.16 8.09 0.61     
1B 31.23  23.87        
1C 31.42 31.26 23.51 23.18 8.08 0.62     
1C 31.09  22.85        
1D 31.69 31.30 23.60 23.32 7.98 0.66     
1D 30.90  23.03        
EPO 29.53 29.93 24.68 25.14 4.79 6.04 7.9 2.1 0.0005  
2A 30.33  25.60        
2B 29.55 29.55 26.37 25.60 3.96 10.78     
2B 29.55  24.82        
2C 28.54 28.83 24.13 24.46 4.37 8.08     
2C 29.11  24.78        
2D 28.87 28.62 24.14 24.00 4.62 6.80     
2D 28.36  23.85        
EPO+LIF 32.63 32.40 25.30 25.51 6.89 1.41 1.3 0.3 0.0210 0.0007 
3A 32.16  25.72        
3B 32.35 31.93 25.12 25.18 6.75 1.55     
3B 31.51  25.24        
3C 32.25 32.52 25.21 25.29 7.24 1.11     
3C 32.79  25.36        
3D 33.25 33.39 25.20 25.90 7.50 0.93     
3D 33.53  26.59        
EPO+LIF
+ZA 1 

32.73 32.95 25.80 26.01 6.95 1.36 1.5 0.3 0.0038 0.0035 

4B 33.17  26.21        
4C 32.99 32.72 25.49 25.61 7.12 1.21     
4C 32.45  25.72        
4D 32.26 32.45 25.86 25.95 6.50 1.85     
4D 32.64  26.04        
EPO+LIF
+ZA 10 

32.39 32.47 26.34 25.87 6.61 1.72 1.3 0.3 0.0132 0.0008 

5A 32.55  25.39        
5B 33.44 33.29 26.15 25.98 7.31 1.06     
5B 33.13  25.81        
5C 32.87 33.39 25.95 26.19 7.20 1.14     
5C 33.90  26.42        
5D 33.71 33.91 27.08 27.07 6.84 1.46     
5D 34.10  27.06        

 

Table A17: Raw data related to Figure 4.12 showing Mog Ct values obtained 

by qPCR on CG4 cells treated with EPO, LIF and ZA at various doses. 
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         P Value 
Samples Mog 

Ct 
Mean 
Mog 

Hprt
1 Ct 

Mean 
Hprt

1 

Mog-
Hprt

1 

Mog 
FC 

Mog 
mean 

SD vs Ctrl vs 
EPO 

Ctrl 32.45 32.75 24.40 24.34 8.41 1.00 0.9 0.1   
1A 33.05  24.28        
1B 32.82 33.24 24.75 24.69 8.55 0.91     
1B 33.65  24.63        
1C 32.90 32.87 24.23 24.36 8.52 0.93     
1C 32.84  24.48        
1D 32.96 33.27 24.56 24.68 8.59 0.88     
1D 33.58  24.80        
Ctrl+ZA 33.75 33.93 24.70 24.66 9.27 0.55 0.8 0.2 0.1909  
2A 34.11  24.62        
2B 33.41 33.18 24.50 24.57 8.61 0.87     
2B 32.94  24.64        
2C 33.60 33.29 24.84 24.91 8.38 1.02     
2C 32.97  24.98        
2D 33.99 33.59 24.41 24.39 9.20 0.58     
2D 33.18  24.36        
EPO 29.90 29.85 24.85 24.78 5.07 10.13 8.2 2.2 0.0005  
3A 29.80  24.71        
3B 30.48 30.29 24.63 24.65 5.65 6.80     
3B 30.10  24.66        
3C 30.87 30.87 24.76 25.02 5.86 5.88     
3C 30.87  25.27        
3D 29.93 29.79 24.85 24.68 5.11 9.88     
3D 29.64  24.51        
EPO+ZA 31.58 31.42 25.40 25.30 6.12 4.89 5.1 0.8 0.0001 0.0693 
4A 31.25  25.19        
4B 30.96 31.12 24.74 24.84 6.28 4.39     
4B 31.27  24.94        
4C 29.93 30.59 24.79 24.77 5.83 6.00     
4C 31.25  24.74        

 

 

 

 

 

 

Table A18: Raw data related to Figure 4.13 showing Mog Ct values obtained by 

qPCR on CG4 cells treated with EPO and ZA at various doses 
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         P value 
Samples Socs3 

Ct 
Mean 
Socs3 

Hprt
1 

Mean 
Hprt1 

Socs3
-
Hprt1 

Socs3 
FC 

Socs3 
mean 

SD vs ctrl vs 
EPO 

Ctrl 23.78 23.78 24.17 24.31 -0.52 1.00 1.1 0.3   
1A 23.49  24.44        
1B 23.66 23.66 24.41 24.51 -0.85 1.25     
1B 23.67  24.60        
1C 23.78 23.78 24.88 24.82 -1.04 1.43     
1C 24.02  24.76        
1D 23.89 23.89 24.37 24.13 -0.23 0.82     
1D 23.55  23.88        
EPO 22.96 22.96 26.05 25.69 -2.73 4.61 2.9 1.2 0.0327  
2A 22.98  25.33        
2B 23.13 23.13 25.33 25.06 -1.93 2.64     
2B 23.36  24.78        
2C 22.68 22.68 24.74 24.53 -1.85 2.50     
2C 22.87  24.31        
2D 22.81 22.81 23.99 24.12 -1.31 1.72     
2D 22.63  24.24        
PMA 22.72 22.72 23.94 24.26 -1.54 2.02 1.8 0.5 0.0525 0.1582 
3A 22.60  24.58        
3B 23.05 23.05 24.08 24.30 -1.25 1.65     
3B 22.70  24.51        
3C 22.70 22.70 24.65 24.45 -1.75 2.33     
3C 22.90  24.24        
3D 23.66 23.66 24.23 24.44 -0.78 1.19     
3D 23.27  24.65        
EPO+ 
PMA 

20.57 20.57 23.88 24.33 -3.76 9.38 8.7 0.5 2.033
E-07 

0.0001 

4A 20.63  24.77        
4B 20.87 20.87 24.58 24.43 -3.56 8.17     
4B 21.30  24.27        
4C 20.59 20.59 24.02 24.22 -3.63 8.57     
4C 20.71  24.41        
4D 20.77 20.77 24.72 24.40 -3.63 8.57     
4D 20.63  24.07        

 

 

 

 

Table A19: Raw data related to Figure 4.14 showing Socs Ct values obtained by 

qPCR on CG4 cells treated with EPO and/or PMA. 
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         P value 
Samples Mog 

Ct 
Mean 
Mog 

Hprt
1 

Mean 
Hprt

1 

Mog-
Hprt

1 

Mog 
FC 

Mog 
mean 

SD vs Ctrl vs 
EPO 

Ctrl 31.46 31.4 23.66 23.7 7.71 1.00 3.0 0.1   
1A 31.31  23.69        
1B 31.58 31.7 23.7 24.0 7.72 0.99     
1B 31.87  24.31        
1D 32.19 32.0 24.01 24.0 8.01 0.81     
1D 31.88  24.03        
EPO 28.73 28.7 24.26 24.2 4.49 9.35 10.1 1.9 0.0011  
2A 28.59  24.09        
2C 28.29 28.2 23.99 24.1 4.10 12.21     
2C 28.19  24.29        
2D 28.42 28.5 23.82 23.9 4.59 8.69     
2D 28.55  23.97        
PMA 30.86 31.4 24.34 24.2 7.16 1.47 1.4 0.3 0.0539  
3A 31.85  24.06        
3B 31.23 31.2 23.94 23.9 7.33 1.31     
3B 31.23  23.87        
3C 30.55 30.7 23.66 23.7 6.93 1.72     
3C 30.77  23.8        
3D 31.44 31.6 23.92 23.9 7.67 1.03     
3D 31.71  23.9        
EPO+ 
PMA 

29.59 29.7 24.29 24.2 5.46 4.77 4.8 0.3 2.3226
E-06 

0.0021 

4A 29.77  24.16        
4B 29.71 29.6 24.11 24.2 5.44 4.84     
4B 29.55  24.28        
4C 29.89 29.7 24.22 24.3 5.39 5.01     
4C 29.57  24.47        
4D 30.01 30.2 24.76 24.6 5.57 4.41     
4D 30.35  24.46        

 

 

 

 

 

 

 

Table A20: Raw data related to Figure 4.15 showing Mog Ct values obtained 

by qPCR on CG4 cells treated with EPO and/or PMA. 
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         P value 
Samples Egr2 

Ct 
Mean 
Egr2 

Hprt
1 Ct 

Mean 
Hprt1 

Egr2-
Hprt1 

Egr2 
FC 

Egr2 
mean 

SD vs ctrl vs 
EPO 

Ctrl 33.24 33.25 24.25 24.35 8.90 1.00 1.0 0.2   
1A 33.26  24.45        
1B 33.42 33.19 24.51 24.53 8.66 1.19     
1B 32.95  24.55        
1C 33.67 33.65 24.65 24.65 9.00 0.94     
1C 33.62  24.65        
1D 34.43 33.81 24.36 24.36 9.46 0.68     
1D 33.19  24.35        
EPO 30.84 30.91 24.28 24.15 6.76 4.41 5.7 1.3 0.0006  
2A 30.97  24.01        
2B 30.44 30.67 24.23 24.34 6.34 5.92     
2B 30.90  24.44        
2C 30.38 30.42 24.23 24.31 6.11 6.92     
2C 30.45  24.38        
LIF 32.74 32.35 24.59 24.45 7.91 1.99 2.7 0.7 0.0030 0.0086 
4A 31.96  24.30        
4B 31.54 31.76 24.35 24.43 7.34 2.96     
4B 31.98  24.50        
4C 32.13 31.92 24.15 24.19 7.73 2.25     
4C 31.70  24.22        
4D 31.74 31.84 24.80 24.75 7.09 3.51     
4D 31.93  24.69        
LIF and 
EPO 

29.87 29.96 24.59 24.59 5.37 11.59 11.9 1.1 1.4881
E-06 

0.0011 

5A 30.04  24.59        
5B 29.90 29.91 24.77 24.78 5.14 13.59     
5B 29.92  24.78        
5C 29.74 29.71 24.41 24.30 5.41 11.24     
5C 29.68  24.19        
5D 29.81 29.89 24.56 24.47 5.42 11.16     
5D 29.97  24.38        

 

 

 

 

 

 

 

Table A21: Raw data related to Figure 5.1 showing Egr2 Ct values obtained by 

qPCR on CG4 cells treated with EPO and/or LIF. 
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         P value 
Samples Socs3 

Ct 
Mean 
Socs3 

Hprt1 Mean 
Hprt1 

Socs3-
Hprt1 

Socs3 
FC 

Socs3 
mean 

SD vs ctrl vs 
EPO 

Ctrl 24.99 25.09 24.25 24.35 0.74 1.00 1.0 0.1   
1A 25.19  24.45        
1B 25.15 25.11 24.51 24.53 0.57 1.12     
1B 25.06  24.55        
1C 25.48 25.49 24.65 24.65 0.84 0.94     
1C 25.49  24.65        
1D 25.35 25.22 24.36 24.36 0.86 0.92     
1D 25.09  24.35        
EPO 24.36 24.53 24.28 24.15 0.38 1.28 1.3 0.2 0.0487  
2A 24.69  24.01        
2B 25.07 24.95 24.23 24.34 0.61 1.09     
2B 24.83  24.44        
2C 24.25 24.44 24.23 24.31 0.13 1.52     
2C 24.63  24.38        
LIF 22.45 22.39 24.59 24.45 -2.06 6.96 6.1 0.8 1.3101

E-05 
0.0002 

4A 22.32  24.30        
4B 22.53 22.69 24.35 24.43 -1.74 5.56     
4B 22.85  24.50        
4C 22.74 22.51 24.15 24.19 -1.68 5.35     
4C 22.27  24.22        
4D 22.70 22.76 24.80 24.75 -1.99 6.61     
4D 22.82  24.69        
LIF and 
EPO 

22.80 22.79 24.59 24.59 -1.80 5.82 6.3 1.2 0.0001 0.0010 

5A 22.78  24.59        
5B 22.41 22.51 24.77 24.78 -2.27 8.03     
5B 22.61  24.78        
5C 22.49 22.49 24.41 24.30 -1.81 5.86     
5C 22.49  24.19        
5D 22.81 22.80 24.56 24.47 -1.67 5.31     
5D 22.79  24.38        

 

  

Table A22: Raw data related to Figure 5.1 showing Socs3 Ct values obtained by 

qPCR on CG4 cells treated with EPO and/or LIF. 
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         P value 
Samples CD36 

Ct 
Mean 
CD36 

Hprt
1 Ct 

Mean 
Hprt1 

CD36-
HPRT1 

Log
2 FC 

CD36 
FC 

sd vs ctrl vs 
EPO 

Ctrl 38 38 23.16 23.44 14.56 -0.14 -0.1 0.1   
6A 38  23.72        
6B 38 38 23.63 23.57

5 
14.43 0     

6B 38  23.52        
6C 38 38 23.57 23.52 14.49 -0.06     
6C 38  23.46        
6D 38 38 23.19 23.31 14.69 -0.27     
6D 38  23.43        
EPO 10 26.85 27.03 23.86 23.7 3.33 11.1

0 
11.0 0.2 7.06E-

11 
 

7A 27.21  23.54        
7B 26.84 27.03 23.58 23.77 3.26 11.1

7 
    

7B 27.22  23.96        
7C 26.88 26.96 23.39 23.64 3.32 11.1

1 
    

7C 27.03  23.88        
7D 26.83 26.82 23.05 23.14 3.69 10.7

4 
    

7D 26.81  23.22        
LIF 10 38 38 23.84 23.81 14.20 0.23 0.2 0.2 0.0189 1.52E-

10 
9A 38  23.77        
9B 37.41 37.71 23.64 23.64 14.07 0.36     
9B 38  23.64        
9C 38 38 23.66 23.56 14.44 -0.02     
9C 38  23.46        
9D 38 38 23.67 23.77 14.23 0.20     
9D 38  23.87        
EPO10 
LIF10 

28.9 28.82 23.72 23.81 5.01 9.42 9.6 0.3 0.0001  

10A 28.73  23.89        
10B 28.39 28.52 23.81 23.96 4.56 9.87     
10B 28.64  24.1        
10C 28.53 28.50 23.76 23.77 4.73 9.7     
10C 28.46  23.78        
10D 28.64 28.78 23.71 23.61 5.17 9.26     
10D 28.92  23.51        

 

 

 

Table A23: Raw data related to Figure 5.5 showing CD36 Ct values obtained by 

qPCR on CG4 cells treated with EPO and/or LIF. 
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         P value 
Samples Igf1 

Ct 
Mean 
Igf1 

Hprt
1 

Mean 
Hprt
1 

Igf1-
Hprt
1 

Log2 
FC 

Igf1 
FC 

SD vs ctrl vs EPO 

Ctrl 38.36 37.22 23.16 23.44 13.78 -0.61 -0.7 0.8   
6A 36.08  23.72        
6B 36.75 36.75 23.63 23.58 13.18 0.00     
6B No Ct  23.52        
6C 38.10 38.21 23.57 23.52 14.70 -1.52     
6C 38.44  23.46        
6D 38.10 38.10 23.19 23.31 14.79 -1.62     
6D No Ct  23.43        
EPO 31.95 31.85 23.86 23.70 8.15 5.03 4.7 0.6 0.0001  
7A 31.75  23.54        
7B 31.82 31.82 23.58 23.77 8.05 5.13     
7B 31.82  23.96        
7C 31.89 32.15 23.39 23.64 8.51 4.66     
7C 32.41  23.88        
7D 32.41 32.51 23.05 23.14 9.38 3.80     
7D 32.62  23.22        
LIF 10 36.22 35.91 23.84 23.81 12.10 1.07 -0.1 0.8 0.3663 9.14E-05 
9A 35.60  23.77        
9B 37.63 37.02 23.64 23.64 13.38 -0.21     
9B 36.72  23.64        
9C 38.19 37.63 23.66 23.56 14.07 -0.90     
9C 36.52  23.46        
9D 37.91 37.30 23.67 23.77 13.53 -0.36     
9D 36.70  23.87        
EPO+ 
LIF 

32.50 32.75 23.72 23.81 8.94 4.24 4.0 0.3 8.87E-
05 

0.1067 

10A 32.99  23.89        
10B 32.75 32.82 23.81 23.96 8.86 4.32     
10B 32.88  24.10        
10C 33.06 33.19 23.76 23.77 9.42 3.75     
10C 33.33  23.78        
10D 33.09 33.05 23.71 23.61 9.44 3.74     
10D 33.01  23.51        

 

 

 

 

 

Table A24: Raw data related to Figure 5.7 showing Igf1 Ct values obtained by 

qPCR on CG4 cells treated with EPO and/or LIF. 
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         P value 
 Fos Mean 

Fos 
Hprt1 Mean 

Hprt1 
Fos-
Hprt1 

Log 
FC 

Log 
FC 

Log St 
Dev 

vs Ctrl vs 
EPO 

Ctrl 26.58 26.75 23.46 23.48 3.27 -0.45 -0.2 0.2   
1a 26.92  23.5        
1b 26.12 26.2 23.4 23.37 2.83 0     
1b 26.27  23.34        
1c 26.39 26.39 23.34 23.32 3.07 -0.25     
1c 26.13  23.3        
1d 26.48 26.45 23.44 23.47 2.98 -0.16     
1d 26.42  23.5        
EPO 25.02 25.02 23.44 23.425 1.595 1.23 1.4 0.3 0.0002  
2a 24.03  23.41        
2b No Ct 25.35 23.56 23.545 1.805 1.02     
2b 25.35  23.53        
2c 25.01 24.91 23.43 23.43 1.475 1.35     
2c 24.8  23.43        
2d 24.57 24.46 23.39 23.455 1.005 1.82     
2d 24.35  23.52        
LIF 
10 

21.78 21.85 23.35 23.365 -1.52 4.35 4.5 0.2 1.78E-
08 

2.61E-
06 

4a 21.91  23.38        
4b 22.12 21.91 23.61 23.77 -1.86 4.69     
4b 21.7  23.93        
4c 21.84 21.81 23.5 23.58 -1.77 4.60     
4c 21.78  23.66        
4d 22.24 21.99 23.7 23.605 -1.62 4.45     
4d 21.73  23.51        
EPO
+LIF 

21.78 21.76 23.46 23.56 -1.8 4.63 4.4 0.3 2.74E-
07 

1.31E-
05 

5a 21.74  23.66        
5b 22.06 22.08 23.2 23.145 -1.07 3.90     
5b 22.09  23.09        
5c 21.53 21.66 23.23 23.25 -1.60 4.42     
5c 21.78  23.27        
5d 21.92 21.86 23.47 23.49 -1.63 4.45     
5d 21.8  23.5        

 

 

 

 

Table A25: Raw data related to Figure 6.2 showing Fos Ct values obtained by 

qPCR on CG4 cells treated with EPO and/or LIF. 
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         P value 
 JunB Mean 

JunB 
Hprt1 Mean 

Hprt1 
JunB-
Hprt1 

Log 
FC 

Log 
FC 
mean 

Log 
SD 

vs Ctrl vs EPO 

Ctrl 28.44 28.33 23.46 23.48 4.85 0.13 0.0 0.2   
1a 28.22  23.50        
1b 28.11 28.35 23.40 23.37 4.98 0.00     
1b 28.58  23.34        
1c 28.54 28.58 23.34 23.32 5.26 -0.28     
1c 28.61  23.30        
1d 28.31 28.16 23.44 23.47 4.69 0.29     
1d 28.00  23.50        
EPO 27.07 27.37 23.44 23.43 3.94 1.04 0.8 0.2 0.0024  
2a 27.66  23.41        
2b 27.79 27.82 23.56 23.55 4.28 0.70     
2b 27.85  23.53        
2c 27.88 27.80 23.43 23.43 4.37 0.61     
2c 27.71  23.43        
2d 27.54 27.60 23.39 23.46 4.15 0.83     
2d 27.66  23.52        
LIF 
10 

24.64 24.49 23.35 23.37 1.13 3.85 4.1 0.3 5.08E-
07 

9.56E-07 

4a 24.34  23.38        
4b 24.44 24.29 23.61 23.77 0.52 4.46     
4b 24.13  23.93        
4c 24.27 24.43 23.50 23.58 0.85 4.13     
4c 24.59  23.66        
4d 24.71 24.64 23.70 23.61 1.04 3.94     
4d 24.57  23.51        
EPO+
LIF 

24.36 24.55 23.46 23.56 0.99 3.99 3.8 0.3 1.01E-
06 

2.22E-06 

5a 24.74  23.66        
5b 24.64 24.75 23.20 23.15 1.60 3.38     
5b 24.85  23.09        
5c 24.55 24.39 23.23 23.25 1.14 3.84     
5c 24.22  23.27        
5d 24.18 24.48 23.47 23.49 0.99 3.99     
5d 24.77  23.50        

 

 

 

Table A26: Raw data related to Figure 6.3 showing JunB Ct values obtained by 

qPCR on CG4 cells treated with EPO and/or LIF. 
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         P value 
Samples Socs3 Mean 

Socs3 
Hprt1 Mean 

Hprt1 
Socs3-
Hprt1 

Log 
FC 

Log 
FC 
Mean 

Log 
SD 

vs Ctrl vs 
EPO 

Ctrl 23.52 23.51 23.46 23.48 0.03 0.03 -0.2 0.2   
1A 23.49  23.5        
1B 23.17 23.43 23.4 23.37 0.06 0     
1B 23.68  23.34        
1C 23.66 23.77 23.34 23.32 0.45 -0.39     
1C 23.87  23.3        
1D 23.78 23.79 23.44 23.47 0.32 -0.26     
1D 23.79  23.5        
EPO 23.58 23.68 23.44 23.43 0.26 -0.2 0.2 0.3 0.079  
2A 23.78  23.41        
2B 23.24 23.37 23.56 23.55 -0.18 0.24     
2B 23.49  23.53        
2C 22.95 23.01 23.43 23.43 -0.42 0.48     
2C 23.07  23.43        
2D 22.99 23.08 23.39 23.46 -0.38 0.44     
2D 23.16  23.52        
LIF 10 20.82 20.86 23.35 23.37 -2.51 2.57 2.5 0.2 2.06E-

06 
2.17E-

05 
4A 20.89  23.38        
4B 21.6 21.61 23.61 23.77 -2.16 2.22     
4B 21.62  23.93        
4C 21.13 21.26 23.5 23.58 -2.36 2.38     
4C 21.38  23.66        
4D 20.84 20.96 23.7 23.61 -2.65 2.71     
4D 21.07  23.51        
EPO+ 
LIF 

21.28 21.42 23.46 23.56 -2.14 2.20 1.9 0.3 3.47E-
05 

0.0003 

5A 21.56  23.66        
5B 21.21 21.31 23.2 23.15 -1.84 1.89     
5B 21.41  23.09        
5C 21.16 21.16 23.23 23.25 -2.09 2.15     
5C 21.16  23.27        
5D 22.05 22.05 23.47 23.49 -1.44 1.49     
5D 22.05  23.5        

 

 

Table A27: Raw data related to Figure 6.6 showing Socs3 Ct values obtained by 

qPCR on CG4 cells treated with EPO and/or LIF. 
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         P value 
Samples Tnfrsf1a Mean 

Tnfrsf1a 
Hprt1 Mean 

Hprt1 
Tnfrsf1
a-
Hprt1 

Log 
FC 

Log 
FC 
mean 

SD vs 
Ctrl 

vs 
EPO 

Ctrl 23.91 24.01 23.46 23.48 0.53 0.08 0.4 0.4   
1A 24.10  23.50        
1B 23.59 23.81 23.40 23.37 0.44 0.51     
1B 24.03  23.34        
1C 23.30 23.34 23.34 23.32 0.02 0.07     
1C 23.37  23.30        
1D 23.70 23.93 23.44 23.47 0.45 0.90     
1D 24.15  23.50        
EPO 23.19 23.06 23.44 23.43 -0.37 0.60 0.4 0.3 0.9387  
2A 22.92  23.41        
2B 22.91 23.48 23.56 23.55 -0.07 0.10     
2B 24.04  23.53        
2C 23.70 23.86 23.43 23.43 0.43 0.22     
2C 24.02  23.43        
2D 23.45 23.76 23.39 23.46 0.31 0.58     
2D 24.07  23.52        
LIF 10 22.48 23.00 23.35 23.37 -0.37 1.24 1.3 0.3 0.0106 0.0035 
4A 23.51  23.38        
4B 23.29 23.06 23.61 23.77 -0.72 1.79     
4B 22.82  23.93        
4C 21.97 22.32 23.50 23.58 -1.26 1.09     
4C 22.67  23.66        
4D 22.87 23.05 23.70 23.61 -0.56 1.16     
4D 23.22  23.51        
EPO+ 
LIF 

22.47 22.93 23.46 23.56 -0.63 1.11 1.0 0.3 0.0501 0.0215 

5A 23.39  23.66        
5B 22.51 22.57 23.20 23.15 -0.58 1.21     
5B 22.62  23.09        
5C 22.58 22.57 23.23 23.25 -0.68 1.28     
5C 22.56  23.27        
5D 22.35 22.73 23.47 23.49 -0.75 0.53     
5D 23.11  23.50        

 

 

 

 

Table A28: Raw data related to Figure 6.9 showing Tnfrsf1a Ct values obtained by 

qPCR on CG4 cells treated with EPO and/or LIF. 
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         P value 
Samples Inhba Mean 

Inhba 
Hprt1 Mean 

Hprt1 
Inhba
-
Hprt1 

Log 
FC 

Log 
FC 
Mean 

SD vs Ctrl vs 
EPO 

Ctrl 36.08 35.75 23.46 23.48 12.27 -0.51 -0.7 0.8   
1A 35.42  23.50        
1B 35.45 35.13 23.40 23.37 11.76 0.00     
1B 34.81  23.34        
1C No Ct 36.94 23.34 23.32 13.62 -1.86     
1C 36.94  23.30        
1D 35.26 35.51 23.44 23.47 12.04 -0.27     
1D 35.75  23.50        
EPO 38.13 36.57 23.44 23.43 13.14 -1.38 -0.6 0.6 0.8771  
2A 35.00  23.41        
2B No Ct 35.96 23.56 23.55 12.42 -0.65     
2B 35.96  23.53        
2C 34.52 35.06 23.43 23.43 11.63 0.13     
2C 35.59  23.43        
2D 34.25 35.63 23.39 23.46 12.17 -0.41     
2D 37.00  23.52        
LIF 10 33.07 32.90 23.35 23.37 9.54 2.23 1.9 0.3 0.0011 0.0004 
4A 32.73  23.38        
4B 33.36 33.61 23.61 23.77 9.84 1.92     
4B 33.86  23.93        
4C 33.68 33.78 23.50 23.58 10.20 1.57     
4C 33.87  23.66        
4D 33.81 33.51 23.70 23.61 9.90 1.86     
4D 33.20  23.51        
EPO+ 
LIF 

33.41 32.91 23.46 23.56 9.35 2.41 1.3 0.8 0.0158 0.0117 

5A 32.41  23.66        
5B 34.24 34.47 23.20 23.15 11.33 0.44     
5B 34.70  23.09        
5C 33.84 33.53 23.23 23.25 10.28 1.49     
5C 33.21  23.27        
5D 34.59 34.33 23.47 23.49 10.85 0.92     
5D 34.07  23.50        

 

 

 

 

 

Table A29: Raw data related to Figure 6.11 showing Inhba Ct values obtained by 

qPCR on CG4 cells treated with EPO and/or LIF. 
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         P value 
Samples Mag Mean 

Mag 
Hprt1 Mean 

Hprt1 
Mag-
Hprt1 

Log 
FC 

Mean 
Log 
FC 

SD vs Ctrl vs 
EPO 

Ctrl 27.98 26.52 23.16 23.44 3.08 -1.20 -0.1 0.8   
6A 25.06  23.72        
6B 25.46 25.46 23.63 23.58 1.88 0.00     
6B 25.45  23.52        
6C 24.71 24.65 23.57 23.52 1.13 0.75     
6C 24.58  23.46        
6D 25.09 25.09 23.19 23.31 1.78 0.11     
6D 25.08  23.43        
EPO 24.06 23.82 23.86 23.70 0.11 1.77 1.6 0.4 0.0114  
7A 23.57  23.54        
7B 24.04 24.60 23.58 23.77 0.83 1.05     
7B 25.16  23.96        
7C 23.58 23.51 23.39 23.64 -0.13 2.01     
7C 23.43  23.88        
7D 23.48 23.61 23.05 23.14 0.47 1.41     
7D 23.73  23.22        
LIF 10 24.93 25.32 23.84 23.81 1.52 0.36 0.4 0.2 0.2506 0.0024 
9A 25.71  23.77        
9B 24.85 24.89 23.64 23.64 1.25 0.63     
9B 24.93  23.64        
9C 25.10 25.17 23.66 23.56 1.61 0.28     
9C 25.23  23.46        
9D 25.00 25.16 23.67 23.77 1.39 0.49     
9D 25.32  23.87        
EPO+LIF 24.93 24.64 23.72 23.81 0.84 1.05 1.2 0.5 0.0328 0.3255 
10A 24.35  23.89        
10B 23.77 23.94 23.81 23.96 -0.02 1.90     
10B 24.10  24.10        
10C 24.80 24.87 23.76 23.77 1.10 0.78     
10C 24.94  23.78        
10D 24.22 24.35 23.71 23.61 0.73 1.15     
10D 24.47  23.51        

 

 

 

 

 

 

Table A30: Raw data related to Figure 6.15 showing Mag Ct values obtained by 

qPCR on CG4 cells treated with EPO and/or LIF. 
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         P value 
Samples Pmp2 Mean 

Pmp2 
Hprt
1 

Mean 
Hprt1 

Pmp2
-
Hprt1 

Log 
FC 

Log 
FC 
mean 

SD vs Ctrl vs EPO 

Ctrl 29.17 29.10 23.16 23.44 5.66 0.08 0.0 0.2   
6A 29.03  23.72        
6B 29.00 29.32 23.63 23.58 5.74 0.00     
6B 29.63  23.52        
6C 29.04 29.14 23.57 23.52 5.62 0.12     
6C 29.23  23.46        
6D 29.28 29.39 23.19 23.31 6.08 -0.33     
6D 29.49  23.43        
EPO 23.63 23.85 23.86 23.70 0.15 5.60 5.2 0.3 1.14E-07  
7A 24.06  23.54        
7B 24.26 24.48 23.58 23.77 0.71 5.03     
7B 24.70  23.96        
7C 24.21 24.28 23.39 23.64 0.64 5.10     
7C 24.34  23.88        
7D 23.94 23.94 23.05 23.14 0.81 4.94     
7D 23.94  23.22        
LIF 10  28.68 28.77 23.84 23.81 4.96 0.78 0.3 0.4 0.1828 1.34E-

06 
9A 28.85  23.77        
9B 29.92 29.61 23.64 23.64 5.97 -0.23     
9B 29.29  23.64        
9C 28.88 29.00 23.66 23.56 5.44 0.31     
9C 29.11  23.46        
9D 28.84 29.11 23.67 23.77 5.34 0.40     
9D 29.38  23.87        
EPO+ 
LIF 

25.32 25.49 23.72 23.81 1.69 4.06 4.0 0.4 1.36E-06 0.0025 

10A 25.66  23.89        
10B 25.05 25.21 23.81 23.96 1.25 4.49     
10B 25.36  24.10        
10C 25.70 25.84 23.76 23.77 2.07 3.68     
10C 25.97  23.78        
10D 25.61 25.60 23.71 23.61 1.99 3.76     
10D 25.58  23.51        

 

 

 

 

Table A31: Raw data related to Figure 6.16 showing Pmp2 Ct values obtained by 

qPCR on CG4 cells treated with EPO and/or LIF. 
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         P value 
Samples Pgc1 Mean 

Pgc1 
Hprt1 Mean 

Hprt1 
Pgc1-
Hprt1 

Log 
FC 

Log 
FC 
Mean 

SD vs Ctrl vs 
EPO 

Ctrl 30.17 30.35 23.16 23.44 6.91 -0.22 -0.1 0.3   
6a 30.52  23.72        
6b 30.13 30.27 23.63 23.58 6.69 0.00     
6b 30.40  23.52        
6c 29.95 29.99 23.57 23.52 6.47 0.22     
6c 30.02  23.46        
6d 30.66 30.46 23.19 23.31 7.15 -0.46     
6d 30.26  23.43        
EPO 29.29 29.20 23.86 23.70 5.50 1.20 1.1 0.2 0.0007  
7a 29.10  23.54        
7b 29.32 29.33 23.58 23.77 5.56 1.13     
7b 29.34  23.96        
7c 29.08 29.17 23.39 23.64 5.54 1.16     
7c 29.26  23.88        
7d 29.03 29.10 23.05 23.14 5.97 0.72     
7d 29.17  23.22        
LIF 10 30.61 30.71 23.84 23.81 6.91 -0.22 -0.1 0.2 0.8668 0.0001 
9a 30.81  23.77        
9b 30.58 30.60 23.64 23.64 6.96 -0.27     
9b 30.62  23.64        
9c 30.32 30.41 23.66 23.56 6.85 -0.16     
9c 30.50  23.46        
9d 30.06 30.39 23.67 23.77 6.61 0.08     
9d 30.71  23.87        
EPO+ 
LIF 

29.83 29.88 23.72 23.81 6.08 0.62 0.6 0.0 0.0021 0.0104 

10a 29.93  23.89        
10b 29.94 30.02 23.81 23.96 6.07 0.62     
10b 30.10  24.10        
10c 29.54 29.82 23.76 23.77 6.05 0.64     
10c 30.10  23.78        
10d 29.54 29.61 23.71 23.61 6.00 0.70     
10d 29.67  23.51        

 

 

 

 

 

Table A32: Raw data related to Figure 6.17 showing Ppargc1a (also known as 

Pgc1) Ct values obtained by qPCR on CG4 cells treated with EPO and/or LIF. 
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         P value 
Samples Tlr2 Mean 

Tlr2 
Hprt1 Mean 

Hprt1 
Tlr2-
Hprt1 

Log 
FC 

Log 
Fc 
Mean 

SD vs Ctrl vs EPO 

Ctrl 33.36 33.03 23.16 23.44 9.59 -0.16 0.2 0.5   
6A 32.69  23.72        
6B 31.95 32.04 23.63 23.58 8.47 0.96     
6B 32.13  23.52        
6C 32.65 32.94 23.57 23.52 9.43 0.00     
6C 33.23  23.46        
6D 32.99 32.90 23.19 23.31 9.58 -0.16     
6D 32.80  23.43        
EPO 10 32.60 32.98 23.86 23.70 9.28 0.15 0.0 0.5 0.7496  
7A 33.35  23.54        
7B 32.68 32.55 23.58 23.77 8.78 0.64     
7B 32.42  23.96        
7C 33.34 33.06 23.39 23.64 9.43 0.00     
7C 32.78  23.88        
7D 33.67 33.23 23.05 23.14 10.09 -0.67     
7D 32.78  23.22        
LIF 10 29.86 29.80 23.84 23.81 5.99 3.43 3.2 0.4 9.28E-

05 
7.44E-

05 
9A 29.73  23.77        
9B 30.21 30.45 23.64 23.64 6.81 2.62     
9B 30.68  23.64        
9C 29.80 29.67 23.66 23.56 6.11 3.32     
9C 29.54  23.46        
9D 29.93 29.89 23.67 23.77 6.11 3.31     
9D 29.84  23.87        
EPO+LI
F 

29.23 29.28 23.72 23.81 5.48 3.95 3.6 0.3 2.92E-
05 

2.4E-05 

10A 29.33  23.89        
10B 30.01 30.05 23.81 23.96 6.10 3.33     
10B 30.09  24.10        
10C 29.94 29.64 23.76 23.77 5.87 3.56     
10C 29.34  23.78        
10D 29.72 29.62 23.71 23.61 6.01 3.42     
10D 29.51  23.51        

 

 

 

 

Table A33: Raw data related to Figure 6.20 showing Tlr2 Ct values obtained by 

qPCR on CG4 cells treated with EPO and/or LIF. 
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         P value 
Samples Lcn2 Mean 

Lcn2 
Hprt1 Mean 

Hprt1 
Lcn2-
Hprt1 

Log 
FC 

Log 
FC 
Mean 

SD vs Ctrl vs 
EPO 

Ctrl 30.92 30.86 23.16 23.44 7.42 -0.20 0.0 0.1   
6A 30.79  23.72        
6B 30.45 30.80 23.63 23.58 7.22 0.00     
6B 31.14  23.52        
6C 30.86 30.77 23.57 23.52 7.25 -0.03     
6C 30.67  23.46        
6D 31.15 30.50 23.19 23.31 7.19 0.03     
6D 29.85  23.43        
EPO 10 30.17 30.25 23.86 23.70 6.55 0.68 0.5 0.4 0.0546  
7A 30.32  23.54        
7B 29.94 30.10 23.58 23.77 6.33 0.89     
7B 30.26  23.96        
7C 30.58 30.42 23.39 23.64 6.78 0.44     
7C 30.25  23.88        
7D 30.30 30.46 23.05 23.14 7.33 -0.11     
7D 30.62  23.22        
LIF 10 28.04 28.02 23.84 23.81 4.21 3.01 2.5 0.3 7.38E-06 0.0003 
9A 27.99  23.77        
9B 28.52 28.56 23.64 23.64 4.92 2.31     
9B 28.59  23.64        
9C 28.11 28.35 23.66 23.56 4.79 2.43     
9C 28.59  23.46        
9D 28.39 28.72 23.67 23.77 4.95 2.28     
9D 29.04  23.87        
EPO+LI
F 

28.44 28.27 23.72 23.81 4.46 2.76 2.6 0.3 6.3E-06 0.0002 

10A 28.09  23.89        
10B 27.83 28.14 23.81 23.96 4.18 3.04     
10B 28.44  24.10        
10C 28.58 28.71 23.76 23.77 4.94 2.29     
10C 28.83  23.78        
10D 28.44 28.45 23.71 23.61 4.84 2.38     
10D 28.46  23.51        

 

 

 

 

 

Table A34: Raw data related to Figure 6.21 showing Lcn2 Ct values obtained by 

qPCR on CG4 cells treated with EPO and/or LIF. 
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         P value 
Samples Mog 

Ct 
Mean 
Mog 

Hprt
1 

Mean 
Hprt1 

Mog-
Hprt
1 

Mog 
FC 

Mog 
mean 

SD vs Ctrl vs 
EPO 

vs 
EPO+
LIF 

Ctrl 30.37 30.36 24.52 24.46 5.90 1.00 0.8 0.1    
1A 30.34  24.40         
1B 30.44 30.32 23.96 24.03 6.29 0.76      
1B 30.19  24.10         
1C 30.31 30.20 23.88 23.96 6.24 0.79      
1C 30.08  24.03         
1D 30.12 30.24 24.01 24.04 6.20 0.81      
1D 30.35  24.06         
EPO 27.53 27.42 24.84 24.81 2.61 9.75 8.3 1.4 3.36823

E-05 
  

2A 27.31  24.78         
2B 27.86 27.95 24.72 24.78 3.18 6.59      
2B 28.04  24.83         
2C 27.72 27.59 24.64 24.70 2.89 8.03      
2C 27.46  24.76         
2D 27.40 27.29 24.57 24.56 2.73 8.97      
2D 27.17  24.54         
EPO+ 
LIF 

30.69 30.87 25.81 25.82 5.05 1.80 1.6 0.3 0.0012 6.9369
E-05 

 

3A 31.04  25.83         
3B 30.29 30.43 25.28 25.38 5.04 1.80      
3B 30.56  25.48         
3C 31.27 31.09 26.04 25.94 5.16 1.67      
3C 30.91  25.83         
3D 31.11 31.13 25.58 25.57 5.56 1.26      
3D 31.15  25.56         
EPO+ 
PAM3 

28.79 28.72 24.49 24.53 4.19 3.26 3.1 0.3 1.14228
E-05 

0.0003 0.0004 

4A 28.65  24.57         
4B 29.15 29.21 24.69 24.74 4.47 2.69      
4B 29.27  24.79         
4C 28.80 29.03 24.66 24.72 4.31 3.00      
4C 29.25  24.77         
4D 29.47 29.33 25.26 25.21 4.12 3.42      
4D 29.19  25.16         
EPO+LI
F+PAM
3 

31.30 31.32 25.10 25.27 6.05 0.90 1.0 0.1 0.0902 0.0003 0.0121 

5A 31.34  25.44         
5B 31.87 31.80 25.90 25.95 5.86 1.03      
5B 31.73  25.99         
5C 31.07 31.01 25.35 25.28 5.73 1.12      
5C 30.94  25.20         

 

Table A35: Raw data related to Figure 6.24 showing Mog Ct values obtained by 

qPCR on CG4 cells treated with EPO, LIF and/or Pam3. 
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         P value 
Samples Mog Mea

n 
Mog 

Hprt1 Mean 
Hprt1 

Mog-
Hprt1 

Mog 
FC 

Mog 
mean 

sd vs 
Ctrl 

vs EPO 

Ctrl 31.48 31.41 23.91 24.08 7.33 0.91 0.9 0.1   
1A 31.33  24.25        
1B 31.24 31.35 24.19 24.16 7.19 1.00     
1B 31.45  24.12        
1C 31.79 31.73 24.34 24.32 7.42 0.86     
1C 31.67  24.29        
1D 31.91 31.87 24.19 24.17 7.70 0.70     
1D 31.82  24.15        
EPO 28.37 28.23 24.59 24.62 3.61 12.00 11.4 1.0 7.4797

E-07 
 

2A 28.08  24.65        
2B 28.49 28.64 25.02 25.03 3.62 11.92     
2B 28.79  25.03        
2C 28.16 28.07 24.38 24.45 3.62 11.92     
2C 27.97  24.52        
2D 28.29 28.28 24.53 24.40 3.88 9.95     
2D 28.26  24.27        
EPO+Lcn2 
(1ng/ml) 

27.56 27.59 24.05 24.20 3.39 13.93 12.1 3.9 0.0012 0.7528 

3A 27.61  24.34        
3B 27.73 27.55 24.34 24.41 3.14 16.56     
3B 27.37  24.48        
3C 28.67 28.45 24.67 24.58 3.87 9.99     
3C 28.23  24.49        
3D 29.32 29.01 24.90 24.81 4.20 7.94     
3D 28.69  24.71        
EPO+Lcn2 
(10ng/ml) 

27.75 27.82 24.28 24.30 3.52 12.77 12.8 0.3 1.3955
E-08 

0.0748 

4A 27.88  24.32        
4B 27.72 27.71 24.15 24.24 3.47 13.18     
4B 27.70  24.33        
4C 28.06 28.04 24.54 24.49 3.55 12.51     
4C 28.01  24.44        
EPO+Lcn2 
(50ng/ml) 

28.14 28.18 24.62 24.65 3.53 12.64 13.8 1.8 6.7665
E-06 

0.0615 

5A 28.22  24.68        
5B 28.02 28.10 24.86 24.89 3.22 15.73     
5B 28.18  24.91        
5C 28.16 28.14 24.67 24.84 3.30 14.83     
5C 28.11  25.00        
5D 28.47 28.66 25.11 25.05 3.61 11.96     
5D 28.84  24.98        

 

 

Table A35: Raw data related to Figure 6.25 showing Mog Ct values obtained 

by qPCR on CG4 cells treated with EPO and/or Lcn2. 
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         P value 
Samples Mog Mean 

Mog 
Hprt1 Mean 

Hprt1 
Mog-
Hprt1 

Mog 
FC 

Mog 
mean 

sd vs 
Ctrl 

vs 
EPO 

Ctrl 33.71 33.44 24.21 24.33 9.11 0.48 0.8 0.3   
1A 33.17  24.45        
1B 32.11 32.17 23.88 24.11 8.06 1.00     
1B 32.23  24.34        
1C 33.24 33.04 24.72 24.76 8.28 0.86     
1C 32.84  24.80        
1D 32.69 32.90 24.46 24.42 8.49 0.74     
1D 33.11  24.37        
EPO 30.09 30.28 24.90 24.83 5.45 6.11 8.1 1.4 5.825

6E-05 
 

2A 30.47  24.76        
2B 29.91 29.95 24.91 24.91 5.04 8.14     
2B 29.98  24.91        
2C 30.05 30.02 25.29 25.22 4.81 9.55     
2C 29.99  25.14        
2D 30.46 30.44 25.41 25.48 4.96 8.57     
2D 30.41  25.54        
EPO+ 
Lcn2 

30.01 30.15 24.95 25.02 5.13 7.62 8.1 1.2 1.909
2E-05 

0.9747 

3A 30.29  25.09        
3B 29.73 29.73 24.89 24.83 4.90 8.97     
3B 29.72  24.77        
3C 30.08 29.94 25.02 25.06 4.88 9.06     
3C 29.79  25.09        
3D 30.60 30.74 25.34 25.40 5.34 6.59     
3D 30.88  25.46        

 

 

 

 

 

 

 

 

 

Table A36: Raw data related to Figure 6.26 showing Mog Ct values obtained 

by qPCR on CG4 cells treated with EPO and/or Lcn2. 


