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1.0 Introduction 

1.1 Defining RNA editing 

RNA editing is a highly prevalent post-transcriptional modification of mRNAs, tRNAs and rRNAs 

across all eukaryotes and is pivotal for survival (Ohman and Bass, 2001). Changes in RNA editing have 

been associated with both the onset of, and contribution to, a diverse range of disorders including 

cancer, autoimmune, neurological and neurodevelopmental disorders (Christophi and Zaravinos, 

2019). This biologically fundamental process can be broadly distinguished into two categories:  

1. Insertion/deletion RNA editing – this mechanism of editing changes the length of the 

target RNA through either deleting or inserting a nucleotide. This leads to a ‘frame-shift’ 

altering the entirety of the exon or intron (Bass B, 2000; Gott and Emeson, 2000). 

 

2. Base modification – this mechanism results in a nucleotide substitution, which leads to 

an alteration in sequence and potentially shape whilst the overall size of the RNA 

transcript remains the same. This produces one of three outcomes: a silent mutation, in 

which the altered triplet code leads to the same amino acid therefore not changing the 

transcript sequence; a missense mutation, where the altered triplet code leads to the 

production of a different amino acid within the transcript; and, a nonsense mutation, in 

which the modified base leads to a triplet code which reads as a premature stop codon, 

resulting in the production of a shorter, and potentially non-functional, protein (Bass, 

2000; Gott and Emeson, 2000).  

 

 

1.2 A-to-I editing 

Adenosine to inosine (A-to-I) editing is the most common type of RNA editing (Bazak et al., 2014), 

being catalysed by the adenosine deaminases acting on RNA (ADARs) enzymes. This family of 
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proteins comprises four isoforms, ADAR1p150, ADAR1p110, ADAR2 and ADAR3, produced by three 

genes (Melcher et al.,1996a; Melcher et al., 1996b). Both ADAR1 and ADAR2 are expressed 

ubiquitously, however ADAR1 is responsible for the majority of editing activity (Lonsdale et al., 

2013).  Previous studies used x-ray crystallography to characterise a highly conserved positively 

charged cleft with a catalytic zinc ion at the C-terminal, which allows negatively charged dsRNA to 

bind to ADAR (Macbeth et al., 2005; Kutton and Bass, 2012). Adenosine is deaminated, forming 

inosine which is read as guanosine, leading to alterations in splicing and translational processes 

(Levanon et al., 2004). Recognition of RNA occurs through direct interaction of RNA 2’-hydroxyl 

groups of RNA by the double-strand RNA binding domains (dsRBDs) – interaction with bases also 

aids in RNA recognition but to a much lesser degree than the direct interaction of hydroxyl groups by 

dsRBDs (Stefl et al., 2010). The deaminase activity occurs through a base-flipping mechanism, where 

the target adenosine residue is approached from the minor groove side via a flipping loop in the N-

terminal deaminase domain. The change in helical conformation of the dsRNA shifts bases 

immediately 5’ of the editing site, towards the helical axis (Matthews et al., 2016).  

Both ADAR1 and ADAR2 target ‘AAG’ sites (adenosine-adenosine-guanine) preferentially, editing the 

middle adenosine. Shifting of the bases towards the helical axis causes the target adenosine residue 

to ‘flip-out’ via the minor groove, where it then enters the catalytic deaminase domain of Adar2. 

This complex is stabilised by the interaction of the neighbouring glutamate residue with unpaired 

bases on the unedited strand of the RNA strand (Egginton et al., 2011; Lehmann and Bass, 2000). 

RNA editing is fundamental for survival due to the need to adapt, however it can also result in 

disease. Recently, researchers have identified ways to employ the RNA editing machinery towards 

specific targets: for example, the deaminase domain of ADAR has been fused to an RNA-binding 

protein (RBP) to create an ADAR-RBP fusion protein, and using guide RNA (gRNA) specific codons can 

be edited at the levels of RNA (Wettengel et al., 2017; Monitel-Gonzalez et al., 2013).  

The aim of this project is to identify epigenetic small molecules to regulate endogenous RNA editing.  
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This work may hold promise for treating diseases in which global A-to-I dysregulation contributes to 

disease pathology, as discussed later on in this thesis.  

 

1.2.1 ADAR1 

The variants ADAR1p150 and ADAR1p110 are two isoforms of the gene ADAR1, located on 

chromosome 1q21.3. These isoforms are a result of alternative start codons and promoter usage 

(Patterson and Samuel, 1995). ADAR1 contains a C-terminal deaminase domain, three double 

stranded RNA binding domains (dsRNA) and a Z DNA-binding domain. ADARp150 contains both a Zα 

and a Zβ DNA-binding domain, with the Zα domain harbouring a Nuclear Export Signal (NES) which 

allows for the movement of ADARp150 into the cytosol. Whilst ADARp110 only has a Zβ DNA-binding 

domain and therefore is mainly localised within the nucleus (see figure 1) (Gallo et al., 2017). Both 

isoforms are constitutively expressed and cellular stress leads to phosphorylation of ADAR1p150 by 

the MKK6-p38-MSK MAP kinases. ADAR1p150 is then able to bind to Exportin-5 and localise within 

the cytosol (Sakurai et al., 2017). In the cytosol ADAR1p150 competitively binds in particular to the 

3’UTR Alu of endogenous dsRNA, inhibiting the binding of Staufen 1 – mediator of the Staufen1 

mediated RNA decay (SMD) pathway (Kim et al., 2005). This leads to an antiapoptotic effect as 

proteins responsible for DNA repair are protected from degradation (Sakurai et al., 2017; Song et al., 

2021).  

Among its other roles, ADAR1 has a critical function in microRNA (miRNA) maturation. Primary 

microRNAs (pri-miRNA) are initially transcribed in the nucleus and contain a hairpin loop. This dsRNA 

structure is recognised by microprocessor complexes which export the pri-mRNA to the cytosol.  

Following exportation of the pri-mRNA to the cytosol by microprocessor complexes, DICER cleaves 

the pri-mRNA into miRNA and siRNA. DICER then facilitates the activation and formation of RNA-

induced silencing  (RISC) (Michlewski and Cacerers, 2019). Interaction between dsRNA binding 
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domain 2 of Adar1 and the DUF283 and DEAD-box RNA helicase domains of DICER allow Adar1 and 

DICER to work as a heterodimeric complex (Ota et al., 2013). Interaction with Adar1 enhances 

DICERs ability to produce mature miRNA and siRNA; the Adar1-DICER complex has also been shown 

to increase the production of siRNAs by as much as four-fold than individual action (Shiromoto et al., 

2020). Adar1’s A-to-I editing activity of pri-mRNA can also lead to either inhibition of DICER, as it is 

unable to bind to the target sequences or, inhibition of the cleavage of the pri-mRNA by the 

microprocessor complexes (Yang et al., 2006). This prevents silencing of target genes, and also can 

result in off-target silencing (Song et al., 2021). Song et al. (2021) have shown that Adar1 activity is 

determined through the complex it forms: as a homodimer it is able to carry out A-to-I editing 

affecting the silencing ability of siRNAs and miRNAs, whereas as in a heterodimeric complex with 

DICER it regulates the production of siRNA and miRNAs.  

 

Whilst ADARp110 contribution to overall activity is still relatively unknown, ADARp150 plays a key 

role in regulating immunity through suppression of the type 1 interferon (IFN1) response (Licht et al., 

2019); Song et al.,2021; Crow, 2011). IFN1s are cytokines that have an integral role in the immune 

response, inflammation, immunoregulation and tumour cell recognition pathways (Razaghi et al., 

2021). In order to prevent an autoimmune response to endogenous RNA, ADAR1p150 carries out A-

to-I editing of 3’UTR of double stranded endogenous RNAs, which prevents the dsRNA from being 

recognised by IFN1 (Shiromoto et al., 2021).  The majority of immune related A-to-I editing occurs in 

the thymus, allowing T-cells to recognise edited RNA as ‘self’ (Egginton, 2011). However, alterations 

in ADAR1 activity can lead to recoding in additional sites outside of the thymus, this can lead to 

unrecognised antigens leading to the triggering of autoimmune disease (Eisenberg and Levanon, 

2018): 
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In 2011 a group of diseases categorised as ‘type 1 interfernopathies’ were identified: these are a 

group of autoinflammatory diseases in which a lack of IFN1 regulation is directly linked to a decrease 

in ADAR1 editing activity, of which there are currently 40 identified types (Crow, 2011; Rodero and 

Crow, 2016; d’Angelo et al., 2021). IFN1 dysregulation leads to an up-regulation of IFN-activating 

mechanisms and a down-regulation of negative regulatory mechanisms (d’Angelo et al., 2021). Many 

of these pathologies are associated with increased IFN1 in the CSF (cerebrospinal fluid), and 

continuous IFN-α production in the astrocytes (Lebon et al., 1981; Campbell et al.,1999). As such, 

many of these diseases have a phenotypical overlap and neuropathological features (Crow, 2003; 

Crow and Stetson, 2021). Down-regulation of ADAR1 has also been associated with other auto-

immune diseases, including systemic lupus erythematous (SLE). SLE is an autoimmune disease in 

which autoantigens trigger an autoimmune reaction. Studies have revealed that there is a 

significantly increased expression of IFN-inducible genes, high levels of A-to-I editing by Adar1  

associated with these genes, and Adar1 expression itself was shown to be increased. This increase in 

expression and editing could provide an explanation as to the autoimmune nature of SLE (Roth et al., 

2018; Song, 2022). 

 

ADAR1 is well known for its role within both oncogenesis and tumour suppression. Editing activity of 

ADAR1 has been shown to lead to a “gain of function” effect across a range of cancers including: 

lung, colorectal, and liver, due to the inhibition of tumour suppression genes (Chen et al., 2013; Hu 

et al., 2017; Qin et al., 2014; Shigeyasu et al., 2018). This often reduces the sensitivity of tumour cells 

to immune checkpoints during cell growth, and immunotherapy treatments (Ishizuka et al., 2019). 

One study showed that loss of function of ADAR1 led to a profound increase in the sensitivity of 

tumour cells to immunotherapy treatment and also to immune check points within the growth cycle 

of the cell. This was due to an increase in dsRNA ligand sensing by PKR and MDA5 (IFN1 receptors), 

resulting in growth inhibition and inflammatory pathway activation within the tumour (Ishizuka et 
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al., 2019). Furthermore, hyper-editing of miRNAs by ADAR1 has been associated with leukaemias as 

well as multiple myelomas (Wang et al., 2017; Wang et al., 1995; Teoh et al., 2018; Song, 2021). 

On the other hand, editing of CCNI (encoding cyclin I), a cell cycle regulator, by ADARp110, causes 

CCNI to act as a cancer antigen, which allows T-cells to more effectively identify and kill tumour cells 

(Song, 2021). A-to-I editing of exon 9 within GABAA receptor-α3s (GABRA3) has been associated with 

reduced tumour migration and invasion capability of breast cancer cells (Ohlson et al., 2017; Ohlson 

et al., 2007). GABRA3 has been shown to facilitate cell migration to the brain in breast cancer cells, 

however ADAR1-edited GABRA3 is not observed in metastatic samples (Gumireddy et al., 2016). 

Cancer specific RNA editing events are reported as much higher than DNA editing events, such as 

those mediated by APOBEC3B, and in fact RNA editing is significantly increased in cancer cells vs. 

non-cancerous cells, particularly in miRNA editing sites (Eisenberg and Levanon, 2018). In melanoma 

cells A-to-I editing of miR-378 (micro RNA) have been associated with a decrease in metastatic ability 

of melanoma cells, interestingly in lymphocytes ADAR1 overexpression led to two-times down 

regulation of mir-222 – increasing overall sensitivity towards cancerous cells – whilst knockdown of 

ADAR1 led to a  four-fold increase in miR-222 and a significant reduction in sensitivity of 

lymphocytes towards cancerous cells (Song, 2021).  

These examples highlight the diverse role of ADAR1 within health and disease, particularly within 

immune regulation and tumour recognition/suppression. Overall, there is a negative correlation 

between global A-to-I editing and patient survival in cancer (Paz-Yaacov, et al., 2015). The diversity 

and involvement of ADAR1 across disease – both in prevention of, and cause – show not only the 

potential ADAR1 regulation offers in the treatment of disease such as autoimmune diseases and 

cancer, but also how by studying and mapping editing events of ADAR1 we could identify novel 

editing sites which are directly linked to pathology of disease – improving both treatment and 

outcomes for patients.  
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1.2.2 ADAR2  

ADAR2 is primarily localised within the nucleus, similarly to ADAR1 it is constitutively expressed, 

mainly within the central nervous system (CNS) (Desterro et al.,2003). ADAR2 comprises a C-terminal 

deaminase domain and two dsRNA-binding domains around 65-75 amino acids long rather than 

three as seen in ADAR1 (St Johnson et al., 1992; Gallo et al., 2017). Nuclear magnetic resonance and 

X-ray crystallography studies revealed the globular structure of ADAR2, in which the positively 

charged α-1 helix of the dsRBDs I and II interact with the negatively charged phosphodiester 

backbone of RNA via the minor grooves (Bycroft et al., 1995; Macbeth et al., 2005; Stefl et al., 2010; 

Gallo et al., 2017).  

 ADAR2 is expressed at the highest levels within the CNS, and is associated with regulation of 

synaptic plasticity and neuronal development (Sinigaglia et al., 2018). Within the CNS, ADAR2 edits 

the A2 subunit of the glutamate ionotropic receptor AMPA type subunit 2 (GRIA2). α-amino-3-

hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) receptors mediate fast excitatory synaptic 

transmission in the CNS, A-to-I editing of GRIA2 leads to calcium impermeability of ion pore channels 

within AMPA receptors (Evans et al., 2017). A study involving Adarb1 knockdown mice (homozygous 

to human Adar2) showed that lack of A-to-I Editing led to progressive seizures and death around 21 

days (Higuchi et al., 2000). Another study revealed that mutations within Gria2 which inhibit the 

formation of the dsRNA structure also led to calcium impermeability of neurons, and eventual 

neuronal death (Higuchi et al., 1993); Gallo et al., 2017). This is known as glutamate excitotoxic 

neuronal death, glutamate is the only neurotransmitter known to cause excitotoxic neuronal death 

(Hideyama et al., 2010). Across neurodegenerative diseases glutamate excitotoxic neuron death is 

commonly seen, with A-to-I editing by Adar2 shown to be downregulated in motor neurons of 

patients suffering with amyotrophic lateral sclerosis (ALS) (King et al., 2016; Aizawa et al., 2016; 

Hideyama et al., 2012).  
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Glaucoma is a neurodegenerative disorder of the optic nerve in which fluid build up within the eye 

leads to pressure on the optic nerve, damaging the neurons; interestingly, increased calcium 

permeability of AMPA receptors has been observed in these neurons (Wang et al., 2014). 

Considering that increased calcium permeability is so strongly linked to down-regulation of A-to-I 

editing it is not surprising that whilst ADAR2 down-regulation does not cause glaucoma, it clearly can 

affect the prognosis and progression of disease (Hideyama et al., 2010; Wang et al., 2014). 

Furthermore, neuronally targeted deletion of ADAR2 led to motor-neuron degeneration in young 

mice (Hideyema et al., 2010). This evidence provides a strong support for the school of thought that  

aberrant ADAR2 editing is implicated across many neurodegenerative diseases in which glutamate 

excitotoxic neuronal death is observed (King et al., 2016; Aizawa et al., 2016; Wang et al., 2014; 

Eisenberg and Levanon, 2018). It is not just neurodegenerative diseases that aberrant ADAR2 editing 

has been linked to: increasing amounts of literature is now being linked to psychiatric conditions, 

including autism, schizophrenia and bipolar associated disorder (Gallo et al., 2017). Interestingly, 

ADAR2, as well as ADAR1, has also been linked to SLE: 50% of patients with SLE present with CNS 

pathology, whilst a further 50% also present with neuropsychiatric pathology (Scolding and Joseph, 

2002). Considering these are diseases that are associated with inflammation and decreased neuronal 

plasticity (Scolding and Joseph, 2002; Eisenberg and Levanon, 2018), it is not surprising that aberrant 

editing is associated with disease pathology. 

Whilst there are many different types of post-transcriptional modifications, ADAR2 carries out the 

majority of editing within the CNS, and increasing neurologically-based diseases are being associated 

with aberrant editing events (Eisenberg and Levanon, 2018; Gallo et al., 2017). Therefore ADAR2 

should definitely be explored more to map regulation pathways, and further as to how it contributes 

to different neurodegenerative diseases. Understanding ADAR regulation and relation to disease 

pathology has the potential to open new perspectives in terms of how we understand and treat 

disease. 

Deleted: lational
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1.2.3 ADAR3 

ADAR3, like ADAR2, is mainly expressed neurologically – specifically in the amygdala and 

hypothalamus - however, unlike ADAR1 and ADAR2, ADAR3 is catalytically inactive Chen et al., 

2000). It is thought this catalytic inactivity is due to the fact that ADAR3 does not dimerise, in this 

way it is unable to form an active site (Wang et al., 2019). However, this does not necessarily mean 

ADAR3 does not have a biological function. It has been proposed that ADAR3 regulates A-to-I editing 

through forming either a heterodimer with ADAR1 and ADAR2, or through binding to dsRNA at the 

appropriate site via the dsRBD. This has been observed several times, and therefore it is entirely 

plausible that ADAR3 acts as a negative regulator of ADAR1 and ADAR2 (Donnelly et al., 2013; Oakes 

et al., 2017). Whilst ADAR3 was not investigated in this project, just like ADAR1 and ADAR2 its 

potential for negative regulation opens up a possible pharmacological route in the treatment of 

diseases which show aberrant up-regulation of A-to-I editing.  

 

1.3 Targeting RNA editing for therapy 

In terms of disease causing mutations, RNA polymerase has a significantly higher error rate than 

DNA polymerase, mainly due to the fact that RNA polymerase lacks a proofreading mechanism 

(Chauhan, 2019). Recent researching have highlighted that aberrant RNA editing underlies many 

neurological and neurodevelopmental diseases, as well as having a significant role in many 

autoimmune disorders and different cancers (Eisenberg and Levanon, 2018; Gallo et al., 2017; 

Scolding and Joseph, 2002; King et al., 2016; Wang et al., 2014).  

The overview of the ADAR isoforms and their pivotal role in maintenance of the innate immune 

system, tumour suppression, and CNS functioning demonstrates how the regulation of ADAR editing 

could influence disease onset, treatment and prognosis. ADAR2 is critical for healthy neuronal 

development and maintenance, particularly when we see the case of maintaining calcium 
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impermeability of GRIA2 (Sommer, 1991; Burnashev 1992; Lorneli 1994). Therefore, whilst we 

recognise other significant RNA editing events that occur throughout the body – and have identified 

molecules that appear to up-regulate RNA editing other than ADAR editing – we are particularly 

interested in molecules which up-regulate ADAR2 in the context of neurodegenerative disease. This 

project lays the foundation for further drug discovery projects and experiments, on which we can 

further investigate how exactly we can utilise pathways regulating ADAR to treat and understand 

disease further. 

 

1.4 Structural Genomics Consortium Probes 

In collaboration with a variety of pharmaceutical and academic partners, the Structural Genomic 

Consortium (SGC) generated a number of chemical probes to act as potent and selective inhibitors 

against epigenetic targets. They were designed to be used by biomedical researchers in order to 

explore and define the roles of different proteins, and begin early stages of drug discovery 

(https://www.thesgc.org/). We had access to 49 of these molecules (see table 1), as part of an 

ongoing collaboration, and sought to test those molecules for their ability to upregulate RNA editing 

activity by ADAR enzymes in neuronal cells.   
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2.0 MATERIALS AND METHODS 

2.1 Reporter construct generation 

The stable reporter cell line was constructed previously in the lab: 

The design of the reporter construct was based on a previous study which used a sensitive ADAR 

editing reporter in cancer cells to screen a library of small molecules (Fritzell, Xu, Otrocka et al., 

2018). The stem-loop sequence included the R/G editing site from the GluA2 site within exon 11 – 

the most common site of editing in the healthy human brain (Fritzell, Xu, Otrocka et al., 2018), it was 

synthesised with homologous ends to the target vector pCA923 under a pTDH3 promoter. The yeast 

pTHD3 promoter was replaced with a dox-inducible promoter allowing transient expression of the 

construct. A positive control was also created by site-directed mutagenesis of the editing site to a 

guanine, mimicking the effects of a permanent editing. A deletion of 18nt in the editing 

complementary sequence allowed the creation of a negative control, also. The reporter construct 

within the plasmid were amplified via polymerase chain reaction (PCR) with overhangs to a pLenti-

puro plasmid (Addgene #39481). In this protocol we replaced firefly luciferase with mCherry, and 

nano-luciferase with eGFP (see figure 2).  

The reporter-containing Lenti plasmid was co-transfected with the lentiviral envelope plasmid pVSVg 

(Addgene #8454) into Lenti-X 293T cell line. Lentiviral particles expressing the reporter cell lines 

were then harvested and transduced into mouse neuronal2A cells (n2A). n2A cells were grown in 

complete DMEM media with doxycycline, puromycin was added after 48hours to select for positive 

cells, FACS was also used to sort positive cells. Selected stable n2A cells were then cultured and 

passaged in completed DMEM growth medium.  
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2.2 Cell Culture 

Adherent mouse Neuro 2A (N2A) cell lines were cultured in DMEM growth medium, supplemented 

with 10% FBS and 5% streptomycin at 37°C with 5% CO2. When confluency reached 70% - 80%, as 

estimated by bright field microscopy, media was aspirated and cells were washed with 1X PBS 

(phosphate buffered saline pH 7.4, Thermo Fisher). Once PBS was removed, trypsin solution (Themo 

Fisher) was then added to the flask and incubated at 37°C for 3 minutes, or until cells were no longer 

adherent as seen by bright field microscopy. Fresh media was then added at a 1:1 ratio to inactivate 

the trypsin, aspirated and cells were pelleted by centrifugation at 1800 rpm for 6 minutes. Cells were 

then counted and seeded at a concentration of 1x10^6 cells/ml in a new 10ml culture flask.  

 

2.3 Cryopreservation of cells and recovery of frozen cells 

To cryopreserve the cell line, cells were pelleted at 70%-80% confluency, as estimated by bright field 

microscopy, by centrifugation in 4°C at 1800rpm for 6 mins. The supernatant was then aspirated and 

the pellet was resuspended in freezing solution, which is constituted of 90% fetal bovine serum (FBS) 

and 10% dimethyl sulphoxide (DMSO; Sigma). A total of 1000ul was then transferred into 

cryopreservation vials , and slowly frozen down to -80°C  in a cryo container (Nalgene® Mr. Frosty; 

Sigma). Cells were then stored at 80°C overnight before being transferred to liquid nitrogen storage.  

In order to minimise exposure to DMSO, frozen cells were thawed quickly and re-suspended in 5 ml 

of fresh pre-warmed media. In order to remove DMSO, cells were then pelleted by centrifugation at 

1800 rpm for 6 mins and resuspended in 10 ml complete medium. Cells were then grown in 25c m3 

flask at 37°C in a humidified incubator with 5% CO2.  
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2.4 Cell counting 

Equal volume of cell suspension and Trypan Blue (Sigma) (1:1, 10ul each) were mixed. 10ul of 

solution was pipetted into either side of a haemocytometer, live cells were automatically counted 

using a cell counter (Biocompare) across four separate zones of the grid. Total concentration of cells 

(no. cells/ml of culture) was calculated by multiplying the average counted cells by multiplying the 

total volume of solution and the dilution factor of Trypan Blue. Results from either side of the 

haemocytometer were then averaged to provide an estimate of cell concentration.  

 

2.5 Small molecules screening 

The library of small molecules was obtained from the Structural Genomic Consortium (SGC) 

(Williamoson AR, 2000). All the compounds, their targets and doses used in the study are listed in 

Table 1. Upon reception the molecules were diluted in DMSO to 10 mM (unless indicated 

otherwise), aliquoted and stored at -20°C for the duration of the study. Doxycycline was added to 

the cells at a final concentration of 1µg/ml to induce the expression of the reporter construct.  

Table 1 – List of available SGC chemical probes 

Small molecule Target protein family Specific Targets 
Max. tolerated 
conc. 

A-196 Methyltransferase SUV420H1/H2 10 µM 

A-366 Methyltransferase G9a, GLP 10 µM 

A-395 Methyl Lysine Binder EED 10 µM 

A-485 Acetyltransferase p300, CBP 10 µM 

BAY-299 Bromodomains BRD1, TAF1 10 µM 

BAY-598 Methyltransferase SMYD2 10 µM 

BAY-6035 Methyltransferase SMYD3 10 µM 

BAY-678 Serine Proteases Neutrophil Elastase 10 µM 

BAY-850 Bromodomains ATAD2 2 µM 

BAY-876 Glucose transporter GLUT1 10 µM 

BAZ2-ICR Bromodomains BAZ2A, BAZ2B 10 µM 

BI-9564 Bromodomains BRD9, BRD7 10 µM 

BSP Bromodomains pan-Bromodomain 10 µM 

GSK2801 Bromodomains BAZ2A, BAZ2B 10 µM 

GSK343 Methyltransferase EZH2 10 µM 
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GSK4027 Bromodomains PCAF, GCN5 10 µM 

GSK484 Arginine deiminases PAD-4 10 µM 

GSK591 Methyltransferase PRTM5 10 µM 

GSK6853 Bromodomains BRPF1 10 µM 

GSK864 Dehydrogenase Mutant isocitrate dehydrogenase 1 10 µM 

GSK8814 Bromodomains ATAD2, ATAD2B 10 µM 

GSK-J1 Lysine Demethylase JMJD3, UTX, JARID1B 10 µM 

GSK-LSD Lysine Demethylase LSD1 10 µM 

I-BRD9 Bromodomains BRD9 10 µM 

I-CBP112 Bromodomains CREBBP, EP300 10 µM 

IOX1 Lysine Demethylase pan-2-OG 10 µM 

IOX2 2OG PHD2 10 µM 

JQ1(+) Bromodomains BRD2, BRD3, BRD4, BRDT (BET) 10 µM 

LLY-283 Methyltransferase PRMT5 10 µM 

L-MOSES Bromodomains PCAF bromodomain 10 µM 

LP99 Bromodomains BRD9, BRD7 10 µM 

MS023 Methyltransferase Type I PRMTs 10 µM 

MS049 Methyltransferase PRMT4,6 10 µM 

NI-57 Bromodomains BRPF1, BRPF2, BRPF3 10 µM 

NVS-CECR2-1 Bromodomains CECR2 1 µM 

NVS-PAK1-1 Serine/threonine-protein kinase PAK1 10 µM 

OF-1 Bromodomains BRPF1, BRPF2, BRPF3 10 µM 

OICR-9424 WD40 WDR5 10 µM 

PFI-1 Bromodomains BRD2, BRD3, BRD4, BRDT (BET) 10 µM 

PFI-2 Methyltransferase SETD7 10 µM 

PFI-3 Bromodomains SMARCA,PB1 10 µM 

PFI-4 Bromodomains BRPF1B 10 µM 

PFI-5 Methyltransferase SMDY2 5 µM 

SGC0946 Methyltransferase DOT1L 10 µM 

SGC3027 Methyltransferase PRTM7 5 µM 

SGC707 Methyltransferase PRMT3 10 µM 

SGC-CBP30 Bromodomains CREBBP, EP300 10 µM 

T-26c Matrix metalloproteinase MMP-13 10 µM 

TP-064 Methyltransferase PRMT4 10 µM 

TP-472 Bromodomains BRD9, BRD7 10 µM 

UNC0638 Methyltransferase G9a, GLP 2 µM 

UNC0642 Methyltransferase EHMT2 (G9a), EHTM1 (GLP) 2 µM 

UNC1215 Methyl Lysine Binder L3MBTL3 10 µM 

UNC1999 Methyltransferase EZH2 5 µM 
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2.6 Maximum tolerated concentration by cell lines. 

MTS Cell Proliferation Assay Kit (Abcam) was performed by another member of the lab to determine 

the highest non-toxic concentration of small molecules in cells. Briefly, 3000 cells/wells were plated 

in triplicates in a 96-well plate in half of the final volume of medium (100 µL). After 6 h, compounds 

of interest were diluted to 2x final concentration in 100 µL of medium and added in a range of 

concentrations (1 µM to 10 µM). 1 µM of staurosporine (Sigma) was used as a positive control for 

cell death. After 48 h, 20 µL of MTS reagent was added to each well. Four hours later, the 

absorbance was measured at 490 nm on CLARIOstar plate reader (BMG Labtech). The concentration 

was deemed non-toxic if the absorbance was at least 80 % of the control absorbance and cells 

looked viable after visual inspection. In subsequent experiments, only the highest non-toxic 

concentration of each compound was used.   

 

2.7 Fluorescence Screening of N2A cells and estimation of editing activity 

N2A cells were plated in black 96-well plate (Corning) at a confluency of 1X10^5 cells/ml 

resuspended in complete medium with doxycycline. A 100 ul of cells were added across six wells per 

sample (10,000 cells per well). A hundred µl of the selected small molecule resuspended in complete 

media at 2X concentration was then added, creating a total volume of 200 µl per well. Cells were 

then incubated for 24 hours at 37°C in 5% CO2. Following incubation, the media was aspirated from 

each well and replaced with 100 ul 1X PBS. The 96-well plate was then placed in the fluorescence 

reader (CLARIOstar, BMG Labtech). Peak optimisation was used to normalise the readings across the 

cells. Both mCherry and eGFP fluorescence was quantified. RNA editing activity was estimated by 

calculating eGFP/mCherry for each well of each sample, an average fold change was calculated 

across each sample and compared to the control sample of untreated n2A cells (average fold change 

of 1).  
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2.8 RNA Extraction 

Cells were plated at a density of 1x10^6 cells/ml in a six well plate, three wells per treatment were 

used. Cells were plated with treatments as described above; cells were incubated for 24 hours 

before RNA extraction using RNeasy® Mini Kits (Qiagen). In summary, 350 µl buffer RLT was directly 

added to the well, followed by an equal volume of 70% ethanol. The solution was transferred to an 

RNAeasy spin column and centrifuged for 15 seconds at ≥8000 g, discarding the flow through. A total 

of 700 µl buffer RW1 was added to the spin column and centrifuged for 15 s at ≥8000 g, discarding 

the flow through, followed by 2 washed with buffer RPE. Lastly, the spin column was placed in a new 

1.5ml collection tube, adding 30 µ of RNase-free water and centrifuged at ≥8000 g for the elution. 

Following extraction and purification of RNA I then measured the total concentration of RNA using a 

NanoDrop One® machine (Thermo Fischer) . I then added RNase-free water to each sample to create 

an equal concentration across all samples. Centrifuge was cooled to 4°C before extraction, samples 

were kept on ice at all times, and extracted and purified RNA was stored at -20°C.  

2.9 cDNA Protocol 

Complementary DNA (cDNA) was generated using the Applied Biosystems™ High Capacity cDNA 

Reverse Transcription Kit (Thermo Fischer) protocol. A 10ul master mix (see table 2) was made and 

added to 10ul of purified RNA. Solution was vortexed and spun down before being added to the 

thermocycler. cDNA was stored at -20oC.  

Table 2 – cDNA master mix component 

Component Volume/Reaction 
(µl) 

10X RT Buffer 2.0 

25X dNTP Mix 
(100nM) 

0.8 

10X RT Random 
Primers 

2.0 

MultiscribeTM 
Reverse 

Transcriptase 

1.0 

RNase Inhibitor - 
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Nuclease-free 
H2O 

4.2 

Total per 
Reaction 

10.0 

 

2.10 qRT-PCR Protocol 

Quantitative Reverse Transcription-PCR was carried out using the Sigma-Aldrich™ protocol and kit, a 

master mix was created using an adapted protocol (Table 3). A 18 µl master mix solution was added 

to 2 µl of sample cDNA, which was previously diluted to 100 µl in DNAse and RNase-free water. 

Three biological replicates of each sample were used. The plate was spun down and placed in a qPCR 

thermocycler (Abi StepOne plus). When using primers for the first time a melt curve was also 

performed to ensure adequate amplification. Gapdh was used as a reference gene. 

Forward and reverse primers for the following targets: Adar1, Adar2, Brd7 and Gapdh were designed 

and obtained from IDT (Integrated DNA Technologies™). Their sequences are indicated in Table 4. 

Table 3 – qRT-qPCR multi-mix components 

Component Volume/Reaction 
(ul) 

SYBR Green 10 

Forward Primer 
(10uM stock) 

0.9 

Reverse Primer 
(10uM stock) 

0.9 

PCR grade water 6.2 

Total per 
Reaction 

18 

 

Table 4 – Primer Sequences 

Transcript 
name 

Forward primer Reverse primer  

Adar1 CCTTCCCCATTCTCCACCTT 
 

CCTTCCCCATTCTCCACCTT 
 

Adar2  AGACATCCGAATCGCAAAGC 
 

CCAGCGTGCTATCTTGTCAC 
 

Brd7 AGCACAAGAAGCACAAGTCG 
 

CATGGTCGCTTCTGTCTTCG 
 

Gapdh CACATCGCTCAGACACCATG 
 

TGACGGTGCCATGGAATTTG 
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2.11 siRNA knockdown 

siRNAs specifically targeting Adar1, Adar2, or Brd7 transcripts were purchased from Dharmacon. 

Twenty-four hours prior to transfection cells were seeded in a six well plate at a 60% confluency, as 

estimated by bright field microscopy. Lipofectamine® RNAiMAX (Thermo Fisher) reagent was diluted 

in Opti-MEM® Medium and incubated with 100 nM siRNAs also diluted in Opti-MEM® Medium for 

25 min to allow for siRNA-lipid nanoparticle complexes to form. Transfected cells were visualised to 

ensure healthy growth and lack of toxicity.  

 

2.12 Statistical Analysis 

Statistical analysis was carried out using Graphpad version 8, and significance was set as p=<0.05. 
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3.0 RESULTS 

3.1 Generation of the editing reporter cell line 

We aimed at generating a neuronal cell line stably expressing a reporter to monitor RNA editing 

activity that is sensitive to small fluctuations and has a quantitative read-out suitable for high-

throughput measurements. A stem loop with the R/G editing site of the GluA2 transcript modified to 

introduce an amber stop codon (UAG) that upon editing (UIG) is read as a tryptophan was cloned in 

between mCherry upstream, to enable internal normalisation, and eGFP downstream, to allow 

expression only upon editing of the stem loop (Figure 2) and inserted into the PiggyBac (PB) 

Transposon vector clone. This construct, which was already available in the lab, was engineered into 

neuronal2A cells using a piggyback backbone with an mCherry_T2_Glu2_STOP_eGFP_doxyclicine 

inducible construct and transposase. Puromycin selection was used to obtain monoclones, as well as 

FACS sorting, where they were then kept under doxycycline treatment in complete media. Clones 

expressing the highest levels of mCherry were further expanded and utilised for follow up 

experiments.  

 

3.2 Screening of Chemical Probes 

In order to identify small molecules epigenetic able to modulate RNA editing activity, we performed 

a cell-based screen in N2A cells carrying the mCherry-stem loop-eGFP transgene, using a collection of 

52 chemical probes from the Structural Genomics Consortium (SGC, 2022) (Table 1). This unique 

library comprises compounds targeting epigenetic targets with high degree of potency and 

specificity (SGC, 2022). Doxycycline was added to cell media, at a 10mM concentration, in order to 

activate expression of the ADAR activity reporter. Cells were treated with each probe, diluted to 

their maximum tolerated concentration, which has been previously established by a viability assay. 

After 24hr incubation fluorescence of mCherry and eGFP were quantified, and fold change average 

of eGFP/mCherry, whereas >1 indicates increase and <1 a decrease in RNA editing activity, was 

calculated.  
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Of the 52 chemical probes, 5 were shown to significantly increase RNA editing activity (TP-472, NVS-

CER2-1, BI-9564, GSK-864 and, MS-049) and 8 to decrease RNA editing activity (PFI-2, L-MOSES, BAY-

299, OF-1, BAZ-2-ICR, A-485 and, GSK-591), as expressed by change in fluorescent fold change (P ≤ 

0.05, n ≥ 6) (Figure 3). Out of the targets inhibited by these lists of small molecules, the greatest 

frequency of regulation of RNA editing was observed with probes acting upon the bromodomain 

(BRD) (TP-472, BI-9564, L-Moses and BAZ-2-ICR), and the methyltransferase (PRMT) (MS-049, GSK-

591, PFI-2) family of proteins. The greatest increase in significant editing activity was observed upon 

treatment with MS049, a potent and selective inhibitor of PRMT4 and PRMT6, and with BRD7 

inhibitors TP-472 and BI-9564 (Figure 3). The greatest decrease in significant editing activity was 

seen with GSK-591, a potent PRMT5 inhibitor, A485, a p300/CREB-binding protein acetyltransferase 

inhibitor, and BAZ2-ICR, BAY-299, L-MOSES and, OF-1, which target proteins of the bromodomain 

family (Figure 3).  

A repeat screening of the 13 identified probes was carried out, further validating the results of the 

preliminary screening (Figure 4). Altogether, these results showed that basal RNA editing is 

amenable for epigenetic regulation and that both bromodomains and methyltransferases are 

promising targets for ADAR regulation.  

 

3.3 qRT-PCR of Epigenetic Regulators of RNA editing activity 

Given that RNA editing largely depends on ADAR1 and ADAR2 in mammalian cells, we next 

wondered whether the epigenetic regulators of RNA editing activity we identified affect ADAR 

protein expression. To answer this question, we treated N2A containing the dox-inducible mCherry-

stem loop-eGFP construct with the validated regulators of RNA editing activity for 24-hours. 

Following the incubation, we extracted RNA from each sample (n = 3), and converted this to cDNA to 

carry out a qPCR to evaluate the expression of endogenous ADAR1 and ADAR2 in these cells (Figure 

5).  



25 
 

Compared to untreated control, treatment with 11 epigenetic probes appeared to affect 

transcriptionally the expression of either ADAR 1, 2, or both. Transcriptional expression of ADAR1 

was most significantly increased when cells were incubated with bromodomain inhibitor OF-1, whilst 

the greatest significantly decreased expression was seen when incubated with WD40 repeat 

inhibitor OICR-9429. For ADAR2 the greatest increase in transcriptional expression was seen in cells 

incubated with bromodomain inhibitor GSK-864, while the greatest decrease in transcriptional 

expression was seen in cells incubated with bromodomain inhibitor BAZ-2-ICR. Overall, 

dehydrogenase inhibitor GSK-864 appeared to lead to the greatest transcriptional up-regulation of 

both ADAR1 and ADAR2. GSK-864 inhibits IDH1, a gene encoding the enzyme isocitrate 

dehydrogenase 1, which regulates cellular redox homeostasis and has been linked to aberrant gene 

regulation in cancer, highlighting the role its inhibition plays in transcription control (Wang et al., 

2020). 

 

3.4 Screening of epigenetic regulators of editing activity upon ADAR enzymes silencing  

In order to assess whether the effects of epigenetic probes on RNA editing activity depends on 

transcriptional modulation of ADAR enzymes, we next performed the same fluorescence read-out 

upon siRNA-mediated knock-down of ADAR1 and ADAR2. In view of the scope and aims of this 

project, which is to identify small molecules able to boost RNA editing activity in mammalian cells, 

we decided to only move forward and further characterise the epigenetic up-regulators. First of all, 

we validated the efficiency of siRNA silencing of ADAR enzymes in cells. Treatment of N2A with 

100nM siRNA specifically targeting mouse Adar1 or Adar2 successfully determined silencing of the 

targeted gene (Figure 6). We next proceeded to perform the treatments with epigenetic up-

regulators of editing activity upon knock-down of Adar1, Adar2. As expected there was a significant 

decrease in editing when both Adar1 and Adar2 were silenced, holding up with the current 

understanding that ADAR is responsible for the majority of endogenous editing that occurs in cells. 

Both Adar1 and Adar2 knockdown counteracted the effects of bromodomain inhibitors GSK-864 and 
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BI-564, PRMT inhibitor MS-049, and methyltransferase inhibitor PFI-2. Interestingly only Adar2 

knockdown led to a significant decrease in editing in TP-472, whilst Adar1 knockdown was not 

significant.  

 

3.5 Bromodomain 7 and ADAR activity 

Having established the expression of which ADAR enzyme (ADAR1 or ADAR2) is crucial for the effect 

of the identified editing regulators, we next sought to understand the exact mechanism of action. 

When deciding on how to tackle this question we looked at the class of proteins each probe 

inhibited as well as their individual target (Table 5). Most of the identified small molecule regulators 

of editing activity belong to the family of bromodomain inhibitors (BAY-299, BAZ-2-ICR, BI-9564, TP-

472 and, OF-1). Additionally, TP-472 and BI-9564 treatment led to a transcriptional increase in Adar1 

and Adar2 expression in N2A. Whilst both TP-472 and BI-9564 are shown to inhibit both Brd7 and 

Brd9, I-Brd9 inhibits only Brd9 and no significant change in endogenous RNA editing activity was 

observed with this small molecule. Therefore, we hypothesised that it is likely that Brd7 and not 

Brd9 that specifically controls transcriptionally ADAR expression. Brd7 is a known regulator of 

transcriptional activity, acting both as a co-activator and a co-repressor (Liu et al., 2016). We 

knocked down Brd7 transcript in N2A cells by siRNA and verified that upon silencing of Brd7, both 

Adar1 and Adar2 transcripts increase by almost 2 fold (Figure 7), suggesting that this protein exerts 

negative transcriptional control over ADAR enzyme expression. Altogether these results suggest that 

Brd7 inhibition using epigenetic small molecules increase basal RNA editing activity by increasing the 

expression of ADAR enzymes.  
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4.0 Discussion 

4.1 Methyltransferase inhibition leads to transcriptional down-regulation of ADAR1/2 

Of the identified regulators of RNA editing activity, three were protein arginine N-methyltransferases 

(PRMT) inhibitors: MS049, which inhibits PRMT4 and PRMT6, and PFI-2 which inhibits SET-domain 

containing lysinemethyltransferase-7 (SETD7), both of which appeared to up-regulate RNA editing of 

the reporter system; and GSK-591 which inhibits PRMT5, and appeared to down regulate RNA 

editing of the reporter system. Interestingly all of these probes appeared to transcriptionally down-

regulate Adar1 and Adar2 transcripts  (figure 5).  

 PRMTs are a family of proteins promoting methylation arginine residues in histone and non-histone 

proteins (Wei, Mundade, Lange and Lu, 2013). The type of methylation promoted by PRMT is either: 

monomethylation (MMA), asymmetric (ADMA), or symmetric di-methylation (SDMA) (Bedford, Mark 

and Clarke, 2009). One of the effects of methylation is to affect transcription by altering the 

recruitment of transcription factors (Bedford, Mark and Clarke, 2009). CREB (cAMP response 

element-binding protein) is a transcription factor, it regulates diverse cellular transcriptional 

responses by interacting with CRE (cAMP response element), a specific sequence found around 

promoter sites of genes (Wen, Sakamoto and Miller, 2010). Genome wide screening has revealed 

that over 4000 genes are regulated by CRE (Zhang et al., 2005). CREB is recruited through the 

transcriptional co-activators p160 and CBP/p300, PRMT4 regulates these co-activators by 

methylating and binding (Modak et al., 2013; Blanco et al., 1998). By binding to these co-activators 

Table 5 – SGC Probes Inhibitory targets 

Class Probe Target 

Bromodomain TP-472 Brd7/9 

BI-9564 Brd7/9 

Dehydrodgenase GSK-864 IDH1 

Methyltransferase MS-049 PRMT4/PRMT6 

PFI2 SETD7 
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there is increased methylation of target genes, enhancing the accessibility of promoter regions for 

transcription (Wang et al., 2018; Wen, Sakamoto and Mller, 2010). Therefore, inhibition of PRMT4 

by MS-049 (Table 5) would lead to a decrease in the recruitment of CREB, and as such down-regulate 

transcription. Furthermore, PRMT4 directly methylates core histones H3R17 and H3R26 – key 

epigenetic transcriptional activation marks (Holmvist and Mannervik, 2013; Hatanake et al., 2017), 

therefore inhibition of PRMT4 would also reduce chromatin remodelling, decreasing transcription. 

Interestingly, the decrease in CREB recruitment leads to an increased pool of CBP, which is able to 

regulate transcription through steroid hormone receptors (Beato, Chavez and Truss, 1996). PRMT6 is 

another inhibitory target of MS-049, however PRMT6 specifically mediates asymmetric 

demethylation of H3R2 – a marker for transcriptional repression (Tewary, Zheng and Ho, 2019). 

Therefore, inhibition of PRMT6 would result in an increase in transcription around H3R2. Considering 

these contrasting mechanisms of action, we feel the best way to explain the decrease in Adar 

expression (Figure 5) is due to PRMT4 inhibition rather than PRMT6. However, it is important to note 

that whilst Adar appeared to be down-regulated, there was an increase in editing of the reporter site 

observed; this could mean that PRMT6 inhibition led to the up-regulation of other RNA editing 

mechanisms, or the increase in CBP may up-regulate steroid-activated transcription which again up-

regulates other RNA editing mechanisms.  

PFI-2 inhibits SETD7, this protein methylates H3K4 – a marker of transcriptional activation, it also 

recruits transcription factors directly to histones (see table 5) (Blanco et al., 1998). Therefore it 

would be expected that inhibition of SETD7 would lead to transcriptional repression due to a 

reduction in methylation of H3K4, as well as a decrease in transcription factor recruitment. Again, 

this fits with the reduction in Adar1 and Adar2 transcripts observed upon incubation; however there 

is still an overall increase in RNA editing of the reporter molecule.  

GSK-591 inhibits PRMT5, and whilst RNA editing of the reporter construct was reduced the reduction 

of Adar1 and Adar 2 was not significant (figure 2, figure 5). PRMT5 dimethylates H4R3/8 and H2AR, 
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generally PRMT5 methylation of targets results in transcriptional repression (Batista and Helguero, 

2018; Deng et al., 2017). Therefore, it would be expected that PRMT5 inhibition by GSK-591 would 

result in an up-regulation of transcription. PRMT 5 targets histone 2 and histone 4, it does not 

appear play a significant role in transcription regulation as its counterparts PRMT4 and SETD7 

(Figure 8) (Batista and Helguero, 2018; Liu et al., 2020), therefore this could suggest that it is the 

involvement of transcriptional factors and co-activators which effect Adar transcription rather than 

direct histone acetylation. However, further studies would be needed to confirm this.  

Overall, it is clear that inhibition of methyltransferases reduces expression of ADAR, however in 

some cases lead to increase in RNA editing events. Considering the key regulatory role methylation 

plays in chromatin remodelling it is not unsurprising that we see such a mixed effect, however 

further studies would be needed to further understand these mechanisms. This clearly highlights 

how these targets could be utilised pharmacologically to regulate RNA editing events.  

4.2 Mutant dehydrogenase as a target for editing activity 

GSK-864 inhibits mutant dehydrogenase IDH1 inhibitor, and appeared to show a significant increase 

in editing activity as well as the greatest significant increase in both Adar1 and Adar2 transcription. 

Wild-type IDH1 forms a homodimer in the cytoplasm to catalyse the reversible oxidative 

decarboxylation of isocitrate to a-ketoglutarate (a-KG) reaction within the Krebs cycle (Dimitrov et 

al., 2015; Xu et al., 2004). However, mutant IDH1s undergo an amino acid substitution of the active 

site in codon 132, the change in binding site activity results in a loss of function and production of 2-

hydroxyglutarate (2-HG) rather than a-KG (Turkalp et al., 2014; Liu Ling, 2015; Buscar, 2018). 2-HG 

has been shown to activate the transcription factor hypoxia-inducible factor 1α (HIF1-a), leading to 

the transcriptional up-regulation of HIF1-a inducible genes (Williams 2022). This has been shown to 

lead to an up-regulated CD24 expression, which has been associated with histone acetylation 

(Mimeault and Batra, 2014; Kown et al.,2015). A transcriptome analysis revealed that in CD24+ cell 

populations expressing mutant IDH1 that there were 285 upregulated genes and 293 downregulated 
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genes, compared to CD24- cells expressing mutant IDH1 (Kown et al., 2015; Turcan et al., 2018). 

ChIP-seq analysis of the major histone modifications of CD24+ cells showed a positive correlation 

between CD24 expression and H3k4me3 – associated with transcriptional activation – and H3K9me3 

and H4k20me3 (marks of transcriptional repression) (Turcan et al., 2017). Considering this we would 

expect inhibition of mutant IDH1 to results in a mix of transcriptional up-regulation and down-

regulation, clearly inhibition of mutant IDH1 leads to a clear transcriptional increase of both Adar1 

and Adar2, as well as an increase in RNA editing of the reporter site. Whilst further studies are 

required to deduce the exact mechanism behind this, mutant IDH1, as well as GSK-864, appear to be 

strong contenders for further studies into uncovering the pathway behind ADAR regulation. Mutant 

IDH1 has been associated with human malignancies (Turcan, 2018), therefore pharmacologically the 

inhibition of mutant IDH1 may offer a possible therapy for the treatment of malignancies to slow or 

inhibit growth. Furthermore, a Hilbert curve analysis suggests that H3K9me3 and H3K4me3 (marks 

of transcriptional repression and activation, respectively) are not spread evenly across the genome, 

but rather around 5’UTR and promoter regions (Anders, 2009; Turcan et al., 2017). A Hilbert-curve is 

a space-filling curve which covers the entirety of the genome and therefore can be used to plot 

locations of residues. These results again add to the pharmacological attractiveness of mutant IDH1 

as a target, and GSK-864 as a treatment, as the localisation of results around promoter regions and 

5’UTR make the transcriptional effects more predictable.  

Overall, mutant IDH1 has a very broad regulatory effect, both for transcriptional activation and 

repression; inhibition clearly improves A-to-I editing efficiency, and as such is a clear regulator of 

ADAR activity. Whilst further studies are required to observe and measure the full effect on cellular 

metabolism and viability from mutant IDH1 inhibition, it does present itself as an attractive and 

intriguing target for further study. 
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4.3 Interference with the PCAF and BAF domains decreases transcription of ADAR1/2 

Of the five identified up-regulators of RNA editing activity, four of these appear to act on converging 

mechanisms of transcriptional regulation (Figure 8). MS-049 inhibits PRMT4, which is involved in the 

formation, regulation, and activity of PCAF (p300/CBP-associated factor) – a mammalian 

transcriptional coactivator, and member of the GNAT family (Kiernan et al.,1999). PCAF interacts 

with CBP (CREB binding protein) and p300 (Szyf, 2009; Modak et al., 2013). PCAF regulates 

transcriptional activity through histone acetylation, particularly H314K and H4K8 and other non-

histone proteins e.g. p53 (Blanco et al., 1998; Wang, Qui and Wu, 2018). Considering PCAF is widely 

considered a transcriptional coactivator (Xenaki et al., 2008), it is therefore not surprising that a 

decrease in ADAR1/2 transcription is observed upon treatment with an epigenetic inhibitor, despite 

an overall increase in RNA editing activity, suggesting that mechanisms other than ADAR 

transcriptional regulation play a role in mediating this effect.  

 

The bromodomain forms a four a-helices bundle which is suggested to act as a chromatin targeting 

modules (Winston and Allis, 1999), they are able to specifically bind acetylated chromatin and 

facilitate chromatin remodelling and modification through association with transcription factors 

including PCAF (Dhalluin et al., 1999; Hudson et al., 2000; Jacobson et al., 2000; Owen et al., 2000; 

Cong  et al., 2005). Bromodomains have also been shown to transcriptionally regulate signalling 

molecules, and in yeast, HATs (histone acetyltransferases), which lack bromodomains have been 

shown to result in a number of significant transcriptional related defects (Marcus et al., 1994; Dyson, 

Rose and Madhevan, 2001), highlighting the significant role bromodomains play in transcription. 

Bromodomain-containing protein 7 (BRD7) is a component of one form of the SWI/SNF chromatin 

remodelling complex and has been shown to have a specific affinity for acetylated histones. Knock-

down experiments have indicated that the binding of BRD7 to histone 3 is the underlying mechanism 

of the transcriptional role on target genes (Cong et al., 2005). As explained in the results section, we 
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deduced the editing and transcriptional effect observed upon incubation of TP-472 and BI-9564 is 

caused through inhibition of BRD7. BRD7, by binding to acetylated histones, in particular histone 3, is 

able to guide transcription factors and signalling molecules towards target genes. Interestingly, as 

suggested by Kaeser et al., (2008), acetylation of histone 3 by BRD7 leads to recruitment of 

transcription factors such as SWI/SNF (BAF) complex and PCAF. Whilst histone acetylation typically 

enhances transcription, and deacetylation represses transcription, the reverse has also been 

observed – in which histone acetylation led to a repression in transcription (Raemon-Buettner and 

Borlak, 2007; Damodaran, 2011). This would explain why inhibition of BRD7 via treatment with TP-

472 and BI-9564 led to an increase in ADAR1/2 transcription.    

 

4.4 Bromodomain 7 is a key regulator of ADAR1/2 transcription 

The observations of an increase in ADAR expression on incubation of TP-472 and BI-9564 led us to 

hypothesise that BRD7 is a key regulator of ADAR expression. This hypothesis appeared to be 

confirmed in our knock-down experiment of BRD7, when knockdown of BRD7 expression led to a 

1.7x increase in transcriptional expression of both ADAR1 and ADAR2. Whilst further studies would 

be required to further investigate the precise mechanism of this regulation, our results suggest a 

strong and significant transcriptional correlation between BRD7 expressions and ADAR expression, 

hence RNA editing activity.  

 

4.5 Non-transcriptional control of RNA editing activity  

One interesting finding from our reporter system, is that the two ADAR enzymes, ADAR1 and ADAR2, 

contribute to baseline editing in N2A cells to a different extent and with different responsiveness 

upon treatments, suggesting different mechanisms of regulation. ADAR1 knock-down led to a  

decrease in editing below that of the untreated control in GSK-864, MS-049 and BI-9564, whilst 
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ADAR2 knock-down only led to a decrease in editing activity below the untreated control when 

treated with PFI-2. However, across all treatments other than TP-472, knockdown of ADAR1 and 2 

both led to a significant reduction in editing activity as measured by mean fold change of 

fluorescence. This can lead us to confirm that ADAR is responsible for the majority of RNA editing 

observed across the identified up-regulators.  

Whilst TP-472 seemed to lead to an increase in transcription of ADAR and overall editing activity, 

upon ADAR1/2 knockdown there was still an overall gross increase in editing activity compared to an 

untreated control, suggesting other mechanisms of regulation, which are independent from the 

transcriptional regulation of ADAR1 and ADAR2.  
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5.0 Conclusions and limitations of the study 

Here we have screened a list of highly potent and selective epigenetic small molecules for their 

ability to modulate endogenous RNA editing activity in neuronal cell lines, using the mCherry-

stem_loop-eGFP fluorescent reporter system in a neuronal cell line. The identified regulators of RNA 

editing activity require further investigation as to their effect on ‘real’ RNA editing target assessed by 

RNA-sequencing, and require testing within disease model cell-lines and animals in order to 

conclusively evaluate their potential in treating disease. Nevertheless, we believe we have provided 

here preliminary evidence of the identification of RNA editing modulation by epigenetic small 

molecule regulators, which could be taken further for drug discovery. As well as this, we have also 

identified BRD7 as a key regulator of ADAR transcriptional activity – likely through the PCAF domain, 

as well as highlighting the potential key role that methyltransferase inhibition has on regulating 

editing activity also. Mutant IDH1 has also presented itself as an interesting target, the inhibition of 

which appeared to have the greatest increase in ADAR transcription and up-regulation of editing 

activity. We have also observed that common to many of our chemical probes inhibitory targets, in 

which there was a significant change in ADAR transcription compared to the control, was Histone 3 

targeting: This included PRMT4, inhibited by MS-049; SETD7, inhibited by PFI-2; mutant IDH1, 

inhibited by GSK-864; and PCAF – inhibited by TP-472, BI-9564, and MS-049.  

This study screened a library of small molecules by incubating n2A cells containing the reporter 

construct at their maximum tolerated concentration, as deduced by cell assay. It is therefore 

important to consider that the identified compounds may have broader effects which contribute to 

the results. A further experiment that should be performed is a dose-dependent experiment to 

identify the lowest dose at which we observe an increase in editing, RNA-seq analysis could also be 

done to identify any off-target effects. Further to this, whilst a translational effect of editing is 

inferred due to increase in eGFP:mCherry fluorescence, we were only able to confirm this 
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transcriptionally via qPCR. Western blot, or proteomic studies should be used in further studies to 

confirm that the increased transcription of ADAR is also observed translationally.  

We sought to identify molecules that alter RNA editing activity, our reporter construct was designed 

to be a specific editing site for ADAR, therefore our results are only useful in identifying molecules 

that effect ADAR RNA editing. However, whilst ADAR editing is the main mechanism of RNA editing 

within mammals, there are other mechanisms and targets of RNA editing which we were unable to 

address here. Again, an RNA-seq analysis would be useful in analysing additional RNA editing effects 

of these molecules.  

Unfortunately, whilst we were able to identify TP-472 as being a likely up-regulator of RNA editing 

activity, and having a similar mechanism of action as potential recruiters of ADAR due to a lack of 

material we were unable to use it in further experiments. 

Overall, while further work needs to be done to understand the exact mechanism of action of lead 

candidates, this project has gone some way as to exploring how different classes of protein families 

contribute to regulation of RNA editing, divulging potential protein pathways of transcriptional 

regulation. Considering the potential that the control of RNA editing activity by ADAR enzymes offers 

in the treatment and prevention of disease, this project has laid some important groundwork on 

which to build upon in further studies when it comes to understanding what pathways are involved 

in regulation of RNA editing, and how can we utilise those pathways when treating diseases, where 

aberrant RNA editing occurs.  
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6.0 Figures and Legends 

Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 

 

 

 

 

 

 

 

 

 

Fig 1. Schematic illustration of ADAR isoforms. 

ADAR1 occurs as two main isoforms due to alternate promotor sites: ADAR1p150, involved in innate immunity, contains a 

deaminase domain and three dsRBDs – common to ADAR1, however ADARp150 has a n-terminal extension containing two Z-

DNA binding domains. The Zα-domain contains a nuclear export signal (NES) which allows ADARp150 to enter the cytosol in 

order to carry out it’s immune functions. ADAR1p110 is localised within the nucleus due to the nuclear localisation signal (NLS)  

in the first dsRBD. Unlike ADAR1p150, ADARp110 lacks the Zα-domain and as such is unable to enter the cytosol. ADAR2 contains 

a c-terminal deaminase domain with two dsRBDs, it also contains an n-terminal NLS. ADAR3 has a seminal structure to ADAR2, 

however it is unable to dimerise and as such is catalytically inactive (Sakurai et al., 2017).  

Fig 2. Schematic illustration of the mCherry-stem_loop-eGFP 

construct 

A stem loop editing of the GluA2 R/G editing site transcripts 

being read as an amber stop codon (UAG), which upon editing is 

read as tryptophan (UIG). This construct was inserted into the 

PiggyBac(PB) Transposon vector clone and transfected Neuro 2A 

(n2A) cells.  
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Figure 3
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Fig 3. Preliminary screening for epigenetic regulators of RNA editing 

We had 47 chemical probes inhibiting 9 protein families, we incubated n2A cells containing the dox-inducible mCherry-

stem_loop-eGFP construct (see figure 1) at the tolerated maximum concentrations for 24 hours in a 92-well plate (see table 

1). A two-tailed paired t-test was compared testing each probe against untreated control cells (n=6), standard error of the 

mean was also included. Following 24-hours incubation media was aspirated from each well and replaced with 100uM of 

PBS solution, before being loaded into the plate reader for fluorescence quantification. The ratio of eGFP:mCherry was 

calculated and compared to the control to produce a fold change. Six probes were identified which appeared to increase 

RNA editing activity compared to the control at significant levels (p=<0.05), shown in pink: PFI-2 and MS-049 

(methyltransferase inhibitors), GSK-864 (isocitrate dehydrogenase inhibitor), BI-9564, NVS-CER2-1 and TP472 

(bromodomain inhibitors). Seven of the probes appeared to down-regulate RNA editing at a significant level (p=<0.05), 

shown in blue: OICR-9429 (WDR5 inhibitor), A-485 (histone acetyltransferase inhibitor); BAZ2-ICR, OF-1, BAY-299, OF-1 

and, L-Moses (bromodomain inhibitor). For both identified up-regulators and identified down-regulators most probes were 

concentrated as bromodomain inhibitors, however the greatest increase in editing activity was seen by MS-049, a 

methyltransferase inhibitor, and the greatest decrease in editing activity was seen upon incubation with GSK-591 – also a 

methyltransferase inhibitor.  

Figure 4 

 

 

Fig 4. Repeat fluorescence screening of significant regulators of RNA editing activity. 

Chemical probes were incubated with cells at the maximum tolerated concentration (n=6) on a 96-well dish, expression of 

the mCherry-stem_loop-eGFP was induced with incubation with doxycycline. Fluoresence ratio of eGFP:mCherry was 

quantified after 24 hour incubation to confirm significant results observed in the preliminary screening. ). A two-tailed 

paired t-test was compared testing each probe against untreated control cells (n=6), with a significance of p=<0.05 across 

across all probes apart from NVS-CER2-1 which we excluded from further experiments. 
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 Fig 5. Effect of identified regulators of RNA editing activity of ADAR1 and ADAR2 transcription. 

RT-qPCR analysis of ADAR1/2 expression across n2A cells treated with identified up and down regulators of RNA 

editing activity in order to see whether these epigentic regulators also effect ADAR expression. n2A cells were treated 

with the identified regulators of RNA editing activity at their maximum tolerated concentration (n=3), as well as 

doxycycline to induce expression of the mCherry-stem_loop-eGFP construct, and incubated for 24-hours. Statistical 

analysis was carried out using a calculation of the standard error of the mean and a two-tailed paired t-test, *p=<0.05, 

**p=<0.01. 

a) Incubation with five probes led to a significant change in the expression of ADAR1 or ADAR2: ADAR1 was 

significantly increased upon incubation with OF-1**, BAY-299** and L-Moses**. ADAR 1 was significantly decreased 

OICR-9429** and whilst being decreased when incubated with other probes, these were not significant.  ADAR2 was 

not significantly increased. Or decreased, upon incubation with any of the identified down-regulators of RNA editing 

activity.  

b) Within the up-regulators both ADAR 1 and ADAR2 expression were both significantly increased in GSK-864* 

incubated cells. ADAR 1 was significantly increased in cells incubated with BI-9564** and TP-472**, with no significant 

decrease or increase observed in cells incubated with other significant up-regulators of RNA editing activity. ADAR2 

was significantly down-regulated when incubated with PFI-2*, with no other significant increase or decrease apart 

from cells incubated with GSK-864*.  
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Figure 7 
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Fig. 7 Brd7 knockdown effect on ADAR 1 and ADAR 2 expression in n2A cells. 

A two-tailed paired t-test, and standard error the mean, was calculated in order to identify significant results (p=<0.05*, 

p=<0.01**). 

a) Bromodomain 7 knockdown was optimised in n2A cells at a siRNA concentration of 500nM**. qRT-PCR was 
carried out following 24 hours incubation with siRNA to quantify the transcriptional expression of ADAR 1 and 
ADAR 2. 

b) Knockdown of Brd7 at 500nM led to a significant increase in both ADAR 1 and ADAR 2*, being x1.6 greater 
than in wild type control n2A cells. These results indicate that Brd7 may be a key protein in the regulation of 
ADAR 1 and ADAR 2 expression.  
 

Fig 6. Quantification of contribution of ADAR 1 and ADAR 2 to RNA editing activty of identified up-regulators.  

n2A cells were treated with 100nM ADAR1 and ADAR2 siRNA for 24 hours, and then treated with identified epigenetic regulators of 

RNA editing activity, as well as 10mM dox to induce expression of the eGFP:mCherry construct. Knock-down cells were transferred to 

a 96 well plate before being treated with the identified regulators of RNA activity.  Following 24-hours incubation media was 

aspirated from each well and replaced with 100uM of PBS solution, before being loaded into the plate reader for fluorescence 

quantification. By comparing how knockdown of ADAR1 and ADAR2 effects the eGFP:mCherry ratio, we are able to visualise how far 

ADAR 1 and ADAR 2 contribute individually and together to the change in RNA editing seen upon incubation with these probes. 

Compared to untreated controls we are able to see that all wild-type cells show an increase in RNA editing activity when treated 

with each identified up-regulator of RNA editing activity, with GSK-864(IDH1 inhibitor) showing the greatest increase in editing 

activity (c.x1.25), followed by TP-472 (a BRD7/9 inhibitor), PFI2, BI-9564 and MS049. ADAR 2 knockdown appeared to reduce editing 

activity the most in PFI-2 (a SETD7 methyltransferase inhibitor), TP-472 and BI-9564 (BRD7/9 bromodomain inhibitors), ADAR1 

knockdown also led to a significant reduction in editing activity, with reduction almost as great as in ADAR 2 knockdown. 

Interestingly, ADAR 1 knockdown led to almost a twice as great reduction in RNA editing activity in n2A cells treated with GSK-864 

(an IDH1, dehydrogenase inhibitor) and MS-049 (a PRMT4/6, methyltransferase inhibitor).  

Additionally, we also knocked down ADAR1 and ADAR2 in untreated n2A cells in order to compare how ADAR 1 and ADAR 2 

individually contribute to endogenous editing. Both results were significant, with ADAR2 leading to a 34% reduction in endogenous 

editing activity (p=<0.05), and ADAR 1 knockdown leading to a 27% reduction in endogenous editing activity (p=<0.05). 
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Figure 8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 8. Schematic representation of how identified chemical probes interfere with the transcriptional pathway. 

This diagram highlights how four of the identified up-regulators of RNA editing activity interact within the transcriptional pathway. MS-049 

inhibits PRMT4 from binding with the PCAF complex,  a chromatin remodelling factor – recruiting SETD7. In this way chromatin remodelling 

is effected, interfering with transcription. PRMT4 also directly acetylates histones, in this inhibition of PRMT4 directly effects the state of 

histones. Both TP-472 and BI-9564 inhibit Brd7/9, Brd7 and Brd9 effect the formation of the PCAF complex, and as such inhibition of 

Brd7/9 leads to decreased recruitment of the BAF complex, affecting chromatin remodelling. PFI-2 inhibit SETD7, a histone 

methyltransferase, SETD7 is known to recruit transcription factors to the histone through methylation of histones. Inhibition of SETD7 will 

aalso effect chromatin remodelling, and as such transcription (Kiernan et al., 1999; Szyf, 2009; Blanco et al., 1998). 
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