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Abstract 

 

The apicomplexan parasite Toxoplasma gondii establishes chronic infection as 

intracellular cysts inside the brain and muscle tissue; able to infect virtually all mammals 

including humans. Modulation of host behaviour in rodents has been associated with 

promoting transmission and lifelong persistence. The neurophysiological changes 

associated with infection remain unclear, however catecholamine dysregulation has 

been observed in infected neurotransmitter-expressing cells and brain tissue. The 

experiments within this thesis examine the mechanisms whereby the parasite 

downregulates the expression of dopamine ß-hydroxylase (DBH), the key enzyme 

required for converting dopamine into norepinephrine (NE), following prior studies 

showing NE suppression with infection. My experiments identified a long non-coding 

RNA (lncRNA) in infected cells that is in the antisense orientation to the DBH gene. This 

lncRNA may be associated with DNA methyltransferase 3 alpha (DNMT3a)-binding in 

the DBH promoter region which was elevated from day one post-infection rising to three-

fold on day two. Time-dependent chromatin changes in the DBH promoter occurred with 

increased DNA methylation and dimethylation of H3K9 (H3K9me2) histone 

modifications, supporting previous findings of downregulation of the DBH gene. The 

minimal changes in chromatin observed in this study are consistent with the levels of NE 

and DBH suppression observed in the neural PC12 cells that were used. The presence 

of lncRNA in the DBH gene promoter in T. gondii-infected cells is proposed to play a role 

in alterations observed in host gene expression. The data in this thesis highlight a new 

form of epigenetic control of the host cell during parasitic infection. Model mechanisms 

of how the detected lncRNA control gene expression in T. gondii-infected neural cells 

are proposed. 
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Chapter 1  

General Introduction  

 

1.1 Toxoplasma gondii 

 

The single-celled obligate intracellular parasite T. gondii is one of the most common 

global zoonotic pathogens and infects a wide range of animals, including humans (Dubey 

et al., 1970). Generally categorised as a ubiquitous parasite, it is taxonomically classified 

in the phylum Apicomplexa (along with malaria parasites) and subclass Coccidia. 

Incidence of T. gondii infection in humans varies greatly between regions and overall 

high seroprevalence has been reported, approaching 30% to 80% worldwide (Tenter et 

al., 2000; Pittman and Knoll, 2015; Tyebji et al., 2019). In the United States, it is 

considered the second leading cause of foodborne-related deaths, mostly originated 

from poultry, pork, produced and complex foods (Scallan et al., 2011; Batz et al., 2012), 

and has emerged as one of the most common opportunistic infections in patients with 

AIDS (Luft and Remington, 1992; Ondounda et al., 2016). 

 

Toxoplasma gondii has a complex life cycle including sexual and asexual reproduction, 

and consisting of three infectious stages: bradyzoites, tachyzoites, and oocysts. All 

stages are capable of infecting intermediate (mammals) and definitive (cat) hosts (Tenter 

et al., 2000; Dubey, 2008). The oocyst is the final product of the parasite’s sexual cycle 

and is released in the cat intestine then excreted in the faeces. A single infected cat can 
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shed between 2 and 20 million oocysts per day and the cyst containing highly-infectious 

sporozoites can survive in humid soil for over a year (Dubey et al., 1970; Flegr, 2015). 

Intermediate hosts are commonly infected by the ingestion of oocysts shed in the cat 

faeces, and infection by bradyzoite-containing cysts occurs in humans upon the ingestion 

of undercooked meat (Pittman and Knoll, 2015). Once ingested, the oocysts invade 

intestinal epithelial cells and transform into rapidly-dividing, free-moving tachyzoites in a 

parasitophorous vacuole (PV) which separates parasite from host cytoplasm. Unlimited 

replication will result in eventual cell rupture and the release of parasites into 

neighbouring cells, thereby activating the host immune response. Meanwhile, depending 

on the immune status of the infected host, some tachyzoites will successfully evade the 

immune response by transforming into slow-replicating bradyzoites in the chronic stage 

and settling inside the host cells as dormant cysts. 

 

Human exposure to T. gondii occurs in a variety of ways, as shown in Figure 1.1. Firstly, 

humans can ingest tissue cysts containing bradyzoites present in undercooked infected 

meat (especially lamb and pork). Secondly, by ingesting highly infectious oocysts in the 

soil by consuming unwashed vegetables, contaminated water or unpasteurized milk. The 

transmission can also occur by direct exposure to infected cat faeces. Other possible 

routes are through errors in medical procedures such as in blood transfusion, organ 

transplantation and laboratory accidents involving biological materials. Some 

transmission is not due to error, e.g. in heart transplant mismatch (infected donor, 

uninfected recipient). The procedure goes ahead despite the risk, on the basis of a 

‘benefit versus harm’ assessment, where risk of harm can be mitigated by prophylactic 

anti-toxoplasma treatment. Finally, infection via the transplacental transmission of rapidly 

replicating tachyzoites from mother to foetus can occur, endangering foetal development 

(Tenter et al., 2000; Hill and Dubey, 2002; Jones and Dubey, 2012; Flegr, 2015). 
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Figure 1.1 Life cycle of T. gondii and the transmission routes in humans. The cat 

is the only definitive host of T. gondii and rodents are natural intermediate hosts. 

Although toxoplasmosis has been broadly observed in a wide range of mammals 

including humans as an accidental intermediate host, sexual reproduction happens 

exclusively in the cat, resulting in environmental contamination after excretion of infective 

oocysts in cat faeces. Once ingested by the intermediate hosts where asexual 

reproduction takes place, the oocysts transform into freely-moving tachyzoites. 

Tachyzoites infect various cell types and differentiate into bradyzoite-containing cysts 

which persist chronically in the tissue. Cats become infected after consuming 

intermediate hosts harbouring tissue cysts, thus completing the parasite life cycle. 

 

Three major genotypes or lineages of T. gondii have been identified: type I, II, and III 

(Howe and Sibley, 1995). Recently discovered is haplotype 12, a lineage associated with 

disease in North American wildlife (Khan et al., 2011). Phenotypically, the lineages differ 

in virulence, growth rate, and cyst burdens in the host cells. Notably, differences in the 

dissemination of these strains correlate with disease pathogenesis and virulence (Saeij 

et al., 2005; Sibley et al., 2009; Harker et al., 2015). The type I genotype (e.g. RH strain) 

is highly virulent in mice. Infection with this strain induces lethal acute toxoplasmosis in 

mice, even without inducing cyst formation (Blanchard et al., 2015). However, the vast 

majority of human infection is caused by the type II strain (e.g. Prugniaud, ME49) which 

is commonly followed by cyst development in the brain, retina and skeletal and heart 

muscle. The strong association between the type II strain and human disease has 
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important implications for diagnosis, treatment, and prevention of toxoplasmosis (Howe 

and Sibley, 1995; Saeij et al., 2005) even though type I, type III (e.g. CEP and VEG) and 

so-called atypical strains can also infect humans and cause the disease (Sibley et al., 

2009). 

 

1.2 Human toxoplasmosis 

 

In immunocompetent individuals, clinical disease due to T. gondii is uncommon. This is 

because, the fast-replicating tachyzoite stage is largely responsible for tissue destruction 

that results in clinical manifestations by which, at this stage, infection is typically well-

controlled by an effective host immune response mediated by the cytokine interferon-γ 

(IFN-γ) secreted by immune effector cells. Immunocompetent hosts usually show no or 

mild flu-like clinical symptoms during this primary infection although some individuals can 

develop lymphadenopathy with symptoms generally including fever, fatigue, muscle 

pain, sore throat and headache (Hill and Dubey, 2002). When threatened with elimination 

by the host's immune response, tachyzoites differentiate into long-lasting cysts 

containing slow-replicating bradyzoites resistant to immune clearance and are localised 

in the brain, eye, and muscles, persisting indefinitely. Bradyzoite chronic infection is 

latent and does not produce any noticeable symptoms (Flegr, 2015). However, once the 

host immune system is weakened, the encysted bradyzoites can transform back into 

rapidly-replicating virulent tachyzoites, thus reactivating and invading other tissues, 

causing chronic disease manifestations which can lead to patient death such as in fatal 

toxoplasmic encephalitis and pulmonary toxoplasmosis. 

 

Two conditions confer heightened risk for clinical disease: (1) the reactivation of latent 

infection in immunodeficient persons such as AIDS patients or immunosuppressed 

transplant recipients, and (2) pregnant mothers with a T. gondii primary infection. 
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Immunodeficient persons commonly develop toxoplasmic encephalitis with the formation 

of CNS lesions and then, further disseminate the disease throughout their body. 

Meanwhile, infection in the pregnant mother can result in congenital toxoplasmosis that 

causes neurological defects and spontaneous abortion (Dubey, 2008; Weiss and Dubey, 

2009; Flegr, 2015). In such cases, appropriate treatment is necessary to protect organs 

from irreversible damage. Finding the appropriate treatment for chronic toxoplasmic 

encephalitis is critical as the incidence of this disease is increasing with the increasing 

of AIDS population. In 2003 to 2012, the toxoplasmosis incidence rate in the US was 

6137 cases per year of which 407 had meningoencephalitis (Lykins et al., 2016). There 

is currently no anti-parasitic drug available capable of removing the intracellular cysts, in 

the brain or elsewhere in the body.  

 

In addition, toxoplasmic retinochoroiditis contributes significantly to eye disease 

worldwide. The prevalence of ocular disease in patients with toxoplasmic infection is still 

not well established and likely under diagnosed, but the most severe manifestations are 

encountered in patients with an impaired immune system, the elderly and neonates 

(Furtado et al., 2013). Therefore, ocular toxoplasmosis commonly results from both 

congenital and acquired infections. It can develop immediately after the initial infection, 

but more frequently months or years later, or during reactivation (Montoya and 

Remington, 1996). Parasites circulating in  the blood may target the eye as, which 

thereafter stimulates host inflammatory responses. This results in intra-ocular 

inflammation called necrotizing retinochoroiditis (primary or recurrent), that can cause 

permanent retinal scarring, loss of retinal tissue and subsequent loss of vision (Holland, 

2004; Maenz et al., 2014). 
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1.2.1 Dissemination to the host brain 

 

Upon host cell invasion, the fast-replicating tachyzoites unrestrictedly replicate by 

endodyogeny. This eventually leads to lysis of host cells and subsequent invasion of 

neighbouring cells, initiating the host’s immune response and ultimately causing 

persistent host infection. The most severe inflammation often results when tachyzoites 

propagate in the retina and brain of the host. The high blood flow during the acute phase 

of infection promotes higher numbers of parasites to reach the brain region (Estato et 

al., 2018). It has been reported that the parasite can break down the blood-brain barrier 

(BBB) as early as nine days following infection (Silva et al., 2010). 

 

The brain is considered a well-protected, immune-privileged organ. In order to reach the 

brain parenchyma from the cerebral blood circulation, Toxoplasma needs to pass 

through the brain endothelial cells lining the cerebral microvasculature of the BBB that is 

supported by a rich basement membrane network. The endothelial cells are wedged 

extremely close to each other, forming so-called tight junctions that, for CNS protection, 

strictly control the entry of large molecules and immune cells into the brain. The BBB is 

also lacking lymphatic vessels, thereby restricting lymphocyte access into the brain 

parenchyma. The surrounding pericytes and astrocytic endfeet function as structural and 

biochemical BBB supporters and epithelial protectors. There are multiple proposed 

mechanisms explaining how T. gondii breaches the BBB and gains access to the brain, 

but the exact mechanism is still under debate. A recent study suggested that the infection 

of endothelial cells is necessary for parasitic penetration into the CNS (Konradt et al., 

2016). The free parasite could then invade by one of two methods: (1) directly into the 

endothelial cell barrier transcellularly, thereafter rapidly replicating in and lysing the 

infected cells before bursting into the parenchyma brain, or (2) crossing the BBB 

paracellularly by passing through an intercellular space between the epithelial cells 

without invading the cells themselves (Tyebji et al., 2019). Another proposed mechanism 
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is that parasites hijack blood-circulating cells such as leukocytes, macrophages or 

dendritic cells and use them as “Trojan horses” from local sites of infection to the brain 

(Fuks et al., 2012). Such a mechanism was observed when T. gondii-infected monocytes 

were discovered transmigrating across an in vitro BBB model, shuttling the parasites into 

the brain of infected mice through a process dependent on host CD11b-expressing 

leukocytes. The study claimed that T. gondii hijacked CD11b-expressing leukocytes to 

reach the brain’s extravascular space (Courret et al., 2006). The three proposed models 

are summarised in Figure 1.2.  

 

 

Figure 1.2  Proposed mechanisms of Toxoplasma invasion to the brain. Three 

proposed mechanisms of parasites entry into the brain; 1) transcellular entry, 2) “Trojan 

horses” entry and 3) paracellular entry. Parasite entry into the brain activates astrocytes 

(A) and microglia (B), thereby activating the immune response which then assists in 

parasite clearance. 

 

Interestingly, tachyzoites can exploit the migratory properties of dendritic cells (DCs) 

without needing their activation. They accomplish this by manipulating the expression of 

DC chemokine receptor CCR7 (hallmarks of matured DCs) in which the infected DCs 

demonstrate a hypermigratory effect that aggravates spreading throughout the host. The 

hypermotility effect has also been proposed due to the response of functional GABAA 
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(gamma-aminobutyric acid) receptor expression and GABA released by infected DC 

soon after infection (Fuks et al., 2012). Gamma-aminobutyric acid is used as a carbon 

source by Toxoplasma (MacRae et al., 2012) and pre-treatment of infected-DC with 

GABAergic inhibitors reduced the parasite dissemination; hence, the parasite may alter 

GABAergic signalling in the cell host (Fuks et al., 2012). Altogether, this evidence 

suggests that Toxoplasma utilises combined strategies for systemic dissemination into 

the brain. 

 

1.2.2 CNS chronic infection 

 

Infection of the CNS is one of the hallmarks of toxoplasmosis and T. gondii can infect 

different types of brain cells including microglia, astrocytes, Purkinje cells and neurons 

and thereafter develop cysts within these cells (Blanchard et al., 2015; Flegr, 2015), 

although cysts are predominantly found in neurons (Ferguson and Hutchison, 1987b; 

Lüder et al., 1999; Melzer et al., 2010; Haroon et al., 2012). In fact, a recent in vivo study 

in mice reported the neuron was the primary target cell of Toxoplasma parasites (Cabral 

et al., 2016). Immunohistochemical study showed that cysts can reside in all major parts 

of neurons including the neuronal soma, dendrites and axons (Haroon et al., 2012). It is 

assumed that the parasite could possibly escape from detection by the immune system 

in the brain because of the lack of major histocompatibility complex antigen class I 

neurons, low IFN-γ and/or TNF activity and non-response against CD8+ T cells (Schlüter 

et al., 2001; Schaeffer et al., 2009; Salvioni et al., 2019). It has been reported that host 

GABA can be utilised in parasite growth as a carbon source metabolite, therefore, it is 

scavenged by the parasite (MacRae et al., 2012). Since neurons can release GABA, its 

explains the parasite’s preference in targeting the cell for localisation. However, the exact 

mechanism on how the parasites reach and localise in the neurons remains unclear. As 

the neuron is the parasite’s primary target, there are three neuronal subpopulations that 
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can be found during infection. The first subpopulation is uninfected neurons that contain 

the parasite’s rhoptry proteins injected into the neuron during parasite entry. The second 

subpopulation is infected neurons with replicating or free-moving tachyzoites, and the 

third subpopulation is infected neurons with stable parasitic cysts containing hundreds 

of bradyzoites. The effect of the parasite on these neuronal subpopulations is unknown.  

 

Literature on cyst distribution within the brain is speculative and sometimes controversial. 

Some studies have found higher numbers of tissue cysts located in the amygdala and 

nucleus accumbens, dopamine-containing limbic brain regions known to be important for 

motor control (basal ganglia) (Vyas et al., 2007). In other studies, magnetic resonance 

imaging of cerebral toxoplasmosis patients revealed lesions were focused mainly in the 

cortex and cerebellum area, which is consistent with several rodent studies (Lüder et al., 

1999; Dellacasa-Lindberg et al., 2007; Dubey et al., 2016). Regardless, it is clear that T. 

gondii infects all regions of the whole brain area. Nevertheless, the cyst volume is 

considered small which makes it difficult to be detected, thus rendering study of cyst 

localisation in the human brain problematic. A recent study has provided strong evidence 

of infection via a population-based screening of autopsy cases, which found that 16.5% 

prevalence of T. gondii DNAs expression was within human brain tissue, although 

without any specific distribution (Samojłowicz et al., 2019).  

 

1.2.3 Parasite-induced behaviour changes in infected hosts 

 

Changes in behaviour have been observed in rodents infected with T. gondii, one of 

which is the phenomenon of “fatal attraction” (Berdoy et al., 2000; Webster, 2007). One 

implicit conclusion of the manipulation hypothesis is that T. gondii dynamically modifies 

host behaviour for its own selective benefit. Over decades of studies under various 

laboratory and experimental conditions, some highly specific and consistent behavioural 
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changes in infected rodents have been observed. One of the main captivating effects of 

Toxoplasma infection is the rodent’s loss of innate fear and aversion towards the odour 

of cat urine, one result of which may be increased predation (Berdoy et al., 2000; Vyas 

et al., 2007; Webster, 2007). Many other behavioural changes in infected rodents have 

been observed such as weakened learning capacity and memory, lowered defensive 

response, location of time spent within vulnerable open areas, decreased fear of novel 

stimuli, increased psychomotor activity (Webster, 1994), decreased climbing and rearing 

and increased rate of entrapment (Hutchison et al., 1980). All these behavioural changes 

are likely to increase the probability of parasite transmission from the intermediate to 

definitive host, thus conferring a sexual advantage to the parasite to complete its life 

cycle through increasing predation by the cat. Most studies also claim that behaviour 

changes are infection specific and not caused by general rodent illness, which can affect 

some learning and social interactions (Vyas et al., 2007; Webster and McConkey, 2010). 

 

Studies conducted using different rodent experimental models showed that behavioural 

changes occur in both acute and chronic T. gondii infections (Vyas et al., 2007; Vyas, 

2015). However, the mechanisms underlying the neurological alterations driving these 

behavioural modifications are still not clear. The elevated number of cysts in 

behaviourally-relevant brain regions has been proposed to play an important role in the 

behavioural changes of the host. However, the most comprehensive study to date 

analysing 100 infected rats found little preference for any specific region (Dubey et al., 

2016). Meanwhile, other studies showed that behaviour modifications persisted even 

with low numbers of brain cysts (Ingram et al., 2013). Although this demonstrates that 

behaviour changes do not depend on high cyst density, some studies claimed that 

tropism in a specific relevant brain area may contribute towards certain behavioural 

impacts. Intriguingly, a recent discovery found that some behavioural changes in rodents 

were not associated with the parasite cyst burden in the brain, but rather by the degree 

of neuroinflammation produced by chronic infection. They also demonstrated that 
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behavioural changes can be reversed by the anti-inflammatory drug guanabenz 

(Martynowicz et al., 2019).  

 

Apart from rodents as one of its important intermediate host, toxoplasmosis may also 

affect human behaviour. Latent asymptomatic toxoplasmosis is believed to cause 

specific changes to human olfactory function whereby infected men rate the smell of 

diluted cat urine as relatively more pleasurable than those uninfected, although in 

infected women, the opposite effect was observed (Flegr et al., 2011). Numerous other 

findings have also documented behaviour changes in the infected person upon infection, 

such as reduced novelty-seeking behaviours (Flegr, 2010), impaired psychomotor 

performance with prolonged reaction times (Havlíček et al., 2001), personality profile 

changes, impairment of memory functions (Gajewski et al., 2014), increased risk of 

suicide attempts (Bak et al., 2018), greater risk of traffic accidents (Flegr, 2010), 

depression (Gale et al., 2014) and developed general anxiety disorder (Markovitz et al., 

2015). These discoveries suggest possible indirect influences of the parasite on its 

accidental secondary intermediate hosts with regard to behavioural changes although 

many of these were small studies and need to be rigorously repeated. 

 

1.2.4 Toxoplasma-related psychiatric and neurological disorders 

 

Behavioural changes observed in rodents led to the discovery of a strong association 

between latent toxoplasmosis and many chronic psychiatric and neurodegenerative 

disorders, including schizophrenia (Torrey and Yolken, 2003; Horacek et al., 2012; Holub 

et al., 2013), Parkinson’s disease (Miman et al., 2010a), obsessive-compulsive disorder 

(Miman et al., 2010b; Çakın Memik et al., 2015), bipolar disorder (de Barros et al., 2017) 

and a weak population-based study even suggested brain tumours (Thomas et al., 

2012). Serological studies have found that the presence of many psychological disorders 
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is correlated to higher seroprevalence of toxoplasmosis infection than in the rest of the 

population, but not correlated with infection with other CNS pathogens (Flegr, 2015). 

How the parasite interacts with the brain and how this interaction could contribute to our 

understanding of mental health disorders remains an unexplored area of research. 

 

Although there a strong association has been reported, there is no definitive proof of the 

parasite as a primary cause of neuropsychiatric illness, there are few significant and 

noteworthy correlations, such as that observed in Toxoplasma-related schizophrenia. A 

meta-analysis of 23 studies of T. gondii seroprevalence and schizophrenia conducted 

out in 17 countries over five decades found that the likelihood of infection in 

schizophrenia patients was 2.7 times higher than in the rest of the population (odds ratio 

[OR]=2.73; 95% confidence interval; P < 0.000001) (Torrey et al., 2006). The strongest 

evidence to demonstrate the co-occurrence of Toxoplasma and schizophrenia is the 

correlation of T. gondii IgG antibody levels with schizophrenia severity. Elevated anti-T. 

gondii IgG antibody levels have been reported in first-onset schizophrenia patients, 

suggesting that Toxoplasma modulates the course of the disease (Torrey et al., 2006). 

A recent large-scale serological study denoted 25.9% of the studied sample population 

was associated with schizophrenia (odds ratio [OR], 1.47; 95% confidence interval [CI], 

1.03–2.09) and the data showed stronger association with pathogen exposure preceding 

outcome (incidence rate ratio [IRR], 2.78; 95% CI, 1.27–6.09) (Burgdorf et al., 2019). In 

addition, latent toxoplasmosis has been ranked as one of the most important risk factors 

for schizophrenia. It is also noteworthy that some antipsychotic drugs used to treat 

schizophrenia have been shown to inhibit the growth of T. gondii in cell culture (Jones-

Brando et al., 2003). 
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1.3 Host-pathogen interactions during chronic CNS T. gondii 

infection 

 

Chronic T. gondii infection is established in the CNS tissues where the parasite may 

directly or indirectly interfere with neuronal function leading to behavioural and 

neuropsychiatric illness. Inside the neuron, the parasite localises in an isolated PV within 

host cytoplasm, but is capable of recruiting host endoplasmic reticulum and mitochondria 

molecules into the PV to facilitate its growth, intracellular survival and transmission 

(Clough and Frickel, 2017). Toxoplasma is reported as auxotrophic for several nutrients 

such as tryptophan, cholesterol and iron (Dimier and Bout, 1998; Coppens et al., 2000). 

Shared metabolite recruitment causes upregulation of the host genes involved in energy 

metabolism. This scenario describes an example of host-pathogen interaction following 

infection and it may be possible for the parasite to modulate the neurons and initiate 

neuronal changes for its own benefit.  

 

Mechanisms underlying parasite-induced neuronal alterations remain unclear, but 

researchers have made recent progress. It is believed that T. gondii may have direct 

effects on the CNS due to the following observations: cyst tropism and its distribution in 

the brain, the dysregulation of host-dopamine metabolism and other catecholamines, the 

secretion of parasite proteins into non-invaded neurons, the functional silencing of the 

infected neuron and the capability to avoid cellular apoptosis. In addition to direct action, 

neuroinflammation effects caused by the parasite could indirectly induce neuronal 

alterations and also possibly mediate behavioural changes in the host. The involvement 

of a variety of inflammatory factors stimulate neurodegeneration, changes in 

neuroplasticity and neurotransmitter instability during latent toxoplasmosis. A summary 

of the possible mechanisms of neuronal alteration by T. gondii is shown in Figure 1.3.  
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Figure 1.3 Proposed mechanisms of T. gondii alteration of neuronal functions. 

 

1.3.1 Activation of chronic immune response and brain 

neuroinflammation causes neurodegeneration and 

neuroplasticity 

 

Chronic T. gondii infection is associated with a neuroinflammatory response which is not 

limited to the areas surrounding the cysts but widespread through the CNS. The critical 

mechanism maintaining a benign host infection is to keep the CNS resident glia cells 

activated (Blanchard et al., 2015). The parasite triggers the T helper cell type 1 (Th1) 

cell-mediated immune response by activation of this cell and recruited immune cells, 

resulting in the release of several cytokines and chemokines including interferon gamma 

(IFN-γ), interleukin-12 (IL-12), interleukin-1 (IL-1), interleukin-6 (IL-6) and tumour 

necrosis factor (TNF). With sustained neuroinflammation, the inflammatory mediators 

are potentially toxic to neurons. 
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For example, even when IFN-γ is the main cytokine responsible for hosting 

immunological defence against T. gondii (Sarciron and Gherardi, 2000), the IFN-γ 

activated by microglia can cause neuronal tissue injury through the production of toxic 

metabolites such as nitric oxide (NO), a strong inducer of CNS pathologies associated 

with oxidative stress and inflammatory neuronal disturbances. However, during T. gondii 

infection, there is evidence that NO production is inhibited by the parasite through 

stimulation of the transforming growth factor beta-1 production in favour of neuron 

viability. This can ensure decreased neuronal damages, presumably for the parasite’s 

own benefits (Rozenfeld et al., 2005). Infected astrocytes have been shown to secrete 

soluble factors that can inhibit NO release by the IFN-γ-activated microglia, thus 

preventing neuronal degeneration (Rozenfeld et al., 2003). These findings could explain 

why only limited neurodegeneration was observed in the CNS of chronically-infected 

mice (Möhle et al., 2014; Parlog et al., 2014). Study of astrocytes in human 

immunodeficiency virus patients showed astrocytes can produce arachidonic 

metabolites that can cause neuronal damage and could do so during T. gondii infection 

(Blumberg et al., 1994). However, the Th1 cell-mediated biomarkers of inflammation 

including IFN-γ have been shown to increase in Toxoplasma and patients diagnosed 

with other psychological diseases such as major depression, obsessive-compulsive 

disorder and schizophrenia (Parlog et al., 2015). Hence, it is conceivable that the local 

immune response in the brain required to keep latent T. gondii may also alter cytokine 

levels that could then subsequently influence neuromodulator levels. Nevertheless, 

inflammation-induced neurodegeneration is at most, still considered a marginal 

contributor to the aetiology of behavioural and neurological changes in chronic 

toxoplasmosis. The presence of cysts and proliferation of tachyzoites in neurons has 

shown to stimulate a silent and sustained neuroinflammation that induces microvascular 

dysfunction with decreased vessel density and stability in infected mice (Estato et al., 

2018), thus contributing to a neurodegenerative process; which can explain the 

manifestation of host behavioural changes. 
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In order to maintain CNS function, the integrity and functionality of synapses in the brain 

need to be maintained. Chronic toxoplasmosis infection is able to trigger changes in the 

expression of presynaptic and postsynaptic proteins of mature synapses and synaptic 

deficits within the brain structure (Parlog et al., 2015). Protein interruptions will lead to 

changes in synaptic plasticity and abnormal wiring of brain connections (Parlog et al., 

2014). Local neuroinflammation may also affect synaptic physiology and morphology of 

non-infected neurons, suggesting a potential explanation for widespread mental effects.  

 

1.3.2 Neuronal damage and dysfunction  

 

As the parasite prefers to invade neurons, future investigation should focus on the effects 

of infection on neuronal cell biology. Infection causes local degenerative cell loss of the 

infected neurons, including their neighbouring cells, possibly by neurotoxicity of NO and 

other toxic oxygen products. Local immune activation helps to keep T. gondii maintained 

in the host cell by the production of proinflammatory cells (Webster and McConkey, 

2010). However, knowledge on the interactions of T. gondii with brain cells and the 

immune system is still limited, while the exact mechanism on how intracerebral parasites 

develop is still unclear. 

 

Damage to the structure and morphology of neurons following infection has been shown. 

At the macroscopic level, the infection causes lesions in the brain and modifies fibre 

density and grey matter volume. Magnetic resonance imaging data analysis of 

chronically T. gondii-infected mouse brain exhibited the presence of diverse lesions 

spread throughout all brain areas, with some high-density lesions observed within 

specific brain regions such as in the somatosensory cortex, hippocampus, and striatum 

(Parlog et al., 2014). Lesions observed indicated damage to the brain tissue. This data 

coincides with the previous finding that showed a reduction in grey matter volume in the 
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brain cortical region in schizophrenia patients with seropositive Toxoplasma infection 

(Horacek et al., 2012). Cysts were reported to establish predominantly in the grey matter 

region of the brain in the asymptomatic infected mice (Ferguson and Hutchison, 1987a). 

 

Meanwhile, observation from the cellular level has shown that the activation of microglia 

upon parasite invasion initiates the host immune response and infiltration of lymphocyte 

T cells into the infected areas to counteract the invading parasite. The local ongoing 

basal inflammation contributes to the neuron damage and could lead to disturbed 

neuronal functions. A reduction of dendritic spines, a neuron structure that is responsible 

for information exchange, in the infected neurons was demonstrated and caused axon 

damage. Correspondingly, alterations in neuronal fibre density and fibre continuity have 

been observed that lead to the alteration of neuroconnectivity and synaptic plasticity 

(Mitra et al., 2013; Parlog et al., 2014). Furthermore, the size of progressive cysts larger 

than axons and synapses also accelerate neuron damage. Likewise, cell apoptosis, the 

host’s programmed cell death to remove the pathogen by itself, lyses the cells and 

aggravates more neuron loss. 

 

Observations deeper into the synaptic level found that microtubule structures were 

altered in the somatosensory cortex infected with ME49 strain parasite, wherein a 

significant reduction in neuronal neurofilament marker and microtubule-associated 

protein-2 (MAP2) were observed (Parlog et al., 2014). This leads to perturbation in 

downstream post-synaptic signalling, interrupting gene expression. The expression 

levels of specific proteins that regulate key synaptic functions have been found altered 

in infected cells. A further significant effect is the parasite’s ability to modulate neuronal 

functions. Encysted neurons become functionally impaired as shown by a decline of 

neuronal activity-dependent uptake of thallium, a potassium analogue (Haroon et al., 

2012).  
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1.3.3 Evading host-cell apoptosis  

 

Infections may induce host cell apoptosis, a form of programmed cell death that can 

trigger the cell to die or commit “cell suicide”, and modulation of host cell apoptosis has 

been reported with T. gondii infection, which was described by inhibition of the invading 

cell from lysing for its own survival. In other words, blocking cell apoptosis allowed the 

infected host cell to remain alive (Nash et al., 1998; Payne et al., 2003; Keller et al., 

2006).  

 

Toxoplasma gondii has evolved multiple mechanisms to resist destruction by apoptosis 

while intracellular (Halonen, 2015). T. gondii infection blocks the activation of caspase 

pathways that are involved in apoptosis machinery and activate host transcription factor 

NF-κB that mediates apoptosis blockage (Goebel et al., 2001; Payne et al., 2003). It has 

also been reported to manipulate host microRNAs (miRNAs) that leads to anti-apoptosis 

in infected macrophages (Cai et al., 2014). Parasite secretory proteins released from the 

PV during invasion have been found to be able to modulate host cell apoptosis and 

prevent rapid clearance by immune cells (Sinai et al., 2004; Blader and Koshy, 2014; 

Seizova et al., 2019). The parasite efficiently manipulates host transcription, specifically 

of genes involved in the anti-apoptotic response, into an anti-death state. On the other 

hand, the parasite is capable of inducing apoptosis in immune cells, suppressing the host 

immune response and assisting it in establishing the infection. 
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1.3.4 Dysregulation of neurotransmitters following infection 

 

Neurotransmitters are chemical messengers in the brain that function to transmit signals 

at synaptic junctions. Examples of neurotransmitters are dopamine, glutamate, GABA 

and serotonin. Abnormal levels of extracellular neurotransmitters, especially alteration in 

the dopamine metabolism, is a primary hypothesis supporting the link between latent 

toxoplasmosis and behavioural alterations. Correspondingly, many studies have 

observed changes in neurotransmission as a result of T. gondii infection in the brain, 

which focused on dopamine, glutamate, GABA and decreased serotonin.  

 

Several studies have found dopamine alterations following T. gondii infection. Increased 

dopamine levels have been reported in both rodents and humans infected with T. gondii 

and within human patients with schizophrenia (Stibbs, 1985; Flegr et al., 2003; Torrey 

and Yolken, 2003; Skallova et al., 2006; Prandovszky et al., 2011; Martin et al., 2015), 

which provided a plausible link for the observed close association of Toxoplasma with 

severe forms of schizophrenia (Holub et al., 2013). Correspondingly, high dopamine 

secretion in infected brain cells has been suggested to accompany host behavioural 

changes. Dopamine plays a critical role in body movement, motivation, memory and 

reinforcement of rewarding behaviours. It is also involved in anxiety-related behaviour 

(Kaushik et al., 2012). Evidence linking dopamine and behavioural changes in infected 

rodents is supported by studies that found dopamine antagonists (including drugs such 

haloperidol and GBR 12909) could prevent behavioural alterations in T. gondii-infected 

rats (Jones-Brando et al., 2003; Webster et al., 2006). Therefore, the brain’s dopamine 

signalling system might be involved in mediating behaviour changes in the infected host 

(Flegr et al., 2003). At present, there is no concrete evidence that Toxoplasma directly 

increases CNS dopamine levels following infection, but evidence supports that 

dopaminergic pathways are indeed altered. Interestingly, T. gondii contains two genes 

encoding aromatic amino acid tyrosine hydroxylase (TgTH) that can produce the 
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dopamine precursor (Gaskell et al., 2009) although their role in dopaminergic signalling 

remains unclear. Recently, a mechanism in dopamine signalling alteration was proposed 

by which Toxoplasma upregulates host small non-coding RNA, microRNA-132 (miR-

132), expression during infection that represses the expression of relevant proteins 

associated with dopamine receptor signalling (Xiao et al., 2014). Additional reviewing of 

dysregulation of dopamine synthesis will be discussed further in the next following 

sections. 

 

Meanwhile, glutamate levels were also altered following Toxoplasma infection. 

Glutamate is a major excitatory neurotransmitter in CNS that regulates cognitive 

processes. During the signalling process, extracellular glutamate is removed from the 

synaptic cleft by GLT-1, a primary astrocytic glutamate transporter. Following infection, 

the regulation of glutamate by astrocytes was disrupted when GLT-1 expression was 

downregulated by the parasite two-fold, leading to increased levels of extracellular 

glutamate in the synaptic cleft and a surge in the excitatory glutamatergic signalling 

(Wohlfert et al., 2017). This can cause neuronal damage due to glutamate excitotoxicity 

(Barker-Haliski and White, 2015; David et al., 2016). The study also revealed that these 

disruptions were correlated with loss in neuronal dendritic spine density (David et al., 

2016). The finding suggests that T. gondii tachyzoites directly alter neuronal functions 

by changing Ca2+ signalling when glutamate is activated, thereby causing hyper or hypo 

responsive neurons (Haroon et al., 2012). 

 

Another CNS inhibitory neurotransmitter, GABA, regulates the flow and timing of 

excitatory neurotransmission in the brain to maintain normal synaptic activity. Alterations 

in GABA signalling may lead to seizures. Since seizures have been observed in 

toxoplasmosis patients, this suggests an interference in GABAergic signalling in the 

brain. Gamma-Aminobutyric acid is also utilised as a carbon source for parasite 

metabolism (Fuks et al., 2012; MacRae et al., 2012). Changes in GABA levels have not 
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been reported, but a recent study (Brooks et al., 2015) showed that the T. gondii cysts 

caused glutamic acid decarboxylase 67 (GAD67) redistribution throughout the neurons. 

Glutamic acid decarboxylase 67 is the key enzyme that catalyses the conversion of 

glutamate to GABA in the brain (Rowley et al., 2012). Changes in GAD67 distribution 

may reduce its ability to synthesize GABA (Chattopadhyaya et al., 2007) that could 

explain the link with seizures. Studies need to assess the effects of GAD67 redistribution 

on GABA levels in the brain.  

 

Although earlier studies failed to detect serotonin changes in the brain (Stibbs, 1985), it 

was recently found that serotonin was reduced in acute and chronic brain infections of 

wild-type BALB/c mice infected with the type II T. gondii strain (Mahmoud et al., 2017). 

A different study also showed decreased serotonin in the amygdala of the same strain 

of T. gondii-infected mice (Ihara et al., 2016). However, another study found that the 

serotonin increased in acutely-infected C3H/HeJ inbred mice (three weeks post-

infection), mostly in males, while there was a slight increase in serotonin system activity 

in the female mice during chronic infection (six weeks post-infection). A different type II 

T. gondii strain, ME49, was used in the study (Gatkowska et al., 2013). These 

inconsistent findings might be due to differences in experimental methods including 

experimental species, line of species, parasite strain or length or method of infection. In 

addition, the imbalance of serotonin synthesis during infection could be associated with 

the degradation of tryptophan that is mediated by the immune response. Hence, further 

investigation into tryptophan and its association with brain serotonin synthesis and 

imbalance during T. gondii infection is necessary. 
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1.3.5 Effects of tryptophan degradation  

 

Tryptophan is an essential amino acid and acts as a precursor for neurochemical 

mediators such as serotonin and melatonin (Fabiani et al., 2015). Host cells defend 

themselves against T. gondii through interferon IFN-γ activation which initiates synthesis 

of the indoleamine 2,3-dioxygenase (IDO-1 and IDO-2) enzyme that metabolises 

tryptophan into N-formylkynurenine (Divanovic et al., 2011). Tryptophan is required for 

T. gondii growth so degradation of tryptophan by the immune response inhibits parasitic 

growth (Sibley et al., 1994; Henriquez et al., 2009). However, tryptophan degradation by 

IDO leads to the increased concentrations of a few neuroactive metabolites such as 3-

hydroxykynurenine, quinolinic acid, and kynurenic acid (KA) in the brain of infected mice 

(Silva et al., 2002; Notarangelo et al., 2014). Quinolinic acid binds to glutamate N-methyl-

D-aspartate receptors (NMDARs) and stimulates excitotoxicity and oxidative stress in 

the brain, damaging cells and eventually leading to apoptosis. Meanwhile, KA, the potent 

NMDAR antagonist, can cause glutamatergic and dopaminergic neurotransmission 

disturbances, thereby altering the brain function (Schwarcz and Pellicciari, 2002; 

Guillemin et al., 2005). 

 

In human patients, high quinolinic acid and KA levels have been correlated with the 

presence of neurodegenerative disorders and these compounds are claimed to be partly 

responsible for memory defects and other cognitive symptoms in schizophrenia patients 

(Schwarcz and Pellicciari, 2002; Schwarcz and Hunter, 2007). In addition, inhibition of 

parasitic growth by tryptophan starvation is suggested to cause host depression. There 

is an increased risk of suicide among seropositive psychiatric patients that could be 

related to tryptophan decrement (Okusaga et al., 2011). 
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1.3.6 Hormonal changes during infection 

 

Steroid hormone testosterone synthesis has been found upregulated during Toxoplasma 

infection in male rats. Toxoplasma enhances the expression of luteinizing hormone 

receptor genes in Leydig cells, which is also involved in assisting testosterone synthesis 

in testicular Leydig cells. As a result, testosterone synthesis is increased upon 

Toxoplasma infection (Lim et al., 2013), and this finding clarifies why testosterone is 

increased only in infected men, but not women (Flegr et al., 2008). Enhanced 

testosterone levels may explain the observations of fear reduction and increase in 

attractiveness of infected male rats. Additionally, neither testosterone nor behavioural 

changes were observed in castrated male rats (Lim et al., 2013). 

 

1.3.7 Parasite-derived mechanisms of neuro-modulation 

 

1.3.7.1 Parasite secretes effector molecules 

 

During invasion, specialised parasite organelles such as micronemes, dense granules 

and rhoptry release a range of effector proteins into the host neuronal cells. These 

proteins can modify host cell functions and hinder immune responses which are directed 

towards the parasite to prevent its clearance, thus enabling chronic infection (Coffey et 

al., 2016). These findings are supported by the detection of many rhoptries proteins in 

the cytosol and nucleus of the host cell, including on the surface of the parasite PV. The 

involvement of a profilin-like protein of Toxoplasma, toxofilin, has been suggested in the 

tachyzoite invasion via depolymerisation of the host actin which facilitates parasite entry 

(Delorme-Walker et al., 2012). Rhopkinase proteins such as ROP5, ROP17 and ROP18 

are described as capable of forming complexes on the PV membrane, thus preventing 
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the host immunity-related guanosine triphosphatases (IRGs) binding to the parasite’ 

vacuole (Fentress and Sibley, 2011). Other ROP proteins such as ROP16 can activate 

the transcription factors, STAT3 and STAT6, by direct phosphorylation. These 

modulations result in the downregulation of IL-12 and upregulation of the IL-4 and Th2 

responses (Butcher et al., 2011). 

 

After invading, the parasites will reside in the cytoplasm of the host cells, enclosed in a 

PV, and then induce another stage of effector proteins that are exported via dense 

granules into the host cells. The dense granule proteins (GRA) modulate the immune 

signalling and upregulate host-survival pathways. One of the proteins, identified as 

MYR1 novel protein, has been found to play a role in translocating Toxoplasma effectors 

into the host cytosol (Franco et al., 2016). The GRA24 and GRA16 are translocated into 

the host nucleus, whilst GRA15 and GRA6 are localised to the PV membrane (Bougdour 

et al., 2013). An immunohistochemical study showed that the host cell cytoplasm and 

some axons stained positive for Toxoplasma antigen, thus signifying that parasitic 

proteins might directly disturb the neuronal functions (Haroon et al., 2012). Dense 

granule protein 15 activates TRAF6 and IκB kinase, leading to the translocation of NF-

ĸB, resulting in the release of inflammatory cytokines, including IL-12 (Morgado et al., 

2014). Most of these GRA proteins are believed to play key roles in vacuolar remodelling, 

nutrient uptake and immune evasion while the parasite is replicating within the host cell. 

However, to date there is no evidence showing that encysted bradyzoites can export 

proteins, but, it is reasonable to consider that the bradyzoite stage employs specific 

mechanisms or/and similar strategies as tachyzoites to maintain its persistence while 

avoiding clearance by the host immune system. 

 

Given that tissue cysts are only found in a limited number of neurons at a distinct loci in 

the brain, thus how the diffuse effects are spread become an interesting investigation. 

The parasite-secreted factors would provide a mechanism for exerting global effects. A 
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significant finding is the discovery that the parasite also injects proteins into brain cells 

that are not invaded, providing a mechanism of manipulating host cells outwardly without 

cyst persistence (Koshy et al., 2012). This strategy can prevent the parasite’s removal 

by the host immune system and maintain prolonged persistence in the brain. What is 

more important, these findings also raise the possibility that the parasites can provoke 

alterations in more neurons, both infected and uninfected, that may lead to neuronal and 

behavioural changes. However, it is still unclear the extent of how far these proteins 

could spread in these regions, how long they can persist within the injected neurons and 

how they can alter cell mechanism. Summarised by Hakimi et al. (2017), several 

secretory parasite effector proteins can interfere with host gene expression by activating 

host transcription factors, through the modification of chromatin or by inducing small non-

coding RNAs, which suggests the involvement of epigenetic and host gene 

manipulations. The effects in neuronal cells have not been thoroughly investigated.  

 

1.3.7.2 Hijacked host gene regulation  

 

Little is known about events occurring during the chronic stages, which needs further 

study of the influences of parasitic infection on host genome expression. The discovery 

of Toxoplasma-secreted effector proteins which can alter host genomes has given new 

insight into potential regulation of host genes in a gene-specific manner, causing explicit 

effects (Bougdour et al., 2014; Hakimi and Bougdour, 2015; Hakimi et al., 2017). 

Transcriptomic analysis using RNA-Seq data evaluated the host gene expression in 

infected mouse brain and showed that 935 genes were upregulated, whereas 12 genes 

primarily involved in host immune responses and cell activation were downregulated, in 

this mixture of brain cell types (Tanaka et al., 2013). Meanwhile, downregulation of the 

dopamine β-hydroxylase (DBH) gene has been observed in RNA-seq data of T. gondii-

infected noradrenergic neurons, both in in vivo (rat and mouse brain) and in vitro (human 
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and rat cell lines). The massive changes in mRNA gene expression of the infected cells 

showed that the parasite can alter genes at the transcriptional level (Alsaady et al., 

2019). Dopamine β-hydroxylase is a key enzyme in the biosynthesis of norepinephrine 

that is converted from dopamine. Further discussion related to the DBH gene will be 

elaborated in the next few sections. 

 

1.4 Involvement of epigenetic modifications in transcriptional 

gene silencing (TGS) 

 

Epigenetic refers to the combination of mechanisms that confer long-term and heritable 

changes in gene expression without changing the DNA sequence itself. Even when all 

the cells in a human body share the same genetic information, not all genes in a cell are 

expressed at the same time. At a given time, only restricted functional subsets of genes 

are allowed to be expressed, while other non-functional genes are depressed. It is still 

unknown how the same genetic information in every cell can lead to so many different 

cell types with each of them having their own specialised functions. One level of 

regulation of expression of these genes is by epigenetic marks applied to the DNA. 

Epigenetics is mediated by three main processes; DNA methylation, histone 

modifications, and non-coding RNA (ncRNA)-associated gene silencing. In the human 

body, epigenetic regulation is one of the central mechanisms involved in embryonic 

development and tissue differentiation. Epigenetic alterations in neuronal cells are 

stimulated by external stimuli such as microorganism infections which can influence gene 

expressions and therefore, may initiate neuronal function changes in the brain. 

Epigenetic control provides the pathogen with substantial opportunity to manipulate host 

gene expression to its own advantages. 
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The emerging development of epigenetic studies has revealed the parasite’s capability 

to interrupt the host epigenome and silence a gene, thereby manipulating the brain and 

inducing host behaviour changes. Alteration in one epigenetic marker in response to 

infection, the vasopressin receptor, and its involvement in fear has been studied in T. 

gondii-infected hosts (Hari Dass and Vyas, 2014). Clarifying the specificity of these 

modifications with respect to specific gene targets is necessary to understand how the 

resulting changes in gene expression can control host behavioural changes. 

 

There is growing evidence that epigenetic aberrations contribute a role in the aetiology 

and development of many brain and neurological disorders, including schizophrenia. For 

example, most schizophrenia patients have impairments in GABAergic neuron 

transmission. Consistent evidence shows that the dysfunction of GABAergic neurons 

involves DNA methylation and histone modification alterations. Protein markers 

expressed in GABAergic neurons of the mammalian brain cortex, GAD67 and reelin 

genes, were found downregulated. Repression of these genes is associated with 

hypermethylation of their promoter genes and decreased acetylated histone levels 

(Grayson et al., 2005; Gavin and Sharma, 2010). The findings provide compelling 

evidence that aberrant methylation and histone modifications may be part of the core 

dysfunction causing a primary defect in brain GABAergic transmission, which might be 

related to T. gondii intracellular parasite infection causing neuro-epigenetic alterations. 

 

1.4.1 DNA methylation 

 

The most commonly studied epigenetic modification is DNA methylation, an addition of 

a methyl group (-CH3) at 5 cytosine site within genomic sequences, called 5-

methylcytosine (5-mC). Cytosine methylation predominantly occurs at, but is not 

restricted to, the CpG site in genomic DNA in mammals, which is commonly located in 
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the promoter regions of genes and less frequently in introns. The ‘p’ in CpG represents 

the phosphodiester bond linking the cytosine and guanine-containing nucleotides. In 

mammalian genomes, 60–90% of CpG sites are globally methylated and most of the 

unmethylated DNA is located in CpG islands within the gene promoters (Razin and 

Cedar, 1991; Tucker, 2001; Weber and Schübeler, 2007). DNA methylation is essential 

for normal development, genomic imprinting, X-chromosome inactivation and 

maintenance of genomic integrity (Bird, 1980). It also plays important roles in neuronal 

functions and morphology (Feng et al., 2010). DNA methyltransferases (DNMTs) are 

enzymes catalysing the transfer of methyl groups to DNA and DNA methylation is 

conserved and maintained by the activity of DNMT1, known as maintenance methylase, 

which is the most abundant DNMT in the cell. DNA methyltransferase 1 methylates hemi-

methylated CpG dinucleotide DNA during DNA replication and cell division to maintain 

the DNA methylation patterns of the parental strands. Meanwhile, de novo DNA 

methylation is mediated by the activity of DNMT3a and DNMT3b, responsible for 

establishing the patterns of new DNA methylation, especially during embryonic 

development (Newell-Price et al., 2000; Weber and Schübeler, 2007).  

 

Generally, gene expression is highly reliant on the location of DNA methylation (e.g. 

promoter, gene body). For example, DNA methylation in the promoter is observed to be 

negatively correlated with gene expression, while in the gene body, it is more commonly 

positively correlated (Yeivin and Razin, 1993). This raises the question of how gene 

silencing is achieved. Methylation is mostly associated with a repressed chromatin state 

and inhibition of promoter activity by two avenues. First, by direct interference of the 

binding of specific transcription factors or second, by affecting the chromatin structure 

resulting from the recruitment of methyl-CpG binding domain (MBD) proteins that 

mediate repression (refer Figure 1.4). For example, in the brain, MeCP2, a type of MBD 

protein, has been known to recognise the methylated CpG and then initiate the 

recruitment of chromatin remodelling complexes (multiprotein repression complexes) 
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including histone deacetylases (HDAC) and histone methyltransferases, which in turn 

induce major deacetylation of histone proteins and repress the chromatin structure which 

will ultimately lead to gene silencing (Jones et al., 1998; Razin, 1998). Mutations of the 

MeCP2 gene causes a mental disorder in females known as Rett syndrome, a type of a 

neuro-developmental disorder (Tucker, 2001). Maintained and conserved over long 

chromosomal regions to keep the gene expression consistent, DNA methylation is 

postulated as a highly stable silencing mark that may be inherited from generation to 

generation.  

 

Figure 1.4 Scenarios of DNA methylation patterns in gene regulation. Left: Normal 

unmethylated condition at CpG islands of a promoter gene where the gene is expressed. 

The CpG is unmethylated and allows TF binding which is required for transcription 

initiation. Right: Hypermethylated condition at CpG islands where the gene is repressed. 

In general, DNMTs enzymes initiate MBD binding and methylate DNA at the promoter 

gene, and thus interfere with TF binding sites resulting in gene silencing. Abbreviations: 

RNA Pol II (RNA polymerase II enzyme; TF (transcription factors); DNMT (DNA 

methyltransferase); MBD (methyl-binding domain proteins). 

 

1.4.2 Chromatin modification changes 

 

The second type of epigenetic regulation of gene expression involves chemical 

modifications of DNA-bound histones, called chromatin. Chromatin is comprised of 147 

bp DNA wrapped around a core complex of an octamer of four different histone proteins 

(H2A, H2B, H3 and H4) that altogether form a nucleosome (Kouzarides, 2007) (Figure 

1.5). Histones represent 50% of the total weight of chromatin that functions to regulate 

access to information contained in the DNA. It consists of two main structural domains 
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known as the flexible domains (N and C terminal tails) and the globular domains (that 

includes the conserved histone fold). The flexible domains are exposed outside the 

nucleosome and are the targets of numerous post-translational modifications (PTMs). A 

combination of PTMs generate a complex network that can change chromatin structure 

by modifying the interactions between histone, DNA, and associated complexes, thereby 

promoting or preventing the binding of specific proteins to the DNA and directly activating 

or repressing the expression of a gene.  

 

 

Figure 1.5 Folding of DNA into chromatin. DNA is assembled with histone to form the 

nucleosome, in which 147 base pairs of DNA are wrapped around an octameric complex 

composed of four core histones (H3, H4, H2A, H2B). The core histones are 

predominantly globular, except for terminal tails. The histone terminal tail contains 

diverse PTMs that determine the overall chromatin structure: in an open state called 

euchromatin or packed heterochromatin state by which access to genomic DNA is 

regulated. 

 

Histone modifications can be both activated and deactivated depending on the type of 

modifications and the specific residues modified. The transcriptionally-silent, condensed 

form is called heterochromatin, whereas the euchromatin form is less condensed and 

contains the most actively transcribed genes (Li et al., 2007). Modifications of chromatin 
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include acetylation, methylation, phosphorylation, ubiquitination and sumoylation 

processes which control the accessibility of the chromatin to transcriptional machinery in 

a sequence- and activity-dependent manner. There are various modifications of core 

histones at the lysine, arginine and serine residues that reside in the amino-terminal tails 

of histones. They are added or removed by chromatin-modifying enzymes, which in turn 

are subject to transcriptional and post-translational regulations. 

 

 

Figure 1.6 Mechanisms of epigenomic gene regulation. A. Three main epigenetic 

mechanisms of gene regulation consist of chromatin packaging of DNA via 

transcriptional modification of histone tails (acetylation, methylation, phosphorylation, 

etc), DNA methylation/demethylation is established and maintained by DNMTs and TET 

enzymes, and non-coding RNAs, in addition to subsequent histone protein 

regulator/modifier recruitment to specific regions of DNA. B. Two main chromatin 

structure states are heterochromatin (silent gene) with tightly bound chromatin 

conformations and euchromatin (active gene) with less condensed, open chromatin.  

  

Histone acetylation is usually linked with transcriptional activation in which acetylation 

affects the interaction of histones with DNA, keeping the chromatin packaging in a more 

relaxed state. For example, acetylation of histone 3 or 4 proteins at lysine amino acids 

on the N-terminal tails, catalysed by histone acetyltransferase, can increase gene 

promoter accessibility. The acetyl-binding neutralises the protein-DNA binding charged 
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molecule and thereby loosens the interactions, thus making the DNA more accessible to 

transcription. Conversely, the removal of acetyl groups by HDAC condenses chromatin 

around gene promoters which generally results in the decreased gene expression. This 

charge-neutralisation model has been proposed to explain the role of histone 

modifications in transcription (Shogren-Knaak et al., 2006). 

 

In contrast, histone methylation can induce either a transcriptionally facilitative or 

repressive state depending on histone number and position of the lysine residues that 

are methylated. For example, histone H3 methylation at lysine 9 (H3K9) and lysine 27 

(H3K27), and histone H4 methylation at lysine 20 (H4K20) are generally associated with 

heterochromatin and gene silencing, yet histone H3 at lysine 4 (H3K4), lysine 39 

(H3K39), and lysine 79 (H3K79) are often associated with active transcription (Jones, 

2012). Each lysine residue may be methylated in the form of mono-, di-, or tri-methylation 

which adds to a vast chromatin complexity. The functional consequences of histone 

PTMs can be direct, leading to chromatin structural changes, or indirect, acting through 

the recruitment of effector proteins. The ‘histone code’ hypothesis states that the diverse 

covalent modifications within open histone tails are read by effector molecules, which in 

turn mediate outcomes. The PTMs can influence each other and the combination of them 

can form a complex and dynamic code (Strahl and Allis, 2000; Turner, 2007). 

 

The repressive processes of histone deacetylation, H3K9 or H3K27 methylation and 

DNA methylation does not necessarily interact independently, but have been reported to 

act in concert with each other in repressing gene expression. Direct recruitments of 

HDAC and HMT by DNMT and DNMT by HMT have been reported. For indirect MBD 

binding, such as MeCP2, it can lead to the increased histone methylation and histone 

deacetylation. The connection between histone methylation and DNA methylation is 

demonstrated most convincingly in earlier research studies of Neurospora and an 
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Arabidopsis plant wherein mutations in histone methyltransferase genes at H3K9 

resulted in a complete loss of DNA methylation (Tamaru and Selker, 2001). 

 

Research interest in the modulation of epigenetic modifications by T. gondii has 

increased in an effort to increase understanding of host-parasite interactions. One finding 

demonstrated that lysine acetylation patterns were altered upon T. gondii infection in a 

proteome-wide analysis of lysine-acetylated proteins in rat cortical astrocytes and those 

alterations could affect the host protein localisation, function, stability and interactions 

(Bouchut et al., 2015). Another study showed that the T. gondii proliferation in infected 

cells can be stopped by knocking-down the UHRF1 gene (Unoki et al., 2009) which is 

believed to be used by the parasite to enhance its proliferation (Brunet et al., 2008). The 

study demonstrated UHRF1 was significantly over-expressed in T. gondii-infected cells. 

The UHRF1 gene plays a central role in maintaining methylation status in host cells by 

recruiting MBD and DNMT1 to the site, and has also been linked with a variety of histone 

modifications and heterochromatin formation. This finding suggests the capability of T. 

gondii to exploit UHRF1 and other epigenetic regulators to control host cell epigenetic 

machinery (Unoki et al., 2009). In addition, enzymes important for regulation of major 

histone PTMs, such as HATs, HDACs and HMTs are abundant in the brain. As T. gondii 

has established a privileged interaction within the CNS, specifically in the brain, it would 

not be surprising if the parasite can dysregulate histone PTM functions, thus interfering 

with the host epigenome to mediate changes to the parasite’s advantage.  
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1.4.3 Epigenetic regulation by antisense long non-coding RNAs 

 

Studies related to RNA-based gene regulation in human cells have created another 

avenue in study of mechanisms of RNA-directed gene regulation and silencing the 

epigenome. Over the last decade, a lot of interest has been generated around non-

coding RNAs. A large percentage of the human genome (70–90%) is composed of non-

coding DNA, regions that do not code for proteins. Interestingly, in the more than 80% of 

the human genome that is transcribed, only 2% represents protein-encoding genes of 

which a vast majority of other transcribed genes are encoded by non-coding RNAs 

(Consortium, 2001). The function of abundant ncRNAs transcription in humans has not 

been elucidated and with limited knowledge of their functions known. There is still no 

clear molecular distinction to categorise the ncRNAs, but they have been roughly 

classified as microRNAs (miRNAs), short interfering RNAs (siRNAs), small antisense 

RNAs (sasRNAs), PIWI-interacting RNAs (piRNAs), small nucleolar RNAs (snoRNAs), 

large intergenic non-coding RNAs (lincRNAs) and long non-coding RNAs (lncRNAs) 

(Esteller, 2011). Arbitrarily, ncRNAs are simply being classified into two groups based 

on the transcript sizes; short RNAs with less than 200 nucleotides and long ncRNAs with 

more than 200 nucleotides. 

 

More recently, endogenous ncRNAs have been shown to act as epigenetic regulators 

that can regulate the epigenome by controlling gene transcription and manipulating the 

epigenetic state, thus mediating gene silencing in humans. The initial finding of RNA-

directed gene silencing in human cells was observed when siRNAs were found to inhibit 

the transcription of a transgenic elongation factor 1 alpha (EF1A) promoter gene 

expressed in a green fluorescent protein (GFP) reporter gene (Morris et al., 2004). The 

EF1A is a protein that promotes aminoacyl tRNA binding to the ribosome site during 

protein biosynthesis. The silencing was associated with DNA methylation and chromatin 

modifications of the targeted gene. Gene silencing was eliminated when induced with 5’ 
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Aza-cytadine and Trichostation A compounds, inhibitors of DNA methylation and histone 

deacetylation, respectively. 

 

Although the current literature is dominated by study of short RNAs, there is an 

increasing number of reports describing long transcripts that function as RNAs, even 

without encoding proteins. Longer than 200 nucleotides, the lncRNA is an RNA transcript 

without translated open-reading frames, thus exhibiting low protein-coding expression. 

They are described as biochemically similar to mRNA as they are frequently transcribed 

by RNA polymerase II, share the same chromatin state, contain conserved RNA intron 

splice sites (5’-GU/AG-3’), have similar intron/exon lengths to mRNAs, are partially 

polyadenylated and have methylguanosine capped at 5’ termini. The lncRNAs show far 

lower expression levels than protein-coding genes and they are mostly expressed in a 

cell and tissue type-specific fashion, with large fractions expressed in the brain. 

Moreover, whereas mRNAs localise specifically in the ribosomes of cytoplasm, lncRNA 

localisation is much more diverse and can be found located within nuclear or cytosolic 

fractions. Interestingly, they are reported to be particularly enriched in the chromatin 

fraction in the nucleus, consistent with its proposed role as an epigenetic regulator in 

gene expression (Mondal et al., 2010; Derrien et al., 2012; Roberts et al., 2014b; Quinn 

and Chang, 2015).  

 

Long non-coding RNAs are characterised with respect to their complimentary protein-

coding genes which can be oriented in a sense or antisense strand direction (exonic). 

Others can be localised in the intron (intronic) or within two genes (intergenic). Refer to 

Figure 1.7. 
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Figure 1.7 Long non-coding RNAs. A. Non-coding RNAs (ncRNAs) are diverse, 

numerous and consist of a much larger percentage of the human genome than protein-

coding genes. In general, ncRNAs are divided into short and long ncRNAs based on the 

RNA transcript nucleotide size. B. The genomic organisation of non-coding transcripts, 

where the location and position of lncRNAs are dependent upon the protein-coding 

genes. 

 

Further observations have proposed that the antisense lncRNAs could play a role as 

epigenetic regulators of transcription in human cells (Weinberg and Morris, 2016). Many 

lncRNAs with a known function, such as Xist (lncRNA that mediated X chromosome 

inactivation (Penny et al., 1996)), only exhibit high conservation over short sequences 

from their full length, thus explaining why small antisense RNAs were observed in early 

findings to silence transcription via directed epigenetic changes at the target loci (Wutz, 

2003; Pang et al., 2006). 

 

There are several proposed mechanisms in the regulation of gene expression involved 

by lncRNAs. The lncRNA is capable of regulating gene expression at the level of 

chromatin modification, transcription, and post-transcriptional processing (Mercer et al., 

2009). First, lncRNA can mediate epigenetic changes by recruiting chromatin 

remodelling complexes to specific loci. For instance, human HOX transcript antisense 
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RNA (HOTAIR), located within the homeobox C (HOXC) gene locus, induces a 

repressive chromatin state in adjacent protein-coding genes. The inducement is by 

recruitment of polycomb repressive complex 2 (PRC2) to the HOXD gene locus to 

silence the gene (Rinn et al., 2007). HOTAIR is a key example demonstrating that RNA 

can play a direct role in silencing large genomic regions. Aberrant expression of lncRNA 

HOTAIR has been reported in cancers including breast cancer (Gupta et al., 2010). 

LncRNA Xist acts similarly by implementing this mechanism to mediate transcriptional 

repression (Wutz, 2003). In a study by Khalil et al. (2009), 20% of the lncRNA expressed 

in a variety of human cell types can bind to PRC2, while some other lncRNAs are bound 

with other chromatin-modifying complexes, suggesting the major involvement of 

lncRNAs in gene regulation. 

 

Second, lncRNAs can regulate the transcriptional process by forming a RNA-DNA triplex 

structure at major promoters, such as seen in human dihydrofolate reductase promoter 

that creates a blocking site for transcription factor TFIID binding, thereby silencing 

dihydrofolate reductase gene expression in a homology-dependent manner (Martianov 

et al., 2007). The complementary triplex formed has also been reported to direct DNA 

methylation in the promoter of targeted genes (Martianov et al., 2007). LncRNAs can 

also directly interfere with transcription by Polymerase II when the antisense lncRNA 

overlaps with protein-coding genes and initiates antisense transcription which can then 

interfere with sense transcription of the gene (Pelechano and Steinmetz, 2013). 

Antisense transcription arises from promoters and their expressions commonly have 

similar regulations as those for other genes. Finally, the ability to bind with 

complementary sequences allows antisense lncRNAs to regulate various steps in the 

post-transcriptional processing of mRNAs, such as splicing, editing, transport, translation 

and RNA degradation.  
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The capability of ncRNAs to regulate associated protein-coding genes might contribute 

to gene dysregulation under aberrant conditions. A number of studies have shown that 

some protozoan parasites such as Plasmodium, Toxoplasma, and Leishmania can 

manipulate ncRNAs in host-pathogen interactions. These intracellular pathogens are 

able to transfer their small ncRNA molecules to the host cells, usually via extracellular 

vesicles, to modulate their functions. They are also capable of modulating the host 

ncRNAs expression for their own survival (Bayer-Santos et al., 2017). Such a 

manipulation example was observed in T. gondii infection wherein the host cell’s miRNA 

profile was altered in infected human fibroblast cells (Zeiner et al., 2010). One recent 

study (Menard et al., 2018) revealed that T. gondii can directly manipulate the host 

lncRNA expression, in which secretory kinase ROP16 has been found to play a role in 

upregulating the expression of some lncRNAs upon infection. Microarray data analysis 

showed hundreds of lncRNAs were differentially regulated during infection with 

approximately 900 lncRNAs upregulated and an equal number of lncRNAs 

downregulated (Menard et al., 2018). This finding is similar to that in another study which 

found lncRNAs that were mainly involved in the host-immune responses were 

significantly and differentially expressed in T. gondii-infected HFF cells. The study 

proposed that lncRNAs induced during infection were used by the parasite as a 

modulating mechanism to regulate host immune signalling (Liu et al., 2018). 
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1.5 Conclusion  

 

T. gondii induces many neurophysiological changes in the CNS, allowing it to quickly 

adapt to the host environment and facilitating its proliferation and survival. Once it 

invades the CNS, the parasite activates the host immune system and causes 

neuroinflammation. Many effector proteins are released to help the parasite avoid 

immune clearance, keeping it safely dormant in infected cells. Chronic infection is 

established with many cysts localised throughout the brain, specifically residing in the 

neurons. Persistent cyst localisations cause neuronal damage and dysfunction. To 

survive, the parasite employs other mechanisms, such as preventing host cell apoptosis 

and disturbing catecholamine biosynthesis and signalling to support parasite proliferation 

and growth. The activated host immune system attempts to counteract parasite activities 

in a number of ways, such as by degrading tryptophan which unfortunately causes further 

catecholamine disturbances. The capability to reside in the brain provides the parasite 

with direct access to the host brain epigenetic machinery and the parasites often hijack 

host gene regulation. Manipulating the brain’s cognition and behaviour confers 

advantages to the parasite as they can accelerate life cycle completion in the definitive 

host by inducing host behavioural changes, even though humans only exhibit accidental 

effects that clearly do not support the parasite’s life goal. However, the parasite-induced 

behavioural changes in humans have been associated with many brain and 

neuropsychological disorders.  

 

Nonetheless, with growing evidence from studies of many aspects of host-parasite 

interactions, and interrelation demonstrated between some of these studies, no research 

has yet confirmed the exact mechanisms by which Toxoplasma alters the brain and 

mediates behavioural changes. The question of whether the parasite is capable of 

inducing behavioural alterations in infected humans by itself, or only as a result of the 



40 
 
host immune response, is still unresolved. Therefore, understanding the molecular 

phenomena involved in T. gondii pathogenesis, exploring causal effects of host-parasite 

relationships and knowing how the parasite alters neuronal functions might help explain 

the behavioural changes. 
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1.6 Research objectives 

 

The general objective of this thesis was to investigate the molecular mechanisms by 

which the T. gondii parasite manipulates the neurological host-parasite interactions 

during chronic brain infection and which interactions may lead to the behavioural 

changes in the hosts. In an attempt to gain an overall understanding of the neurobiology 

of Toxoplasma chronic infection, this study aimed to achieve the following specific 

objectives: 

 

1.6.1 To evaluate DNA methylation patterns at the target DBH 

promoter gene induced by parasite infection coincident with 

downregulation of DBH gene expression. 

 

DNA methylation has a well-known association with chromatin modifications to repress 

a gene so was evaluated. This involved the development of MEDIP-qPCR assay and 

primer optimisation. Then, the percentage of methylation pattern changes at 5’ 

transcriptional start site DBH gene in a time-course manner following T. gondii infection 

in rat neural pheochromocytoma (PC12) cells was evaluated. The results achieved were 

compared with another developed methylation assay, the bisulphite-cloning sequencing 

method, by broadening the region of interest to include upstream of the DBH promoter 

region.  
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1.6.2 To evaluate chromatin modification (H3K9me2) changes and 

measure DNA methyltransferase (DNMT3a) levels following 

infection in altering the DBH gene expression using a 

developed ChIP assay. 

 

A chromatin immunoprecipitation (ChIP) assay was optimised to quantitate chromatin 

modification protein-related suppression, H3K9me2 binding at DBH promoter gene, 

following chronic infection as it is involved with DNA methylation. Using the same method 

and cell conditions, the amount of bound enzyme that is responsible to dynamically 

methylate DNA, DNMT3a, was also measured to further investigate DNA methylation 

involvement. All evaluations were done in a time-course manner for five days following 

T. gondii infection to analyse the DNA chromatin of rat PC12 cells. Correlations between 

the histone-modification proteins and the changes in DNA methylation patterns in T. 

gondii infection were observed. 

 

1.6.3 To repeat the DBH gene expression assay in T. gondii-infected 

rat PC12 cells. 

 

This chapter (Chapter 3) repeated the gene expression assay to observe downregulation 

of DBH targeted gene in rat PC12 cells following T. gondii infection. Toxoplasma gondii 

is capable of manipulating host gene expression, and my group research has found that 

the DBH gene was downregulated following T. gondii infection. Repetition of this 

experiment was done as a control study to confirm that the DBH gene was depressed in 

the studied host cells after analysing the epigenetic manipulation assays, that was 

important for results validation and confirmation. The capability of PC12 cell to produce 

dopamine also was observed by analysing the sample in HPLC-ECD. 
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1.6.4 To screen the involvement of antisense lncRNAs in 

downregulation of DBH transcription. 

 

It has become clear that knowledge of the presence and function of specific RNAs is 

important in understanding gene repression. Thus, this study aimed to screen for the 

presence of antisense lncRNAs binding at DBH gene sequences, which may interfere 

with gene transcription in the T. gondii-infected PC12 cells. The RT-PCR assay was 

implemented to achieve this aim with specific designated primers. 

 



 

Chapter 2  

Probing for DNA Methylation Changes Coincident with 

Downregulation of Dopamine β-hydroxylase Gene Expression 

 

2.1 Overview 

 

Previous work in this laboratory has found that DBH gene expression is downregulated 

following T. gondii infection (Alsaady et al., 2019). Epigenetic alterations associated with 

decreased DBH gene expression was further investigated under the assumption that the 

increase of methylation localised to the 5’ transcriptional start site (5’TSS) and the 

upstream promoter may be associated with DBH gene expression during T. gondii 

infection. To determine this, two methods were applied: an immunoprecipitation (IP) 

assay known as methylated DNA immunoprecipitation (MeDIP) combined with real-time 

qPCR and bisulphite PCR-clone sequencing (bis-sequencing). Both assays quantified 

methylated DNAs of CpG sites and its pattern changes were observed in a time-course 

manner. The assays were developed and optimised before the T. gondii-infected and 

uninfected rat neural cell line samples were used. The MeDIP method detected overall 

pattern changes in methylation, whereas the bisulphite method, which analysed 

methylation per CpG site, did not show any methylation changes in both compared 

samples.  
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DNA methylation is a covalent modification of the cytosine ring at the 5 position of a CpG 

dinucleotide. Its presence at CpG sites within the promoters, the surrounding TSS, and 

the first exon of genes has commonly been reported to lead to epigenetic gene 

inactivation (Brenet et al., 2011). Genes with tissue-specific expression patterns such as 

the DBH gene often have CpGs close to their promoter (Tate and Bird, 1993). Thus, in 

this study, a set of primer pairs was designed to flank the 5’TSS region in the DBH gene 

sequences to measure the DNA methylation levels of its covered CpG sites by 

implementing the MeDIP assay. The DNA methylation pattern changes were compared 

with uninfected neural cell controls. The MeDIP assay relies upon protein-antibody 

binding in an IP reaction and is an efficient technique to extract the methylated DNAs 

from gDNA samples. The methylated DNAs were then amplified by a direct qPCR 

reaction to quantify the enrichment of bound methylated protein at a locus-specific level, 

making it a highly specific method for measuring DNA methylation. 

 

The second approach to measure DNA methylation states of the studied region is the 

bis-sequencing analysis. Identifying which fraction in the promoter region or near 5’TSS 

consists of functional CpG sites that can control gene expression in the context of gene 

regulation is difficult due to the relatively small fraction of genomic CpGs assayed. Also, 

despite recent advances, we still have a limited understanding of when, where, how 

many and which CpGs participate in genomic regulation as CpG methylation is well-

known to suppress transcription. Identifying a specific CpG site specifically within the 

promoter and surrounding the 5’TSS regions which controls methylation and gene 

regulation may be critical for modulating transcriptional repression of genes such as the 

DBH gene. To investigate further, this study analysed an extra subset of CpG sites within 

the same endogenous proximal DBH gene region as in the MeDIP assay and 2k bp 

further upstream of the gene promoter region. Earlier findings from methylation-sensitive 

restriction enzyme sequencing (MSRE-Seq) data in assessing global DNA methylation 

of T. gondii-infected brain samples demonstrated that 2k bp further upstream of the DBH 
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promoter region contains more CpG sites (Tedford, 2018). Afar et al. (1996) found that 

a sequence 1k bp upstream of the DBH promoter could direct gene expression in DBH-

expressing cells, including rat PC12 cells. However, most evidence suggests gene 

expression variations are located predominantly near surrounding 5’TSS genes. As 

another study found that the methylation of the first exon is critical for transcriptional 

silencing (Brenet et al., 2011), I designed new primers that cover more CpG sites in the 

first exon and nearby 5’TSS DBH gene sequences. Our hypothesis was that it is possible 

that changes in 5-methylcytosine (5-mC) at a single specific locus can be sufficient to 

modify gene expression. The bisulphite sequencing method, which investigates 

differential DNA methylation at single-base resolution, was implemented as the MeDIP 

assay could not give detailed methylation information regarding which CpG sites were 

methylated or associated with DNA methylation at single nucleotide resolution. The first 

step in this method, sodium bisulphite treatment, creates sequence differences by 

converting unmethylated cytosines to uracils, but leaving methylated cytosine 

unchanged (Frommer et al., 1992). The differences were detected by sequencing the 

PCR products or its sub-clones. In the final sequence output, all original cytosines 

appeared as thymines, while methylated cytosines would remain cytosines.  

 

2.2 DNA methylation in transcription  

 

Methylation of cytosine adds a methyl group to the 5 carbon of cytosine, converting it to 

5-mC. It is found in the genomes of a wide range of organisms including both prokaryotes 

and eukaryotes. In mammals, it occurs mainly at cytosine residues followed by a guanine 

residue, known as CpG dinucleotides sites. There are roughly 28 million CpGs in the 

human genome with an average 60–80% methylation rate (Smith and Meissner, 2013). 

It has been demonstrated that DNA methylation is not uniformly distributed over the 

genome, but rather is associated with CpG density. Genomes are largely CpG deficient 
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except at CpG islands, regions dense with CpG sites. Commonly found at gene 

promoters, the methylation of these islands plays a significant role in the regulation of 

gene expression. The density of CpG methylation has proven to be closely associated 

with transcriptional gene silencing in the context of promoter methylation; however, 

related information on the CpG-deficient promoter gene is still lacking. In addition, DNA 

methylation profiles can be highly tissue-specific due to their role in gene regulation 

(Schübeler, 2015). 

 

2.2.1 Dynamic DNA methylation in the brain 

 

Epigenetic alterations have a strong impact on the brain; the modifications are not static, 

but change dynamically in response to external stimuli including alterations in neuronal 

synaptic activity. It has been reported that DNA methylation is involved in controlling 

long-term synaptic plasticity in many areas in the brain where its dynamic changes 

contribute to neuronal diversity and plasticity. DNA methylation in neurons mostly occurs 

in low CpG density regions and intergenic (between annotated genes) regions in the 

genome (Guo et al., 2011). Mapping of DNA methylation in the brain has uncovered 

unexpected differences compared to that of other somatic tissues, including 

unprecedentedly high levels of non-CpG methylation and the 5-hydroxymethylcytosine 

(5-hmC), an oxidised form of 5-mC. The formation of 5-hmC is catalysed by the ten-

eleven translocation (TET) family of proteins (Tahiliani et al., 2009). It is believed that 5-

hmC is involved in the demethylation process.  

 

Alterations of this dynamic regulation pattern may cause damage to tissue and brain 

function, potentially leading to many brain disorders. A genome-wide study conducted to 

investigate the extent of DNA methylation changes in the brain has found that the 

regulation pattern is altered in the brains of those who commit suicide, suggesting a link 
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between gene expression alterations and suicide (Labonté et al., 2013). Furthermore, 

post-mortem analysis of human brain tissue from 24 patients with schizophrenia and an 

equal number of unaffected controls showed significantly different DNA methylation rates 

(Wockner et al., 2014).  

  

2.2.2 Parasite-induced DNA methylation changes 

 

Recent studies have shown that Toxoplasma infection can result in DNA methylation 

changes. One study (Hari Dass and Vyas, 2014) showed that T. gondii is able to induce 

hypomethylation in the promoter of the gene encoding arginine vasopressin, a hormone 

involved in the behavioural response, in the amygdala, a part of the brain that controls 

behavioural responses. The study showed that fear aversion to cat odour can be restored 

by inducing systemic global hypermethylation throughout the genome with L-methionine 

administration in infected rats. Another recent study found that T. gondii infection causes 

genome-wide changes in host gene expression, evaluated by examining host cell 

methylome perturbations. The parasite altered amyloid precursor protein levels following 

infection in a human eye cell line, and the study determined that seven significant 

biological pathways were enriched six hours post-infection in a developed gene-network 

analysis, in which neurologically associated dopamine-DARRP32 feedback in the cAMP 

signalling was among the most-altered pathways (Syn et al., 2018). This demonstrates 

a possible alteration in the dopamine signalling pathway, consistent with the literature 

(Chapter 1) reporting dopamine alterations during Toxoplasma infection. However, the 

duration of the experiment was very short relative to cyst persistence in vivo (months or 

years). It is unknown how T. gondii causes these changes in DNA methylation, but the 

finding suggests that targeting and altering host genes or genomes through this 

mechanism could be an effective way for the parasite to adapt host physiology for its 

own benefit. 
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2.2.3 Methylation regulates gene expression 

 

Combined methylome and gene expression profile analysis have demonstrated a strong 

correlation of DNA methylation with gene repression. Changes in DNA methylation are 

associated with the changes in the chromatin structures that cause a closed chromatin 

state. Methylated cytosines can prevent the binding of some transcription factors with 

their recognition sites in the promoter region. Yet, the methylated condition is also 

capable of recruiting CpG binding proteins that can modify the chromatin states.  

 

DNA modifications are commonly affected by external stimuli including drugs, infections 

and development. This has been shown to occur at the glutamatergic synapses, in which 

the neurons exposed to methamphetamine, a type of dopamine stimulant, cause hypo-

acetylation of histone H4 on GluA1, GluA2, and GluN1 promoters and decrease striatal 

glutamate receptor expression. Methamphetamine-induced neurons also caused hypo-

methylation at GluA1 and GluA2 promoter sequences (Jayanthi et al., 2014). This finding 

provides strong evidence that gene expression can be modulated by external stimuli 

beside the invading intracellular parasite. 
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2.3 Methods  

 

2.3.1 Growth of parasite and host cell  

 

Wild type II T. gondii Prugniard strain was isolated from infected mouse brain. The 

parasites were maintained in human foreskin fibroblast (HFF) cell line Hs27 (ECACC 

94041901) in Dulbecco’s Modified Eagle’s Medium (DMEM, GIBCO Life Technology, 

Paisley, UK) containing 10% foetal bovine serum (FBS) and 100 units/mL 

penicillin/streptomycin (Sigma, UK) 

 

Dopaminergic rat neural cell line pheochromocytoma (PC12) cells (a gift from C. Peers; 

ECACC 88022401), a neuron-like cell capable of secreting catecholamines, was used 

for all assays in this study. PC12 cells were maintained in Roswell Park Memorial 

Institute (RPMI) 1640 Medium (GIBCO Life Technology, Paisley, UK) and supplemented 

with 10% horse serum (Life Technology, UK), 5% FBS (Life Technology, UK) and 100 

units/mL penicillin-streptomycin (Sigma, Poole, UK). Normal PC12 cells growth in RPMI 

medium was showed in Appendix A.  

 

2.3.2 Parasite conversion stage induction  

 

For the induction of parasite differentiation to bradyzoites, pH manipulation technique 

was used. First, the tachyzoites were free released from HFF cells by vigorously passing 

through a 27-gauge needle, re-suspended in alkaline RPMI supplemented with 1% FBS 

(pH 8.2) and incubated at 37°C for 16 to 18 h in ambient air. After incubation, the 

parasites were pelleted by centrifugation to remove the alkaline medium and rinsed once 
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with DMEM medium (Invitrogen, UK), isolated by centrifugation and returned to standard 

PC12 cell culturing conditions; the completed RPMI medium (pH 7.4) containing 10% 

horse serum (Invitrogen, UK), 5% FBS pH 8.2 (Invitrogen, UK) and 1% penicillin-

streptomycin (Sigma, Poole, UK) prior to cell infection. The shocked liberated tachyzoite 

number was determined by microscopy and used for infection of PC12 cells with a 

parasite:cell ratio of 1:1. Bradyzoite stage was determined by the gene expression assay 

of the bradyzoite-stage gene markers, e.g. BAG1, LDH2, SAG4, ENO1, etc. and through 

light microscopy by observing the morphology of bradyzoite-encysted cyst. The photo of 

shocked-parasite in PC12 and HFF cells were showed in Appendix A. 

 

2.3.3 Cells harvesting 

 

Two T-75 (75 cm²) flasks of PC12 cells, one each for T. gondii-infected and uninfected 

control cells, were cultured in 30 mL of completed RPMI medium at a density of 5 × 105 

cell/mL. Culture growth was monitored daily by light microscopy and the RPMI medium 

was changed after three days of infection. The cells were harvested daily for five days 

following T. gondii infection by removing 5 mL of the cell culture (2.5 × 106 cells) for DNA 

extraction and pelleted by centrifugation at 3250 x g (2500 rpm) for 10 min, then rinsed 

twice with ice-cold PBS (pH 7.4). The pellets were kept in a -80 °C freezer to be 

processed after the completion of five days of the cell harvesting. Assays were performed 

for three biological repeats. For the MeDIP assay, cells were harvested on day one to 

day five following infection. For the bisulphite PCR-cloning and sequencing assay, cells 

were harvested on days 1, 3, and 5 post-infection.  
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2.3.4 Cell lysis 

 

The cell pellet was lysed in 350 µL cell lysis buffer containing 20 mM EDTA, 10 mM Tris-

HCl (pH 8) and 1% sodium dodecyl sulfate (SDS) and incubated for 2 h at 37 °C with 5 

µL RNase A (10 mg/mL) prior to overnight incubation with 5 µL Proteinase-K (20 mg/mL) 

at 55 °C. 

 

2.3.5 Phenol-chloroform DNA extraction 

 

For DNA extraction, an equal volume (of starting sample volume) of phenol-chloroform-

isoamyl alcohol (25:24:1) (PanReac AppliChem, USA) was added to the lysed cell pellet, 

then the tube was mixed by inverting, and centrifuged at 16,000 x g for 10 min to allow 

for phase separation. Two separate layers of solvent were formed.  

 

Then, the top aqueous layer was transferred to a new tube, and an equal volume 

(sample) of chloroform (Fisher Scientific, UK) was added.  The tube was mixed by 

inverting and centrifuged at 16,000 x g for 10 min. The above steps were repeated for 

chloroform. 

 

Next, the top aqueous layer was transferred into a new tube and an equal volume 

(sample) of hydrated diethyl ether (Fisher Scientific, UK) was added, the tube was mixed, 

and centrifuged at 16,000 x g for 10 min. The above steps were repeated for the hydrated 

diethyl ether. The top aqueous layer was discarded while the bottom layer was 

transferred into a new tube.  
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Then, 1/10 volume (of the sample’s volume) of 3 M sodium acetate (pH 5.2) and 0.75 

volume (of the sample’s volume) of isopropanol was added. The mixture was left at room 

temperature for 1 h to precipitate the DNA. Then, the mixtures was centrifuged at 16,000 

x g for 1 h to pellet the DNA. The supernatant was removed while the pellet was washed 

with freshly-prepared 70% ethanol. Then, the mixtures was centrifuged for 30 min. The 

supernatant was removed and the DNA pellet was air-dried. The air-dried DNA pellet 

was eluted with 100 µL elution buffer (TE buffer).  

 

DNA concentration was measured by NanoDrop spectrophotometer (ThermoFisher, UK) 

and fluorescence assay; the QuantiFluor® dsDNA system fluorescence assay kit 

(Promega Corporation, UK), following manufacturer’s instructions. The fluorescence 

assay was done at wavelengths 504nmEx/531nmEm) using the Polarstar Omega 

microplate reader (BMG Labtech, UK). 

 

2.3.6 MeDIP: Sonication optimisation and DNA fragmentation 

 

Optimal length of time for sonication of each sample was determined prior to the IP 

assay. This optimisation was important in order to achieve an average length of 

fragmented gDNA sizes to assist with DNA-antibody binding during the IP process. The 

standard published fragments were between 300 bp and 1k bp (Weber et al., 2005) was 

achieved, and the optimal average selected was 500 bp. Optimal DNA sonication was 

performed using the EpiSonic Multifunctional 1100 Bioprocessor (Epigentek, USA) 

sonicator, and purified gDNAs were sonicated for 10 sec on, 30 sec off for a total time of 

0.5 to 5 min. The sonicator was set to a standardised amplitude setting of 17%. After 

sonication, the sonicated DNAs were loaded onto 2% agarose gel (Bio-Rad Laboratories, 

California) containing 0.5 µL/mL GelRed nucleic acid stain (Biotium, USA). A 2-log ladder 

(New England Biolabs, USA) was used for size comparison. Electrophoresis was 
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performed at room temperature for 80 min at 75 volts. Gel images were captured by a 

gel imager (Syngene Ingenius BioImaging, UK). 

 

2.3.6.1 Evaluation of sheared DNA via agarose gel electrophoresis  

 

After sonication optimisation, the extracted DNAs of PC12 cell samples were sonicated 

simultaneously to avoid any variance in sonication efficiency. Thereafter, the sonicated-

DNAs were loaded (2 µg of DNA per lane) onto a 2% agarose gel for average fragment 

size confirmation prior to assays.  

 

2.3.7 MeDIP: Immunoprecipitation of the methylated-DNA binding  

 

An aliquot of 3.5 µg of fragmented gDNA was used for IP (per assay) and 180 ng of the 

DNA was kept as input (contained total methylated DNA and unmethylated DNA). In a 

total volume of 250 µL IP buffer (10 mM sodium phosphate pH 7, 140 mM NaCl and 

0.05% Triton X-100), the DNA was denatured for 10 min at 95 °C then 

immunoprecipitated with 10 µL of monoclonal antibody against 5-methylcytidine (5-mC) 

Rabbit mAb D3S2Z (Cell Signaling Technology, USA) for 3 h at 4 °C on a rotator. 

Subsequently, 30 µL of Dynabeads Protein G (Invitrogen, UK) magnetic beads 

containing the secondary antibody with affinity for the primary antibody 5-mC was added 

and incubated for 2 h at 4 °C on a rotator. To remove the unbound, non-methylated DNA, 

the washing steps required 500 µL of IP buffer (10 mM sodium phosphate pH 7.0, 140 

mm NaCl, 0.05% Triton X-100) for five washes, and the sample was incubated for 4 min 

on a rotator for each wash. An aliquot of 250 µL dilution buffer (0.1M NaHCO3, 1% SDS) 

was added to the methylated DNA-antibody-magnetic beads mixture to dissociate the 

complexes from the magnetic beads. The mixture was incubated overnight at 50 °C for 



55 
 
Proteinase-K antibody digestion, leaving only the methylated DNA intact. The methylated 

DNA was separated from the magnetic beads and purified using ChIP DNA Clean and 

Concentrator extraction kit (Zymo Research, California) according to the manufacturer’s 

instructions. Figure 2.2 demonstrated a generalised MeDIP assay principle. 

 

2.3.8 Quantitative real-time PCR 

 

Real-time qPCR was performed in a Bio-Rad CFX thermocycler (Bio-Rad Laboratories, 

California) in duplicate per sample reactions. For each reaction, a qPCR reaction mixture 

was made as follows: 12.5 µL Brilliant III Ultra-Fast SYBR® Green QPCR Master Mix 

(Agilent Technology, USA), 1 µL 200nM forward primer, 1 µL 200nM reverse primer, 10 

µL template DNA, and 0.5 µL DNase/RNase free water added to give a total volume of 

25 µL. The primers were designed to be specific to the 5’TSS DBH gene: forward 5’-

GCATGGGCTGGTGGGAGAG-3’ and reverse 5’-

CCACCAGGATGACCAGGAAGATGG-3’. Prior to amplification, the primer pair was 

optimised to determine the appropriate annealing temperature (Ta) and PCR conditions 

by gradient qPCR. The gradient qPCR thermocycler setting for Ta was set within the 

range of 58–68 °C in the Bio-Rad thermocycler where the gDNA input samples were 

loaded in duplicate (by column) in a 96 well plate (each row representing one specific 

gradient temperature). The qPCR plate was incubated in a G1000 Thermal cycler (Bio-

Rad Laboratories, California) at 95 °C for 2 min, followed by 40 cycles of 95 °C for 30 

sec, Ta for 30 sec, and 72 °C for 30 sec, then final extension at 72 °C for 5 min prior to 

melting curve analysis, as summarised in the Table 2.1. Input amount were determined 

beforehand by loading a serial dilution of 1 µg gDNAs into the real-time qPCR to obtain 

an acceptable quantification cycle (Cq) scale (5 < Cq < 40), in which 180 ng of input 

sample was obtained in the range of Cqs 22–23. The same amount of DNA input (180 
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ng) was standardised for each sample. The Figure 2.1 demonstrates how Cq value is 

measured using BioRad CFX-manager software (USA). 

 

Table 2.1 The final setting of the Real-Time qPCR. 

 

Step Temperature (°C) Time 

Initial Denaturation 95 2 min 

Denaturation 95 30 sec 

Annealing 62 30 sec 

Extension 72 30 sec 

Final Extension 72 5 min 

Melt Curve Analysis 65–95  

   

 

Figure 2.1  Threshold level and Cq value on the real-time qPCR amplification curve. 

The threshold level is the level of detection at which a reaction reaches a fluorescent 

intensity above the background level. The Cq value shows the total number of cycles 

required to detect a real signal from the sample that intersects the threshold line.  
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2.3.9 MeDIP data analysis  

 

The data were analysed by the percent input method which measures the IP value 

relative to the input, wherein the input value was used for data normalisation. This 

method was used as it includes normalisation for both background levels and input IPs 

samples. The input sample represents the amount of DNA used in the MeDIP assay. As 

assay controls, the rabbit anti-IgG was used as an IP negative control, while no antibody-

binding sample reaction was used as background control. Both controls were subject to 

the same procedures as the sample.  

 

To obtain percent input, the Cq value (Figure 2.1) obtained from IP was divided by the 

value obtained from an input sample in the following steps: 

1. The Cq starting input was adjusted to 100%. As the total of input used was 180 

ng and the total DNA for the sample reaction was 3500 ng, the dilution factor was 

19.44 or 4.28 cycles (i.e. log2 of 19.44). To normalise the input cycle, the dilution 

factor cycle value was subtracted from the Cq value of the input.  

2. To obtain the delta Cq, the average of the Cq IP sample was subtracted from the 

adjusted input value. (Mock [IgG] was calculated in the same way).   

3. Percent input (%) of each sample was calculated based on this formula: 

100*2(adjusted input Cq – Cq IP).  
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Figure 2.2 Generalised MeDIP assay. Total gDNA is fragmented by sonication and 

denatured into single-stranded DNA fragments which are then immunoprecipitated with 

an antibody that recognises the methylated DNA. The methylated DNA-antibody 

complexes are then immunocaptured by a secondary antibody prior to separation by 

magnetic beads. The purified methylated fragments are amplified by real-time qPCR. 

The IP value is measured relative to the input sample which is the starting sonicated 

genomic DNA that contains both methylated and un-methylated fragments. 
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Figure 2.3 provides a summary of the steps involved in the MeDIP assay. One set of 

primer pairs was designed specific to the first exon including the 5’TSS proximal 

promoter of the DBH gene. The studied region included four CpG sites in a 242 bp length 

DNA sequence.  

 

 

Figure 2.3 Schematic representation of the steps in the MeDIP assay study design  

 

2.3.10 Bisulphite treatment of the genomic DNA 

 

Purified gDNA was treated with bisulphite using the EZ DNA Methylation Gold kit (Zymo 

Research, California), following manufacturer protocols. Two standard genomic DNAs, 

CpGenomeTM rat methylated genomic DNA standard (Millipore Cat:S7855) and 

CpGenomeTM rat unmethylated genomic DNA standard (Millipore Cat:S7860), were used 

as controls to test and optimise the primers; they were treated with bisulphite using Zymo 

Methylation Gold kit prior to PCR primer pair optimisation. Briefly, 700 ng (diluted in a 

total of 20 µL DNase/RNase-free water) of the purified DNA was added directly to the 

130 µL of CT-conversion reagent and incubated in a thermocycler for 10 min at 98 °C 
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and then at 64 °C for 2.5 h. Strand denaturation and bisulphite conversion were 

completed in a single-tube reaction. Next, the sample was transferred into a column that 

contained 600 µL of M-binding buffer to bind the bisulphite-treated DNA onto the column. 

The desulphonation process (by addition of M-desulphonation buffer) and the recovery 

of the bisulphite-treated DNA occurred in a spin column. The spin column allowed for 

elution of bisulphite-converted DNA in as little as 10 µL DNase/RNase-free water and 

was ready for immediate PCR analysis. A 2 µL aliquot of the eluted DNA was used for 

the next PCR amplification region. The PCR products were visualised by agarose gel 

electrophoresis. 

 

2.3.11 Bisulphite-treated primer pair optimisation of rat 5’TSS 

DBH gene  

 

Primer pairs specific for the bisulphite-treated DNAs were designed with the help of 

MethPrimer software, a program for designing bisulphite-conversion-based methylation 

PCR primers for bisulphite-sequencing PCR (Li and Dahiya, 2002). Two regions of 

interest in the DBH promoter gene sequences were chosen based on the location relative 

to the DBH gene coding region. The first primers were designed to be near the 5’ DBH 

gene coding region (hereafter labelled as “5’TSS”), while the second primers were 

designed to be 2700 bp upstream of the coding region (hereafter labelled as “2.7k bp 

upstream”). More than six pairs of primers for each region were screened and optimised 

for their propensity for the correct binding and amplification, covering five to eight 

densities of CpG sites. A working primer pair of each region with the correct template 

binding and covers the highest CpG sites was chosen for further investigation. The 

lengths of each fragment of interest (FOI) for the 5’TSS and 2.7k bp upstream of the 

DBH promoter gene were 367 bp and 316 bp, respectively. 
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Figure 2.4 Primer pair design of 5’TSS DBH gene sequences. A total of eight CpG 

sites were covered in this region, the majority of which is embedded in Exon 1. Below 

the diagram is the full nucleotide sequences covered in the MeDIP and bisulphite 

sequencing assays. Yellow highlighted sequences were the primer pairs in bisulphite 

sequencing analysis. Blue highlighted sequences denote primer pairs of the MeDIP 

assay analysis. 

 

The 5’TSS DBH gene bisulphite-treated primer pair (367 bp) was as follows: forward 5’-

GTGGGAGAGTTATTAGGATAATTGAA-3’ and reverse 5’-

CTTACACCTAAAACTAAAAATAAATAATCT-3’. Meanwhile, the primer pair of 2.7k bp 

upstream (316bp) were: forward 5’-TTGTTTTTTTGGTTGTTATTATTTA-3’ and reverse 

5’-ACCCCCACCCTAATAACTCTACTATAT-3’. For both regions, eight CpG sites were 

covered in each of the designated primer pairs. The primers were designed with a few 

considerations. Each FOI contained a maximised CpG sites in the nucleotide sequences 

of the PCR products while maintaining shorter, acceptable PCR product lengths (<500 

bp). As the methylation status of CpG dinucleotides was unknown, the bisulphite-primer 

binding sites were designed without containing any CpG dinucleotides, and thus 
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amplified the target regardless of methylation status. After bisulphite treatment, all 

unmethylated cytosines were converted to thymines and methylated cytosines remained 

cytosines. Therefore, the cytosine bases in the primer sequences would also need to be 

converted into thymine. For that reason, all forward primers contained no cytosine bases.  

 

Gradient PCR was performed to determine the optimum annealing temperatures of each 

primer using a MasterCycler gradient thermal cycler (Eppendorf, UK). The PCR setting 

was standardised with an initial DNA denaturation at 95 °C for 2 min, denaturation 95 °C 

for 30 sec, specific annealing Ta for 30 sec, extension 72 °C for 20 sec and a final 

extension at 72 °C for 7 min. Each PCR cycle required 30 to 40 cycles and a 25-µL 

reaction volume using GoTaq® G2 Hot Start Green Master Mix (Promega, USA). 

 

2.3.12 Bisulphite-treated DNAs PCR amplifications  

 

The bis-treated DNA samples were amplified by a 50-µL reaction of PCR using both sets 

of primer pairs, 5’TSS and 2.7k bp upstream, to create and amplify the FOI prior to 

ligation into a TOPO vector by TOPO® TA Cloning® Kit for Sequencing (Invitrogen, UK). 

PCR cycling conditions were as follows: 2 min at 95 °C, 40 cycles of 30 sec at 95 °C, 30 

sec at 53 °C, 20 sec at 72 °C and 8 min at 72 °C. Both primers were found to have the 

same annealing Ta at 53 °C. The PCR products were electrophoresed on a 0.75% 

agarose gel (50 V, 60 min) and the specific band was gel-excised and gel-extracted by 

QIAquick Gel Extraction Kit (Qiagen, Germany). The kit implemented a simple bind-

wash-elute procedure in a silica membrane column that supported the binding of DNA 

with the high-salt buffer and DNA elution with the low-salt buffer or water. Next, the eluted 

DNA concentrations were measured by the NanoDrop spectrophotometer (Thermo 

Fisher Scientific, UK). The PCR products were subcloned into a TOPO TA cloning vector 

(PCRTM4-TOPO–Invitrogen TA cloning kit) (Thermo Fisher Scientific, UK). 
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2.3.13 TOPO TA-cloning 

 

The purified fragment was inserted into a TOPO-TA cloning vector. The vector used was 

PCR4-TOPO TA vector from Invitrogen (UK), which was specifically designed for cloning 

PCR products amplified by Taq DNA polymerase. Usage of Taq DNA polymerase in 

PCR often leaves an adenine at the 3’ end of the product, creating overhangs, and the 

usage of the TOPO vector is suitable because it includes a 3’-thymidine overhang for 

direct ligation with the fragment (Figure 2.5). Briefly, 50 ng of gel-extracted DNA (diluted 

in 4 µL DNse/RNase-free water) was added with 1 µL salt solution and 1 µL of TOPO TA 

vector for a total solution volume of 6 µL, then the mixture was properly mixed by finger 

vortexing and incubated at room temperature for 15 min then placed on ice prior to 

plasmid-cell transformation steps. 
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Figure 2.5 PCR4-TOPO TA vector (Invitrogen, UK). TOPO vector contained 3’-

thymidine overhang for direct ligation with fragment of interest, amplified by Taq 

polymerase II enzyme that created 3’-adenine overhang during PCR amplification. The 

key of TOPO TA cloning was the enzyme DNA topoisomerase I which functioned as a 

restriction enzyme and as a ligase; to cleave and rejoin DNA. The TOPO enzyme formed 

a covalent bond with the phosphate group attached to each of the 3’-thymidine overhang 

of the vector. During incubation with a fragment having 3’-adenine overhang at both ends 

(PCR product), the TOPO enzyme ligated the fragment sequences with compatible ends, 

and released itself from the DNA. The positive fragment-insert formed  a recombinant 

cloning-plasmid. Insertion was done at lacZα ccdB gene site, which disrupted the 

expression of the lacZα-ccdB gene fusion, permitting growth of only positive 

recombinants upon transformation in competent cells. This vector also consisted a group 

of restriction cut sites, designated for Spe I, Sse8387 I, Pme I and EcoR I enzymes. The 

yellow bar denoted a flanking sequencing primers (forward and reversed), M13 and T3, 

for DNA sequencing. Kanamycin and ampicillin in the vector sequences were antibiotic 

resistance genes that enable a positive selection of transformed colonies. Meanwhile 

plasmid pUC ori functioned to copy plasmid inside the bacteria cells.  
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2.3.14 Cloning plasmids in XL10-cells by transformation 

 

The fragment inserted-vector (plasmid) was transformed into XL-10 Gold ultracompetent 

cells (Agilent Technologies, USA) by following the manufacturer's suggested protocols. 

Briefly, 50 µL of the XL-10 Gold ultracompetent cells were added with 2 µL β-

mercaptoethanol mix (to increase transformation efficiency) prior to adding 3 µL TOPO 

TA ligation mixture. The mixture was incubated on ice for 30 min in a 14 mL BD falcon 

tube (Appleton Woods Ltd, UK). Next, the tube was heat-pulsed in a 42 °C water bath 

for 30 sec and quickly incubated on ice for 2 min. Preheated NZY+ broth (450 µL) was 

added and the mixture incubated at 37 °C for 1 h in a shaking incubator. The 

transformation mixture was plated on Luria-Bertani (LB) agar plate with ampicillin (100 

µg/mL) and incubated overnight at 37 °C. The following day, a single colony of the 

transformed cells was then grown in 2 mL of LB broth with ampicillin (100 µg/mL) for 

overnight growth in the shaking incubator at 37 °C. The bacterial suspension was 

extracted with a plasmid extraction purification column kit (NucleoSpin Plasmid, 

Macherey-Nagel, Germany). At least 20 colonies were picked up for each sample 

(infected and uninfected cells for days 1, 3, and 5 post-infection). 

 

2.3.15 Eco-RI digestion and confirmation of fragment insertion 

 

The vector consisted of flanking EcoRI restriction sites in the cloned PCR product 

inserted site. Digestion of the plasmid with EcoRI digestion enzyme produced the 

inserted fragment size on an agarose gel. Five hundred ng of plasmid was incubated at 

37 °C with 0.5 µL of restriction enzyme and 2.5 µL cut smart buffer in a total reaction 

volume of 25 µL for 1 h prior to electrophoresis on 1% agarose gel to visualise the cut 

bands. 
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2.3.16 Sequencing and data analysis 

 

At least 20 plasmid clones of each sample were sent for Sanger sequencing to Genewiz, 

UK. Sequencing was done by flanking sequencing primers M13F and M13R of the 

plasmid sequences.  
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2.4 Results  

 

2.4.1 MeDIP: Sample preparation and determination of sonication 

time and efficiency  

 

Cells were cultured and infected as previously described (method section; 2.3.1 - 2.3.2). 

Prior to the assay, the extracted DNA was sonicated using the EpiSonic sonicator for 

different time periods to determine appropriate sonication time. A total sonication time of 

one minute was found to work best for this assay, providing optimal average fragment 

lengths of 500 bp (Figure 2.6). It was found that the quantity of gDNAs used did not 

influence the sonication efficiency: the same length of fragmented DNA at low or high 

DNA amounts was generated. However, different cell lines may require different 

sonication times.  

 

 

Figure 2.6 Time-based sonication determination. Gel image showed fragments of 

sonicated gDNA rat PC12 cells (400 ng per well), sonicated for 0.5 min to 5 min with a 

2-log ladder as a reference length. The sonication time of the preferable length (average 

500 bp) chosen was 1 min (Lane 3). Lane 1: unsonicated gDNA, Lane 2–7: gDNA 

sonicated from 0.5 min to 5 min.  
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 In this study, the EpiSonic sonicator implemented a cooling system with a recirculating 

chilled water pump to promote an isothermal sample environment, prevent thermal 

degradation and maintain sample integrity. The presence of SDS (detergent) in the 

sonication buffer improved sonication efficiency, especially for the cell lysate. For the 

DNA sample, sonication performed appropriately using Tris-EDTA (TE) buffer, which 

was routinely used in avoiding DNA degradation. 

 

2.4.1.1 Evaluation of sheared DNA via agarose gel electrophoresis  

 

Prior to the assay, to reconfirm an ideal total sonication time of one minute, five gDNAs 

of extracted PC12 cells were run on a gel to confirm the average fragment sizes.  

 

 

Figure 2.7 Agarose gel electrophoresis of gDNA from rat PC12 cell samples 

sonicated for 1 minute. The average fragmented DNA size is approximately 500 bp. 
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2.4.2 Genomic DNA preparation from T. gondii-infected PC12 Cells 

 

Purified gDNA was eluted with TE elution buffer and sonicated for one minute prior to 

DNA quantification. The first quantification of total gDNA concentrations, as well as 

screening for quality and purity of the DNA, was done using spectrophotometry 

(NanoDrop spectrophotometer). The second quantification was done by a fluorescence-

based assay (QuantiFluor kit) to accurately quantify the ratios and screen for quality and 

purity of the DNA. The 260/280 ratio and the 260/230 ratio were approximately 1.80 and 

above 2.0, respectively, and the ranges obtained indicated the samples were pure DNA 

without protein or reagent contamination. The fluorescence assay gave more sensitive 

values in DNA concentration than DNA quantitation by spectrophotometry, though 

differences were minor. The QuantiFluor® dsDNA reagent (Promega, UK) used 

contained a fluorescent DNA-binding dye that enables sensitive quantitation of even 

small amounts of double-stranded DNA (dsDNA) in a purified sample.  

 

Consistent purification of high-quality gDNA and accurate DNA quantification of 

sonicated gDNA are important for the MeDIP and bisulphite sequencing methods. MeDIP 

is a sensitive IP assay that requires pure DNA for accuracy as contaminations might 

interfere with the protein-antibody binding. Downstream real-time qPCR and bisulphite-

treated DNA sequencing are also highly sensitive methods. Thus, an accurate 

quantitation was needed for optimum working assays, especially for sample 

normalisation and comparison between the time-course samples. 
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2.4.3 MeDIP-qPCR assay optimised  

 

The MeDIP assay involves the capture of methylated DNA by an antibody specific to 5-

mC (Figure 2.2). This assay used a standard, validated commercial 5-mC rabbit antibody 

(Cell Signaling Technology, USA) that increased the assay specificity and selectivity for 

5-mC, thus avoiding nonspecific interactions or binding. The assay procedure was 

modified and optimised from the original MeDIP method (Weber et al., 2005). The 

incubation time for IP steps for DNA-antibody-magnetic beads bindings required only 5 

h without compromising the quality of the results for the rat neural PC12 cell lines. The 

magnet-based purification was chosen because it provides a fast, simple and efficient 

antibody-complex separation by a magnetic rack. In addition, increased washes in the 

IP washing steps showed improved removal of unbound fragments (Lee et al., 2006; 

Gade and Kalvakolanu, 2012). The standard method to purify methylated DNAs was also 

modified by incorporating DNA silica column extraction, eliminating a lengthy phenol and 

chloroform: isoamyl alcohol extraction, and thus avoiding further loss of the precipitated 

methylated DNAs. This resulted in a much faster method than the method proposed in 

the original protocol. Overall, the procedures of the MeDIP assay required only two days 

to be completed. 

 

A minimum of 200 ng (5–6%) from a total of 3.5 µg starting gDNA was successfully 

precipitated by this assay. Due to the low amount of the precipitated IP DNAs, the DNAs 

were directly subjected to real-time qPCR for MeDIP analysis. The amplification resulted 

in Cq values between 20 and 26 for all subsequent qPCR sample reactions (data not 

shown). The MeDIP analysis was calculated based on the percent input method 

described in the method section, where the Cq value of the IP was calculated relative to 

the normalised Cq input. PCR reactions were performed in triplicate and product 

specificity was confirmed with melt curve analysis. A single product peak was obtained 

for each reaction of this assay, demonstrating a working optimised MeDIP assay. 
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2.4.4 Primer optimisation for real-time qPCR 

 

Real-time qPCR conditions were optimised by testing different primer concentrations 

(0.2 µM to 0.5 µM) and discovered to work well even at the lowest concentration of 0.2 

µM. Thus, the primer concentration was standardised to 0.2 µM for all real-time qPCR 

reactions in this assay.  

 

2.4.4.1 DBH primer optimisation using gradient qPCR 

 

The primer pair annealing temperature was determined by gradient qPCR. As most of 

the Cqs (24-25) of the PCR products were within an acceptable range (Cq=20-35), the 

determination was based on the melt peak analysis with a single optimum product peak 

(Figure 2.8). It is important to optimise the PCR conditions to confirm the primer 

specificity and to avoid primer-dimers and non-specific bindings. The primers showed an 

annealing Ta of 62° C worked best for this primer pair which gave a single product (shown 

as a single peak in the melt curve graph in Figure 2.8).  
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Figure 2.8 Melt peak analysis for MeDIP-qPCR primer pair optimisation. Analysis of 

the melt peaks at annealing Ta=62 °C; the primer-DNA binding worked best in the 

gradient qPCR reaction assay for primer pairs that displayed a single, optimal peak, 

indicating one amplification product. Amplification graph showed normal sigmoidal 

shapes. The melt curve monitored the fluorescence as temperature increased. The 

SYBR dissociated as DNA melted into single strand DNA, hence, the fluorescence 

intensity decreased as SYBR dissociated. 
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2.4.5 DNA methylation changes at the 5’TSS DBH gene region 

following infection  

 

The expression and methylation patterns in T. gondii-infected neural PC12 cells were 

compared to that of uninfected control cells for five consecutive days following infection. 

The percent input of DNA methylation at the 5’TSS region of the DBH gene by MeDIP-

qPCR assay are shown in Figure 2.9: 

 

 

Figure 2.9 DNA methylation pattern changes analysed by MeDIP-qPCR assay. The 

bar graph shows DNA methylation patterns at the 5’TSS DBH gene on day one to day 

five following T. gondii infection in the catecholaminergic neural PC12 cells. The white 

bar denotes the percent input of uninfected control PC12 cells, while the black bar 

denotes percent input of infected PC12 cells. Day one post-infection showed a difference 

with a less percentage per input of DNA methylation of the infected cells compared to 

uninfected control, but showed a 2.5-fold increased on day two. There were no difference 

on day three but the DNA methylation level on day four post-infection was slightly 

increased up to 1-fold and continued increasing with 1.7 folds on day five compared to 

the uninfected samples. Overall, DNA methylation patterns increased following the time-

course study. The two-way ANOVA test showed there was a significant change in the 

DNA methylation patterns in the five continuous days (F=6.562, *p=0.0015). However, 

the data was found to be not significant in two-way ANOVA among the samples of each 

day between the infected and control samples (F=1.468, p>0.05). Error bars are shown. 
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A general trend was observed where DNA methylation increased in the infected cells 

following T. gondii infection in the PC12 cells up to day five post-infection (F=6.562, 

p<0.005). The F ratio value in two-way ANOVA test was significant with p<0.05 indicating 

a pattern changes from day one to day five. However, the changes were not statistically 

significant in two-way ANOVA (F=1.468, p >0.05) in comparing between infected sample 

(mean=0.73) and uninfected control (mean=0.53) for each day. Therefore, the 

involvement of DNA methylation changes at the 5’TSS region of the gene following T. 

gondii infection cannot be confirmed. MeDIP is limited by the ability of the antibody to 

immunoprecipitate the fragmented DNA based on the density of CpGs. It is notable that 

the DBH promoter does not contain a CpG island that may limit the sensitivity of this 

assay.  

 

The next step was to determine whether methylation changes in specific CpGs relative 

to the DBH gene could be detected.  

 

2.4.6 Bisulphite PCR primer design and optimisation  

 

The DBH promoter region was screened for the density of CpG sites. Two regions of 

interest in the 5’UTR upstream of the DBH promoter gene were chosen based on their 

distance from the DBH gene initiation coding region. The first region was the extended 

Exon 1 sequences of downstream 5’TSS DBH gene region from the MeDIP assay, which 

included more CpG sites. Meanwhile, the second region was designed to be 2.7k bp 

further upstream of the promoter. The DBH gene does not have obvious CpG islands in 

its promoter; thus, the 2.7k bp upstream region from the start codon, even with only 

sparse CpG sites, was chosen to be evaluated and compared with the 5’TSS region as 

illustrated in Figure 2.4.  
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Successful primer design is challenging for bisulphite-treated DNA because the 

bisulphite-converted DNA has lower-complexity primers which are often AT-rich. 

Therefore, the primer sequences need to be longer to bring them up to an acceptable 

annealing Ta in PCR, as they need to anneal outside the CpG sites. Bisulphite treatment 

causes the DNA structures to become unstable as a result of the non-complementary 

strands. As optimal primer annealing temperatures are important for successful and 

specific primer binding, they need to be optimised prior to each assay. Too low 

temperatures can cause primer-dimer and non-specific product formation, whilst too high 

annealing temperatures decrease product yields due to poor primer annealing. 

Increasing the length of forward primers which lack cytosine bases increases the 

annealing Ta. The primer length is ideally around 25 to 30 nucleotides, which helps in 

increasing the specificity of the binding (Li and Tollefsbol, 2011). PCR bias was also 

minimised during optimisation by increasing the annealing Ta for methylated DNA, which 

improves the PCR efficiency (Shen et al., 2007). As the bisulphite treatment reduces the 

specificity of dsDNA, a gradient PCR was used to optimise the PCR conditions when 

determining the primers’ annealing Ta. In addition, the G2 Hot Start DNA polymerase 

enzyme (Promega, USA) was employed in the PCR reaction to increase the binding 

specificity, thus improving the PCR yield which greatly reduces the primer-dimer 

formation. 

 

2.4.6.1 Bisulphite-treated DNA standards tested with set primer pairs of 

5’TSS and 2.7k bp upstream of DBH promoter gene  

 

The optimal bisulphite method must deliver the complete conversion of cytosine residues 

to uracil while the 5-mC remains intact. Standard DNA controls were used to mimic the 

effects while unconverted gDNA was used as a negative control template to confirm a 

completed DNA conversion after bisulphite treatment as the primers only bind to the 
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converted DNA. The primers were optimised to correctly bind to the converted modified 

gDNA in a gradient standard PCR. The agarose gel of the PCR products of methylated 

and unmethylated standard DNAs is shown in Figure 2.10. 

 

A

 

 

 

B 

  

Figure 2.10 Gradient standard PCR of both sets of primer pairs tested on rat 

methylated and un-methylated gDNA standards. A. Primer pair 1: 2.7k bp 

upstream: the gradient thermocycler (Eppendorf, UK) annealing temperature was 

set from 48 °C to 68 °C, with the mean Ta at 50 °C and G:10° increment. B. Primer 

pair 2; 5’TSS: the gradient thermocycler (Eppendorf, UK) annealing temperature 

was set from 40 °C to 60 °C, with the mean Ta at 58 °C and G: 10° increment. For 

both primer pairs, an optimum annealing Ta was chosen to be 53 °C. Met: 

methylated DNA; Un-met: un-methylated DNA.  

 

Based on the gradient standard PCR, the annealing temperatures of both primer pairs 

for the two studied regions were in the range of 48 °C to 56 °C, which were evaluated 

using methylated and un-methylated gDNA standards with a single product produced. 

The highest optimum temperature with a single product (Ta=53 °C) was chosen for the 

standard PCR reaction of both primers.  
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For confirmation of working primers, one of the primer pair was applied to and found to 

work with the gDNA sample, the bisulphite-treated rat PC12 cells (Figure 2.11). 

 

 

Figure 2.11 Set primer pair of 2.7k bp upstream tested on bisulphite-treated PC12 

cell’s gDNA. The primer pair amplified the gDNA-converted sample from rat PC12 cells 

indicated of a working primer pairs. An optimum annealing Ta was chosen to be 53 °C. 

 

2.4.7 PCR amplification of the bisulphite-treated DNA of infected 

PC12 cell samples  

 

After establishing the annealing temperature for both primer pairs (Ta=53 °C), all 

bisulphite-treated rat PC12 cell gDNAs samples of day 1, 3 and 5 post-infections were 

amplified with the specific PCR primer pairs for single product verification and visualised 

on agarose gel prior to ligation into a cloning vector (Figure 2.12). 
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Figure 2.12 PCR amplification of bisulphite-treated PC12 cell DNAs. A single PCR 

amplification product was observed on agarose gel of each primer set for both regions; 

5’TSS and 2.7k bp ups. 

 

The PCR fragment bands were excised and extracted by a gel purification kit (Qiagen, 

Germany). Prior to ligation, gel-purified DNAs were run on a new agarose gel as a final 

confirmation for correct fragment amplification and extraction. 

 

 

Figure 2.13 Gel-purified DNA isolation from PCR amplification products of 
bisulphite-treated PC12 cells. 
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2.4.8 Cloning procedure optimisation and plasmid digestion 

 

TOPO TA cloning method required an optimisation to correctly insert the FOI into a 

cloning vector. The ligation of FOI into the TOPO 4 TA vector was done in insert:vector 

ratios of 1:20, 1:50, and 1:70. Successful ligation was determined by the percentage of 

correct fragment-insert by RE digestion enzyme analysis in the plasmid clones per total 

randomly acquired plasmid extracted. The insert:vector ratio of 1:50 worked with the 

highest number of fragment-inserted plasmids for the ligation step and was used for 

subsequent sample batches (Table 2.2). In addition, two PCR product purification 

techniques were implemented prior to vector ligation (using 1:20 insert ratio), which used 

the purified PCR product directly and used a purified gel-cut fragment from an agarose 

gel. The ligation step was done by directly using the purified PCR products as the ligation 

template, tested in parallel for both fragment regions; 2.7kb bp and 5’TSS (namely, 

Fragment 1 and Fragment 2, respectively). Fragment 1 showed a  lower percentage of 

insert success rate (25–35%) compared to Fragment 2 (65–80%). Therefore, another 

trial was needed for Fragment 1 (new gDNA) by running the PCR product on agarose 

gel and the fragment of interest excised and purified. The insert success rate had 

increased to 56.5%. By increasing the insert:vector ratio to 1:50, the same fragment 

provided a 79% insert success rate. Hence, for this sample, the gel cut and extraction 

method was more effective and gave a better insert success rate. However, both 

methods worked with ligation into the TOPO vector. 
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Table 2.2 Ligation and cloning optimisation. Two techniques of ligation were 

implemented; by direct insert of PCR amplification products and, agarose gel cut and 

extraction prior to the ligation into the cloning vector. Ratios (insert:vector) of 1:20, 1:50 

and 1:70 were tested to evaluate the successful rate. A clone with a correct insert 

denoted a successful ligation, analysed by EcoR I digestion analysis. 

 

Insert Ratio Ligation 

(insert:vector) 
Successful rate (%) 

1:20 Direct insert of PCR 

product:  

Fragment 1:  

Uninfected: 5/20 (25%) and 

infected: 7/20 (35%) 

Fragment 2:  

Uninfected: 13/20 (65%); 

infected: 16/20 (80%) 

Gel cut and extraction: 

Fragment 1 (2.7kb): 

Uninfected: 13/23 

(56.5%) and infected: 

11/23: (47.83%) 

1:50  19/24 (79%) 

1:70  5/24 (20.8%) 

*Fragment 1 (2.7k bp region); Fragment 2 (5’TSS region) 

 

2.4.9 Screening plasmid inserts by EcoRI plasmid digestion 

 

Table 2.3 shows the total number of clones containing both studied fragments of the 

DBH promoter gene from day 1, 3 and 5 post-infection samples. Randomly acquired 

clones were grown overnight in LB broth and extracted using a plasmid extraction kit. 

Thereafter, the plasmids were screened for fragment insert by EcoRI endonuclease 

restriction enzyme digestion. 
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Table 2.3 Total number of colonies with the positive fragment inserted.  

  Day 1 Day 3  Day 5 

Region Sample  +  -  +  -  +  - 

5’TSS 
Uninfected 21 9 22 4 32 10 

Infected 22 4 30 5 25 6 

2.7k bp 
upstream 

Uninfected 24 2 21 13 32 15 

Infected 22 4 24 2 23 44 

*The “+” denoted as correct FOI inserted and “-” denoted as negative FOI inserted by 
EcoRI endonuclease RE digestion analysis. 

 

2.4.9.1 Cloning plasmid of the 5’TSS DBH gene region 

 

On day one, 26 colonies were randomly selected from LB agar plates of both infected 

and uninfected control samples (Table 2.3). An additional few colonies were picked and 

added after plasmid RE-digestion screening on uninfected control samples in order to 

acquire at least 20 plasmids with positive FOI insertion for sequencing, which provided 

30 total extracted cloning plasmid samples. Meanwhile, the same concept was applied 

to another batch of samples on day three, in which 26 plasmids from uninfected control 

and 35 plasmids from infected plasmids were extracted. On day five, a total of 42 

uninfected control plasmids and 31 infected plasmids were extracted with 32 and 25 

plasmids, respectively, containing the FOI. 

 

2.4.9.2 Cloning plasmid of the 2.7k bp upstream region 

 

As shown in Table 2.3, a total of 26 cloning plasmids containing the fragment from 

uninfected and infected cells on day one, and 34 uninfected and 26 infected positive 

plasmids on day three. Meanwhile, 47 uninfected control colonies and 67 infected 

colonies were extracted from day five samples in which there were 32 and 23 plasmids, 

respectively, with positive inserts. The higher number of plasmids extracted in this batch 

was due to the plasmid optimisation method described above. 
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2.4.10 Bisulphite PCR-cloning sequencing 

 

Sequencing a CpG-containing region will help measure the methylation states of all the 

CpG sites within the region in which the distribution of methylation patterns can be 

observed. To determine the average cytosine methylation patterns in the DBH gene and 

the promoter regions, gDNAs were first subjected to the bisulphite treatment and PCR 

amplified using the G2 Hot Start DNA polymerase and the previously optimised primers. 

Each PCR product was cloned into a TOPO vector and an average of 20 randomly picked 

clones were sequenced. Sequence reading was done by using flanking sequencing 

primers M13F and M13R for the plasmid vector (Figure 2.5). Each fragment was inserted 

into a plasmid by either orientation. The sequencing process unexpectedly 

malfunctioned for the forward inserted sequence orientation (sense strand) for all 

plasmid samples with early termination; meanwhile, an optimal sequencing reading was 

obtained for the opposite orientation (antisense) of the inserted fragment in the plasmid 

vector. Surprisingly, the same reading patterns were observed for both studied regions. 

The reason for this is not clear, but it was suspected this was due to hairpin or secondary 

structure formation. Hence, only data with full fragment-covered sequencing readings 

were counted for DNA methylation pattern analysis. M13 primers reading were 

implemented for both directions to obtain at least one complete reading per sample. In 

addition, PCR bias produced by the difference in amplification efficiencies of sequences 

within a PCR process could skew the sequencing results. To avoid this PCR bias, an 

additional step, the cloning of the purified specific PCR products, was done prior to 

submitting the samples for bisulphite sequencing. 
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2.4.11 DNA methylation pattern analysis by bisulphite 

sequencing 

 

Each of the eight CpG sites for both regions was analysed from sequencing data by 

comparing sequence output from at least 20 sequences of clone plasmids per sample. 

To calculate the conversion rate, the resulting clones from each bisulphite treatment 

were aligned and the converted cytosine nucleotides were counted. The fraction of 

converted cytosines to total cytosines before the treatment was calculated in percent as 

presented in the graph of Figure 2.14. The resulting percentage averages were referred 

to as DNA methylation haplotypes. The graph showed a four percent difference with 82% 

(SEM=1.53) of total methylated cytosines in the infected fragment versus 78% 

(SEM=1.28) of uninfected control from the overall total CpG sites on day one, 79% 

(SEM=1.34) infected versus 76% (SEM 1.18) control on day three, and on day five, 79% 

(SEM=0.28) control over 77% (SEM=0.29) infected.  

 

 

Figure 2.14 Overall DNA methylation haplotypes (CpG 1 to CpG 8) at 5’TSS DBH 
gene of T. gondii-infected and uninfected control neural PC12 cells in a time-
course on day 1, 3, and 5 post-infection as measured by cloning-PCR bisulphite 

sequencing analysis. All mean ±SEM shown is based on the total clones sequenced 

per sample (n≥20). Data showed no statistical difference in uninfected and infected 

samples analysed by the two-way ANOVA statistical test, p>0.05 on day 1, 3, and 5 post-

infection. The assay was analysed based on a single biological repeat. 
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Data in Table 2.4 shows the average methylation percentage of haplotypes of each CpG 

site (%) that was determined by the number of methylated sites per the total number of 

clones sequenced. The assay was analysed based on one biological repeat.  

 

Table 2.4 Average DNA methylation percentage of each haplotype samples. 

 

 

Figure 2.15 Bisulphite sequencing profile of differential DNA methylation changes 

on individual CpG site at 5’TSS DBH gene region following T. gondii infection. 

Each dot represents a single CpG site. Open circles indicate unmethylated CpGs and 

filled circles indicate methylated CpGs. Each column represents a single CpG site in the 

region of interest (a total of eight CpG sites were covered). Each box represents the day 

of post-infection sample harvest. Each horizontal row within each box represents a single 

sequenced clone (at least 20 clones for each sample).  

 

CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 CpG 6 CpG 7 CpG 8

un-infected 19.05 61.90 71.43 76.19 100.00 100.00 95.24 100.00

infected 0.00 90.48 90.48 95.24 100.00 95.24 95.24 90.48

un-infected 19.05 66.67 66.67 85.71 90.48 95.24 95.24 90.48

infected 9.52 85.71 71.43 90.48 95.24 95.24 95.24 90.48

un-infected 15.00 80.00 75.00 75.00 95.00 95.00 100.00 95.00

infected 10.00 65.00 80.00 85.00 90.00 95.00 100.00 90.00

DAY 1

DAY 3

DAY 5

CpG site
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Overall, high levels of basal methylation were shown in all of the CpGs sites studied 

except CpG 1 (column 1 within each box). A DNA methylation level at the promoter gene 

of 10–15% is expected for an expressed gene. In contrast, a high level of DNA 

methylation is normally associated with low levels of gene expression. Differential DNA 

methylation of the CpG 2 to CpG 4 sites in the infected samples were slightly higher than 

in the control. However, CpG 5 to CpG 8 sites showed no differential methylation 

changes between the infected and control samples. Hence, no substantial findings were 

observed. 

 

Analysis of differential DNA methylation pattern changes at 2.7k bp upstream of the 

promoter is shown in Figure 2.16. A 6% reduction in overall DNA methylation was shown 

in infected samples compared to controls on day one post-infection with 82% infected 

and 88% control. Only 2% difference in differential methylation changes was observed 

in the infected sample on day three and 1% on day five over control samples. There were 

no significant changes in overall methylation pattern changes at 2.7k bp upstream of the 

proximal DBH promoter gene in T. gondii-infected cells analysed by bisulphite 

sequencing.  
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Figure 2.16 Overall DNA methylation haplotypes at 2.7k bp upstream of DBH gene 
of T. gondii-infected and uninfected control neural PC12 cells days 1, 3, and 5 post-

infection by cloning-PCR bisulphite sequencing analysis. All mean ±SEM shown is 

from the total clones sequenced per sample. Data showed no statistical difference in the 

uninfected and infected samples analysed by the two-way ANOVA statistical test, p>0.05 

of day 1, 3, and 5 post-infection. The assay was analysed based on one biological repeat. 
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More data on CpG sites in this 2.7k bp upstream region is shown in Figure 2.17. Data in 

Table 2.5 shows the average percentage of haplotypes for each CpG site (%). 

 

Table 2.5 Average methylation percentage of each haplotype sample. 

 

 

Figure 2.17 Bisulphite sequencing profile of the differential DNA methylation 
changes on individual CpG sites at 2.7k bp upstream of the DBH promoter region 

following infection. Each dot represents a single CpG site. Open circles indicate 

unmethylated CpGs and filled circles indicate methylated CpGs. Each column represents 

a single CpG site in the region of interest (total eight CpGs sites were covered). Each 

box represents the day of post-infection sample harvest. Each horizontal row within each 

box represents a single sequenced clone (at least 20 clones for each sample). 

 

CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 CpG 6 CpG 7 CpG 8

un-infected 100.00 100.00 95.65 65.22 91.30 82.61 86.96 78.26

infected 95.00 90.00 90.00 65.00 90.00 95.00 60.00 70.00

un-infected 95.00 95.00 95.00 65.00 100.00 100.00 75.00 60.00

infected 100.00 100.00 100.00 91.30 100.00 100.00 95.65 17.39

un-infected 100.00 100.00 100.00 80.00 80.00 75.00 95.00 75.00

infected 100.00 100.00 100.00 100.00 70.00 100.00 90.00 50.00

DAY 1

DAY 3

DAY 5

CpG site
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Overall, CpG sites 1 to 3 maintained methylated states in both infected and control 

samples. Interestingly, CpG 4 showed some differential changes over the time course of 

the infection with hypermethylation of the cytosine observed day three to day five post-

infection. Meanwhile, CpG sites 5 to 7 showed unstable methylation changes over time. 

The CpG 8 had lost most of its methylated states on day three with an obvious 43% 

reduction, but it gained methylation back on day five. However, the methylation changes 

at these specific CpG sites shown in the data were still inconclusive in demonstrating a 

significant difference between the infected and control samples. 
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2.5 Discussion 

 

The general consensus on DNA methylation is that it silences gene expression and even 

though it has long been considered a key gene expression regulator, not much is known 

about the precise mechanisms by which methylation status can modify gene expression. 

Studying DNA methylation, a prevalent epigenetic mark that can directly target DNA of 

a specific gene to regulate gene expression, is currently a topic of increasing interest. 

PCR-based methods permit detailed analysis of a specific region in the genome. Many 

studies have focused on CpG islands in the promoter region, known to consist of many 

CpG sites that are easy to detect and recognise. However, genes without CpG islands 

at their promoters, such as the DBH gene, have limited CpG sites, making measurement 

of methylated DNA more difficult. A MeDIP-qPCR assay was developed to give a 

detailed and specific view of DNA methylation patterns within a gene region by analysing 

the relative enrichment of methylated DNAs at a specific locus to that of the whole sample 

region. The MeDIP assay is based on affinity purification of methylated DNAs in a region, 

captured by an antibody binding directed against 5-mC. It has a profound sensitivity to 

methylated DNA. In the past few decades, however, bisulphite sequencing has emerged 

as the ‘gold standard’ technology for assessing DNA methylation and has been widely 

used as a targeted approach to investigating specific candidate regions of interest. Both 

assays were implemented in this methylation study. 

 

Expression of the DBH gene is controlled by multiple regulatory interactions on gene 

sequences acting together to maintain the basal level of DBH transcription in 

noradrenergic cell types (Greco et al., 1995). In the brain, DBH expression is restricted 

to specific regions, including the brain nucleus locus coeruleus, sympathetic ganglia and 

adrenal medulla (Greco et al., 1995). Epigenetic alterations at the promoter loci encoding 

critical regulatory elements of gene expression may reduce or increase gene 
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transcription. The target region in this study is specific for the 5’TSS, the first exon and 

the upstream region of the proximal promoter gene. My earlier prediction was that DNA 

methylation at the 5’TSS and surrounding promoter regions could block the initiation of 

DBH gene transcript synthesis. This hypothesis is supported by many studies that found 

a strong correlation between hypermethylation at the surrounding 5’TSS gene site and 

transcriptional gene silencing (Brenet et al., 2011; Jones, 2012; Ando et al., 2019).  

 

In this study, an increasing trend of DNA methylation levels, specifically surrounding the 

5’TSS of the DBH gene in the infected host in response to chronic T. gondii infection, 

was observed, even though the data showed no significant changes between samples 

in the statistical tests. Generally, most CpG-poor promoters are reported to be 

methylated when the genes are not active (Schübeler, 2015). As the DBH promoter gene 

represented by this group is CpG-deficient, only a slight difference in the percent input 

between the infected samples and uninfected controls was detected in MeDIP result 

data. The DBH gene lacked CpG islands and the target study areas consisted of fewer 

CpG sites. This may have made it difficult to immunoprecipitate the gene. Further 

analysis of the downstream region of the 5’TSS Exon 1 gene by bisulphite sequencing 

assay also showed no significant alterations in DNA methylation. Thus, the low number 

of CpG sites may explain the negative MeDIP and bisulphite sequencing results. Indeed, 

in CpG-poor regions, both MeDIP-seq and MBDCap-seq (an assay that uses methyl-

CpG-binding domain protein to capture methylated DNA in the genome) showed low 

statistical power to detect differentially-methylated regions (Robinson et al., 2010; Yong 

et al., 2016). 

 

However, a clear trend towards increased DNA methylation in the 5’TSS region is 

noteworthy (Figure 2.9). The MeDIP assay demonstrated that DNA methylation 

increased two days post-infection and continued increasing until day five, the end of cell 

culture collection. This finding was consistent with previous data published by our group 
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which showed that DBH expression started decreasing after three days post-infection 

(Alsaady et al., 2019). Hypermethylation may initiate DBH depression on the following 

day. However, the graphed data showed an outlier value for day three samples. In 

comparing the bisulphite sequencing analysis of the same studied region on day three, 

the DNA methylation percentage was found to increase in the infected sample (Figure 

2.14). The lowest percent input values on day three for both infected and control samples 

in the MeDIP assay graph (Figure 2.9) suggest technical laboratory errors might have 

occurred during sample processing.  

 

In the antibody-binding MeDIP assay, I could not identify which specific CpG sites were 

methylated and also, which of these specific sites could be associated with gene 

repression. The MeDIP assay can only measure all methylated DNAs in the studied 

region as a whole. Bisulphite sequencing offers a better resolution of the methylation 

status at a single nucleotide-level. Unfortunately, my bisulphite sequencing results also 

showed no difference between the average overall cytosine methylation in the infected 

neural cells and control samples in a time-course analysis following parasitic infection. 

The same methylation pattern was observed at the 2.7k bp sequences upstream of the 

DBH promoter gene, which suggests that this region may exert no repressive activity in 

DBH expression. Even analysis at each single CpG site resolution of the region did not 

reveal any substantial changes between the compared samples, as shown in the 

mapping of the CpG site profiles (Figures 2.15 and 2.17). Therefore, whether 

transcriptional repression relies on methylation at specific critical CpGs or on the overall 

level of promoter methylation remains uncertain, although it is known that promoter 

strength and methylation density do play some role in gene expression (Bird, 1992; Tate 

and Bird, 1993). In a promoter with rich-CpG sites or containing CpG islands, one 

methylation change at a CpG site may not contribute to any changes in gene 

transcription. Conversely, even a single methylated DNA change at CpG sites on a CpG-

deficient promoter, which can be categorised as a weak promoter, could have major 
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consequences in gene expression (Bird, 1992). One such example was shown in studies 

where the methylation of a single site in a brain-derived neurotrophic factor exon 

promoter could silence the gene (Martinowich et al., 2003). Moreover, it is also unclear 

if the methylation repression occurs in an all-or-none fashion at some critical methylation 

density and whether a half density of methylation can cause an intermediate level of 

gene repression.  

 

One of the major assay-specific issues is that bisulphite sequencing cannot distinguish 

between 5-mC and 5-hmC, suggesting that methylated and hydroxymethylated regions 

of DNA may be underrepresented in this quantitative methylation analyses (Huang et al., 

2010). Thus, 5-hmCs may have been present in the genomic samples, which are 

possible since the 5-hmCs are abundantly found specifically in post-mitotic neurons 

(Kriaucionis and Heintz, 2009), although their potential function in gene regulation 

remains largely unknown. The 5-hmC mediated by TET proteins is a mechanism of non-

passive DNA demethylation. Hence, bisulphite treatment methylation measurements for 

cells having high 5-hmC/5-mC will be unreliable, at least in certain genomic regions.  

 

Collectively, one plausible explanation for the negative or weak findings in both assays 

is that the methylation does not appear to always be very specific in its suppression. The 

regions assessed in this study may not be involved in the repression; other locations in 

the promoter can exist since methylation can act in a distance-independent manner 

relative to the promoter of the gene sequences. There might be subtle changes in 

methylation that occur in regions that were not covered in this study, hence not 

detectable given my small target region size. Alternatively, the DBH gene may be 

represented as a strong promoter that can override the effect of methylation since most 

of the CpG haplotypes mapping were methylated, thus a small locus-specific comparison 

was not comparable (Figure 2.15 and 2.17). The molecular mechanism by which a strong 

promoter prevails over methylation is unknown. Another remarkable explanation for this 
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weak DNA methylation data finding suggests that the DBH gene was not active in the 

uninfected control cultures. Thus, it was necessary to repeat the DBH expression assay 

to check the capability of the control host PC12 cells to express the DBH gene at levels 

seen in previously published studies. 

 

Not all methylation changes will elicit biological effects. It is possible that transcriptional 

repression does not require promoter DNA methylation. Transcriptional activity of some 

genes may be independent of DNA methylation status, although other genes are tightly 

regulated by it. Other genetic mechanisms may act in accordance with or independent 

with the methylation changes. Indeed, some studies showed that for some low CpG 

promoters, there was no significant correlation between gene activity and richness of 

methylated cytosines, wherein the majority of low CpG promoters are predominantly 

methylated in both active as well as inactive state regardless of the methylation status at 

the promoter CpG sites (Eckhardt et al., 2006; Weber et al., 2007). This hypermethylation 

does not preclude gene expression. Notably, several low CpG promoters were 

unmethylated, but still showed active gene expression. Due to limited changes in the 

percent input values observed, neither assay can significantly prove that DNA 

methylation plays a part in gene repression observed in T. gondii infection. Statistically 

insignificant changes may imply no impact on DBH expression in general. However, the 

increasing methylated DNA pattern change results may suggest a small contribution of 

DNA methylation in mediating DBH gene repression. 

 

While there is evidence that T. gondii infection can cause epigenetic changes to host cell 

gene expression (Hari Dass and Vyas, 2014), it is not always clear whether the changes 

are directly induced by the parasite. Even with many epigenetic modulators well-

characterised, the mechanism involved or molecules that initiate the changes and their 

origin are not known. Understanding the mechanisms by which DNA methylation targets 

specific regions of the genome and interpreted is of paramount importance. As the 
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ultimate effect of T. gondii infection is the initiation of behavioural changes, altering the 

DBH gene is a key control in neurotransmitter biosynthesis and metabolism. Once 

triggered, changes in DNA methylation can be self-perpetuating within the host cell. 

Thus, transiently altering the DNA methylation can trigger permanent effects on gene 

expression, in this case, downregulation of DBH expression that can lead to 

dopamine/norepinephrine dysregulation. This could explain the behavioural changes 

seen in the infected host (as described in Chapter 1), which are claimed to be 

consistently associated with the deposition of dopamine production. 

  



95 
 

2.6 Conclusion 

 

The lack of changes in DNA methylation mediated by the T. gondii parasite shown in this 

study still provide a limited understanding of its significance and role in DBH gene 

repression. The data did not confirm our predictions, in which variable CpG methylation 

levels shown in both compared samples may be due to poor CpG density at this promoter 

gene. This, eventually, limited the outcome of this study. The DBH gene may not be over-

expressed and is produced in a very small amount in the studied control neural cells, 

which could explain the lack of apparent effects observed specifically in DNA methylation 

pattern changes. However, it is also possible that the promoter CpG methylation may 

not be the dominant event that causes DBH gene transcriptional repression upon neural 

cell infection. 

 



 

Chapter 3  

Chromatin Modification Changes Coincident with DBH Gene 

Suppression in T. gondii-infected Neural PC12 Cells  

 

3.1 Overview 

 

Previous work in this laboratory (Tedford, 2018) suggested dynamic DNA methylation 

occurs coincidentally with suppression of DBH gene expression in infected 

catecholamine-producing cells. In this chapter, a chromatin immunoprecipitation assay 

(ChIP) was developed to further investigate the mechanism in DBH gene suppression at 

the chromatin level. Changes in chromatin proteins and DNA methylation levels were 

compared. It was postulated that the small difference in DNA methylation changes in the 

DBH promoter gene (Chapter 2) may be due to the fact the cells have chromatin changes 

suppressing transcription that were not yet observable as changes in the DNA, since the 

gene expression can also be suppressed by chromatin (i.e. histone modifications) 

without changes in DNA methylation (Fuks et al., 2001; Ting et al., 2005). My finding in 

the ChIP-qPCR analysis revealed that dimethyl-histone H3 at lysine 9 (H3K9me2) 

protein binding at the 5’TSS DBH gene was increased three days after T. gondii infection. 

The ChIP analysis also showed the deposition of an enzyme that methylates CpG sites; 

DNA methyltransferase 3 alpha (DNMT3a) protein at the same locus was increased after 

24-48 h post-infection. The DNMT3a is responsible for establishing genomic DNA 

methylation patterns which can lead to transcriptional gene silencing (TGS). It also has 

been shown to act as a transcriptional co-repressor required for the initiation of gene 
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silencing (Fuks et al., 2001; Hawkins et al., 2009). These findings suggest histone 

modification proteins and DNMT3a can initiate DBH chromatin condensation and 

transcriptional gene repression. 

 

3.1.1 Repressive histone modification protein markers: Dimethyl-

histone 3 lysine 9 (H3K9me2) and DNA methyltransferase 3 

alpha (DNMT3a) 

 

The packaging of DNA into chromatin is recognised to be a major mechanism by which 

the access of genomic DNA is restricted, thereby regulating gene expression. Chromatin 

can be modified at both the histone and DNA levels with histone modification proteins 

controlling the chromatin structure and DNA packaging. Among histone modifications 

implicated in gene silencing is the methylation of H3K9, where one of its prominent roles 

include X-chromosome inactivation in females. The methylation of H3K9 was the first 

methyl-lysine residue characterised on histone proteins; the di- and tri-methylation of 

H3K9 (H3K9me2 and H3K9me3, respectively) are well-known hallmarks of 

heterochromatin (Rea et al., 2000; Allis and Jenuwein, 2016). Histone modifications can 

act singly or in combination with other proteins to orchestrate the dynamic gene functions 

associated with chromatin and to mediate the chromatin structure changes controlling 

gene expression.  

 

As DNA methylation is often found in conjunction with the H3K9 methyl mark, the 

relationship could suggest a direct interplay between histone and DNA methylation, 

which work in concert to repress gene transcription. The DNA methylation machinery 

includes the enzyme responsible for methylating DNA, DNMT3a. It is abundantly present 

in neurons and appears to be critical in maintaining their de novo dynamic DNA 
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methylation patterns (Goto et al., 1994; Feng et al., 2005). Even though there are two 

major DNA methyltransferases, DNMT3a and DNMT3b, studies found that CpG site-

specific methylation is DNMT3a-dependent for certain genomic loci in de novo DNA 

methylation, although both major enzymes are known to methylate DNAs (Oka et al., 

2006). In addition, DNMT3a expression is ubiquitous which makes its detection much 

easier than DNMT3b, limited to low-level expression in most tissues (Xie et al., 1999). 

Binding of DNMT3a at the locus site would imply a mechanism for the down-regulation 

of DBH gene expression. However, a role for DNA methylation in this process remains 

questionable due to inconclusive MeDIP and bisulphite sequencing data (Chapter 2) that 

failed to demonstrate the involvement of direct DNA methylation at this site. Thus, 

quantitation of the enzyme-binding levels that methylate these DNAs, as such DNMT3a, 

could give further information. As DNMT3a also associates with TGS and is needed in 

pre-initial starts of gene silencing, it is worth knowing its role in DBH down-regulation. 

The ChIP assay method was implemented for such aims.  

 

3.1.2 Chromatin immunoprecipitation assay (ChIP) 

 

The use of the ChIP assay in discerning protein-DNA interactions has increased in recent 

years, allowing for the study of epigenetic markers and transcription factors binding DNA 

and by extension, gene regulation. The ChIP coupled with real-time qPCR has become 

the gold standard assay for chromatin organisation studies (Kuo and Allis, 1999; Nelson 

et al., 2006; Dahl and Collas, 2008; Collas, 2010). In this chapter, I describe some ChIP 

method optimisations relevant to the current study. The original conventional ChIP 

protocol (Orlando et al., 1997; Kuo and Allis, 1999) was amended to make the assay 

applicable for the extracted chromatin of rat PC12 cells. The procedure, briefly, consists 

of a formaldehyde crosslinking fixation step to fuse the DNA-protein interactions, 

followed by a series of cell lysis steps to extract the nuclear chromatin, then finally, 
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chromatin fragmentation by sonication prior to immunoprecipitation (IP) of the antibody-

protein chromatin complexes (Figure 3.1). The formaldehyde-crosslink is then reversed 

and the immunoprecipitated bound-DNA is purified. Subsequently, downstream 

applications such as real-time qPCR are used to quantify the enrichment of the 

precipitated protein-binding relative to the total extracted protein DNA. 

 

 

 

Figure 3.1 Outline of the ChIP-real time qPCR procedure. 
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3.2 Methods 

 

3.2.1 Growth of host cells and parasites and induction of parasite 

conversion stage  

 

As described in Chapter 2 (Sections 2.3.1 and 2.3.2), shocked and liberated type II 

Prugniard strain tachyzoites were prepared and used in this chapter. PC12 cells were 

infected with a parasite:cell of 1:1. 

 

3.2.2 Cell harvesting and formaldehyde-crosslinking 

 

A cell count was visually conducted using a haematocytometer. However, for an accurate 

measurement of cell number, important for sample standardisation in this time-course 

study, the CyQuant® Cell Proliferation Assay kit (Invitrogen, UK), a fluorescence-based 

assay, was also employed. The fluorescence assay was measured by the Polarstar 

Omega microplate reader (BMG Labtech, UK). PC12 cells at a density of 5 × 105 cell/mL 

in 50 mL RPMI medium were cultured in a T175 (175 cm²) flask. While harvesting, four 

culture flasks were used per assay sample, two each for infected and uninfected cells. 

Samples were collected for five continuous days following T. gondii infection. The cell 

culture samples were pelleted by centrifugation for 10 min at 3250 x g (2500 rpm). Cross-

linking was then allowed to proceed for 10 min at room temperature with 1% 

formaldehyde (in 10 mL phosphate buffer saline [PBS] solution, pH 7.4) and the process 

was stopped by the addition of 0.125 M glycine. After an additional 5 min incubation at 

room temperature, the cross-linked cells were collected by centrifugation for 10 min at 

3250 x g (2500 rpm) and the cell pellet was rinsed twice with 10 mL PBS buffer. The cell 

pellets were stored at −80 °C. 
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3.2.3 Chromatin extraction and shearing 

 

The cell pellet was resuspended in 1.0 mL of ChIP lysis buffer (20 mM Tris HCl pH 8.0, 

85 mM KCl, 0.5% Igepal CA-630) supplemented with a protease inhibitor cocktail 

(Roche, UK). The suspension was incubated for 10 min, then passed through a mixing 

needle (19 gauge) 20 times to break apart the clumped PC12 cells while keeping the 

nuclei mostly intact. The crude nuclear preparation was then collected by centrifugation 

at 8609 x g (10,000 rpm) for 5 min at 4 °C in a 2.0 mL microcentrifuge tube. The 

supernatant was removed and was resuspended by finger vortex in 350 µL nuclei lysis 

buffer (50 mM Tris HCl pH 8.0, 10 mM EDTA, 1% sodium dodecyl sulfate (SDS), and 

protease inhibitor cocktail). For the sonication step, the cell lysates were aliquoted into 

0.2 mL tubes, 50 µL volume each, to meet the sonicator requirements. Sonication was 

performed for 5 min on the EpiSonic Multifunctional 1100 Bioprocessor (Epigentek, 

USA). The sonication conditions were optimised prior to the IP assay. 

 

3.2.3.1 Sonication optimisation for chromatin shearing 

 

The sonication time was determined by sonicating the cell lysate (formaldehyde-

crosslinked), prepared as above, in a time-based manner. By choosing a constant 

amplitude of 17% (amplitude machine ranges from 1% to 20%, corresponding to average 

power delivery to the sample), the sample was sonicated for 10 sec on, 30 sec off for a 

total process time of 1 to 5 min. The chromatin sample was then reverse cross-linked 

with a concentrated salt solution containing 0.2 M NaCl, treated with 2 µL of Proteinase-

K (20 mg/mL) and incubated overnight at 60 °C prior to gDNA extraction. The chromatin 

shearing performance was tested by loading the purified gDNAs onto 1% agarose gel to 

determine the fragment sizes for each sonicated-minute samples. The ideal fragment 

sizes range from 400 bp to 1000 bp, with the most fragments at 500 bp. 
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3.2.4 Evaluation of chromatin shearing performance via agarose gel 

electrophoresis 

 

Extracted gDNAs were loaded (1 µg of gDNAs per lane) in a 1% agarose gel (Bio-Rad 

Laboratories, USA) containing 0.5 µL/mL GelRed Nucleic Acid stain (Biotium, USA). A 

2-log ladder (New England Biolabs, UK) was used for size comparison. Electrophoresis 

was performed at room temperature for 50 min at 75 volts. Gel images were captured by 

a gel imager (Syngene Ingenius BioImaging, UK). 

 

3.2.5 Chromatin immunoprecipitation 

 

Prior to IP reaction, the chromatin was diluted six-fold with ChIP dilution buffer (0.01% 

SDS, 1.1% Triton X-100, 1.1 mM EDTA, 20 mM Tris HCl pH 8.0 and 167 mM NaCl) 

which gave a total chromatin sample volume of 1.75 mL. The optimal amount of antibody 

needed depends upon the individual antibody used, as recommended by the 

manufacturer and published literature (typically 1–10 µg, diluted with PBS-Tween 20). 

The antibodies used were anti-DNMT3a antibody-ChIP grade ab2850 (Abcam, UK) and 

anti-histone H3 (di-methyl K9) antibody-ChIP grade ab194680 (Abcam, UK). At first, 

each specific antibody was added to the 500 µL chromatin sample (for each IP protein) 

and incubated overnight on a rotator at 4 °C. For an IP control, another 500 µL chromatin 

sample was incubated with rabbit anti-IgG (Sigma, USA). A pre-cleaned 50 µL (1.5 mg) 

of Dynabeads® Protein G magnetic beads (Life Technologies, UK) was added to collect 

the antibody-protein-DNA complex, then incubated for 4 h on a rotator at 4 °C. Pre-

cleaned magnetic beads were used in order to minimise unspecific chromatin binding 

prior to the IP step. Then, a series of washing steps of the complex were done, starting 

with (1) low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA pH 8.0, 20 mM Tris-

HCl pH 8.0 and 150 mM NaCl); (2) high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM 
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EDTA pH 8.0, 20 mM Tris-HCl pH 8.0 and 500 mM NaCl); (3) LiCl buffer (100 mM Tris 

pH 8.0, 500 mM LiCl, 1% NP-40 and 1% Deoxycholate); and then completed with three 

additional washes with (4) TE buffer (1 mM EDTA and 10 mM Tris-HCl pH 8.0). The 

protein complexes were separated by using a magnetic separation device. 

 

3.2.6 DNA crosslinking reversal and isolation 

 

After IP, the protein-DNA was eluted from the magnetic beads by adding freshly prepared 

25 µL elution buffer (1% SDS and 0.1 M NaHCO3) and incubated at room temperature 

for 15 min with rotation. The supernatant was transferred into a new tube and the elution 

process was repeated once. The two supernatants were pooled, making the total volume 

50 µL. Thereafter, the pooled eluate was reverse formaldehyde-crosslinked in a high 

TES salt buffer consisting of 0.2 M NaCl, 50 mM Tris-HCl pH 8.0 and 10 mM EDTA. 

Then 2 µL of Proteinase-K (20 mg/mL) was added and the samples incubated overnight 

at 60 °C on an incubator shaker in order to facilitate DNA release. The reverse 

formaldehyde-crosslinking step was done in combination with this Proteinase-K 

digestion step. To normalise the results, an Input volume (the chromatin without IP 

reaction) for each sample also was established. A 250 µL from the total diluted chromatin 

was used for the Input (1% SDS in the TES buffer was added for reverse formaldehyde-

crosslinking), which was processed afterward in parallel with the immunoprecipitated 

samples. On the following days, 2 µL of RNAse A (10 mg/mL) was added and further 

incubated for 2.5 h at 50 °C on an incubator shaker. Afterward, the digested-chromatin 

was separated from the magnetic beads, and the eluted DNA was purified by using Zymo 

Chip DNA Clean and Concentrator extraction kit (Zymo Research, California) in 

accordance with the manufacturer's instructions. Additional washing steps were added 

to the column. The Inputs and ChIP DNAs were recovered with 30 µL elution buffer and 

stored at −20 °C prior to further downstream tests. 
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3.2.7 Validation of the ChIP assay performance 

 

Before proceeding with the real-time qPCR, the immunoprecipitated products were 

validated to ensure that the protein-captured steps were successful. The extracted DNA 

of the precipitated samples were amplified using standard PCR in which 5’TSS DBH 

gene primer pairs were used (MeDIP primers in Chapter 2). The PCR products of both 

protein-bindings were loaded onto 1.5% agarose gel electrophoresis. The Input samples 

were used as controls.  

 

3.2.8 Real-time qPCR and data analysis 

 

The real-time qPCR, data analysis were performed as stated in the previous chapter 

(Chapter 2; see MeDIP assay). 
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3.3 Results  

 

3.3.1 ChIP assay optimisation  

 

3.3.1.1 Cell harvesting and formaldehyde cross-linking 

 

Several important measures were carefully considered while optimising the assay. A 

large culture density was used for sample collection to get a high chromatin yield and 

protein recovery. Based on the literature, at least 1 × 107 cells are needed for an IP 

reaction. Prior to cell harvesting, formaldehyde-crosslinking was applied to the culture to 

bind the chromatin modification proteins to DNA. The duration of the formaldehyde-

crosslinking is important as too little can result in inefficient crosslinking, while too much 

can result in difficulty lysing cells and shearing chromatin, thus reducing protein recovery. 

Therefore, the recommended 10 min standard time was used and I found it worked well 

for the rat PC12 cell line used in this study. However, a duration of 8 min was tested and 

can also be used without giving any noticeable change in the effects of the sonication 

process. The formaldehyde-crosslinking and glycine steps were performed in a conical 

Falcon tube rather than in the large culture flask for easy handling of the large cell culture 

volumes and also, to minimise using a large volume of the hazardous formaldehyde 

reagent. For chromatin extraction, I decided to increase the proportion of buffers used 

for the cell pellet to aid the chromatin extraction process. This is due to the large cell 

culture volume that was used in this study. Accumulation of very thick cell lysates derived 

from the large culture could hinder the nucleus release, as protein-DNA interaction 

occurs primarily in the nuclear compartment. Apart from that, since the concentration of 

the SDS in the buffers also influences the cell lysis and sonication process, three different 

buffers were implemented to assist in extracting the tight binding of the proteins-DNA 
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that is formed by formaldehyde-crosslinking, prior to the IP step. SDS is a detergent that 

helps in nuclear chromatin extraction but its presence would interfere with the IP steps. 

Diluting the chromatin with the ChIP dilution buffer prior to the precipitation process can 

reduce the SDS concentration. Furthermore, these implemented buffers allow for the 

recovery of cleaner nucleus lysate pellets that can improve the sonication process and 

chromatin release. Moreover, chromatin shearing is a key step to success in the following 

IP steps.  

 

3.3.1.2 Determination of chromatin sonication time 

 

The sonication setting is highly variable depending on the type of sonicator used; thus, 

optimisation is needed to determine the ideal time to achieve DNAs with target lengths. 

The best workable fragment length is approximately 500 bp as fragments of such a small 

size can increase the antibody-binding specificity, thus facilitating the IP process. This 

study employed an EpiSonic multifunctional bioprocessor sonicator (Epigentek, USA) 

with a recirculating chiller embedded. This chiller provides a cold environment in the 

designated water bath for the sample at all times, specifically during the sonication 

process. In addition, a proper shearing method is acquired not only for each device but 

for each kind of cell, tissue, or gDNA. I tested the chromatin lysates from the PC12 cells 

for a duration of 1-5 min, sonicating for 6 to 30 cycles at high power. A 5-min sonication 

time worked best for this extracted chromatin. As shown in Figure 3.2, a 5-min sonication 

time was enough to shear the gDNA strands from the chromatin lysates into fragmented 

strands with an average length of 500 bp.  
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Figure 3.2 Chromatin sonication time. Chromatin extracted from PC12 cell lysates 

was sonicated in a time-based manner, from 1 to 5 min in a pattern of 10 sec on, 30 sec 

off with an amplitude of 17% using an EpiSonic multifunctional 1100 bioprocessor 

sonicator (Epigentek, USA) followed by reversal of formaldehyde crosslinking and DNA 

purification. The average suitable length for the ChIP assay, which is 500 bp fragmented 

DNA, was determined to be 5 min.  

 

3.3.2 Optimisation and validation of the ChIP assay performance 

 

The diluted sonicated chromatin was used for the IP assay in which two protein 

antibodies of interest, anti-DNMT3a and anti-H3K9me2, were tested. A range of 

chromatin volumes (standardised by the starting cell numbers) was tested to obtain 

positive protein bindings with an ideal antibody:chromatin ratio (data not shown). The 

manufacturer’s suggested antibody concentrations were used as stated in the product 

sheet and published literature, where both commercial antibodies used were ChIP-grade 

quality (Abcam, UK). Negative control IP with rabbit anti-IgG antibody was at very low 

levels, confirming the specificity of these studied antibodies. Commercial magnetic bead 

complexes were used to facilitate protein separation by a magnetic technique which 

eases visibility. Magnetic beads eliminate the needed for centrifugation and thus can 

reduce the potential of sample loss and contamination compared to agarose beads used 

in the original ChIP protocol (Orlando et al., 1997; Kuo and Allis, 1999), and offers highly 

reproducible results. However, agarose beads have a higher capacity for binding due to 
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their porous nature and thus higher surface area. The ChIP assay ended with DNA 

extraction of the bound immunoprecipitated DNA by a commercial spin-column DNA 

extraction kit that is specifically designed for the ChIP reaction. I used the spin-column 

for DNA recovery in the final IP step to minimise DNA loss from the minute precipitated 

proteins recovered. It also helps avoid phenol contamination in the end product if the 

phenol-chloroform extraction method is used beforehand as it is in the original ChIP 

protocol. Excess detergents in the buffers that can interfere with the downstream step in 

qPCR reaction could also be removed easily by the spin-column.  

 

The positive bound-proteins were verified with a standard PCR amplification as shown 

in Figure 3.3. Gel electrophoresis analysis of both protein bindings confirmed the 

presence of a single fragment with the correct size (242 bp), indicating an optimised, 

working ChIP assay. This assay also managed to recover both of two DNA binding-

proteins that were processed in parallel, originating from a single chromatin extraction of 

large-scale cell culture, thus saving processing time. The enrichment of each protein 

recovered from the same cell cultures can be compared. 

 

 

Figure 3.3 A working ChIP assay for protein binding. Immunoprecipitated DNAs from 

immunoprecipitation (IP) with DNMT3a and H3K9me2 antibodies and purified gDNAs 

were amplified by a standard PCR. The primer pairs of the 5’TSS DBH gene region were 

used with the expected PCR products at 242 bp in length. Lane 1: 2-log ladder (New 

England Biolabs, UK); Lanes 2 and 3: IPs of DNMT3a and H3K9me, respectively; Lanes 

4 and 5: gDNA starting material from the two IP tests; Lane 6: no template control (NTC).  
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3.3.3 Summary of ChIP assay optimisation 

 

In each ChIP assay step, a number of parameters were measured for optimisation as 

aforementioned and the optimal conditions summarised (Figure 3.4). The ChIP assay is 

amenable to variations in virtually every aspect of the assay, from the size of chromatin 

input, the time dedicated for IP, washing, elution, reverse cross-linked and Proteinase-K 

incubation to precipitate DNA recovery, which has made it a very complex and sensitive 

method. This study has tried to develop a simplified method that is shorter, uses a 

minimal amount of costly reagents and equipment, and provides a reduced potential for 

sample loss or contamination. Taken together, these considered measures have 

resulted in an improved and optimised ChIP assay that is suitable for rat dopaminergic 

neural PC12 cells and could also be implemented with other neural cell lines.  

 

 

Figure 3.4 ChIP assay parameters optimised for rat neural PC12 cells. 
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3.3.4 ChIP real-time qPCR assay of T. gondii-infected PC12 cells 

 

After obtaining an optimised and working ChIP protocol, the enrichment patterns of the 

DNMT3a enzyme and H3K9me2 histone modification protein in T. gondii-infected and 

control PC12 cells were quantitated and analysed by real-time qPCR. 

 

3.3.4.1 DNMT3a-ChIP protein-binding patterns in five days following T. 

gondii post-infection 

 

Overall, the ChIP assay demonstrated small percent input values (0.08 – 0.58 %) of 

DNMT3a protein binding at the region immediately 5’ of the DBH gene, thus suggesting 

low binding of this enzyme to the chromatin.  On day 1, 0.58 percent input of infected 

sample versus 0.47 percent input control was observed, while 0.26 percent input in 

infected versus 0.09 percent input of control on day two, 0.25 percent input of control 

over 0.13 percent input of infected sample on day three, 0.10 percent input of infected 

over 0.08 over control on day four and 0.11 percent input of infected over 0.10 percent 

input sample on day five. As demonstrated, overall, the small values demonstrated no 

apparent changes between the infected and uninfected samples. However, during this 

time-course study, day two showed greater DNMT3a binding in the infected cell than the 

uninfected control at this site (Figure 3.5). 
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Figure 3.5 ChIP analysis of DNMT3a binding at the 5’TSS of the DBH gene in T. 

gondii-infected PC12 cells. A time course of infection (day 1 to day 5) was performed 

and DNMT3a binding at the 5’TSS of the DBH gene measured in the cells by 

immunoprecipitation and quantitated by real-time qPCR. On day two, levels in infected 

cells are three times greater than uninfected cells on the same day. The DNMT3a levels 

in infected and uninfected cells were comparable on all days except day two. The percent 

input values of the protein bindings (500 µL starting volume) were negligible compared 

to the total starting chromatin input (250 µL starting volume). A single biological repeat 

is shown with duplicate technical repeats in the ChIP test. Statistical test could not be 

made due to uncompleted triplicate data values that was required to generate an 

acceptable statistical test. 
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Binding of DNMT3a at a region 2.7k bp upstream of the DBH gene was also measured 

(Figure 3.6). Daily samples beginning only at day three of infection were analysed as a 

preliminary evaluation of this region a few days post-infection plus with time limitation. 

The protocol was modified to use Magna ChIPTM Protein A+G magnetic beads (EMD 

Millipore, USA) to increase the protein-antibody binding. Protein G has the best affinity 

for a range of antibody, and experiments comparing protein A, G, and A/G magnetic 

bead blends revealed that a combination of both protein A and G beads worked and had 

higher sensitivity and recovery, improving signal-to-noise ratios (Sikes et al., 2009). 

Interestingly, the levels of DNMT3a bound were increased 1.6-fold at day three (5.5 % 

uninfected and 9.2 % infected), 14.5-fold on day four (0.6 % uninfected and 8.7 % 

infected) and 1.8-fold on day five (3.2 % uninfected and 5.8 % infected) although these 

experiments need more biological repeats to verify the findings.  

 

 

Figure 3.6 ChIP assay for DNMT3a binding 2.7k bp upstream of rat proximal 

promoter DBH gene. A bar graph of DNMT3a binding for days 3-5 post-infection 

comparing infected and parallel uninfected cultures. ChIP and real-time qPCR were 

applied. Higher amounts of DNMT3a protein was bound at all infected time points. Bar 

graph data shows a single independent IP experiment with duplicate technical repeats 

in the qPCR. Statistical test could not be made due to uncompleted triplicate data values 

that was required to generate an acceptable statistical test. 
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3.3.4.2 ChIP analysis of H3K9me2 in chromatin associated with the DBH 

gene following T. gondii infection  

 

A time-course analysis for H3K9me2 histone protein modification was also performed 

with infected cultures and showed changed levels at the 5’TSS DBH gene in infected 

cells, suggesting a role for chromatin modifications in the suppression of DBH gene 

expression during parasitic infections (Figure 3.7). Not surprisingly, the amount bound of 

this histone marker overall was higher than the DNMT3a enzyme (in Figure 3.5). Over 

the course of the infection, the H3K9me2 mark increased on day three onwards post-

infection. On day three, H3K9me2 increased 1.9-fold with infection, 1.6-fold on day four, 

and the highest percent input value on day five, which showed a 3.8-fold increase. This 

analysis should be subject to more biological repeats.  

Unfortunately, due to time constraints, the 2.7k bp region was not examined for 

H3K9me2 binding. 

 

Figure 3.7 ChIP analysis of H3K9me2 protein-binding patterns at the 5’ promoter 

of the DBH gene in T. gondii-infected PC12 cells. A time course of infection with daily 

time points was performed and H3K9me2 levels adjacent to the DBH gene monitored by 

ChIP and real-time qPCR. A bar graph of the data shows a pattern of increasing 

H3K9me2 mark with infection compared to controls. Graphed data showed one 

independent IP experiment with duplicate technical repeats in the qPCR. Statistical test 

could not be made due to uncompleted triplicate data values required for a statistical 

test. 
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3.4 Discussion 

 

A major goal of the ongoing work was to understand the underlying mechanisms of 

chromatin complex assembly at a single gene locus. Hence, the ChIP assay provides 

fundamental insights into where and when regulatory factors bind to the DNA template. 

The development of experimental strategies to achieve these goals requires a more 

comprehensive understanding of how the procedures were performed and can be fully 

optimised to obtain true snapshots of the chromatin states. Certainly, it is evident that 

variations in protocols can yield different interpretations. All modifications and 

optimisation in each step of the ChIP assay implemented in this study were described in 

detail in the Results section. The optimised ChIP assay successfully immunoprecipitated 

and PCR-amplified both the studied proteins, DNMT3a and H3K9me2, isolated from the 

extracted chromatin of rat neural PC12 cell line. Henceforward, this working assay could 

be implemented on other histone modification proteins.  

 

This is the first study to characterise the epigenetic modification changes; including the 

DNA methylation catalyser, DNMT3a, and histone lysine modification, H3K9me2, at the 

rat DBH promoter gene, analysed by the ChIP assay. The ChIP assay analysis produced 

incremental DNMT3a and H3K9me2 protein levels upon T. gondii infection, suggesting 

their role in modulating DBH gene transcription activity. This study postulated that there 

was involvement of epigenetic factors in regulating DBH gene expression; they could act 

as main regulators that reduce endogenous DBH mRNA expression levels upon 

infection.  

 

The ChIP analysis of the 5’ region of the DBH gene showed that level of DNMT3a, which 

is responsible for de novo methylation, in infected cells were higher than in uninfected 

cells at day one and day two. This is in accordance with Chapter 2 results that DNA 
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methylation pattern was higher in infected sample at the 5’TSS DBH gene 48 hours 

following infection. In one possible pathway, DNA methylation is the first event that 

initiates the repression resulting in modification of the histone terminal tails forming a 

silenced chromatin (Jones et al., 1998; Nan et al., 1998; Schübeler et al., 2000). 

However, the ChIP data showed that the DNMT3a level in the infected sample on day 

three was less than uninfected control as compared to day one and day two which 

showed infected samples with greater percent inputs than uninfected controls (Figure 

3.5). These results could be due to DNMT3a finishing its methylation catalysis and 

leaving the DBH gene or technical reasons regarding the minute amounts of precipitated-

bound proteins captured by the ChIP assay and the low enzyme expression level. 

Meanwhile, analysis of the 2.7k bp upstream region of the DBH gene demonstrated an 

increased pattern of DNMT3a binding at the locus from day three onwards (samples on 

day one and day two were not collected due to time limitation). As DNA methylation in 

this 2.7 kb upstream region was not observable (Chapter 2), re-evaluating the bisulphite 

sequencing finding at this site is recommended for further investigation. 

 

Meanwhile, in a second possible mechanism, the DNA methylation might not be required 

for gene silencing at all, or could take place as a secondary event after the chromatin 

has been silenced, where it is involved mainly for maintaining the inactive chromatin 

state (Fuks et al., 2001; Bird, 2002; Mutskov and Felsenfeld, 2004). DNMT3a was 

reported can be targeted to specific regulatory loci through its association with DNA-

binding transcription factors. Increasingly studies have claimed that DNMT3a can 

operate to depress transcription independently of its de novo methylation activity (Fuks 

et al., 2001; Weinberg and Morris, 2013); this could provide an explanation for the 

apparent contradiction between the data on DNA methylation in Chapter 2 and the data 

in this chapter. DNMT3a has also been reported to interact with non-coding RNAs to 

regulate transcription (Holz-Schietinger and Reich, 2012; Miller et al., 2012). Increasing 

evidence suggests that it is required for small and long non-coding RNA-directed TGS in 
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human cells (Weinberg et al., 2006; Hawkins et al., 2009; Morris, 2009). However, the 

site-specific recruitment of DNA methyltransferases on genes and thereby targeted de 

novo promoter hypermethylation (to promote transcriptional repression) is the most 

commonly reported mechanism in the published literature (Bird and Wolffe, 1999; 

Stirzaker et al., 2004; Hervouet et al., 2009). Even though a trend of increased DNMT3a 

and H3K9me2 with infection was observed in these ChIP analyses, this experiment 

requires more than one replicate.  

 

Meanwhile, an increase of the repressive histone modification mark, H3K9me2, with 

infection was also observed in this study. The ChIP assay revealed that H3K9me2 could 

specifically bind to the 5’TSS region of the DBH gene (Figure 3.7). The increasing histone 

marker in the infected cells compared to control suggests an epigenetic mechanism that 

could be induced by the parasite. This histone protein-binding is postulated to be able to 

promote a repressed chromatin structure, forming a heterochromatin state, and 

thereafter hindering transcription factor binding to the DBH promoter via inaccessibility 

to the transcriptional machinery and subsequent shut down of the gene transcription. An 

important role for H3K9me2 in mediating gene repression is well-established (Grewal 

and Moazed, 2003; Stewart et al., 2005; Mozzetta et al., 2014; Weinberg and Morris, 

2016). Direct H3K9me2-binding to the locus site results in chromatin structure changes 

that create a compact chromatin that does not permit transcription. It is thought that 

methyl-K9 facilitates the formation of heterochromatin whereas histone deacetylation is 

required for the repressive function of dimethyl-K9 (Stewart et al., 2005). Also, another 

study reported dimethylation of H3K9 creates a high-affinity binding site for the 

heterochromatin protein HP1, an essential component of heterochromatin formation 

state  (Lachner et al., 2001). Similarly, it was recently reported that T. gondii-induced 

host chromatin remodelling at a STAT1-regulated gene led to the unresponsiveness of 

infected macrophages to IFN-γ, a cytokine crucial for controlling parasite replication 

(Lang et al., 2012). The study showed that epigenetic alterations can be implemented by 
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this parasite in its host cell, whether it was used to evade the host immune system, adapt 

to a new niche, reproduce or manipulate the host brain. 

 

Remarkably, ChIP data showed that the H3K9me2 protein level started to increase on 

day three post-infection, by comparing day one and day two which demonstrated less 

protein-binding in the infected samples (Figure 3.7), signifying its binding to the locus site 

in an ordered manner after DNMT3a protein-binding and DNA methylation at the DNA 

locus site. Although it is still too early to predict, the data may suggest that the 

methylation-dependent repression of DBH gene activity influenced the assembly of 

chromatin proteins to the locus site, initiated by the invading parasite to the host cell. 

How the protein-binding was attracted to the site remains unclear, although the effector 

proteins secreted by the parasite could play a role. However, due to practical constraints, 

this ChIP assay data was produced by only a single biological replicate and 

demonstrated minimal changes with no substantial difference between the compared 

samples. Thus, the reported changes in the histone modification protein-binding cannot 

be definitively credited. Furthermore, the current study has only examined one repressive 

histone protein mark. The involvement of other chromatin modification proteins needs to 

be assessed by the ChIP assay. Therefore, the precise sequence of events in the 

mechanism of DBH gene repression remains unknown.   

 

Accumulating evidence suggests that an epigenetic cross-talk, the interplay between 

DNA methylation and histone modification proteins, may be involved in the process of 

gene transcription and aberrant gene silencing. However, the ChIP analysis in this study 

could not observe any direct interaction between the DNMT3a enzyme and the histone 

protein-binding at the 5’TSS DBH gene. This time-course analysis gave a too broad 

prediction with wide observation windows, thus limiting observation of more direct 

interactions and alterations of both protein-bindings. Further follow-up experiments 

utilising an hourly time-course may be preferable. Nevertheless, this study demonstrated 
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an increased level of DNMT3a on day one to day two, while the dimethylation of 

H3K9me2 occurred on day three. Direct interaction of both protein bindings on day two 

to day three could possibly take place at the locus site.  

 

Of note, repressive effect has been reported by the trimethylation of H3K9 (Bulut-

Karslioglu et al., 2014; Becker et al., 2016) instead of the dimethylation to detect 

significant changes in values for the ChIP assay. As this study used an antibody that was 

specific to the H3K9me2 protein, the influence of H3K9me3 proteins was not evaluated. 

Thus, it is possible that the H3K9me3 contributes jointly with H3K9me2 in silencing the 

DBH gene. Hence, a more repressive effect could be observed in the ChIP analysis. The 

interplay among these two distinct modification states is currently poorly understood in 

the literature. However, both histone modifications are reported to correlate with 

heterochromatin and gene silencing. Even though H3K9me2 and H3K9me3 modify the 

same amino acid residue (lysine 9), the trimethyl modification of H3K9 is not built upon 

the dimethyl modification as the H3K9 demonstrates independent acquisition to the 

targeted site, exhibits divergent localisation and requires different histone 

methyltransferases (Rice et al., 2003; Bessler et al., 2010). Furthermore, the 

trimethylated H3K9, but not the dimethylated H3K9 was shown to mark chromatin 

regions for cytosine methylation in Neurospora crassa fungi (Tamaru et al., 2003). Thus, 

different protein antibody-binding is needed to capture the protein-binding at the studied 

region for more clarification. However, it is possible that the modified protein works singly 

as well as in combination to mediate the distinct associated functions. 

 

The weak histone protein-binding pattern changes observed in the infected cells may 

only denote a normal state of the dynamic changes of histone protein-bindings at a 

specific locus site. The presence of certain protein modifications may not indicate a 

unique regulatory status (that is, ‘on’ or ‘off’) against the gene expression. However, 

further experiments are needed for a clear interpretation. Almost all of the current 
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knowledge supports the idea that there is an accumulation of effector protein repressive 

complexes at the specific locus site that play a role in controlling gene expression. It is 

believed that they act in concert to regulate the transcription of a gene. Alterations in the 

chromatin modification proteins are highly associated with chromatin remodelling; 

changes in the chromatin structures will affect which genes are expressed in the cell 

genome. 

 

3.5 Conclusion 

 

Studying protein-binding interactions and epigenetic protein changes in the parasite-host 

relationship may facilitate a renewed approach to deal with parasite infection. The 

present study was designed to determine the involvement of the repressive histone 

protein modification marker, H3K9me2, in the downregulation of DBH gene expression 

in the infected rat neural PC12 cell. The implemented ChIP assay successfully showed 

that the H3K9me2 protein-bindings was increased in a time-based manner upon T. 

gondii infection. Meanwhile, the level of DNMT3a enzyme was increased at the 

beginning of parasite infection, and thereafter maintained the same level as the controls. 

Both pattern changes might have been involved in the DBH gene repression upon T. 

gondii infection. Hence, this study has provided the first insight into the regulation of 

H3K9me2 and DNMT3a protein at the DBH gene upon T. gondii infection. However, 

more studies are needed to characterise the complete set of factors that affect gene 

transcription to gain a better understanding of the mechanisms underlying epigenetic 

DBH gene regulations. 



 

Chapter 4  

Assessing DBH Gene Expression in PC12 Cell Lines Used for 

Chromatin Studies 

 

4.1 Overview 

 

Based on the high basal level of DNA methylation found for the upstream DBH gene 

region (Chapter 2) in the uninfected PC12 cells used and the minimal change in histone 

modifications with infection measured by ChIP (Chapter 3), we felt that it would be 

reasonable to screen the expression of dopamine (DA) and norepinephrine (NE) in the 

cell stocks that were used. As several prior published studies (Prandovszky et al., 2011; 

Martin et al., 2015; Alsaady et al., 2019) and two PhD theses (Al-Saady, 2016; Tedford, 

2018) in this laboratory had used these cells, we had assumed that the expression of DA 

and NE would demonstrate the same expression levels as previously observed. 

Therefore, for thoroughness of this PhD study, I reassessed and determined their 

expression levels by repeating a gene expression assay evaluating the transcriptional 

activity of mRNA dopamine β-hydroxylase (DBH) gene in the rat neural PC12 cells in 

response to T. gondii infection, as published previously by this laboratory (Alsaady et al., 

2019).  As expected from my earlier findings (Chapters 2 and 3), only minimal changes 

were found in DBH gene expression after T. gondii infection over a time course qPCR 

analysis. The parasites were confirmed viable by an increase in BAG1 and Toxo-actin 

over time. Catecholamines measurement by HPLC-ECD showed DA biosynthesis but 

low NE production in the uninfected control cells, indicating low DBH expression, as DBH 
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is the enzyme responsible for converting DA into NE. Low expression of the DBH gene 

in uninfected control cells overlaid the observed outcomes in these epigenetic 

modification assays studying transcriptional DBH gene silencing in parasite-infected 

cells. 

 

4.2 Toxoplasma gondii induces DBH down-regulation at the 

transcriptional level 

 

Expression of the gene encoding the neurotransmitter biosynthetic enzyme DBH is 

regulated in tissue-specific patterns, in, among others, noradrenergic and adrenergic 

brain cells. Transcription of the DBH gene is influenced by environmental stimuli 

including parasitic infections. Alterations in DBH expression have been implicated in the 

pathogenesis of cardiovascular and neuropsychiatric disorders such as hypertension 

(Chen et al., 2010), major depression (Cubells et al., 2002), Parkinson’s disease (Healy 

et al., 2004), and Alzheimer’s disease (Combarros et al., 2010; Mustapic et al., 2013), 

which is potentially connected to changes in central catecholamine levels. The rat neural 

PC12 cell line is derived from the rat adrenal gland. These cells are capable of producing 

and releasing catecholamines, including DA and NE, and their catalyser, DBH. Thus, it 

has been commonly used in neurobiological and neurochemical studies to create 

artificial nervous system tissue models in brain function studies.  

 

It is currently unknown whether infection by the intracellular T. gondii parasite, 

specifically the chronic bradyzoite stage that resides in neuron cells, is able to modulate 

host gene regulation. Localised within host cells, the parasites have a chance to directly 

interfere with the host genome and manipulate gene transcription. As brain cells act as 

major regulators of human body systems controlling all aspects of memory, cognition, 

movement, and emotion, any system aberration may interrupt normal regulation of 
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cellular and physiological functions. Even if only a single gene is forced to be over-

expressed or depressed in a normal cell, it may cause chaos in the synapses and 

receptor networks. Indeed, many infections result in differential host gene expressions, 

especially those involved in stress responses or inflammation which can lead to changes 

in the expression of specific genes, such as shown in the T. gondii infection. The infection 

causes changes in host transcript expression, such as that of chemokines, cytokines, 

extracellular matrices, and growth factors that regulate various cell functions. Some host 

gene expression changes are often organism-specific, suggesting that these effects are 

orchestrated by the invading organism. Our group previously found that gene expression 

of mRNA DBH was specifically depressed following T. gondii infection, in parallel with a 

decline of NE in the brain of the infected hosts, both in vivo and in vitro (Alsaady et al., 

2019). The decreased NE was suspected of having an association with DBH 

suppression.  

 

4.2.1 DBH catalyses the synthesis of norepinephrine from dopamine  

 

Classified as catecholamines, monoamines containing a catechol group, DA and NE are 

the principal neurotransmitters localised in discrete brain regions that play essential roles 

and mediate a variety of CNS functions such as movement control, emotional cognition, 

memory processing, and endocrine modulation in the brain. Central nervous system 

catecholamine is synthesized from the amino acid tyrosine, which is actively transported 

from the liver to the brain. The biosynthetic pathway (Figure 4.1) is catalysed by the 

consecutive action of four enzymes: tyrosine hydroxylase (TH), aromatic amino acid 

decarboxylase (AADC), dopamine β-hydroxylase (DBH), and phenylethanolamine N-

methyltransferase (PNMT). Tyrosine hydroxylase is the initial and rate-limiting enzyme 

in the pathway which converts tyrosine to L-dopa, which in turn is acted upon by AADC 

for rapid conversion to dopamine. Norepinephrine is then produced from DA by 
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hydroxylation of DBH and finally, in adrenergic neurons in the peripheral system, NE is 

methylated by PNMT to produce epinephrine (Hoyle et al., 1994; Daubner et al., 2011). 

 

Figure 4.1 The biosynthetic pathway of catecholamine neurotransmitters.  

 

As DBH is the final enzyme in NE biosynthesis in the noradrenergic nerve endings of the 

central and peripheral nervous systems, alteration of its transcription and expression will 

affect the ratio of DA/NE levels in the synapses. This provides a reasonable explanation 

for increased DA levels and a corresponding decrease in NE levels shown in chronic T. 

gondii infection (Alsaady et al., 2019). This gene suppression demonstrates the 

capability of this intracellular parasite to modulate host genomic functions that may lead 

to neuronal alterations. To further explore this, I repeated the DBH gene expression 

assay, focusing on the intensity of mRNA expression following multiplicity of infection 

(MOI) by the shocked liberated tachyzoite T. gondii in infected PC12 cells. The gene 

expression was evaluated in a time-course manner to observe any pattern changes. The 

assay served as a control to check PC12 cells' capability to produce the same 

catecholamine secretion properties reported in earlier works.  
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4.3 Method 

 

4.3.1 Cell plating and harvesting 

 

PC12 cells were standardised to a total of 2.0 × 105 cell in 2.0 mL completed RPMI 

medium (1.0 × 105 cell/mL) for each well in a 6-well plate. The cells were infected with 

parasites in a ratio based manner, by MOI, with parasite:cell ratios of 1:1, 2:1, 3:1, 4:1, 

and 5:1 and a range of parasite numbers from 2.0 × 105 to 1.0 × 106 per assay. Another 

plate of cells was prepared for the uninfected control. Meanwhile, another set of cells 

was prepared for day-based culturing, where the cell cultures were harvested on days 1, 

3, and 5. This cell batch was infected with 1:1 ratio of parasite:cell. The assay plates 

were incubated in 5% CO2 incubator at 37 °C for five days post-infection. The cell growth 

was monitored by microscopy on each day. For harvesting, the cells were removed with 

a scraper and pelleted by centrifugation at 3250 x g (2500 rpm) for 10 min. Cell pellet 

was lysed in 300 µL TRI reagent (Sigma, USA) and was stored in -80 °C freezer or 

proceeded with RNA extraction. 

 

4.3.2 Column RNA extraction and DNase treatment 

 

RNA extraction was done by Direct-zolTM RNA MiniPrep Plus kit (Zymo Research, USA) 

according to the manufacturer’s instruction. Briefly, a prepared resuspended pellet of 

cells dissolved in 300 µL TRI reagent was mixed with an equal volume ethanol (95–

100%) and directly applied to Zymo-Spin column in a collection tube. The column was 

centrifuged at 16,000 × g for 30 sec. The flow-through was discarded. The column was 

then washed with 400 µL RNA wash buffer. The removal of co-purified contaminating 

DNA through DNase I treatment was done twice with 15 min incubation in the column by 

adding 5 µL DNase I (6 U/µL) with 75 µL DNA digestion buffer and then incubated for 15 
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min at room temperature. Thereafter, the column was washed two times with 400 µL 

Direct-zol™ RNA PreWash and one time with 700 µL RNA Wash Buffer. Finally, the 

binding-RNA in the column was eluted with 40 µL DNase/RNase-free water. The 

concentrations of extracted RNA was measured with the NanoDrop spectrophotometer 

(Thermo Fisher Scientific, USA). 

 

4.3.3 Reverse-Transcriptase cDNA synthesis 

 

The eluted RNAs were converted into first strand cDNA using using Maxima H Minus 

First strand cDNA synthesis kit (Thermo Scientific, USA) according to the manufacturer’s 

protocol. A total of 150 ng RNA was used per 20 µL reaction for each sample mixtures 

containing oligo (dT)18 primers, dNTP mix, 5X RT buffer, and Maxima H Minus Enzyme 

mix. The reaction mixtures were incubated for 10 min at 25 °C followed by 30 min at 50 

°C, 20 min at 65 °C, and terminated at 85 °C for 5 min. The reverse transcription reaction 

products were 20 times diluted with DNase/RNase free water and 1 µL of each was 

directly used for RT-qPCR per 25 µL reaction volume. Control reactions, RT negative 

and no template controls, were included for verification of cDNA synthesis. 

 

4.3.4 RT-qPCR 

 

The product of first strand cDNA synthesis reaction was directly used for qPCR reactions. 

The qPCR was performed in a Bio-Rad CFX thermocycler (Bio-Rad Technologies, 

California) in triplicate per sample reaction. GAPDH was used as a control reference 

gene. For each reaction, a qPCR reaction mixture was made as follows: 12.5 µL Brilliant 

III Ultra-Fast SYBR® Green qPCR master mix (Agilent Technology), 1 µL 200 nM 

forward primer, 1 µL 200 nM reverse primer, 1 µL template DNA, and 9.5 µL 

DNase/RNase-free water were added for a total volume of 25 µL. The primer pairs used 
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were as follows: the rat DBH gene primers, forward: 5’-

CCACAATCCACGGAATATACAAG-3’ and reverse: 5’-GATGCCTGCCTCATTGGG-3’; 

and the rat GAPDH gene primers pair, forward: 5’-GTGGACCTCATGGCCTACAT-3’ and 

reverse: 5’-TGTGAGGGAGATGCTCAGTG-3’. The rat GAPDH was used as reference 

gene for the qPCR reaction to normalised the rat DBH gene expression. Another two 

primer pairs used were rat BAG1 gene primers, forward: 5’-

TCCGCCGGGAGCTTGTCCACC-3’ and reverse: 5’-GCAAGTCAGCCAAATTAATCA-

3’, and Toxo-actin gene primers, forward: 5’-CGAGCTGGTCAGTTCCTCAT-3’ and 

reversed: 5’-CATCGGGCAATTCATAGGAC-3’. The qPCR plate was incubated in a 

G1000 Thermal cycler (Bio-Rad Laboratories, California) at 95 °C for 5 min, followed by 

40 cycles of 95 °C for 15 sec, 55 °C for 15 sec, and 60 °C for 45 sec, and ended with 

melting curve analysis. Both sets of primer pairs used the same Ta=55 °C. Data analysis 

was calculated by implementing -∆Cq method (∆Cq = Cq sample – Cq GAPDH). The ∆Cq was 

the difference in Cq values, between Cq sample and Cq reference gene (GAPDH) by 

which the average of Cq GAPDH was substracted from the average Cq sample.  

 

4.3.5 Analysis of catecholamines secretion by HPLC-ECD 

 

For total DA and NE measurements, the PC12 cell cultures were counted and harvested 

by microcentrifugation at 5510 x g (8,000 rpm) for 1 min and rinsed once with 1.0 mL 

phosphate buffer saline (PBS). Thereafter, it was re-pelleted with centrifugation prior to 

a lysing step by 20 sec sonication in 200 µL 0.1 M perchlorate. Finally, the lysates were 

centrifuged at 14,549 x g (13,000 rpm) at 4 °C for 20 min to remove all cell debris. 

Supernatants were taken for HPLC-ECD for neurotransmitters measurement. Reverse 

phase chromatography, combined with electrochemical detection (HPLC-ED) was 

performed with a Dionex HPLC system consisting of a P580 Pump (Dionex, USA) and 

Ultimate 3000 Autosampler Column Compartment (Thermo Fisher Scientific, USA). The 

mobile phase consists of 43 mM sodium acetate trihydrate, 0.1 mM sodium EDTA, 57 
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mM anhydrous citric acid, 1 mM sodium octane-1-sulphonate monohydrate and 10% 

methanol where the pH was adjusted to 4.0. The mobile phase was delivered at a flow 

rate of 0.8 mL/min, and the column temperature was set at 40 °C. Applied standards 

(norepinephrine and dopamine) were dissolved in 0.1 M perchlorate for chromatography. 

The peaks were observed using Chromeleon software.  
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4.4 Results  

 

4.4.1 Minimal changes in mRNA DBH expression during T. gondii 

infection in the rat PC12 cells 

 

A plot of the relationship between the number of parasites and the reduction in DBH 

mRNA expression (Figure 4.2) shows DBH expression in neural PC12 cells were 

unaffected by an increasing number of parasites. These observations demonstrate that 

DBH was expressed equally in the neural PC12 cells regardless of the degree of parasitic 

infection. However, it was clear that all of the infected cells showed a minimal amount of 

repression of DBH gene expression compared to the control cells. 

 

 

Figure 4.2 Plot showing DBH gene expression in MOI of T. gondii-infected PC12 
cells with respect to the housekeeping gene, rat GAPDH, on day five post-

infection, analysed by RT-qPCR. The PC12 cells were infected with MOI of bradyzoite-

induced T. gondii (parasite: cell in 1:1 to 1:5 ratios), and the RNAs were collected on day 

five. The experiment was done in three independent biological repeats (with triplicate 

technical repeats in RT-qPCR). Mean ±SEM values are shown. One-way ANOVA was 

performed to measure significant differences between the samples (p > 0.05; n=3). 
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Although not statistically significant based on variability between biological repeats (one-

way ANOVA; p > 0.05), DBH gene expression values were downregulated at least 1.5-

fold in all of the infected cells compared to the control. Detail data calculation and 

analysis in Appendix B. 

 

Further evaluation of DBH gene expression in the time course samples infected with a 

parasite:cell ratio of 1:1 (Figure 4.3) showed minimal changes in gene expression 

between infected and control samples for each day. The cells showed a slightly 

depressed DBH expression pattern from day 1 to day 5; however, the change was not 

supported by statistical testing (p > 0.05). Detail data calculation and analysis in 

Appendix B. 

 

 

Figure 4.3 Plot showing DBH gene expression of T. gondii-infected PC12 cells with 
respect to the housekeeping gene rat GAPDH at 1, 3, and 5 days post-infection, 

analysed by RT-qPCR. The PC12 cells were infected with bradyzoite-induced T. gondii, 

and the RNAs were collected at 0, 3, and 5 days post-infection. The experiment was 

done in three independent biological repeats (with triplicate technical repeats in RT-

qPCR). Mean ±SEM values are shown. Two-way ANOVA was performed to measure 

the significant differences between (p > 0.05) and within samples from day 1 to day 5 (p 

> 0.05). MOI=1; n=3. 
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To confirm that there were live parasites in the samples, T. gondii BAG1 and actin gene 

expression were also evaluated in the infected samples, analysed by RT-qPCR. The 

BAG1 gene is a stage marker for bradyzoites and the actin gene is a parasite marker for 

gene expression of both T. gondii stages (bradyzoite and tachyzoite). The level of 

parasite gene expression was compared relative to rat GAPDH expression. Figure 4.4 

shows that both genes were expressed in the infected samples, indicating the presence 

of live T. gondii parasites in the host cells. The increase in expression relative to host 

cell number monitored by rat GAPDH expression from day one to day five post-infection 

suggests that both genes were increasingly expressed over time with an increase of 

approximately four-fold. More parasites were therefore assumed to be present in day five 

samples than day one although it is unclear why there is no increase from day three to 

day five. Detail data calculation and analysis in Appendix B. 

 

  

(A) BAG 1 (B) Toxo-actin 

Figure 4.4 BAG1 and Toxo-actin gene expression relative to rat GAPDH expression 
in T. gondii-infected PC12 cells at 1, 3, and 5 days post-infection, analysed by RT-

qPCR. (A) BAG1 gene expression for bradyzoite chronic stage detection. The gene 

expression increased from day 1 to day 5. One-way ANOVA was performed to measure 

the significant differences between samples (p = 0.066) (B) Toxo-actin gene expression 

for parasite detection. The gene expression was increased over time from day 1 to day 

5. One-way ANOVA was performed to measure the significant differences between 

samples (p = 0.111; p > 0.05). All data represent two independent biological repeats for 

both genes (with triplicate technical repeats in qPCR). Error bars are shown. MOI=1; 

n=2. 
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These observations have verified my predictions that the PC12 cells might not produce 

enough DBH to signify genuine repression effects by the parasite obtained in our earlier 

work. Nevertheless, PC12 cells clearly demonstrated a slight but consistent change in 

DBH gene downregulation upon infection. 

 

4.4.2 Reduced catecholamine secretion by rat PC12 cells 

 

Catecholamine release by the PC12 cell line was analysed by HPLC-ECD (Dionex 

Thermo Fisher Scientific, USA). The chromatogram in Figure 4.5 shows that the 

uninfected control PC12 cells were still producing and releasing total DA, detected at 

min-8 relative to the beginning of electrochemical detection. However, there was no peak 

detected in the chromatogram for NE at min-4.2, suggesting very little NE was released 

by the cells. Thus, it can be proposed that there may be no or little DBH released by the 

PC12 cells since DBH is the rate-limiting enzyme in converting DA into NE. 
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Figure 4.5 Catecholamines released from rat neural PC12 cells, detected by HPLC-

ECD. A total of 2 × 105 and 3 × 105 PC12 cells were harvested, and the catecholamines 

released were measured. Both cell samples showed an increase in total dopamine (DA) 

released (peak at minute 8) with increasing cell numbers. However, no norepinephrine 

(NE) peaks were observed at minute 4.2. Two catecholamine standards (2.5 µM, NE and 

DA), were used as neurotransmitter peak references (black line) and perchloric acid 

(PCA) was used as a blank (background) sample (blue line). 

 

4.4.2.1 Variability of the PC12 cell lines between cell batches 

 

For quality control, several batches of the PC12 cells that had been stored in liquid 

nitrogen were analysed. There was a variability of the cells’ capability to produce DA and 

NE (Figure 4.6). Quality checks prior to epigenetic assays of each batch of the PC12 cell 

line used is necessary to validate research findings. 
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Figure 4.6 Examples of HPLC chromatogram of different PC12 cell batches (A and 

B). Batch A shows a reduction in DA and NE release whereas Batch B shows normal 

PC12 cell DA (41.0 ng per 1.0 × 105 cells) and NE (6.15 ng per 1.0 × 105 cells) secretion. 

 

  



134 
 

4.5 Discussion 

 

The noradrenergic PC12 cell line was originally established from an adrenal medulla 

tumour in a rat (Rattus norvegicus) (Greene and Tischler, 1976) that have been used in 

thousands of published studies as model neurons for studying neurotransmission and 

neurological diseases. The rat neural PC12 cells closely resemble neurons with some 

characteristics of nerve cells, thereby creating an artificial neuronal environment for the 

parasite; the neuron is well-documented as the most favourable spot for developing a 

chronic infection. In addition, PC12 cells are capable of synthesising, storing, and 

secreting catecholamines, specifically DA and NE, thus making it particularly relevant to 

study DBH gene expression and catecholamine biosynthesis. Meanwhile, DA 

biosynthesis pathway alterations accompanying T. gondii infection are well-documented 

to strongly associate with neurobehavioral changes associated with toxoplasmosis. 

 

The expression of mRNA DBH showed only slight changes between infected and control 

cells, regardless of parasite load that may be explained by the low level of NE being 

produced. With little DBH expressed, there is very little to be suppressed. This fits well 

with the observation of a 1.5 fold decrease in DBH gene expression with infection in this 

study (Figure 4.2) when prior published work from our laboratory found parasites 

significantly down-regulated DBH gene expression greater than 8-fold (Alsaady et al., 

2019). The low level of DBH expression in the cells used in this study may explain the 

high background of DNA methylation observed in the DBH upstream/promoter region 

(Chapter 2). The minimal downregulation of DBH expression with infection is also 

consistent with the small change in modified histones H3K9me2 and DNMT3a binding 

to the DBH gene (Chapter 3). Changes in NE expression may be due to selective 

pressures stimulated in the culture environment and genetic instability mediated by 

continuous culturing and passaging, as stated by the European Collection of 

Authenticated Cell Cultures (ECACC). Thus, it is possible that the changes in phenotype 
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and genotype of cells have altered its ability to produce certain proteins, and in this case, 

lower DBH expression. Quality control of the cell line used thus becomes of utmost 

importance for this research study. 

 

4.6 Conclusion 

 

The capability of the rat PC12 cell line used in this study to express the DBH gene has 

probably been lost during the extended period of in vitro culture or due to the original cell 

line stored for a long period in liquid nitrogen. These unanticipated observations cannot 

confirm the results obtained from this work. However, they may explain negative 

bisulphite sequencing data and weak outcomes in the MeDIP and ChIP assay. Although 

it was clear that the cells were still producing DBH, and regardless of its low expression, 

downregulation of gene transcription post-infection was still observed. 



 

Chapter 5  

Antisense Long Non-coding RNA (lncRNA) Involvement in 

Post-infection DBH Gene Regulation  

 

5.1 Overview  

 

Numerous studies have proposed functional roles for short miRNAs in T. gondii infection 

(Pope and Lässer, 2013; Jia et al., 2014; Kim et al., 2016; Hu et al., 2018) and recently 

there is increasing interest in longer non-coding transcripts, called long non-coding RNAs 

(lncRNAs). In this chapter, my study of how T. gondii downregulates DBH gene 

expression in host cells continues with an attempt to detect the presence of an antisense 

lncRNA that binds the DBH gene promoter in T. gondii-infected rat neural PC12 cells. 

Due to time constrain, only infected sample of day five was used throughout this study. 

I implemented a two-step directional reverse transcription-polymerase chain reaction 

(RT-PCR) method to detect the complementary antisense lncRNA at a specific locus 

region in the DBH promoter sequences in T. gondii-infected rat PC12 cells. This 

approach is based on the assumption that the antisense lncRNA exists and primers can 

be designed to detect it. Several specific bands representing each PCR primer set (Set 

1, 3 and 4) present at the DBH gene locus of interest were observed in agarose gel 

electrophoresis. This indicates the presence of an antisense lncRNA with an estimated 

470 bp bound-transcript complementary to the DNA strand. 
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5.2 Long non-coding RNA-DNA interactions 

 

As described in detail in Chapter 1, lncRNAs are generated by the same transcriptional 

machinery as mRNA transcripts and other non-coding RNA classes (Mercer and Mattick, 

2013). The lncRNAs are categorised with respect to their complementarity to the coding 

region of protein-producing genes. A vast number of the potentially functional lncRNAs 

are in an antisense orientation. Most antisense lncRNAs are transcribed in the opposite 

direction of protein-coding genes and overlap the exons. The ability of lncRNA to base 

pair with protein-coding genes was the basis of postulating that they can also modulate 

gene transcription or repression. Long non-coding RNAs are known to be able to 

influence the gene expression at both the transcriptional and post-transcriptional levels 

including altering chromatin structure organisation. Moreover, these transcripts have 

been observed to play an important role in the regulations of protein-coding genes 

(Magistri et al., 2012; Vadaie and Morris, 2013; Weinberg and Morris, 2013). An 

estimated 72% of transcripts in the mouse genome is overlapped by the antisense 

strand, strongly suggesting the existence of regulatory interactions (Katayama et al., 

2005; Whitehead et al., 2009). Aberrant expression of lncRNAs and dysregulation of its 

related-mRNAs have been associated with various diseases (Faghihi et al., 2008; Taft 

et al., 2010; Ng et al., 2013). As yet, their functions and impact on disease are not well-

understood. Recent evidence suggests that T. gondii can directly manipulate host 

lncRNAs expression in evading the host immune response (Liu et al., 2018; Menard et 

al., 2018). 

 

The lncRNAs can interact with gDNA and chromatin in multiple ways (Cao, 2014; 

Roberts et al., 2014a; Fernandes et al., 2019). Modes of interaction are summarised by 

five scenarios illustrated in Figure 5.1.  
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Figure 5.1 Interactions of lncRNAs with the genome. (A) Form a DNA-RNA 

heteroduplex. (B) Form DNA-DNA-RNA triplexes. (C) Associate with the RNA 

Polymerase II transcription machinery at transcribed loci. (D) Indirect binding to 

chromatin-associated proteins or sequence-specific DNA binding transcription factors. 

(E) Direct binding to chromatin structure.  

 

5.3 Mechanisms of gene regulation by long non-coding RNAs 

 

Long non-coding RNA can regulate the transcriptional process through several 

mechanisms. First, lncRNAs are able to control gene expression at the level of chromatin 

remodelling as they can bind one or more chromatin-modifying complexes and guide 

their activities to specific genomic DNA loci. In addition, they can directly interfere with 

the transcriptional machinery where the binding of lncRNA with repressive chromatin-

modifying complexes at the locus site can modify terminal histone proteins, causing 

chromatin structure changes and repressing gene transcription. Transcription of 

lncRNAs can also result in chromatin remodelling by either favouring or inhibiting the 

binding of gene regulatory factors. Besides, lncRNA is able to interfere with general 

transcriptional machinery where it can directly bind to RNA Pol II to inhibit transcription. 

Meanwhile, the lncRNA transcript can form a stable lncRNA-DNA triplex structure that 
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can inhibit the assembly of the pre-initiation complex, thus repressing gene expression. 

Exclusively, some lncRNAs can modulate specific transcriptional regulators by folding 

into structures that mimic DNA-binding sites that generally inhibit or enhance the activity 

of specific transcription factors. LncRNAs can also act at the pre-initiation transcription 

stage by binding to specific transport factors in the cytoplasm, where they thereafter 

avoid nuclear localisation binding of specific transcription factors (Geisler and Coller, 

2013; Kornienko et al., 2013; Cao, 2014). 
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5.4 Methods 

 

5.4.1 Primers targeting potential DBH antisense lncRNA  

 

Three single-stranded forward (ie. sense) directional primers for reversed transcriptase 

(RT) synthesis of potential DBH gene-specific lncRNAs were synthesised. These were 

designed to be complementary to the predicted antisense lncRNA transcript and are 

labelled RT-Primer 1, RT-Primer 2, and RT-Primer 3 (Figure 5.2). The RT-designed 

primers are located (1) in the first exon, (2) near 5’TSS (transcription start site), and (3) 

-378 bp upstream of the DBH coding sequence. Four pairs of PCR primers were then 

designed to amplify products from the RT primer synthesized-template to screen for the 

presence of antisense lncRNA at the covered site. 

 

The following directional RT gene-specific primers were used (Ups: upstream to the 

5’TSS DBH gene site; Down: downstream of the 5’TSS gene site):  

1) RT Primer 1 (Down+12): 5’-CCTCACCTCAGCCACCAG-3’ 

2) RT Primer 2 (Ups-180): 5’-TCCATGCGTCATTAGTGTCAA-3’  

3) RT Primer 3 (Ups-378): 5’-CACTCACTGTCACTCAGGAAGG-3’  

 

The following PCR primer sets were used:  

1) Primer Set 1 

F (Ups-46): 5’-CCCACCGAACAGACATAA-3’  

R (Down+92): 5’-ACAGCAGTGCCATACAT-3’  

2) Primer Set 2  

F (Down+100): 5’-TCCTGGTCATCCTGGTG-3’  

R (Down+232): 5’-GGATGATCTCCTGGTCATAG-3’  
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3) Primer Set 3  

F (Ups-153): 5’-GAGGATCGGAGCAAAGT-3’  

R (Ups-51): 5’-GCCAGGCTGTACCTAAT-3’  

4) Primer Set 4  

F (Ups-310): 5’-TATGAGGCATTCAGCAG-3’  

R (Ups-180): 5’-CATCATCAAGAGAATCGAAG-3’ 

 

Figure 5.2 shows the locations of RT Primers and each of the primer sets relative to the 

DBH 5’TSS. 

 

 

Figure 5.2 Primer map relative to the 5’TSS DBH gene. 

 

5.4.2 DBH lncRNA primer pair optimisation 

 

All four primer pairs (PCR Primer Set 1–4) were optimised by amplifying purified PC12 

cell gDNAs using a MasterCycler Gradient Thermal Cycler PCR (Eppendorf, Germany). 

The gradient PCR was used to determine the optimal PCR annealing Ta cycle of each 

set of primers with all sets of the primers designed with similar annealing Tas, the range 

was 43 °C to 58 °C. The optimum PCR conditions for each primer pair was then verified 
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by standard PCR and visualised on agarose gel electrophoresis for a single specific PCR 

product. The PCR cycle utilised a 25-µL reaction volume containing 12.5 µL GoTaq ® 

G2 Hot Start Colorless Master Mix (Promega, USA), 300 nM forward primer, 300 nM 

reverse primer, 2 µL template DNA and DNase/RNase-free water. Final thermal cycling 

of the standard PCR setting started with 3 min at 95 °C, followed by 30 to 40 cycles of 

95 °C for 30 sec, 57 °C for 30 sec, 72 °C for 20 sec and final termination at 72 °C for 

5 min by incubation in a PCR thermocycler (Applied Biosystems, USA). 

 

5.4.3 RNA extraction and DNase TURBO treatment 

 

Total RNA was extracted from T. gondii infected-PC12 cells that were harvested on 

day five post-infection by a Direct-zol RNA MiniPrep Plus kit (Zymo Research, USA) 

according to the manufacturer’s instructions. DNase I treatment was implemented once 

as suggested by the manufacturer. In addition, to ensure that all trace amounts of DNA 

contamination were removed, the eluted RNA sample was re-treated with DNase 

enzyme by TURBO DNA-free™ kit (Invitrogen, USA). Briefly, 0.1 sample volume of 10X 

TURBO DNase buffer and 1 µL TURBO DNase enzyme was added to the RNA sample, 

mixed and incubated for 30 min at 37 °C. Thereafter, the enzyme reaction was 

inactivated by adding 2 µL of DNase inactivation reagent and incubated at room 

temperature for 5 min with finger vortexing to re-disperse the reagent. The inactivation 

reagent was removed by centrifugation at 10,000 × g for 1.5 min and the supernatant 

(treated RNA) was transferred to a clean tube.  
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5.4.4 First strand cDNA synthesis and RT-PCR 

 

First strand cDNA was primed with gene-specific designated RT-primer (RT-1 to RT-3) 

or random hexamer primer (as control) using a Maxima H Minus First Strand cDNA 

synthesis kit (Thermo Scientific, USA). Briefly, an estimated 400 ng DNase-treated RNA 

template was used as the starting RNA, then 0.2 µL gene-specific primer (20 pmol) or 1 

µL of random hexamer primer (100 pmol), 1 µL 10 mM dNTP mix (0.5 mM final 

concentration) and nuclease-free water were added to give a total reaction volume of 15 

µL and placed on ice. Next, 4 µL of 5 × RT buffer and 1 µL Maxima H Minus enzyme mix 

were added to the component mixture. For each of the samples, a negative control 

reaction was prepared in parallel to assess the gDNA contamination in the RNA sample 

containing all components for RT-PCR except the Maxima H Minus enzyme mix. Another 

control, labelled as no template control (NTC), was performed to assess reagent 

contamination, contained all components in the reaction except the RNA template. The 

mixtures were incubated as follows: 25 °C for 10 min, 50 °C for 30 min, 65 °C for 20 min 

and then the reaction was terminated by heating at 85 °C for 5 min to inactivate reverse 

transcriptases. The reaction product of the synthesized first strand cDNA was directly 

used as a template for standard PCR. Two different DNA volumes, 2 µL and 4 µL of the 

cDNA samples, was diluted to 25 µL total reaction volumes each and used as a template 

for the subsequent PCR. A random hexamer cDNA transcript (2 µL) was used as a 

positive control template. The PCR settings were as described as in the previous primer 

optimisation section (Section 5.4.2). All PCR products were visualised in 1.5% to 2% 

agarose gel electrophoresis, running at 65 to 80 V for 45 to 60 min. 
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5.4.5 TA Cloning and DNA sequencing of the specific PCR bands 

 

The PCR products were run on 1% agarose gel electrophoresis (65 V, 60 min) and the 

specific band was gel-excised and gel-extracted by QIAQuick Gel Extraction Kit (Qiagen, 

Germany). The eluted DNA concentrations were then measured by the NanoDrop 

spectrophotometer (Thermo Fisher Scientific, UK). The PCR products were subcloned 

into a TOPO TA cloning vector (PCRTM4-TOPO–Invitrogen TA cloning kit) (Thermo 

Fisher Scientific, UK) and transformed into XL-10 Gold ultracompetent cells (Agilent 

Technologies, USA). Two clones bearing inserts of each sample were sent for Sanger 

Sequencing to Genewiz, UK. Detailed procedures were as described in the methods 

Section 2.3.13 – 2.3.16 in Chapter 2.  

 

5.4.6 Validation of the RNA sample quality by RNase treatment 

 

To validate the DNA-free RNA sample quality, the RNA was treated with RNase-A and 

compared to the +RT sample, in which both samples were treated with TURBO DNase 

enzyme to remove all RNA and DNA in the sample. Briefly, 1 µL of RNase A (20 mg/mL) 

was added to 2 µg of TURBO-DNase treated-RNA and incubated at 37 °C for an hour 

prior to first strand cDNA synthesis and PCR amplification. The Set 1 PCR primer pair 

was used for PCR amplification and verified by agarose gel electrophoresis. As the RNA 

extraction by the Direct-zol RNA MiniPrep Plus (Zymo Research, USA) resulted in RNA 

samples contaminated with DNA (even after DNase I treatment on the column), this RNA 

sample was compared to a positive band that originated from the DNA template. Also, 

an RNA-free sample was generated by treating the RNA sample with RNase (but without 

Turbo DNase treatment to maintain the presence of DNA). The RNA-free sample and 

both RNA-DNA-free controls were compared to the positive sample of +RT Set 1. 
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5.5 Results 

 

5.5.1 Primer design and optimisation 

 

RNA expression can be detected by northern blotting and ribonuclease protection 

assays, but these methods lack sensitivity and require a high volume of RNA, making it 

unsuitable for detecting low levels of RNA expression. Meanwhile, the sensitive high-

throughput RNA-sequencing has been constrained to some extent, due to the high cost. 

Hence, RT-PCR has become the method of choice to detect ncRNAs with low 

expression, as this method is uncomplicated and provides results at much lower cost. 

The proper experimental design is very important in preventing false positives in 

searching for antisense lncRNAs (Haddad et al., 2007). The pitfalls to consider are RNA 

purity, strand specificity in primed cDNA synthesis and mRNA transcribed from the 

complementary RNA template. In this study, the strand specificity of RT-PCR is 

established via the use of a specific directional primer in the reverse transcription 

reaction, producing a single sense strand. Meanwhile, a random hexamer primer was 

used in detecting mRNA transcription from the RNA template. A random hexamer primer 

is used to generate cDNA of the entire RNA population in the analysed sample including 

poly A-RNAs and ribosomal RNAs. However, the major concern in using this assay is 

genomic DNA contamination in RNA preparation which can give a false-positive PCR 

product, especially in antisense RNA detection. Carrying out appropriate contamination 

precautions is of utmost importance. 

 

This is especially critical as many regulatory antisense lncRNAs map near to the 

transcription initiation site (Bonasio and Shiekhattar, 2014). Specific sense-strand 

primers are needed for the reverse transcriptase reaction to ensure that mRNA or coding 

strand transcripts are not amplified in the subsequent PCR detection step. As only a 
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single sense strand is produced, the corresponding transcribed RNA is expressed in a 

single orientation. As it is unknown whether a lncRNA exists and where it initiates on the 

upstream region, three primers were designed to map at the TSS, 180 bp and 378 bp 

upstream of the DBH coding sequence (Ups-180 and Ups-378, respectively). Then all 

four pairs of primers were designed (Figure 5.3) to detect products of the reverse 

transcriptase reaction. Two primer sets were designed for RT-primer 2 with one set 

overlapping the TSS and TATA box region (PCR primer set 1). 

 

 

Figure 5.3 Schematic representation of the strand-specific RT-PCR assay 

designed for lncRNA screening at the DBH gene. Three single-stranded directed RT 

primers labelled as RT-Primer 1 (TSS), RT-Primer 2 (Ups-180), and RT-Primer 3 (Ups-

378) (depicted by orange arrows) were used in a directional reverse transcription 

synthesis. Then the synthesized-cDNA templates were amplified by standard RT-PCR 

to detect the presence of antisense lncRNA by implementing four pairs of PCR primer 

for different locations covering the synthesized-template, labelled as PCR Primer Set 1–

4 (depicted by red arrows). The size of each set of primer products is as stated under 

the red arrows in the figure. 

 

First, the PCR conditions for the four primer sets were optimised by gradient PCR and 

visualised by agarose gel electrophoresis. Most PCR annealing Tas showed a single 

specific PCR product for each lane with the increasing annealing Ta. As shown in the gel 
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photo in Figure 5.4, the highest annealing Ta at 57 °C was chosen for subsequent PCR 

reactions for all primer sets. 

 

A Primers 

Set 1 

(138bp) 

 

B Primers 

Set 2 

(132bp) 

 

C Primers 

Set 3 

(102bp) 
 

D Primers 

Set 4 

(130bp) 

 

Figure 5.4 Gradient PCR for primer optimisation of PCR Primer Set 1-4. Gel agarose 

analyses showed PCR products of each primer set (A-D). Each lane represents an 

annealing temperature (Ta) in the range of 43-58 °C as labelled. A single product was 

produced starting from an annealing Ta of 50 °C, but the highest annealing Ta at 57 °C 

was chosen for subsequent PCR reactions for all primer pairs. 
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Thereafter, a single PCR reaction was performed at annealing Ta=57 °C for all primer 

sets to verify the final PCR setting and conditions. Agarose gel (Figure 5.5) showed a 

single specific band of each pair which indicates working primer pairs. 

 

 

Figure 5.5 PCR products of all primer sets; Set 1-4: 138bp, 132bp, 102bp, and 

130bp, respectively. The 100 bp DNA ladder was used as a DNA size marker. 

 

5.5.2 Directional RT-PCR for lncRNA screening 

 

Negative control reactions were used to verify the results of the first strand cDNA 

synthesis. All negative controls worked as expected in the PCR reactions: -RT indicated 

no gDNA contamination in the RNA template, while the NTC sample showed that there 

was no reagent contamination during the reaction. The PCR reaction with the specific 

PCR primer set was done with a specific RT-synthesized template based on the 

designated location (illustrated in Figure 5.2). The +RT samples with random hexamer 

primer-synthesized template of each primer set showed a positive band indicating 

positive DNA transcription, hence acting as a positive control for the cDNA template. It 

is notable that random hexamer samples showed a positive band in each set of primers 

(Set 1-4), signifying the presence of antisense transcripts lining targeted DNA regions, 

including non-coding regions (Sets 1, 3 and 4). 
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5.5.2.1 PCR primer Set 2 amplification: Negative finding 

 

Putative sense RT-transcript 1 was designed to be amplified by PCR primer pair Set 2. 

The agarose gel analysis showed no specific PCR product band in the +RT samples of 

Set 2 (Figure 5.6). It was assumed that no antisense lncRNA overlayed the downstream 

region of the DBH gene at this primer pair-covered region in PC12 cells post-infection.   

 

Figure 5.6 Agarose gel analysis of the PCR amplification of Primer Set 2. No band 

appeared at the specific PCR product size of the +RT samples in lane 1 and lane 6. 

Lanes 1 and 2 (sample) used 2 µL of cDNA template, while lanes 6 and 7 (sample) used 

4 µL of cDNA template in the PCR reaction for both +RT and -RT sample reactions. A 

random hexamer synthesized-template was used as a positive control for the cDNA 

template, and a positive band indicates DBH mRNA strand was transcribed. +RT: 

reversed transcriptase-inserted in the first strand cDNA synthesis; -RT no reversed 

transcriptase inserted in the first strand cDNA synthesis; NTC: no template control. A 

100bp DNA ladder used as a size marker. 

 

5.5.2.2 Ups-378 bp and Ups-180 sense transcripts: Detection of antisense 

lncRNA expression 

 

Putative sense RT-transcript 2 (Ups-180) was designed to be amplified by Primer Set 1 

and Set 3 and putative sense RT-transcript 3 (Ups-378) was designed to be amplified by 

Primer Set 4. Each PCR-amplified region covered a different locus in the DBH gene 

region as illustrated in Figure 5.3. Interestingly, the gel image in Figure 5.7 showed +RT 

samples with a positive band for each of the PCR reactions in the region covered by 

Primer Set 1. Primer Set 1 was successful as the predicted band at 138 bp was visible. 
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The positive band supported the initial prediction of the presence of antisense RNA 

overlying the sense strand of DBH gene coding. Therefore, the PCR reaction was re-run 

and the specific band was gel-excised for DNA sequencing. The region covered was at 

-46 bp upstream of the promoter to +92 bp downstream of the first exon 1, including the 

5’TSS site. Two biological repeats and two technical replicates were performed to 

confirm the specific band (Figure 5.7). No band was present in the -RT reaction, which 

indicated no DNA contamination in the initial RNA template during the cDNA first strand 

synthesis, and a positive band was observed for the random hexamer template control 

sample suggesting positive RNA DBH transcriptions. However, the gel showed the 

presence of multiple product bands in the +RT sample reactions with an obvious 

unknown clear band at approximately 900 bp length. As the cDNA synthesis products 

were directly used in the PCR amplification step, the specific RT-Primer 2 primer possibly 

worked with the Reverse Primer Set 1 in the PCR reaction to produce a predicted 272 

bp band. In the gels, several bands between 236 and 296 were visible including the 

predicted product band (Lane 1 and Lane 6; Figure 5.7). The predicted band suggests a 

positive binding from Ups-180 to the +92 downstream of the TSS (272 bp length). 

 

(A) Repeat 1 

 

Gel 1 

*(Figure images continue next page) 
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(B) Repeat 2 

(i) Technical replicate 1 

 

Gel 2 

(ii) Technical replicate 2 

 

Gel 3 

Figure 5.7 Antisense lncRNA expressed at the 5’TSS DBH gene in infected PC12 

cells. The region was amplified by a Set 1 primer pair. The predicted band at 138 bp is 

visible, indicating a positive antisense-binding lncRNA transcript. Another expected band 

formed by RT-Primer 2 primer:Reversed Set 1 primer at 272 bp is also visible. Lanes 1 

and 2 (sample) used 2 µL of cDNA template, while Lanes 6 and 7 (sample) used 4 µL of 

cDNA template in the PCR reaction for both +RT and -RT sample reactions. A random 

hexamer-synthesized template was used as a positive control for the cDNA template. 

Gel 1 and Gel 2 show two biological repeats from two different starting RNA samples 

and Gel 3 was reproduced as technical repeats using RT-2 template, as in Gel 2. +RT: 

reversed transcriptase inserted in the first strand cDNA synthesis; -RT no reversed 

transcriptase inserted in the first strand cDNA synthesis; NTC: no template control. A 

100bp DNA ladder was used as a size marker. 
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Primer Set 3 may have worked as there is a very faint band visible at 102 bp (Figure 

5.8). Interestingly, the predicted RT-Primer 2 primer with Reverse Set 3 primer yielded a 

clear band at 129 bp which also may indicate a positive antisense-binding transcript 

between Ups-51 and Ups-180 in the DBH promoter region. 

 

 

 

Figure 5.8 PCR amplification of Primer Set 3. Gel showing two technical replicates of 

the PCR amplification Set 3 produced from RT-transcript 2. A faint band is visible at 102 

bp, but an expected clear band appeared at 129 bp that was amplified by RT-Primer 

2:Reversed Set 3 primer paired. Lanes 1 and 2 (sample) used 2 µL of cDNA template, 

while Lanes 6 and 7 (sample) used 4 µL of cDNA template in the PCR reaction for both 

+RT and -RT sample reactions. A random hexamer-synthesized template produced a 

band indicating a positive antisense transcript was transcribed in the RT reaction at this 

specific Set 3 locus. +RT: reversed transcriptase inserted in the first strand cDNA 

synthesis; -RT: no reversed transcriptase inserted in the first strand cDNA synthesis; 

NTC: no template control. A 100bp DNA ladder was used as a size marker. 
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To confirm the band patterns, the putative RT-Primer 3 transcript was used in the PCR 

reaction and amplified using primer Set 3 and Set 4. Using RT-transcript 3 template, Set 

3 yielded a clearer positive band at 102 bp (Figure 5.9) than in a previous amplification 

by RT-Primer 2 transcript (Figure 5.8). In addition, a clear band at 327 bp also appeared 

in the gel, amplified as expected by primer pairing of RT-Primer 3:Reverse Set 3 (Figure 

5.9) which strongly suggests the presence of antisense lncRNA across the primer pair 

Set 3-covered region. To identify the sequence, the band was gel-excised, cloned into a 

TA-vector and then, the transformed purified-plasmid was sent for DNA sequencing for 

transcript confirmation. 

 

 

Figure 5.9 PCR amplification of primer Set 3 and Set 4 by RT-Primer 3 transcript. 

+RT: reversed transcriptase inserted in the first strand cDNA synthesis; -RT no reversed 

transcriptase inserted in the first strand cDNA synthesis. A 2-log DNA ladder was used 

as a size marker. 
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Lastly, the predicted 130 bp product from primer Set 4 was faint, but a 198 bp band is 

visible that fits the predicted RT-Primer 3 with Reverse Set 4 primer-pairing (Figures 5.9 

and 5.10). The predicted band covered the region located at Ups-180 to Ups-378 of the 

DBH promoter gene (198 bp length). The band was gel-excised, cloned into a TA-cloning 

vector and the resultant plasmid sequenced to identify the band sequences. 

 

 

Figure 5.10 PCR amplification of Primer Set 4. A faint product is visible at 130 bp of 

primer pair Set 4. However, a clear band appeared at 198 bp that was amplified by RT-

Primer 3:Reversed Set 4 primer-paired (+RT samples; Lanes 1 and 6), as expected. A 

random hexamer-synthesized template showed a band indicating a positive antisense 

transcript was transcribed in the RT reaction at this specific Set 4 locus. Lanes 1 and 2 

(sample) used 2 µL of cDNA template, while Lanes 6 and 7 (sample) used 4 µL of cDNA 

template in the PCR reaction for both +RT and -RT sample reactions. +RT: reversed 

transcriptase-inserted in the first strand cDNA synthesis; -RT: no reversed transcriptase-

inserted in the first strand cDNA synthesis; NTC: no template control. A 100bp DNA 

ladder was used as a size marker. 
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5.5.3 DNA sequencing of positive RT-PCR products showed 

sequences complementary with the rat DBH promoter gene 

sequences 

 

Three RT-PCR product bands, processed from the T. gondii-infected PC12 cells, were 

extracted from the agarose gels and cloned for DNA sequencing. The nucleotide 

sequence obtained by Sanger sequencing of the RT-PCR products followed by the Basic 

Local Alignment and Search Tool (BLAST) for nucleotide searches, BLASTN alignment 

of the cDNA to the genomic sequence (https://blast.ncbi.nlm.nih.gov/Blast.cgi), showed 

an identical match between the RT-PCR products and rat DBH promoter sequences from 

the genome database assembly.  

 

5.5.3.1 Primer Set 1 

 

The first output sequence originated from the positive band at 138 bp of the +RT-PCR 

products from Set 1 amplification. The sequence was matched with Rattus norvegicus 

DBH promoter gene sequence, underlying the 5’TSS (sequence ID: M96011.1, range 1: 

353 to 442). The data confirmed the correct PCR product of the primer pair Set 1 

(Appendix A.1.1). 

 

5.5.3.2 Primer Set 3 

 

The second output sequence originated from an expected band at 327 bp of the +RT-

PCR products from Set 3 amplification (RT-Primer 3 as template). The sequence was 

matched with Rattus norvegicus DBH promoter gene sequence (sequence ID: L12409.1, 
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range 1: 633 to 959). The data confirmed the PCR product of the extracted band was 

produced from the amplification of primer-paired RT-Primer 3 primer and reversed Set 3 

primer (Appendix A.1.2). 

 

5.5.3.3 Primer Set 4 

 

The third output sequence originated from an expected band at 198 bp of the +RT-PCR 

product from Set 4. The sequence was matched with Rattus norvegicus DBH promoter 

gene sequence (sequence ID: L12409.1, range 1: 633 to 830). The data confirmed the 

extracted band was formed by the amplification of RT-Primer 3 and Reversed Set 4 

primer pairing (Appendix A.1.3). 
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As summarised in Figure 5.11, an antisense lncRNA was detected at the proximal 

promoter including 5’TSS of the DBH gene by PCR Primer Sets 1, 3 and 4. However, 

there was no lncRNA-binding detected from the 92 bp onwards downstream of the gene 

with no band of the correct size detected in gel agarose analysis in Set 2.  

 

 

Figure 5.11 Predicted lncRNA-binding overlying the 5’TSS of the DBH gene. The 

positive binding covered a region 470 bp long. The putative sense RT-transcript 2 

amplified RT-Primer 2 with both Reverse primers from Set 3 and Set 1, with 129 bp and 

272 bp of the predicted PCR product size, respectively. Meanwhile, the putative sense 

RT-transcript 3 amplified RT-Primer 3 with Reverse primer Set 3 and Set 4 producing 

327 bp and 198 bp PCR products, respectively. The visible predicted bands indicated 

the presence of antisense lncRNA that overlayed the DNA sequences with a total bound-

transcript length of 470 bp. Meanwhile, no bands were found in the PCR amplification of 

primer pair Set 2 that covers +100 bp region downstream of Exon 1. The red sequence 
line marks the nucleotides-covered region of each primer.  
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5.5.4 RNA sample quality control  

 

The agarose gel image in Figure 5.12 shows that RNase plus TURBO DNase-treated 

samples (both RNA and DNA free) were used for reverse transcriptase reactions in this 

assay and no bands were detectable. This indicates that the bands observed in the 

experiments of this study originated from the RNA template products of the first strand-

specific RT-primer synthesis. In contrast, samples treated with RNase only yielded a 

band indicating DNA contamination in samples and the necessity for TURBO DNase 

treatment (as recommended by others identifying antisense lncRNAs (Saayman et al., 

2014). Indeed, samples in which the reverse transcription reaction did not contain an RT 

enzyme (-RT samples) showed no product and hence no DNA contamination in the RNA 

starting sample. Additionally, the pattern of bands present on the gels from RNA-free 

and +RT samples were different from each other. The clear band size at 272 bp in the 

RNA-free sample (Lane 1) was expected, formed by RT-Primer 2:Reversed Set 1 primer 

pair. However, the unknown PCR products at 900 bp sizes in the respective +RT sample 

remain unidentified.  
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Figure 5.12 RNA sample quality control. The gel photo on the left shows no bands 

visible in RNAse and DNase-treated (RNA-DNA-free) samples for both RT-Primer 2 and 

random-hexamer primed samples (Lanes 3 and 4, respectively). Products were visible 

for those samples with only RNase-treated, which cDNA synthesised with RT-Primer 2 

and random hexamer (Lane 1 and 2, respectively), implicating DNA contamination in 

samples removed with TURBO DNase. The expected PCR product of primer pair Set 1 

with RT-primer 2 is 138 bp long. The 272 bp band is a product from RT-Primer 

2:Reversed Set 1 primer pair. Meanwhile, the gel photo on the right shows the positive 

result from Figure 5.7 of DNase-treated RNA reverse transcribed with RT-primer 2 and 

amplified with Set 1 primers, for comparison. Directional RT-Primer 2 template; random 

hexamer template; + reversed transcriptase-inserted in the first strand cDNA synthesis. 

A 100 bp DNA ladder was used as a DNA size marker. 

 

Even after DNase I treatment, the specific band in the RNA-free samples (and not 

TURBO DNase treated) at the 138 bp size originated from a trace amount of DNA 

template present during RNA extraction using the Zymo Direct-zol kits detected during 

the first trial assay (Figure 5.12; Lane 1). My study implemented TURBO DNase enzyme 

treatment of the purified RNA samples to completely remove all the DNA as described 

in the method section, as in Haddad et al. (2007) and Saayman et al. (2014). Controls 

throughout the experiments above (Figures 5.7-5.10) further demonstrate starting RNA 

purity throughout the experiment with products dependent on the primer in first-strand 

synthesis. 
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5.6 Discussion  

 

The discovery of abundant lncRNAs transcribed in the genome and in transcriptions of 

most of the genome has been a surprising finding as it was previously described as “junk” 

transcripts with no apparent potential role. Recent efforts focussed on determining their 

roles have found antisense lncRNAs play a role in facilitating epigenetic complex 

targeting of gene promoters, resulting in transcriptional gene silencing (TGS) of the 

targeted gene (Hawkins and Morris, 2008). They mediate changes in chromatin structure 

at the targeted promoter thereby forming a heterochromatin state, a key step in silencing 

a gene. For the first time, I present evidence of the presence of antisense lncRNA-

binding at the DBH promoter gene in T. gondii-infected rat PC12 cells. This sequence-

specific binding of lncRNA could potentially exert a regulatory function in DBH gene 

promoter activity. Analysis of GENCODE RNA-sequencing catalogue data shows 

approximately 40% of lncRNAs (3934 lncRNA genes, 5361 transcripts) intersect protein-

coding gene loci. Potentially, according to data from Derrien et al. (2012), such lncRNAs, 

specifically exonic antisense lncRNAs, were positively correlated with host mRNA 

expression. Studies have reported that expression of sense mRNAs in mammals are 

altered by perturbation in antisense RNA expression, which strongly suggests the 

antisense transcript can interfere with gene transcription and control gene outputs 

(Katayama et al., 2005; Pelechano and Steinmetz, 2013). In addition, lncRNAs are also 

predominantly located in the chromatin and nucleus of the cell, with a large fraction 

preferentially expressed in the brain specific-tissue, further supporting a regulatory role 

in gene transcription (Derrien et al., 2012; Quinn and Chang, 2015).  

 

In this assay, RT-Primer 1 transcript did not yield any bands, although a random hexamer 

control sample detected the DBH mRNA transcript (Figure 5.6). This indicates no lncRNA 

this far downstream into the gene (+100 bp onwards). Remarkably, RT-Primer 2 
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transcript detected a correct band for the RT-PCR products with primer Set 1 (138 bp), 

confirmed by DNA sequencing. Additionally, the primer Set 3 yielded a faint band for its 

specific primer-paired products, but showed a clear band of the correct size for RT-

Primer 2:Reversed Set 3 primer, indicating a lncRNA from RT-Primer 2 transcript. While 

RT-Primer 3 transcript only produced a faint band for primer Set 4, interestingly, it yielded 

a band of the correct size for RT-Primer 3:Reversed Set 4 (198 bp) that was confirmed 

by DNA sequencing. The amplification of RT-Primer 3 transcript using primer Set 3 also 

gave a correct size for RT-Primer 3:Reversed Set 3 primer (327 bp), validated by DNA 

sequencing. These bands suggest the presence of antisense lncRNA transcript-binding 

upstream of the DBH promoter gene. Through DNA sequencing, the allele transcript was 

confirmed complementary to the DBH gene promoter strand in antisense orientation and 

it is clear that direct interaction of antisense lncRNA-DNA offers a potent mechanism for 

gene regulation. 

 

Intriguingly, the antisense strand is localised at TSS and TATA loci of the DBH promoter 

gene. These sites are the essential starting points for mRNA DBH synthesis. Thus, the 

presence of this transcript at the locus site potentially has direct involvement in the DBH 

gene transcription that can disturb or obstruct RNA Polymerase II activity, hence 

dampening the mRNA expression. Undeniably, divergent transcription at the DBH 

promoter gene can occur where RNA polymerase II binding to the 5’TSS promoter 

initiates the transcription of the antisense lncRNA in both directions, giving a bidirectional 

regulatory effect to the gene expression. Since the antisense transcriptions of most 

lncRNA genes are coordinated with the transcriptional outputs in protein-coding genes 

(Derrien et al., 2012; Sigova et al., 2013), overexpression of lncRNA at this initiation site 

could contribute to a lower mRNA DBH transcription activity, thus demonstrating possible 

effects by the parasite-directed triggering effector proteins. These observations could 

indicate that transcription at TSS, specifically at the RNA Polymerase II binding-site, 

could be the main requirement for an effector RNA target site involved in transcription 
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regulation. Indeed, previous studies have demonstrated that perturbations of an 

antisense RNA can alter the expression of mRNAs in mammals (Katayama et al., 2005; 

Sigova et al., 2013; Weinberg and Morris, 2016). It is important to note that the 

involvement of the lncRNA presented in this study was at the transcriptional gene level, 

interfering with DNA in the cell chromatin. Most of the lncRNAs are expressed at low 

levels in a cell (Derrien et al., 2012) and are generally less conserved than protein-coding 

sequences, which makes them difficult to detect. In this study, by implementing the 

directional RT-PCR amplification technique using various sets of primers, detection of 

the antisense lncRNA lining the gene coding sequence is possible, as the lncRNA acts 

in a DNA sequence-specific manner. 

 

Based on gel electrophoresis of the positive amplification bands from each primer pair 

set (summarised in Figure 5.11), the bound-lncRNA transcript is estimated to be 

approximately 470 nucleotides in length. The positive PCR bands of Sets 1, 3 and 4 

show the transcript strand extending from +92 to -378 (relative to 5’TSS) in the DBH 

gene. Based on cDNA amplification patterns of the +RT samples observed in gel 

electrophoresis, the 5’ end of the lncRNA transcript is located between +92 to +100 

downstream of the DBH gene. This is also the possible location of the lncRNA transcript 

TSS locus, although the 3’ end of the transcript could be longer (Figures 5.7-5.10; Lanes 

1 and 6). The reason for the variety of PCR product band sizes is unclear. It is possible 

the 3’ end of the transcript does not bind to the gene and has a folding 

secondary/tertiary/circular structure that could yield a longer transcript. Scenarios A-C 

(Figure 5.1) are possible mechanisms of direct RNA-DNA interactions of the lncRNA-

binding of the DBH gene. This prediction is based on the observation that it may not be 

necessary to have a full-length lncRNA sequence to depress a gene, as a partial, short 

sequence of the strand is enough to exert control; this is demonstrated by the targeted 

gene silencing activities of short interference RNAs (siRNAs; 21-25 nucleotides) 

(McManus and Sharp, 2002; Yu et al., 2002; Weinberg et al., 2006). It has been 
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demonstrated that using only a 21 bp antisense “guide” strand of the promoter-targeted 

small RNA is required to modulate TGS (Weinberg et al., 2006), however, the vast 

majority of short miRNA studies have reported that miRNAs play a more prominent role 

in post-transcription than in TGS. Thus, the bound-lncRNA revealed in this study could 

be constructed from a longer transcribed lncRNA strand. Indeed, lncRNA is the largest 

group of RNA species produced in the genome and accounts for up to 68% of the 

transcriptomes (Iyer et al., 2015), which are mostly retained in the nucleus, specifically 

in the chromatin (Derrien et al., 2012). A more recent in vitro study identified as many as 

996 host lncRNAs differentially expressed after infection by the Type II T. gondii parasite 

(Liu et al., 2018).  

 

This study was conducted using the infected sample only; thus, comparison with 

uninfected control cells could not be made. Further use of the assay with uninfected 

controls for band comparison may help explain the lncRNA status. It is too early to predict 

whether or not the bound-lncRNA at the DBH promoter site originated by host 

overexpression induced by the parasitic infection as it is still unknown if this lncRNA is 

related to infection and correlated with DBH downregulation. Thus, quantification of the 

found lncRNA expressions between infected and uninfected cells is needed to allow the 

transcript expression levels of both samples to be predicted and compared. Supporting 

the concept of parasite manipulation of the host genome, lncRNA is thought to possibly 

have greater transcript expression than uninfected host cells, exaggerated by parasite 

effectors.   

 

The form, structure and functionality of the lncRNA also require further exploration. The 

timescale of this antisense transcript-binding to the DNA is also still unknown as this 

study was performed at a single time point on samples harvested day five post-infection. 

It is possible that transcript synthesis occurs much earlier. Knowing the exact time of the 
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initial lncRNA overexpression can help determine the mechanism of post-infection 

epigenetic DBH gene regulation. 

 

To date, this is the first study to observe the lncRNA transcript expression at the DBH 

promoter gene during chronic T. gondii infection. However, understanding of the function 

and mechanism of lncRNA expressions in the genome, especially during infection, is still 

lacking. The first recognised lncRNA, Xist (Brown et al., 1991), was reported capable of 

guiding gene expression due to its special capability to base-pair with the DNA protein-

coding strand (Wutz, 2003; Zhao et al., 2008). The lncRNAs have been shown to perform 

vital functions in the formation of a repressive chromatin state in the genome, including 

the recruitment of chromatin modifiers that lead to gene repression (Whitehead et al., 

2009; Kornienko et al., 2013). They have been proven capable of associating with 

transcriptional silencing complexes containing repressive proteins such as AGO1, EZH2, 

DNMT3a and HDAC1, which bind to the targeted loci (Hawkins and Morris, 2008; Khalil 

et al., 2009; Morris, 2009; Vadaie and Morris, 2013; Weinberg and Morris, 2013). The 

accumulation of chromatin-modifying and repression complex elements may be induced 

upon infection through histone-mediated protein alterations as shown in Chapter 3. 

Toxoplasma gondii infection resulted in an enrichment of repressive histone 

modifications such as H3K9me2. Thus, DBH repression may also utilise the H3K9me2-

mediated mechanism in conjunction with that of lncRNA. Meanwhile, some lncRNAs are 

reported to be able to act as scaffolds that can recruit multiple proteins simultaneously, 

thereby coordinating their activity to alter gene expression (Tsai et al., 2010; Kornienko 

et al., 2013). 

 

The mechanisms of promoter-specific transcriptional repression may vary by gene. 

Some genes can have alternative promoters within the same gene. For example, the 

human dihydrofolate reductase gene encodes a ncRNA initiated upstream of its minor 

promoter that can regulate RNA expression from downstream of its major promoter. The 
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gene’s ncRNA sense transcript interacts with transcription factors which thereafter 

initiate the recruitment and formation of a repressive chromatin complex to the major 

promoter initiation start site. Through these interactions, ncRNA disassembled the pre-

initiation mRNA transcription complex from the regulatory promoter, thereby leading to 

suppression of dihydrofolate reductase expression. The transcript forms a highly specific 

and stable triplex structure with the major promoter, which strongly supports a direct role 

of ncRNA regulation in gene repression (Martianov et al., 2007). Such a mechanism can 

also be implemented by the T. gondii parasite to depress the DBH gene in host cells 

although current knowledge about the presence of alternative DBH gene promoters is 

lacking. The exact TSS and end sites for this antisense lncRNA could not be confirmed 

in this study. We can only speculate that the intracellular parasite T. gondii can most 

likely manipulate host lncRNA expression via secretion of its effector proteins where the 

transcribed-lncRNA possibly interferes with DBH mRNA gene expression. However, this 

study did not investigate the presence of any parasite-derived effector proteins 

associated with the locus site, and indeed, the functions of many of these effector 

proteins remain unknown.  

 

Using a random hexamer primer to prime the RNA template and as a template-synthesis 

control for each of the synthesized-RT transcripts provided at least one notable 

supporting observation. Under standard conditions, I was expecting many DBH mRNA 

transcripts in the sample to be generated by RT-Primer 1 template (starting at 5’TSS to 

downstream). Normal mRNA transcription starts at the 5’TSS codon, producing a sense 

transcript. The region was detected by the PCR primer of Set 2 with a clear PCR product 

band shown in the electrophoresed gel (Figure 5.6) as expected. However, interestingly, 

the data showed all the random hexamer samples generated a positive PCR product 

band in the gels with a specific size for each primer pair including the primer pair Sets 1, 

3, and 4 which had been designed to be located in the promoter site of a non-coding 

sequence upstream of 5’TSS locus (Figure 5.13).  
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Figure 5.13 Map of the positive PCR bands in random hexamer +RT template, 
amplified by the primers of non-coding sites. 

 

Positive amplification by the primer pairs of Sets 1, 3, and 4 from the random hexamer 

RT-synthesized templates was observed (Figures 5.7-5.10). Random hexamer primers 

primed any sense and antisense RNA and therefore yielded a positive PCR product for 

any of the samples that were positive with the sense specific RT-primer (e.g. RT-Primer 

2 or 3). This observation supports the presence of antisense lncRNA binding upstream 

of the DBH gene, as observed in the sense-specific primer data. The DBH gene may 

have pervasive transcription, thus transcribing not only the mRNA strand, but also other 

non-coding RNA transcripts. An alternative promoter may exist in the DBH gene that 

transcribes and regulates lncRNA expression. Recent studies have shown pervasive 

transcription throughout the genome, generating a large number of lncRNAs, most 

transcribed in the antisense direction of the protein-coding gene with which they often 

share sequence complementarities (Djebali et al., 2012; Hangauer et al., 2013). 

However, only a few of these RNAs have been shown to perform regulatory functions. 

Equally important, this study has screened for the presence of an antisense lncRNA that 

binds to DBH gene promoter sequences post-infection. The parasite thereby 

manipulates the lncRNA to mediate epigenetic changes in regulating gene expression.  
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5.7 Conclusion  

 

Thus far, this study has provided evidence of the presence of host lncRNA at the 5’TSS 

DBH gene in T. gondii-infected rat PC12 cells. The antisense DNA complementary 

transcript could have originated from parasite triggering such as by its effector proteins, 

thus causing over-transcription of the lncRNA transcript by the host cell. The presence 

of antisense lncRNA may indicate the existence of another possible mode of epigenetic 

gene regulation involving RNA-mediated interactions in DBH gene transcriptional 

expression. The lncRNA may regulate transcription by targeting epigenetic silencing 

complexes to homology-containing loci. This direct involvement can influence the DBH 

transcriptional rate causing downregulation of the gene post-infection. Long non-coding 

RNA binding future research could explore how it exerts its effect, especially during 

parasite chronic infection. The data shown in this study provides a resource to facilitate 

future examination of the specific functional relevance of these transcriptional 

perturbations.  



 

Chapter 6  

Final Remarks 

 

6.1 Final Remarks 

 

Lifelong persistence of parasite cysts in the brain creates a plausible vehicle by which 

the parasite can act upon and affect the host genome through epigenetic modulation. 

Exploring the epigenetic ‘conversation’ between the histones and DNA, specifically 

cytosine and histone H3K9 methylation, and the involvement of non-coding RNAs upon 

parasitic infection can lead to understanding the mechanism of parasite manipulation in 

DBH transcriptional gene silencing (TGS) that was previously described (Tedford, 2018; 

Alsaady et al., 2019). This thesis has attempted to reveal information on how epigenetic 

exploitations of the host genome are implemented by the parasite to provide its 

prolonged survival in host cells and completing its life cycle. Intracellular T. gondii is 

capable of manipulating and interfering with the host genome, and subsequent gene 

silencing. Downregulation of the DBH gene occurring at the transcriptional level was 

observed post-infection, which led to speculation that epigenetic modification was 

involved in the mechanism and to determine this, various epigenetic modification assays 

such as the MeDIP, ChIP, and bisulphite-sequencing were performed. This study is 

relevant in delineating how catecholamine biosynthesis pathway changes and DBH 

dysregulation can contribute to various phenotypes associated with T. gondii brain 

infection. My final observations in this thesis are presented in the following sections.  

 



169 
 

6.1.1 Epigenetic changes at transcription start site associated with 

DBH transcriptional repression in T. gondii infection 

 

A lncRNA was identified that could be involved in DBH gene regulation and could initiate 

histone and DNA methylation changes to suppress gene expression. Some evidence for 

histone modification, H3K9 methylation, was observed, but investigations of DNA 

methylation changes, as assessed by MeDIP and bisulfite sequencing, were not 

definitive. Data from the MeDIP assay presented in Chapter 2 of this thesis demonstrated 

that the infection had induced only a subtle changes in DNA methylation patterns at CpG 

sites close to the 5’TSS of the DBH gene. Meanwhile, the bis-sequencing analysis 

showed that most CpG sites in both covered regions of the uninfected cell controls were 

found in methylated states (80–90%), and this was only minimally different from the 

infected sample. This may be due to technical issues as the background level of 

methylation in the DBH promoter of these cells was high for an expressed gene and 

considerably greater than prior unpublished work (Tedford, 2018). Nevertheless, another 

reasonable explanations may exist for the subtle DNA methylation changes. First, as the 

studied regions showed little change in DNA methylation patterns upon perturbation, 

there could be other functional CpG sites in the promoter sequences that were not 

covered in the study. Indeed, this study only analysed a small section of the upstream 

region that is 2.7 kb away from the 5’TSS and another small section surrounding 5’TSS. 

It is possible that there was a global increase in DNA methylation in the promoter region 

post-infection and the effect on gene regulation was not locus-specific. However, the 

increasing methylation trend at the 5’TSS region in the MeDIP-qPCR analysis gave some 

indication of the involvement of DNA methylation post-infection. Second, it is possible 

that DNA methylation only provided a small contribution, partially, or may not be involved 

at all in DBH gene regulation, regardless of its methylation states. It is, however, difficult 

to prove that DNA methylation had no impact post-infection especially because the 

covered regions of the studied loci sites were relatively small. Further analysis by the 
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ChIP assay found that presence of the enzyme responsible for DNA methylation, 

DNMT3a, increased with infection (Chapter 3). The percent input of the infected sample 

was greater than uninfected control on day one and day two that suggested an increasing 

trend upon parasite invasion in the host cell. Indeed, on day two (48 h) post-invasion, 

the binding had greater percent input relative to control with three-fold. At the same time, 

DNA methylation began to incrementally increase post-infection. Though the timescale 

was still unclear, the accumulation of DNMT3a protein-binding to the locus site signifies 

an active process of DNA methylation at the DBH promoter region. However, this study 

failed to show that the enzyme levels continued to increase to maintain the 

hypermethylation process in the infected sample, as evident in the DNA methylation 

assays. There might be a few explanations for this. First, secretion of the DNMT3a 

enzyme was too low in the nuclei of PC12 cells, making protein-capture by the ChIP 

assay more difficult. Limited CpG sites present in the studied region may also explain 

this. Second, the bound proteins may have been lost in the ChIP processing procedures, 

as the assay involved a longer, multi-step protocol. Technical laboratory errors can 

happen in a single biological replicate. Also, the implemented formaldehyde-crosslinking 

exposure in the assay may not have been enough to bind all the enzyme-proteins to 

DNA. Conversely, the recruitment of DNA methyltransferase to the locus site may not 

have caused enough repressive activity at the onset of the infection, as denoted by the 

statistically insignificant differences between the infected and control samples. However, 

by comparing the MeDIP-qPCR for DNA methylation assay with DNMT3a-bindings in the 

ChIP-qPCR, it can be concluded that the higher level of methylase-binding upon infection 

allowed for the prediction that DNA methylation also increased in the infected cells 

despite the observation of a minimal increase in the MeDIP assay. However, possibly 

due to the aforementioned reasons, both specific DNA methylation assays could not 

confirm the changes. Interestingly, DNMT3a might not only function as a de novo DNA 

methyltransferase but can also participate in repressive complexes involving histone 

modifications, specifically histone deacetylation and methylation. It has been shown that 

DNMT3a can associate with many repressor proteins such as histone deacetylase 
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(HDAC) to repress gene expression (Fuks et al., 2001; Morris, 2005). Thus, a second 

alternative regulation scenario can be proposed. Without forming hypermethylation 

states causing promoter-directed DNA methylation, the DNMT3a can also act as a co-

repressor protein in initiating the TGS. The data showed an increased protein binding up 

to 48 h upon infection, postulated at this time to be the formation of a repressive complex 

at the site locus. The enzyme-binding values dropped on day three, as compared to day 

one and day two, as the enzyme had started to dissociate from the locus site, usually 

when the accumulation of other repressive proteins takes place. These findings raise the 

possibility that DNMT3a enzyme is a dual-function protein that silences gene expression, 

both directly through association with chromatin remodelling complexes and indirectly 

through epigenetic modification of cytosine in DNA methylation. Hence, further analysis 

of a repressive histone modifications protein mark; H3K9me2 showed an increasing 

protein-binding pattern at the TSS after day three post-infection, suggesting its inhibitory 

role in DBH transcription activity. The histone-modifying H3K9me2 repressive protein 

functions specifically to alter the chromatin to form a more compacted structure, thus 

hiding gene sequences and blocking the transcription activity of the active genes and 

initiating a heterochromatin state. The increase occurred after increasing DNA 

methylation activity and DNMT3a binding that had started earlier on day two, suggesting 

that the chromatin modification protein worked in a methylation-dependent manner. 

However, the exact timing was still unclear and the question as to whether DNA 

methylation was involved or only partially involved in the DBH gene repression remains 

uncertain due to the above mentioned data limitations. Also, I had assumed that dimethyl 

H3K9 may work in parallel with the trimethyl H3K9 in remodelling the chromatin structure 

to form a repressed heterochromatin state. Insight into whether the global 

heterochromatin state repressed the gene is still largely unsolved as a gene can be 

silenced without needing the overall shift into heterochromatin. A local chromatin 

structure change modified by a histone modification is enough to hide the transcriptional 

machinery of a gene. Further investigation relates on how chromatin-remodelling 

complexes were targeted to the targeted site and initiated the histone modification 
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changes. Chapter 5 data provided evidence of the presence of long non-coding RNA 

(lncRNA) at the TSS of DBH mRNA, suggesting its possible inhibitory role in epigenetics 

DBH gene expression. The RNA transcript was bound complementary to the promoter 

DNA protein-coding sequence, in the antisense orientation. The lncRNA expression 

could be triggered by the parasite-derived effector proteins that activated lncRNA 

transcriptions by the host cell. Long non-coding RNA induced during infection could be 

a general mechanism used by the parasite to alter host gene expression, such as 

immune-related genes in macrophage. For example, T. gondii-infected bone marrow-

derived mouse macrophages have a substantial number of host lncRNAs involved in the 

immune response dysregulated, possibly mediated by a direct effect from parasite 

ROP16 protein, although the direct roles are still being clarified (Menard et al., 2018). 

The same mechanism of inducing lncRNAs might be found for other intracellular 

pathogens and parasites, such as Leishmania (McMaster et al., 2016) and trypanosomes 

(Bayer-Santos et al., 2017). Numerous lncRNAs have been reported to participate in 

gene regulation by interacting with various types of proteins involved in histone 

modifications or chromatin-remodelling complexes. The lncRNAs have demonstrated an 

ability to guide epigenetic silencing complexes to targeted loci in the gene promoter. 

Based on the literature, in this scenario, two potential mechanisms of lncRNA promoting 

DBH downregulation are proposed. The first is that lncRNA can recruit proteins such as 

chromatin modifiers (e.g. DNMT3a) to the targeted DNA, and the second is that it can 

function as a scaffold to bring multiple proteins into a complex by its homology 

sequences with DNA. 
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6.2 Antisense long non-coding RNA could mediate epigenetic 

transcriptional gene silencing of the DBH gene 

 

By understanding the mechanism of the DBH gene silencing, new insight into host-

parasite interactions can be obtained as it is the key enzyme involved in the 

catecholamine biosynthesis pathway. While it is of the utmost importance to understand 

the underlying mechanism of how the DBH gene is regulated, it is also essential to 

identify the associated regulatory elements to further understanding of how the gene can 

be depressed by an infection. An inhibitory role by epigenetic effectors on DBH promoter-

driven transcription is the most likely target mechanism at this transcriptional level. A 

question arises if there is a general chronological order in protein recruitment to the 

specific targeted site of gene regulation. But most studies indicate that each individual 

gene promoter works using a sequence of actions that differs from one promoter to 

another. The three distinct mechanisms that appear to be implicated in initiating and 

sustaining epigenetic modifications are RNA-associated silencing, DNA methylation and 

histone modification. 

 

In this study, the level of DNMT3a in infected cells was greater than uninfected control 

observed 24 h post-infection, signifying that it was the first protein recruited to the target 

locus. Meanwhile, DNA methylation was observed after day two (48 h) post-infection and 

continued to increase until day five. This suggests the establishment of promoter DNA 

methylation patterns resulting in the modulation of DBH gene repression. Although many 

studies have proposed that DNA methylation can act as a primary player in silencing a 

gene preceding other epigenetic pathways, there are also events in which DNA 

methylation can act as a secondary action that takes place to stabilise the gene silencing 

status after chromatin modifications. Perturbations on H3K9me2 histone at the DBH 

promoter was observed on day three post-infection, which suggests that the local 
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repressive chromatin structure had changed. This is consistent with our group finding; 

decreased DBH expression three days post-infection (Alsaady et al., 2019). An 

immediate inquiry emerged on whether the DBH downregulation resulted from the 

presence of a ncRNA. Both short and long antisense ncRNAs have been demonstrated 

to be functional in epigenetically-regulated gene transcriptions (Weinberg et al., 2006; 

Morris, 2009). I have predicted that a lncRNA may play a functional role in regulating 

DBH gene expression. In this study, an antisense lncRNA at the locus site was detected 

in samples harvested on day five post-infection. The lncRNA-binding could be 

transcribed earlier at the targeted locus, possibly right after the parasite invasion. One 

plausible theory is the lncRNA can guide the silencing complexes to the targeted site. 

Despite small target loci being generally understudied, a wide diversity of interactions 

between short and long noncoding RNAs and different chromatin-modifying complexes 

have been described in the literature (Hawkins and Morris, 2008; Geisler and Coller, 

2013; Weinberg and Morris, 2013; Weinberg and Morris, 2016). The antisense lncRNAs 

detected in this study could act as a “guide’ RNA” in directing the repressive protein 

complexes to the targeted locus. Intriguingly, many reported ncRNAs are thought to have 

an initial association with DNMT3a, histone deacetylases 1 (HDAC1) and Argonaute-1 

(AGO1) proteins and form the complexes that function as co-repressors to silence a gene 

in TGS (Hawkins and Morris, 2008; Morris, 2009; Weinberg and Morris, 2013). Or the 

lncRNA could bind first to the DBH promoter region and recruit repressive protein 

complexes with its functional secondary structures to the targeted site. There is an 

alternative model where the antisense RNA could act directly via binding close to the 

TSS through its sequence homology, and form a hybrid (such as a triplex 

RNA:DNA:DNA) with opened DNA helix at the promoter and this blocks the transcription 

machinery (Martianov et al., 2007). It does not require DNA methylation or histone 

changes but is likely to be short-lived, a longer term study would be required for this. 

Considering both the literature and data presented in this thesis, a sequence of events 

that may involve in the DBH repression machinery can be proposed.  
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A model for the mechanism of antisense lncRNA-directed transcriptional regulation in rat 

neural PC12 cells consistent with my data is proposed (Figure 6.1). 

 

Figure 6.1 Schematic model of how antisense long non-coding RNA could mediate 
epigenetic transcriptional gene silencing of the DBH gene in infected 

catecholaminergic cells. (A) The lncRNA targeting the repressive proteins (AGO1, 

HDAC1, DNMT3a) to the targeted locus. This is followed by one of two proposed 

scenarios: (B) Chromatin modification changes without promoter DNA methylation and 

(C) involving DNA methylation. The HDAC1 binding leads to histone de-acetylation; 

meanwhile, DNMT3a and AGO1 binding can lead to DNA methylation. The co-repressor 

complex binding attracts the accumulation of other repressive proteins such as EZH2 

that functions to methylate histone H3K27, and histone methyltransferase G9A that 

functions to methylate histone H3K9 at the locus site. Meanwhile, the MBDs protein 

which binds specifically to 5-methylcytosine, associates with DNMT3a to methylate a 

CpG site. Epigenetic histone modifications at the locus site change the chromatin 

structure that leads to TGS by interrupting the RNA Pol II transcriptional machinery 

activity. Abbreviation: lncRNA (long non-coding RNA); AGO1 (argonaute-1); HDAC1 

(histone deacetylases 1); DNMT3a (DNA methyltransferase 3 alpha); EZH2 (enhancer 

of zeste homolog 2); G9A (histone methyltransferase G9A); MBD (methyl-CpG binding 

domain protein); RNA Pol II (RNA Polymerase II).  
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Two epigenetic regulation scenarios are proposed, one which involves DNA methylation 

at the promoter region and one that does not. The lncRNA-guide allows the recruitment 

of DNMT3a, which then methylates the sense DNA promoter (Figure 6.1C). This 

scenario is consistent with the data obtained in this study that demonstrated an greater 

level of DNMT3a enzyme than uninfected cells 24 h post-infection and increased DNA 

methylation patterns starting at day two and continuing afterward. However, as 

previously mentioned, the presence of DNA methylation in this study could not be 

confirmed. Thus, another scenario is proposed that does not include the effect of DNA 

methylation on gene regulation. The binding of lncRNA and co-repressor proteins at the 

5’TSS may have manifested enough repressive effect on its own to silence the DBH 

gene (Figure 6.1B). Hyper-acetylation of histones has been shown to mark open 

chromatin and is a required step for transcriptional activation. Accordingly, the de-

acetylation process may be the first required mechanism that has to take place to enable 

chromatin structure changes. Thus, the initial step in transcriptional gene repression is 

histone de-acetylation: the removal of the acetyl group from H3K9 terminal histone, 

catalysed by HDAC1 enzyme. The HDAC1-bindings cause a localised histone de-

acetylation (Figure 6.1A). The AGO1 protein is an effector protein that facilitates the 

“guide lncRNA” to form a silencing complex with HDAC1. The AGO1 can associate with 

RNA polymerase II, and it is also required in the H3K9me2 modifications process (Kim 

et al., 2006). Interestingly, the T. gondii parasite itself harbours a single gene encoding 

an argonaute protein (Riyahi et al., 2006) that may be associated with DBH repression. 

 

After HDAC1-complexes bind, the recruitment of other proteins such as polycomb group 

protein enhancer of zeste homolog 2 (EZH2) and G9A protein could take place, 

accumulate at the 5’TSS locus site and then block RNA Polymerase II transcription. The 

EZH2 is a lysine methyltransferase enzyme that methylates H3K27 histone, another 

major repressive histone marker, and the enzyme usually interacts within the polycomb 

repressive complex 2 (Viré et al., 2006). Remarkably, the EZH2 is also reported to be 
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able to directly control DNA methylation, and thus might be involved in establishing DNA 

methylation in the promoter gene to mediate changes (Viré et al., 2006). Hence, 

assessing the EZH2-binding pattern changes at the DBH promoter site may provide 

insight into the DNA methylation. Additionally, the G9A protein is a well-known H3K9 

lysine methyltransferase enzyme primarily responsible for mono- and dimethylation of 

H3K9 histone in mammalian euchromatin (Mozzetta et al., 2014). Since this thesis 

analysed the H3K9me2, evaluating its catalyser enzyme, the G9A, can support the data. 

 

This would permit chromatin remodelling by the addition of methyl groups to the H3K9 

and H3K27 histones, forming H3K9me2 and H3K27me3, respectively. Both are major 

repressive histone marks that have been shown to direct the formation of a repressive 

heterochromatin state through the recruitment of silencing complexes. There is evidence 

in which the H3K9me2 modification can act in concert with H3K27me3, suggesting 

positive crosstalk between these two mechanisms. The alterations cause the chromatin 

structure to change to a condensed state and silence the gene. Herein, my data showed 

an increased level of H3K9me2 binding after three days post-infection, which occurred 

after DNMT3a binding at the locus site on day two. This suggests that the chromatin 

structure changes were mediated on day three, in agreement with the finding of low 

transcriptions activity of mRNA DBH, in vitro. The DBH gene was significantly 

downregulated after day five post-infection (Alsaady et al., 2019). 
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6.2.1 Involvement of other effectors in promoter DNA methylation-

directed epigenetic gene repression 

 

6.2.1.1 Methyl-CpG binding domain proteins (MeCP2 and UHRF1) 

 

Epigenetic regulations including DNA methylation are commonly mediated by multiple 

proteins that add, remove, or interpret the chromatin structures (Readers and Writers). 

With regard to DNA methylation, gene suppression is generally mediated partly by the 

recruitment of the methyl-CpG binding domain protein (MBDs) which selectively 

recognises methylated CpG sites. The 5-mC site is recognized by three separate families 

of proteins: the MBD proteins, the UHRF proteins, and the zinc-finger proteins (Moore et 

al., 2012). In the brain, methylated DNA may be bound by MBDs proteins such as MeCP2 

that can thereafter recruit additional proteins to the gene locus, such as HDACs and 

other chromatin remodelling proteins that can modify the local chromatin structure, 

thereby forming compact, inactive heterochromatin states (Amir et al., 1999). There is 

growing evidence that MBD proteins interact with HDACs, suggesting that methylation 

represses transcription by recruiting HDAC activity, resulting in hypo-acetylation of 

histones residing in the region of methylated DNA. As such, the MeCP2 was shown to 

associate and assist histone methylation at lysine 9 of H3 (H3K9me), which is a key 

epigenetic modification involved in gene silencing (Nan et al., 1998; Fuks et al., 2003). 

The UHRF1, another type of MBD protein, has a critical role in cell cycle progression. 

The T. gondii parasite exploits the host UHRF1 gene to control the cell cycle phase and 

enhance its proliferation, as the gene has been found significantly overexpressed 

following infection. Hence, the UHRF1 has been used as a promising drug target to treat 

toxoplasmosis because it can act as a transcriptional repressor through its variety of 

functional domains that can bind to the epigenetic modification proteins (Brunet et al., 

2008; Unoki et al., 2009). The latest finding reported that T. gondii ROP16 protein kinase 
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initiated the epigenetic events which targets host UHRF1 (Sabou et al., 2019). Indeed, 

both the MBDs and the UHRF proteins interact with methylated DNA and histones to 

increase gene repression. Based on this evidence, it is proposed there could be other 

specific MBD proteins that are involved and play some roles in the heterochromatin 

formation in DBH gene downregulation, modulated directly by T. gondii infection or from 

the host’s response following infection. Therefore, MBD protein binding status can help 

to further determine DNA methylation involvement in DBH gene repression. 

 

6.3 Study limitation; a relatively low DBH expression in 

catecholaminergic neural cell line  

 

While much effort has been expended on studying the mechanisms of epigenetic 

changes in the infected cells, my latest finding has found that the DBH protein was 

expressed at relatively low levels in the cell line utilised. The cell line used failed to repeat 

the same outcome in expressing the mRNA DBH post-infection shown in previous 

experiments. The HPLC-ECD analysis of catecholamines released by the cells also 

showed undetectable NE levels in the line of cells, confirming the lower DBH enzyme. 

Thus, this could provide an explanation for the insignificant changes in the epigenetic 

assay data described in DNA methylation assays and very high background methylation 

in the DBH promoter (Chapter 2). The low level of DBH transcription in the PC12 cells is 

due to unknown causes, but it was believed that the cells show low inherent competency 

to produce the DBH protein over time.  
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6.4 The effect of DBH downregulation and consequentially 

norepinephrine suppression on the host in initiating 

behavioural changes 

 

The brain's central place for noradrenergic neurons is the locus coeruleus, the primary 

site of norepinephrine (NE) synthesis. Norepinephrine is the main player in 

neuromodulation and neuroinflammation in the brain (Madden et al., 1995). Indeed, NE 

binds adrenergic receptors present on all brain cell types. During infection, CNS NE 

suppresses pro-inflammatory cytokines in microglia and astrocytes to prevent cell 

damage and hence, control the infection. Also, NE modulates GABAergic neurons thus, 

balancing neuron signalling and transmission in the brain (Kawaguchi and Shindou, 

1998; O'Donnell et al., 2012).  

 

The DBH was down-regulated following T. gondii infection that possibly elicited by the 

host antisense lncRNA dysregulation. The decreased DBH will consequentially decrease 

the NE synthesis. Lower NE will allow the proinflammatory response in the brain. 

Neuroinflammation could maintain chronic infection in the brain and suppress tachyzoite 

activation, so that the host is more likely be predated, and the parasite can be 

transmitted. 
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6.5 Future investigations 

 

6.5.1 Implement other cell lines and in vivo tissue 

 

Assessing the catecholamine released by HPLC-ECD for each PC12 cell batch used 

prior to an assay is important for quality control. This study was performed in a single 

host cell type from a rat neural cell line. Future experiments could use a human neuron 

cell line such as BE(2) M17. Also, the experiment can directly use infected brain tissues 

which would provide abundant information to analyse protein-DNA interactions in vivo 

for further analysis. 

 

6.5.2 Broadening the studied promoter-region 

 

The DNA methylation and chromatin modification assays used in this study are limited 

in terms of the required length of the DNA fragment (an average of 300-500 bp), thus 

allowing analysis for a limited region size. Broadening or extending the studied loci in the 

promoter region is recommended for future study by implementing the optimised-MeDIP 

and ChIP assays developed. It is possible that this study was missing functional loci 

contributing to DBH transcription activity. The genome-wide bisulphite-sequencing 

analysis is likely to be exceptionally useful in future studies, particularly because it may 

give a detailed overview of all CpG site status on the DBH gene and its promoter. 
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6.5.3 Analysis of other related host epigenetic effector proteins  

 

As aforementioned in the proposed mechanism of TGS, there are many associated 

regulatory factors of the chromatin modification machinery which act as effector proteins 

that may contribute to DBH gene silencing, such as AGO1, HDAC-1, EZH2, G9A, 

H3K27me3 and MBDs proteins. The optimised-ChIP method can be used to measure 

these proteins. It is important to identify each individual epigenetic modification protein 

and determine their binding-pattern changes at the DBH promoter site upon T. gondii 

infection, hence providing reliable information regarding locus site and time of action and 

their biological functions in silencing the DBH gene.  

 

6.5.4 Characterise the detected-long non-coding RNA transcript at 

5’TSS  

 

The detected antisense lncRNA complementary to the protein-coding DBH strand 

described in this thesis needs continued research. Characterisation of the antisense 

lncRNA transcript is essential to determine its potential role in DBH transcription 

regulation. Meanwhile, the functional analysis of the lncRNA can be done by cloning the 

isolated fragment into an expression vector (e.g. pCR-XL-2-TOPO vector that is 

specialised for long fragment cloning) and transfecting it into cell cultures, then observing 

the effect on DBH gene expression. RNA structure can be predicted by in silico folding 

programs (computational models) and determined experimentally by chemical agents or 

enzymes that can selectively cut or modify RNA bases. Additional detailed 

methodologies can be referred to in a review presented by Kashi et al. (2016). 
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6.5.5 Assess chromatin accessibility changes throughout the neural 

cell genome with T. gondii infection  

 

Change in heterochromatin state may occur at multiple locations throughout the genome 

with infection, including the DBH region. Future experiments assaying chromatin 

structure may include assay for transposase-accessible chromatin with high-throughput 

sequencing (ATAC-Seq). The ATAC-seq is a method for mapping chromatin accessibility 

across the genome (Buenrostro et al., 2015). It utilises a hyperactive Tn5 transposase 

to capture open chromatin sites by cutting exposed DNA sequences into fragments and 

ligating with sequencing adapters. Adapter-ligated DNA fragments are then isolated, 

amplified by PCR and used for next-generation sequencing. The number of sequencing 

reads for a region correlates with how open that chromatin is at a single nucleotide 

resolution.  
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Figure 6.2 Schematic workflow of the ATAC-seq process. The assay was established 

by Buenrostro et al. (2015). (A) Transposition by hyperactive Tn5 transposase cut any 

open chromatin region resulting in fragmented DNAs. (B) Adapters (adapter 1 and 

adapter 2) were added prior to the PCR amplification by an extension steps at 72 °C. In 

the subsequent PCR, additional sequence was added to the adapters which include 

sequencing barcoded primers, and the final PCR product ended with DNA sequencing.  
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6.6 Conclusion 

 

Even though the mechanistic details as to how the RNA and chromatin worlds connect 

remain unknown, this study attempted to demonstrate the involvement of antisense lnc 

RNAs in silencing a gene through chromatin remodelling pathways, and possibly with 

the association of DNA methylation. This is the first description of neurotransmitter 

regulation by lncRNAs. Further details on how T. gondii induces lncRNA changes in the 

host cell’s nucleus need further investigation, e.g. which exactly is the critical initiating 

event for DBH TGS. Elucidating the epigenetic mechanism can provide insight into how 

T. gondii can alter the expression of other genes, and possibly increase our 

understanding of mechanisms of gene regulation in the mammalian brain.
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Appendix A 

A.1 Photos of normal PC12 cells and T. gondii parasites in PC12 and HFF 

cells 

A.1.1 Normal rat neural PC12 cells 

 

A.1.2 WTPru T. gondii-Infected PC12 cells 
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A.1.3 WTPru T.gondii-infected HFF cells (after pH induction) 
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Appendix B 

 

B.1  DBH gene expression in MOI infection of T. gondii-infected PC12 

cells with respect to the housekeeping gene, rat GAPDH, on day five 

post-infection, analysed by RT-qPCR 

The assay was done for three biological repeats (Repeat 1-3). Values of Cqs (triplicates) 

and data analysis of the RT-qPCR as in the following tables. Data analysis was 

calculated by implementing -∆Cq method (∆Cq = Cq sample – Cq GAPDH). The ∆Cq 

was the difference in Cq values, between Cq sample and Cq of the reference gene 

(GAPDH) by which the average of Cq GAPDH was substracted from the average Cq 

sample. This method was implemented throughout the gene expression assays used in 

this study. 

 

B.1.1  Repeat 1 

 

 

 

Cq 1 Cq 2 Cq 3 Average Cq 1 Cq 2 Cq 3 Average

Un-infected Day 5 20.06 20.09 20.61 20.25 18.97 18.78 18.92 18.89

Infected 1:1 22.09 22.31 22.30 22.23 19.45 19.40 19.46 19.44

Infected 2:1 21.99 22.25 22.32 22.19 19.89 19.79 19.63 19.77

Infected 3:1 22.11 22.01 22.39 22.17 19.95 19.75 19.83 19.84

Infected 4:1 22.47 22.56 22.80 22.61 20.16 20.32 20.21 20.23

Infected 5:1 22.86 23.25 23.18 23.10 20.34 20.36 20.28 20.33

Biological Repeat 1

Cq DBH Cq GAPDH

Average Cq 

DBH

Average 

Cq 

GAPDH

DBH-

GAPDH 

1

SEM 

(triplicate 

wells)

Un-infected Day 5 20.25 18.89 -1.36 0.18

Infected 1:1 22.23 19.44 -2.80 0.07

Infected 2:1 22.19 19.77 -2.42 0.10

Infected 3:1 22.17 19.84 -2.33 0.11

Infected 4:1 22.61 20.23 -2.38 0.10

Infected 5:1 23.10 20.33 -2.77 0.12

Biological Repeat 1
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B.1.2  Repeat 2  

 

 

 

B.1.3  Repeat 3 

 

 

 

 

 

Cq 1 Cq 2 Cq 3 Average Cq 1 Cq 2 Cq 3 Average

Un-infected Day 5 21.81 21.67 21.83
21.77

19.67 19.64 19.8
19.70

Infected 1:1 24.59 24.72 25.06 24.79 20.24 20.21 20.26 20.24

Infected 2:1 26.62 26.74 26.76 26.71 21.29 21.39 21.36 21.35

Infected 3:1 23.83 24.08 24.21 24.04 21.28 21.43 21.32 21.34

Infected 4:1 23.53 23.56 23.52 23.54 22.16 22.09 22.07 22.11

Infected 5:1 24.66 24.98 24.87 24.84 21.55 21.42 21.43 21.47

Biological Repeat 2

Cq DBH Cq GAPDH

Average Cq 

DBH

Average 

Cq 

GAPDH

DBH-

GAPDH 1

SEM 

(triplicate 

wells)

Un-infected Day 5 21.77 19.70 -2.07 0.05

Infected 1:1 24.79 20.24 -4.55 0.14

Infected 2:1 26.71 21.35 -5.36 0.04

Infected 3:1 24.04 21.34 -2.70 0.11

Infected 4:1 23.54 22.11 -1.43 0.01

Infected 5:1 24.84 21.47 -3.37 0.09

Biological Repeat 2

Cq 1 Cq 2 Cq 3
Average

Cq 1 Cq 2 Cq 3
Average

Un-infected Day 5 23.67 23.28 23.42 23.46 20.33 20.36 20.44 20.38

Infected 1:1 23.73 23.21 23.34 23.43 20.93 20.75 20.68 20.79

Infected 2:1 21.91 21.54 21.43 21.63 20.20 20.12 20.07 20.13

Infected 3:1 24.25 23.82 24.10 24.06 20.79 20.64 20.57 20.67

Infected 4:1 25.31 24.89 25.21 25.14 22.14 21.87 22.03 22.01

Infected 5:1 26.84 26.74 27.17 26.92 23.53 23.52 23.65 23.57

Biological Repeat 3

Cq DBH Cq GAPDH

Average Cq 

DBH

Average 

Cq 

GAPDH

DBH-

GAPDH 1

SEM 

(triplicate 

wells)

Un-infected Day 5 23.46 20.38 -3.08 0.11

Infected 1:1 23.43 20.79 -2.64 0.16

Infected 2:1 21.63 20.13 -1.50 0.15

Infected 3:1 24.06 20.67 -3.39 0.13

Infected 4:1 25.14 22.01 -3.12 0.13

Infected 5:1 26.92 23.57 -3.35 0.13

Biological Repeat 3
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B.1.4  Average ∆Cq values 

All these three sets data (B.1.1 – B.1.3) were averaged and a graph was plotted as in 

Figure 4.2, plotting the DBH gene expression (-∆Cq) relative to samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Set 1 Set 2 Set 3
AVERAGE 

∆Cq
SEM

Un-infected -1.36 -2.07 -3.08 -2.17 0.498

Infected 1:1 -2.80 -4.55 -2.64 -3.33 0.613

Infected 2:1 -2.42 -5.36 -1.50 -3.09 1.165

Infected 3:1 -2.33 -2.70 -3.39 -2.80 0.312

Infected 4:1 -2.38 -1.43 -3.12 -2.31 0.490

Infected 5:1 -2.77 -3.37 -3.35 -3.16 0.197
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B.1.5  Amplification curve and melt curve. 

Graph below showed the amplification and melt peak curve of biological repeat Set 1 as 

an example of peaks shown in Bio-Rad CFX Manager (USA) software. One single peak 

was observed for each gene indicating a correct amplification product. Analysis was 

done with relative to the GAPDH reference gene. 
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B.2  DBH gene expression of day 1, 3 and 5 

Two biological repeat was done for this assay. The assay was done for two biological 

repeats (Repeat 1-2). Data analysis of RT-qPCR was shown as in the following table. 

 

B.2.1  Repeat 1 

 

 

 

B.2.2  Repeat 2 

 

 

 

Cq 1 Cq 2 Cq 3 Average Cq 1 Cq 2 Cq 3 Average
Average Cq (DBH - 

GAPDH)

30.34 30.04 29.98 30.12 24.24 24.84 24.62 24.57 -5.55

29.36 29.48 29.94 29.59 23.65 24.06 23.70 23.80 -5.79

27.93 28.06 27.85 27.95 21.83 21.89 22.03 21.92 -6.03

28.99 27.44 27.78 28.07 21.82 22.05 21.78 21.88 -6.19

26.65 26.39 26.93 26.66 21.25 21.36 21.11 21.24 -5.42

28.98 29.39 29.22 29.20 22.57 22.92 22.68 22.72 -6.47Infected Day 5

Un-infected Day 1

Infected Day 1

Un-infected Day 3

Infected Day 3

Un-infected Day 5

Biological Repeat 1

Cq DBH Cq GAPDH

Un-

infected
Infected

Un-

infected
Infected

Day 1 -5.55 -5.79 0.11 0.18

Day 3 -6.03 -6.19 0.06 0.47

Day 5 -5.42 -6.47 0.16 0.12

Average Cq (DBH - 

GAPDH)
SEM (triplicate wells)

Cq 1 Cq 2 Cq 3 Average Cq 1 Cq 2 Cq 3 Average
Average Cq (DBH - 

GAPDH)

28.42 28.61 28.59 28.54 22.31 22.29 22.53 22.38 -6.16

29.83 29.24 28.84 29.30 23.14 23.32 23.17 23.21 -6.09

27.10 27.14 27.16 27.13 22.13 21.96 22 22.03 -5.10

27.85 27.93 27.75 27.84 21.26 21.64 21.3 21.40 -6.44

28.30 28.20 28.02 28.17 21.38 21.32 21.35 21.35 -6.82

28.30 28.32 28.43 28.35 21.48 21.38 21.34 21.40 -6.95Infected Day 5

Infected Day 1

Un-infected Day 3

Infected Day 3

Un-infected Day 1

Un-infected Day 5

Biological Repeat 2

Cq DBH Cq GAPDH

Un-

infected
Infected

Un-

infected
Infected

Day 1 -6.16 -6.09 0.06 0.29

Day 3 -5.10 -6.44 0.02 0.05

Day 5 -6.82 -6.95 0.08 0.04

Average Cq (DBH - 

GAPDH)
SEM (triplicate wells)
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B.2.3  Amplification and melt peak curve data of biological repeat Set 2 of 

DBH gene. 

Graph below showed the amplification and melt peak curve data of biological repeat Set 

1. One single peak was observed for each gene. Analysis was done with relative to the 

GAPDH reference gene. 
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B.3  BAG1 gene expression relative to rat GAPDH expression in T. 

gondii-infected PC12 cells at 1, 3, and 5 days post-infection, 

analysed by RT-qPCR. 

Two biological repeat was done for this assay. The assay was done for two biological 

repeats with triplicate samples in RT-qPCR (Repeat 1-2). Data analysis of RT-qPCR as 

in the following table. 

 

B.3.1  Repeat 1 and Repeat 2 

 

 

 

  

Average ∆Cq (BAG1 - 

GAPDH)

Cq 1 Cq 2 Cq 3 Average Cq 1 Cq 2 Cq 3 Average

Infected Day 1 33.7 33.76 33.25 33.57 23.65 24.06 23.7 23.80 -9.77

Infected Day 3 29.43 29.03 29.23 29.23 21.82 22.05 21.78 21.88 -7.35

Infected Day 5 30.39 30.35 30.19 30.31 22.57 22.92 22.68 22.72 -7.59

Repeat 1

bradyzoite 

marker
BAG1 Cq GAPDH

Average ∆Cq (BAG1 - 

GAPDH)

Cq 1 Cq 2 Cq 3 Average Cq 1 Cq 2 Cq 3 Average

Infected Day 1 34.01 33.34 33.93 33.76 23.14 23.32 23.17 23.21 -10.55

Infected Day 3 30.09 29.96 30.03 30.03 21.26 21.64 21.30 21.40 -8.63

Infected Day 5 29.45 29.62 29.65 29.57 21.48 21.38 21.34 21.40 -8.17

Repeat 2

bradyzoite 

marker
BAG1 Cq GAPDH

BAG 1 SET 1 SET 2
Average 

∆Cq
SEM

Day 1 -9.77 -10.55 -10.16 0.392

Day 3 -7.35 -8.63 -7.99 0.640

Day 5 -7.59 -8.17 -7.88 0.293
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B.3.2  Amplification and melt curve data BAG 1 

Both amplification and melt curve graphs for each repeat as shown in the following 

figures: 

 

B.3.2.1  Repeat 1 
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B.3.2.2  Repeat 2 

 

 

  



221 
 

B.4  Toxo-actin gene expression relative to rat GAPDH expression in T. 

gondii-infected PC12 cells at 1, 3, and 5 days post-infection, 

analysed by RT-qPCR. 

Two biological repeat was done for this assay. The assay was done for two biological 

repeats (Repeat 1-2). Data analysis of RT-qPCR as in the following table. 

 

B.4.1  Repeat 1 and Repeat 2 

 

 

 

 

 

 

 

 

 

 

 

Average ∆Cq (BAG1 - 

GAPDH)

Cq 1 Cq 2 Cq 3 Average Cq 1 Cq 2 Cq 3 Average

Infected Day 1 34.18 34.79 33.99 34.32 23.65 24.06 23.7 23.80 -10.52

Infected Day 3 29.24 29.18 28.94 29.12 21.82 22.05 21.78 21.88 -7.24

Infected Day 5 31.34 31.06 30.62 31.01 22.57 22.92 22.68 22.72 -8.28

Repeat 1

Toxo-actin Cq GAPDH

Average ∆Cq (BAG1 - 

GAPDH)

Cq 1 Cq 2 Cq 3 Average Cq 1 Cq 2 Cq 3 Average

Infected Day 1 34.76 33.76 33.74 34.09 23.14 23.32 23.17 23.21 -10.88

Infected Day 3 30.86 30.31 30.25 30.47 21.26 21.64 21.30 21.40 -9.07

Infected Day 5 31.17 30.27 30.3 30.58 21.48 21.38 21.34 21.40 -9.18

Toxo-actin Cq GAPDH

Repeat 2

Actin SET 1 SET 2
Average 

∆Cq
SEM

Day 1 -10.52 -10.88 -10.70 0.180

Day 3 -7.24 -9.07 -8.16 0.918

Day 5 -8.28 -9.18 -8.73 0.448
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B.4.2  Amplification and melt curve Toxo-actin. 

Both amplification and melt curve graphs for each repeat as shown in the following 

figures: 

 

B.4.2.1  Repeat 1 
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B.4.2.2  Repeat 2 
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Appendix C 

 

C.1  DNA sequencing: sequence alignment output 

Nucleotide sequence obtained by Sanger sequencing of the RT-PCR products followed 

by the Basic Local Alignment and Search Tool (BLAST) for nucleotide searches, 

BLASTN alignment of the cDNA to the genomic sequence 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi), showed an identical match between the RT-

PCR products and rat promoter DBH sequences from the genome database assembly. 

 

C.1.1 Primer Set 1 

The sequence was matched with Rattus norvegicus DBH promoter gene sequence 

(sequence ID: M96011.1, range 1: 353 to 442). 

Score Expected Identities Gaps Strand 

167 bits(90) 1e-37 90/90(100%) 0/90(0%) Plus/Minus 

 

Query  49   AGGCTCCAGCAAGGCTGGTGGCTGAGGTGAGGCTGCATGGCTGGGATGAGCACCCCAGCC  108 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  442  AGGCTCCAGCAAGGCTGGTGGCTGAGGTGAGGCTGCATGGCTGGGATGAGCACCCCAGCC  383 

 

Query  109  CCACTGGGCCATTTATGTCTGTTCGGTGGG  138 

            |||||||||||||||||||||||||||||| 

Sbjct  382  CCACTGGGCCATTTATGTCTGTTCGGTGGG  353 
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C.1.2 Primer Set 3 

The sequence was matched with Rattus norvegicus DBH promoter gene sequence 

(sequence ID: L12409.1, range 1: 633 to 959). 

Score Expected Identities Gaps Strand 

604 bits(327) 5e-169 327/327(100%) 0/327(0%) Plus/Minus 

 

Query  1    GCCAGGCTGTACCTAATCACATTTGTCTGGTGGGGAATTCAATTGTCCTGGTGGCTCTCC  60 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  959  GCCAGGCTGTACCTAATCACATTTGTCTGGTGGGGAATTCAATTGTCCTGGTGGCTCTCC  900 

 

Query  61   CACCAGCCCATGCCCTGGGGCAAACACTTTGCTCCGATCCTCCCCTAATTGACACTAATG  120 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  899  CACCAGCCCATGCCCTGGGGCAAACACTTTGCTCCGATCCTCCCCTAATTGACACTAATG  840 

 

Query  121  ACGCATGGACATCATCAAGAGAATCGAAGCAGAATGGCCATGTCCTCCAATGGATCTCTG  180 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  839  ACGCATGGACATCATCAAGAGAATCGAAGCAGAATGGCCATGTCCTCCAATGGATCTCTG  780 

 

Query  181  ACGCCTGTTGGAAACAGCTACTCTCTGCAGACATAGGTCCCAAGGACACCTCCAGCCAGG  240 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  779  ACGCCTGTTGGAAACAGCTACTCTCTGCAGACATAGGTCCCAAGGACACCTCCAGCCAGG  720 

 

Query  241  CCCTGCTGAATGCCTCATAGGCAGTCAGGGCCTCTCTACCTGCTCCAACTGAGGTTCAAG  300 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  719  CCCTGCTGAATGCCTCATAGGCAGTCAGGGCCTCTCTACCTGCTCCAACTGAGGTTCAAG  660 

 

Query  301  GGGCTCCTTCCTGAGTGACAGTGAGTG  327 

            ||||||||||||||||||||||||||| 

Sbjct  659  GGGCTCCTTCCTGAGTGACAGTGAGTG  633 
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C.1.3 Primer Set 4 

The sequence was matched with Rattus norvegicus DBH promoter gene sequence 

(sequence ID: L12409.1, range 1: 633 to 830). 

Score Expected Identities Gaps Strand 

366 bits(198) 2e-97 198/198(100%) 0/198(0%) Plus/Minus 

 

Query  1    CATCATCAAGAGAATCGAAGCAGAATGGCCATGTCCTCCAATGGATCTCTGACGCCTGTT  60 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  830  CATCATCAAGAGAATCGAAGCAGAATGGCCATGTCCTCCAATGGATCTCTGACGCCTGTT  771 

 

Query  61   GGAAACAGCTACTCTCTGCAGACATAGGTCCCAAGGACACCTCCAGCCAGGCCCTGCTGA  120 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  770  GGAAACAGCTACTCTCTGCAGACATAGGTCCCAAGGACACCTCCAGCCAGGCCCTGCTGA  711 

 

Query  121  ATGCCTCATAGGCAGTCAGGGCCTCTCTACCTGCTCCAACTGAGGTTCAAGGGGCTCCTT  180 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  710  ATGCCTCATAGGCAGTCAGGGCCTCTCTACCTGCTCCAACTGAGGTTCAAGGGGCTCCTT  651 

 

Query  181  CCTGAGTGACAGTGAGTG  198 

            |||||||||||||||||| 

Sbjct  650  CCTGAGTGACAGTGAGTG  63

 


