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Abstract 

Haematopoiesis is a process that is responsible for the formation of all the various 

blood cells of the body. In leukaemia, there is a dysfunction in haematopoiesis that 

causes the accumulation of more immature, progenitor like cells in patients. Acute 

myeloid leukaemia (AML) is a heterogenous and devastating disease that is 

considered the most common haematological malignancy in adults. With the 

development of sophisticated sequencing techniques, we are starting to understand 

the genetic landscape that underpins this disease. With this understanding is a drive 

for researchers to find more targeted therapies against AML, as current treatments 

that are often associated with high toxicity and low efficacy leave much to be 

desired. 

 

Protein arginine methyltransferase 5 (or PRMT5) is a methyltransferase that is 

responsible for methylating arginine residues on histone and non-histone proteins. 

Research has found that PRMT5 is crucial in a plethora of important cellular 

processes. It is known that PRMT5 is required for haematopoiesis, and literature 

also suggests that PRMT5 might be more highly expressed in stem and progenitor 

cells as compared to mature haematopoietic cells. PRMT5 is also known to play 

roles in many cancers. PRMT5 has also been implicated in AML, but more work is 

needed to elucidate the true role of PRMT5 in this disease.  

 

Throughout this project, we aimed to assess the effect of enforced PRMT5 

expression in haematopoiesis in an in vivo transgenic mouse model. We found that 

this endeavour was complicated, and that overexpression may rely on 

overexpressing the critical PRMT5 co-factor: MEP50. We also aimed to assess the 

functional relevance of different domains in PRMT5 through the use of PRMT5 

mutants. We found that, interestingly, a mutation in the inhibitor binding pocket 

grants resistance abilities to cells when they are treated with a potent inhibitor of 

PRMT5.  

The final objective of the project was to utilise the PRMT5 inhibitor in a whole 

genome CRISPR screen in a leukaemic cell line. This was performed with the hopes 

of identifying genes that may be important in resistance and sensitivity to PRMT5 

inhibition. We were able to validate the screen in the context of wild type p53 cells, 
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and the hits that were generated by the screen allowed us to design a high 

throughput drug screen assay with compounds that were rationally selected. This 

drug screen identified a number of compounds that synergise with PRMT5 inhibition.  

Ultimately, the results from this thesis demonstrate that although enforced 

expression of PRMT5 with the aim of understanding its role in haematopoiesis is an 

endeavour that requires more study, PRMT5 remains an attractive target for 

potential treatment in AML. Because monotherapies are often associated with low 

clinical efficacy, PRMT5 should be further investigated as a potential treatment in 

combination with other targeted therapies.  
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Chapter 1: 
 

Introduction 

 
1.1 Haematopoiesis  

Haematopoiesis is the process that is responsible for the formation of all 

haematopoietic cells of the body. The haematopoietic stem cells, or HSC, represents 

one of the most characterised adult stem cell, and is responsible for giving rise to all 

mature blood and immune cells of the body (1). Haematopoiesis is conventionally 

described as a hierarchical process where HSCs progressively mature through 

lineage restriction into distinct cell types, and this is accompanied by a loss of ‘stem-

cell like’ properties (2). However recent literature challenges this strict hierarchical 

model, and haematopoietic stem and progenitor cells might display heterogeneity in 

their lineage potential (3). HSCs are characterised by their ability to self-renew and 

maintain it’s population size, and although this cell type is relatively rare (1 in every 

10,000 (2, 4) bone marrow cells is a HSC) they are able to generate 1011 – 1012 

haematopoietic cells a day (2).  

 
1.2 Acute Myeloid Leukaemia 

Acute myeloid leukaemia, of AML, is characterised as a heterogenous, clonal 

disease that affects the myeloid lineage. AML involves an increase in the number of 

abnormal haematopoietic progenitor cells (HPCs), known as blasts, in the bone 

marrow (or BM) of patients. These leukaemic cells often have an underlying 

chromosomal translocations and/or genetic mutation/s in genes responsible for 

proliferation and differentiation, and this ultimately causes a differentiation block, and 

accumulation of these blasts. Loss of maturation potential of these HPCs is 

consistent with AML and typically results in some form of haematopoietic 

insufficiency, such as anaemia (loss of red blood cells), granulocytopenia (loss of 

granulocytes) and thrombocytopenia (loss of platelets) (5, 6). AML is the most 

common acute leukaemia in adults (7, 8). A report in 2019 that analysed cancer 

related statistics from 2011 – 2015 found that AML was in the top 10 cancers that 

presented with the worst 5-year survival rates (9). It has been reported that in 

Victoria, across all age groups, 5-year survival rates are 23% in men and 28% in 
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women (10). The median age of patients that are diagnosed with AML is between 65 

– 70 years old (6, 7). A review in 2015 found that the median survival of patients >65 

years, 66 – 75 and 76 – 89 was 3, 6 and 2.5 months, respectively. A mere 5% of the 

patients were alive 5 years after diagnosis (11).  

AML is thought to arise from the clonal transformation of haematopoietic stem and 

progenitor cells caused by the acquisition of gene mutations and chromosomal 

rearrangements that ultimately lead to impairment or block of haematopoietic 

differentiation and a survival advantage (12, 13). A model was proposed in 2001 by 

Gilliland (14) in which these kinds of genetic alterations form part of a ‘two-hit’ model 

and can be clustered into two distinct groups. These are the class I mutations, which 

provide the proliferative and survival signals, and the class II mutations, which affect 

transcription factors and lead to impaired haematopoietic differentiation. To further 

add to the complexity of AML, massive parallel sequencing technologies have 

identified other groups of mutations that do not adhere to the two classes and are 

therefore unclassified. These mutations are thought to promote epigenetic 

modifications (15, 16).  

 
1.2.1 Current and emerging treatments 

  Treatment options for AML have remained fairly limited over the past 50 

years. The ‘7+3’ regimen, which was initially reported in 1973 (17) which involves 

treatment with cytarabine for 7 days, and an anthracycline (daunorubicin for 

example) for 3 days, has remained the gold standard treatment over most of this 

period. Attempts have been made to improve this regimen. For example, alternating 

the dose and duration of cytarabine (18), increasing the dose of anthracycline (19) or 

adding agents with distinct mechanisms, such as etoposide (20). With that being 

said, excluding the approval of anthracycline decades ago, and all-trans retinoic acid 

(ATRA) for the treatment of promyelocytic leukaemia in 1995 (21), and the 

accelerate approval (and subsequent withdrawal 10 years later) of gemtuzumab 

ozogamicin in 2000 (22), no novel agents had been approved for AML.  

Recently, in 2017-2018, the FDA approved 8 new drugs for AML. These are 

reviewed in (21) and include FLT3 inhibitors, midostaurin and venetoclax. Although 

these new introductions present with exciting possibilities, there are still challenges 
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present regarding optimal treatment sequences and drug combinations that will 

ensure toxicity is minimized, but efficacy is ensured.  

With that being said, monotherapies are often associated with modest clinical 

efficacies. In cancer therapy, there is often a push for the discovery of an effective 

drug combination that targets multiple proteins or pathways that may be affected in 

the disease. This reduces the chance that a cancer will develop drug resistance 

when compared to treating with a monotherapy (23-25) 

 
1.2.2 Leukaemic stem cells and downfalls of current treatments 

 AML is heterogenous and complex. The current standard of treatment often 

has very variable effects depending on the subtype of AML that the patient is 

suffering from. Prognostically, resistance to treatment is often correlated to the blast 

cytogenetics that a patient presents with. Cytogenetic studies allow the patients risk 

to be categorised into three categories – favourable, intermediate, or adverse. 

Generally, patients aged between 18 – 60 who have favourable or intermediate 

cytogenetic profiles achieve complete remission rates between 70 - 80% following 

induction therapy (26). Even with such promising statistics, only 20 – 30% of patients 

achieve long-term disease-free survival, and majority of the patients will die from 

persistent or relapsed AML. 

The current therapies for AML are targeted against blast cells. These are cells that 

are characterised by their rapid cell cycle activity. The presence of relapse in AML is 

thought to be caused by the rare, but present, leukaemic stem cell (LSC) population. 

In order to be considered an LSC, the leukaemic cell must: a) be capable of initiating 

disease when transplanted into immunodeficient mice, b) be capable of self-renewal 

and c) can partly differentiate into non-LSC blasts that are a reflection of the original 

disease.  The first in vivo identification of LSCs was reported by John Dicks group 

more than two decades ago (27). The group described their identification of a 

population of stem cells, which we know refer to as the LSC, that was able to initiate 

human AML in SCID mice. They identified this cell type by segregating AML cells 

since their expression of CD34 and CD38. Transplantation of cells from the 

CD34+CD38- quadrant, and only this quadrant, was able to reinitiate leukaemia, so 

they concluded that this quadrant must contain the LSC population. However, John 
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Dick and colleagues published a subsequent article in 2016 that described the 

detection of LSCs in all fractions of the CD34/CD38 phenotype, highlighting the need 

of further characterisation to determine LSC activity in specific cell marker 

phenotypes (28). 

Although the identification of the exact origins of the LSC is still unknown, the LSC 

model highlights an important clinical perspective. To ensure that we treat AML 

effectively with the aim of preventing relapse, we have to utilise treatments that will 

eradicate this LSC population (29). We now know that LSCs are able to self-renew, 

are quiescent, have the capability to resist apoptosis and have a higher level of drug 

efflux. All of this combined, even though current treatments are effective at targeting 

bulk blast populations, they are simply ineffective against targeting LSCs (30). 

DNA methylation profiling has shed light on the potential role that the epigenetic 

landscape may have in AML (31). This has led to the to the identification of 

haematopoietic stem cells (HSCs) that are considered ‘pre-leukaemic’. These cells 

do not have the capacity to generate leukaemia in vivo, but commonly contain 

mutations in epigenetic regulator genes that may behave like early driver mutations 

(32, 33). This raises the question of whether we should be directing our research 

towards therapies that will target these epigenetic regulators, as it may eradicate this 

pre-leukaemic population of cells before they acquire additional mutations and 

subsequently cause leukaemia.  

 
1.2.3 Genetic landscape of AML 

 Before the introduction of next-generation sequencing (NGS), much of the 

pathogenesis of AML was studied by cytogenetic analysis (34). This presented with 

its limitations, as more than half of AML patients presented with normal karyotypes 

(31). Due to the emergence of these new sequencing technologies, work has been 

conducted to try and map the AML genome in larger scale cohorts of patients (31, 

35). What these studies have uncovered, is that AML is genetically heterogenous. It 

was found that only 23 genes were commonly mutated across the spectrum of 

samples that were sequenced (31, 35, 36). Because of these studies, common 

occurring mutations have now been described and are used as markers of AML both 

prognostically and diagnostically. These include markers such as FLT3, NPM1, 
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RUNX1, TP53 etc.). Collectively, the use of NGS and the uncovering of the genetic 

landscape of AML has increased our understanding of the pathogenesis of the 

disease. 

 
1.3 Epigenetics 

 Epigenetics was first described in 1939 by C.H. Waddington (37) and explains 

how monozygotic twins or cloned animals can have different phenotypes despite 

carrying identical DNA sequences (38, 39). Epigenetic changes are heritable and 

reversible changes that affect gene expression that occur independently to 

alterations in DNA sequence. Epigenetic mechanisms play crucial roles in both 

physiological processes in normal cells, as well as cells in a cancerous state. These 

changes are modulated by common epigenetic processes such as DNA modification, 

histone modification, non-coding RNA regulation, chromatin remodelling and RNA 

modification. Some of the physiological processes that epigenetics plays a crucial 

role in includes imprinting, cellular differentiation and large scale silencing (such as X 

inactivation)(40).  

 
1.3.1 Chromatin Remodelling and Gene Expression 

 Within an organism, DNA is processed and expressed differentially between 

different cell types that contain identical genomic DNA. This is driven by a 

nucleosome – a molecular scaffold that consists of DNA and protein. Within 

individual nucleosomes, 147 base pairs of DNA wrap around 8 positively charged 

proteins, known as histones. Within each histone exists two copies of histone 

proteins H2A, H2B, H3 and H4. These nucleosomes are further condensed into 

higher-order structures referred to as chromatin (41). Epigenetic events play a very 

key role in regulating the condensation state of chromatin. DNA is normally tightly 

condensed around histones and forms what is known as heterochromatin. Genes 

are transcriptionally inactive in this state. When gene expression needs to take 

place, chromatin ‘opens’ to form euchromatin, and this chromatin remodelling can 

occur at a local level (affecting the expression of a single gene) and a more global 

level (this can affect the accessibility of whole chromosome domains) (42). 

Chromatin can be remodelled by a number of epigenetic events, including DNA 
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methylation and post-translational modification of histone proteins (43). Histones an 

be modified on their free N-terminal tails through chemical modifications, including 

methylation (methylation is further discussed in section 1.4.3)(44). 

 
1.3.2 The Relationship Between Epigenetics and AML 

 The sequencing of AML patients has revealed that, in a large proportion of 

AML patients, there are recurrent mutations that are present in genes that are 

involved in epigenetic regulation. However, literature has shown that, within AML, 

epigenetic dysregulation cannot be explained by recurrent somatic mutations alone. 

A good example to highlight this is that genome wide patterns of DNA methylation 

that are dysregulated can be present in AML cases that do not correlate with somatic 

mutations in known epigenetic modifiers (45). Furthermore, there have been reports 

of alterations in enhancer elements that have been shown to perturb normal gene 

expression regulation (46). A review by Wouters et al. (47) describes the role of 

epigenetics, and how this can be used in various epigenetic therapies in AML. 

Interestingly, as most epigenetic modifications are reversible, epigenetic pathways 

that are functionally aberrant in AML can potentially make for attractive therapeutic 

targets. Specific inhibitors already exist that can target proteins that drive/maintain 

DNA methylation and inhibitors of histone-modifying proteins and more. As research 

has shown that mutations and alterations of epigenetic genes are usually not enough 

to cause overt acute leukaemia, but may contribute to a pre-leukaemic cell state, this 

may suggest that these underlying mutations/alterations are present in early clones 

and supports the targeting of these abnormalities in the hopes of circumventing 

disease (48).  

 
1.3.3 Post-translational modifications 

  Protein-protein interactions can be controlled by various means, for example 

by gene transcription, translation or by the structure of the protein itself that is 

determined primarily by its underlying gene sequence. Another way in which these 

interactions can be controlled is via post-translational modifications (or PTMs). 

Several common PTMs include methylation, phosphorylation, ubiquitination, 

acetylation and glycosylation. Our understanding of the epigenetic landscape has 
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increased over the last decade, and research has shown that the proteome – or the 

total collection of proteins with a cell (49) – is heavily regulated by PTMs. PTMs can 

cause several changes to a protein, such as cleavage of the backbone, modification 

of amino acids or the addition of chemical groups. These modifications can ultimately 

cause a change in where the protein is localised in a cell, its structure, or how a 

protein will interact with other proteins. These processes mean that a relatively small 

collection of proteins within a cell can elicit a much greater number of functions due 

to PTMs. Essentially this acts to increase the proteomes functional capabilities.  

15 amino acids are capable of being modified, and these modifications occur by 

enzymatic reactions. There are several enzymes that are capable of causing 

modifications to the proteome, and this can be driven by the addition or removal of 

functional groups. These groups are defined in relation to the partner substrate or 

enzyme that they rely on: methylation relies on S-adenosylmethionine (SAM), 

phosphorylation relies on ATP and acetylation relies on acetyl CoA (50). Importantly, 

removal of functional groups allows PTMs to display reversibility. This results in an 

added layer of complexity to the proteome, as this PTM plasticity allows for the rapid 

response to specific stimuli. For example, PTM reversibility can assist in the 

formation or dissociation of protein complexes (51).    

 
1.3.4 Methylation 

Methylation has been recognised as a widespread PTM that plays a role in 

many cellular processes. Two residues that are common methylated include arginine 

(Arg) and lysine (Lys) residues (52). Methylation of lysine residues is driven by 

protein lysine methyltransferases (of PKMTs). The majority of these PKMTs possess 

a conserved catalytic domain, known as the SET domain (53). Within the lysine 

methylation system, different PKMTs can drive the mono-, di- or tri-methylation of 

lysine residues on various histone and non-histone targets (54). Conversely, 

methylation of arginine residues is driven by protein arginine methyltransferases (or 

PRMTs), and arginine residues on histone and non-histone proteins can drive mono-

, asymmetric di- or symmetric di-methylation of arginine residues (55). It is well 

known that methylation of lysine and arginine residues by these methyltransferases 

is important for physiological processes (56, 57), but research is starting the roles 
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that PKMTs and PRMTs might have in disease, as they have been found to be 

associated with various diseases, including cancer (58).  

As mentioned in the previous section, methylation is a reversible modification. In the 

case of PKMTs, this lysine demethylation is driven by protein lysine demethylases 

(PKDMs). The first reported histone PKDM was lysine specific demethylase 1 

(LSD1), however, it was found that this demethylase could only demethylate mono- 

or di-methylated lysines (59). A second family of enzymes was subsequently 

discovered, known as the Jumonji C-domain containing proteins (JmjC), and it was 

found that this family was capable of demethylation of mono-, di- and tri-methylated 

lysines (60). In the case of the reversal of arginine methylation (via PRMTs), until 

recently, it was unknown whether methylated arginine residues could be 

demethylated (61). In 2016, a study published by Walport et al. (62) reported that, 

other than being able to act as a lysine demethylase, a subset of the JmjC PKDMs 

(including KDM3A, KDM4E and KDM5C) could also cause the demethylation of 

mono-, symmetric di- and asymmetric di-methyl arginine residues. Because the 

literature suggests that the enzymatic events that underlie demethylation are similar 

to lysine demethylation, it would suggest that other JmjC proteins could also 

demethylate methylarginines. However, as this is a recently new discovery, more 

research is needed to functionally understand these dual PKDM/PRDM in vivo, and 

whether there is any interplay between their activities (63).  

 
1.3.5 Arginine methylation 

Out of all the amino acids, arginine is known to have the longest side chain 

which contains a positively charged guanidinium group, and therefore, carries a net 

positive charge. This side chain contains two hydrogen bond donors that allow 

arginine to interact with hydrogen bond acceptor molecules and that have a negative 

charge. This can include DNA, RNA and proteins (64). When an arginine is 

methylated, methyl groups replace the available hydrogen atoms, and results in the 

removal of a potential hydrogen bond donor (65). As mentioned in the previous 

section, these methyl groups can be incorporated in three different ways. 

Monomethyl arginine, or MMA, is the result of one methyl group being added to one 

of the terminal nitrogen atoms or the arginine. Dimethyl arginine can be formed in 

either a symmetric or asymmetric function. In symmetric dimethylated arginines 
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(sDMR), there is a methyl group placed on each of the nitrogen atoms present on the 

terminal end of the arginine; and in asymmetric dimethyl arginines (aDMR), there are 

two methyl groups that are both present on only one of the nitrogen atoms (57). All 3 

of these forms are catalysed by PRMTs (Fig 1.1).  

 
1.3.6 Protein arginine methyltransferases (PRMTs) 

As mentioned previously, PRMTs are responsible for a common PTM that 

involves the addition of a methyl group onto arginine residues of a protein or histone. 

They do this by transferring a methyl group from a SAM co-factor to the guanidinium 

group of the side chain present on the arginine (66).  Generally, it is believed that 

there are 9 human PRMTs that are able to methylate the guanidine nitrogen atoms 

on arginine residues, however, as literature suggests that there may be a number of 

putative methyltransferases, this number may increase (66, 67).  The commonly 

described PRMTs can be divided into three distinct families based on how they 

catalyse the addition of the methyl groups on the arginine residues. Type I, II and III. 

All types are able to catalyse monomethylation of arginine residues, with the 

following representing the differences between the families: 

- Type I PRMTs, which include PRMT1 (the major Type I enzyme), PRMT2, PRMT3, 

PRMT4 (also referred to as CARM1), PRMT6 and PRMT8 can additionally 

asymmetrically dimethylate the arginine residues on their targets.  

- The major type II PRMT, known as PRMT5, can additionally symmetrically 

dimethylate arginine residues. Recently PRMT9, somewhat controversially, has been 

described as having symmetric dimethylation capabilities alongside PRMT5 (68, 69). 

However, it is important to note that although PRMT9 has been identified as being 

able to catalyse sDMR methylation marks, majority of the sDMR modifications that 

are deposited on target histones and proteins is elicited by PRMT5 (69). Research 

over the last few years has only identified a couple of targets of PRMT9, including 

splicing factors SAP145 (68) and SF3B2 (69) and further research is needed to elicit 

to what extent it is considered a type II PRMT. The diverse number of PRMT5 

targets that exist, and the importance of the protein in development and in 

haematopoiesis will be described in subsequent sections.  
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- The remaining PRMT, PRMT7, was thought to have type II enzymatic activity, 

however recent data has concluded that PRMT7 is a type III PRMT and is only able 

to catalyse monomethyl arginine residues (70).  

In terms of sequence, all PRMTs contain a highly conserved core region that elicits 

catalytic activity. These core regions contain the signature methyltransferase motifs 

I, post-I, II and III. Motif I is responsible for facilitating SAM binding, and it contains 

the double-E loop, which consists of two glutamate residues. The location of the 

sulphur atom of SAM and this pair of invariant glutamate residues constitutes the 

active site of PRMT5 (71). At the C-terminus of the core region exists the threonine-

histidine-tryptophan (or THW) loop. This loop contains the most highly conserved 

sequence of the domain. These sequences are responsible for arranging the 

methyltransferase active site in all the PRMTs (57). It is important to note that the 

structure of the catalytic core also shows a high level of conservation, particularly 

between PRMT1, PRMT3, PRMT4 and PRMT5 (71-76) (Fig. 1.2). 

PRMTs have gained significant traction in recent literature due to the discovery of 

their complex roles in signal transduction, both activation and repression of several 

transcriptional processes, embryonic development, and differentiation. They have 

also been shown to be deregulated in multiple human diseases, with different PRMT 

family members being reported as playing roles in several cancer types (61). 

 
1.4 Protein Arginine Methyltransferase 5 (PRMT5) 

As mentioned, PRMT5 is the major type II methyltransferase. It was described 

two decades ago as a protein that interacted with the chloride conductance 

regulatory protein, known as pICln (77). In 1999, PRMT5 was described as a Jak2 

binding protein. Furthermore, it was found to have methyltransferase functionality, 

and three of its substrates were identified – histone H4, histone H2A and myelin 

basic protein (MBP) (78). Branscombe et al. (79) subsequently published the finding 

that, through biochemical characterisation, PRMT5 could enzymatically form sDMR. 

PRMT5 was now described as the first enzyme of this type. Interestingly, it is 

believed that PRMT5 has a critical role in biology, as it’s protein has been conserved 

all the way from yeast to humans throughout speciation (77, 79, 80). PRMT5 has a 

critical co-factor known as the methylosome protein 50 (or MEP50) that is absolutely 
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required for methyltransferase activity, and these proteins are found in complex, the 

structure of which will be described in the next section (72). PRMT5 is responsible for 

the symmetric dimethylation of arginine residues on many substrates, of which two 

important ones are histone H4 arginine 3 (H4R3) and histone H3 arginine 8 (H4R8) 

(81). 

 
1.4.1 PRMT5 structure 

The domain architecture of human PRMTs has been described. All human 

PRMTs contain a catalytic core, that is composed of a Rossman fold (conserved of 

consecutive alternating β-strands and α β-sheet with one or two layers of α-

helices)(82). Cofactor binding - and in the case of PRMT5, specifically SAM – occurs 

in this domain. PRMTs also contain a β-barrel, and this is conversely where 

substrate binding occurs (66).  

In 2011, Sun et al. aimed to elucidate the enzymatic mechanisms by which sDMR 

and aDMR modifications differed, as they were isometric, but were thought to be 

functionally contradictory to each other. Determining the crystal structure of PRMT5 

from C. elegans, the group found that PRMT5 dimerization was driven by domains 

that were found between the TIM-barrel and the β-barrel (71). The group suggested 

that human PRMT5 would also dimerize for three reasons: (i) there was extensive 

conservation of amino acids between human and C. elegans PRMT5, (ii) a previous 

study that had described not only dimeric, but also oligomeric forms of human 

PRMT5 (83)  and (iii) the fact that all previous arginine methyltransferase structure 

studies had found that the respective methyltransferase dimerized via a 

‘dimerization-arm’ (75, 76, 84).   

However, limited information existed on PRMT5’s structural interaction with MEP50. 

This was the focus of a study published in 2012 by Antomysamy et al. (85). Utilising 

chromatography, sedimentation analysis, enzymology and X-ray crystallography, the 

group was able to structurally characterise the PRMT5:MEP50 complex, along with 

the complex bound to an AdoMet analogue and a histone H4 substrate. Contrary to 

the C. elegans PRMT5 data that was published in the study mentioned above, it was 

found that PRMT5 binds MEP50 to form a (PRMT5)4(MEP50)4 hetero-octameric 

complex (Figure 1.3) (85). The group concluded that this (PRMT5)4(MEP50)4 
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component was likely to represent the main structural unit that interacted with the 

various partner proteins to form the numerous complexes that are associated with 

different biological functions.  

 
1.4.2 Mutant PRMT5 – A Tool for Studying Domain Function 

Over the years, mutational studies have identified important features in the 

sequence of the PRMT5, some of which will be described in this section. One of the 

first mutant PRMT5s to be reported on was a PRMT5 mutant that was catalytically 

inactive. That is, it was unable to catalyse sDMR marks on its substrates. Pal et al. 

published the results of a study that utilised a mutant form of PRMT5 that contained 

2 amino acid changes. G367A and R368A. They found that this mutant PRMT5 was 

not able to methylate H3 and H4 histones (86). The specifics of how this occur are 

unclear in the literature, but based on the domain structure of PRMT5, this mutation 

would occur in the catalytic Rossman fold. Considering that the double-E loop is 

found in positions 435 and 444, the mutations responsible for the methylation dead 

mutant might confer a conformational change in this domain that prevents PRMT5 

from eliciting it’s function.  

Another mutant that has recently been properly described is a mutant PRMT5 that is 

able to catalyse both sDMR and aDMR marks (and therefore act as a dual type I and 

II PRMT). The mutation that is responsible for this gain of function is a point mutation 

in the phenylalanine at position 327 being converted to a methionine (F327M). This 

mutant PRMT5 was found to be able to symmetrically and asymmetrically 

dimethylate H4R3, and it was proposed that this was due to the methionine resulting 

in more conformational flexibility, which had been seen in PRMT1 and PRMT4 (both 

type I PRMTs) (71).  

 
1.4.3 Major roles of PRMT5 

 As the major type II enzyme that can catalyse sDMR marks on arginine 

residues, PRMT5 has a myriad of targets, and therefore functions, within the cell. 

PRMT5 can methylate both histone (H4, H3 and H2A) and non-histone proteins. 

Some of its non-histone substrates include ribosomal nucloelin, p53, NF-kB, p65, 

HOXA9, E2F1, MBD2, EGFR, CRAF, SREBP1a and many more (reviewed in (85)). 
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In terms of biological processes, PRMT5 is involved in transcriptional regulation (87), 

mRNA splicing (88), ribosomal biogenesis (89), the formation of the Golgi apparatus 

(90) and more. PRMT5 has been shown to be important in development and 

haematopoiesis and has been implicated as a potential oncogenic influence in both 

solid and haematological cancers. 

 
1.4.4 PRMT5 in Development 

 PRMT5 has been shown to be important in both early and late development 

pathways. It is well known that Prmt5-/- murine embryos are unable to produce 

embryonic stem (or ES) cells and suffer early embryonic lethality. Furthermore, RNAi 

against PRMT5 in ES cells has shown that, following knockdown of PRMT5, there is 

an up-regulation of differentiation associated genes (91). This supports the 

consensus that PRMT5 is required in stem cells for the maintenance of a stem-cell 

like phenotype. PRMT5 is also known to play a role in primordial germ cell 

differentiation, as it’s known to methylates Piwi proteins. Piwi proteins interact with 

small-non coding RNAs, known as piRNAs, of which the downstream effect is gene 

silencing – a process that is required for normal gametogenesis (92). It is also known 

that PRMT5 is an important player in keratinocyte differentiation. Gene expression of 

involucrin is partially controlled by the suppression of PRMT5 (by PKC- δ)(93). 

 
1.4.5 PRMT5 in Haematopoiesis 

 When interrogating mRNA expression data in normal haematopoiesis on 

Bloodspot, stem and progenitor cells appear to have higher expression levels of 

PRMT5. These expression levels reduce as cells mature (Fig. 1.4) (94).  

In 2016, Liu et al. published the results of a study that assessed the importance of 

PRMT5 in normal adult haematopoiesis, an area which had not been studied. They 

found that Prmt5 mRNA was relatively unchanged between the different subsets of 

stem and progenitor cells but appeared to be reduced in more mature cells (except 

for B cells). Interestingly, at the protein level, all mature cell types, including B cells, 

presented with 5 – 24% of the PRMT5 protein as compared to the stem and 

progenitor cells. This suggested that there were important post translational 

mechanisms that controlled the expression of PRMT5 in these cells (95). 
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Having confirmed that stem and progenitor cells in haematopoiesis seemed to rely 

on PRMT5 protein, the group developed a murine MxCre conditional knockout model 

of Prmt5. They showed that in MxCre+ PRMT5fl/fl mice that were treated with 

poly(I:C) and found the complete loss of methyltransferase activity 7 days after the 

induction of Cre. Most of the mice presented with anaemia and had to be culled just 

2 weeks after Cre induction. Analysis of the mice found that the peripheral blood 

results reflected pancytopenia. There was a 5-fold decrease in the red blood cells, 

more than a 10-fold decrease in the white blood cells and platelets were down more 

than 100-fold compared to normal mice. 7 days post Cre induction, the bone marrow 

cellularity of the mice had reduced to half, and by day 15, there was only 5% of 

normal cellularity. The mice also presented with aberrant erythroid differentiation. 

Interestingly, in terms of the haematopoietic stem and progenitor cells, initially there 

was an increase in the progenitor populations in mice 7 days after Cre induction, 

however further analysis (utilising secondary transplant experiments) found that 

these HSPCs were non-functional. By day 9, even the levels of the HSPCs were 

dramatically reduced (95).   

 As a result of this study, some light has been shed on the potential role of 

PRMT5 in haematopoiesis, and more importantly, in stem cells. However, these 

findings are still preliminary, and raise some mechanistic question. The study 

showed that HSCs deficient in PRMT5 showed an increase in proliferation, alongside 

an increase in p53 activity. The group has shown in the past that p53 is required for 

stem cells to maintain quiescence (96). This suggests that there are other, more 

influential pathways that are responsible for driving the HSCs into the cell cycle. 

Conversely, more mature progenitor cells presented with the inverse outcome, 

where deletion of PRMT5 caused an impairment of proliferation in these cells. The 

group conclude that this opposite effect could be due to the fact that PRMT5 can be 

found in multiple different complexes and in different subcellular locations, and that 

this pleiotropic effect might be cell specific, however, more research is needed to 

understand the mechanistic details underlying these responses.   
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1.4.6 PRMT5 in Cancer 

 PRMT5 overexpression is thought to be associated with many different types 

of cancer. In terms of solid cancer, PRMT5 overexpression has been described in 

gastric cancer (97), gliomas (98), ovarian cancer (99) and lung cancer (100) to name 

a few. The studies have found that this overexpression is associated with promoted 

tumour growth and poor prognosis. Literature has suggested ways in which PRMT5 

can be upregulated in a cancer state. One of the mechanisms might involve the 

nuclear transcription factor Y, or NF-Y, which is responsible for the upregulation of 

oncogenes in several cancer. It is believed that NF-Y is capable of binding to the 

proximal promoter of PRMT5 (101). Another potential mechanism of PRMT5 

overexpression might be driven through the proto-oncogene Myc. Myc has been 

shown to upregulate PRMT5 and core small nuclear ribonucleoprotein transcriptional 

activity – these are both implicated in pre-mRNA splicing. PRMT5 is downregulated 

alongside Myc downregulation, and this leads to aberrant splicing. This causes an 

increase in apoptosis and reduced tumorigenic potential in haematological 

malignancies. Although this has been shown in lymphomagenesis (102), the findings 

may represent a more overall dysfunction of PRMT5 regulation due to 

overexpression of Myc, as Myc is found in many different cancer types (103). 

 
1.4.7 PRMT5 in Haematological Malignancies 

  PRMT5 has been found to be involved in several haematological 

malignancies (104). One of the first studies that looked focused on 

lymphomagenesis. It was found that PRMT5 protein levels are upregulated in B-cell 

chronic lymphoid leukaemia (B-CLL) cell lines, as well as in primary lymphoma 

patient samples (105). It was proposed that this was due to a dysfunction in the 

physiological regulation of PRMT5 by various miRNAs (106).  

A study in 2015 described PRMT5 as being required for lymphomagenesis that is 

driven by multiple oncogenic drivers. Two key pieces of evidence supported this 

idea: a) that the expression of oncogenic drivers Notch1, MLL-AF9 and Myc resulted 

in an upregulation of PRMT5 and b) that transplant experiments utilising Prmt5 

knockdown or deletion suggested that there was a strong selective pressure for the 

maintenance of cells that did not undergo knockdown or deletion of PRMT5. 



28 
 

Furthermore, the results of a study that assessed the clinical potential of a PRMT5 

inhibitor in mantle cell lymphoma (MCL) supported the idea that PRMT5 is important 

in lymphomagenesis (107).  

Although the role of PRMT5 was extensively studied in the context of 

lymphomagenesis, it wasn’t until recently that research was published in relation to 

the role of PRMT5 in myeloid malignancies. It was found that in chronic 

myelogenous leukaemia (or CML), Prmt5 mRNA and protein levels were found to 

also be elevated in CD34+ cells harvested from CML patient samples as opposed to 

normal bone marrow controls samples. This result paved the way for also assessing 

a PRMT5 inhibitor in the context of CML (108). 

 
1.4.8 PRMT5 in AML  

 The potential contribution of PRMT5 to AML leukaemogenesis is still unclear. 

To date, only a handful of publications have focused on elucidating the role of 

PRMT5 in AML. In 2016, Tarighat et al. (109) published the results of a study that 

found that PRMT5 could contribute to AML through a complex miRNA-protein 

regulatory network that controls both gene activation and repression.  Mice that were 

injected with THP-1 cells – a human acute monocytic leukaemia cell line (110) - that 

lentivirally overexpressed PRMT5 displayed promoted leukaemogenesis (including 

shorter time of onset) as compared to controls, providing evidence that PRMT5 

overexpression could potentially promote leukaemia. The group further described 

potential mechanisms behind this promoted leukaemogenesis and concluded that 

increased PRMT5 levels were able to suppress miR-29b expression via methylation 

of H4R3 histones at it’s promoter region. This in turn caused an upregulation in 

downstream Sp1 - a zinc finger transcription factor that recognises GC-rich motifs in 

many promoters (111) - that led to an increase in the transcriptional activity of Sp1 at 

the FLT3 promoter and 3-fold increase in FLT3 expression. As a result, this led to 

enhanced growth and survival of cells (109).  

A 2018 publication by Serio et al. (112) focused on the regulation of the Prmt5 gene 

by the PAF complex in MLL fusion leukaemias. Previous literature has shown that 

the polymerase-associated factor complex (or PAFc) is essential for proliferation in 

AML (mainly focusing on MLL-translocation associated AML (113)) and other 
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cancers (114, 115) The group performed RNA-sequencing on murine derived MLL-

AF9 cells that harboured a conditional knockout of a critical subunit of PAFc (known 

as Cdc73) and compared it to control MLL-AF9 cells. Their results implicated the 

Prmt5 gene, along with other PRMTs, as direct transcriptional targets of PAFc, and 

found that knocking out Cdc73 caused a significant downregulation of Prmt5. 

Importantly, they also found that almost all Prmt genes were upregulated in murine 

MLL-AF9 cells (as compared to normal murine lin- c-kit+ progenitor bone marrow 

cells), and Prmt5 showed the greatest increase in leukaemic cells (almost a 2-fold 

increase in Prmt5 RPKM)(112). 

Kaushik et al. (116) also published a paper in 2018 that aimed to assess the clinical 

potential of a small molecule inhibitor of PRMT5 in MLL-rearranged AML. Aside from 

the clinical assessment of the inhibitor, the group performed an experiment that 

involved MLL-AF9 cells harbouring a conditional knockout of Prmt5. Sub-lethally 

irradiated recipient mice were injected with fetal liver cells harvested from either 

Mx1Cre- PRMT5fl/fl control or Mx1Cre+ PRMT5fl/fl mice (conditional knockout is driven 

by treatment with polyinosinic:polycyctidylic acid – or poly:IC), both of which were 

transduced with MLL-AF9. The mice in the control group died of AML in less than 90 

days. However, the mice that received the leukaemic cells that contained a knockout 

of Prmt5 showed a significantly prolonged leukaemia onset. The group suggested 

that the leukaemia that did develop in the latter mice were due to leukaemic cells 

that failed to delete PRMT5 and concluded that PRMT5 was required for the initiation 

and maintenance of MLL-rearranged leukaemias.  

In light of a number of publications over the last few years, the importance of PRMT5 

in AML has become clearer. However, whether the protein can behave as a driver of 

AML in and of itself or in partnership with other oncogenes, or whether it is simply a 

reflection of the disease state is still relatively unknown. 

 
1.5 Clinical Potential of PRMT5 Inhibition 

 As PRMT5 (as well as other PRMTs) has been implicated in various cancers 

to date, interest in developing inhibitors against PRMT5 has significantly increased in 

the last several years, with several inhibitors already developed. Within the solid 

cancer field, assessing PRMT5 as a candidate therapeutic target has been assessed 
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in cancer such as lung cancer (117, 118), breast cancer (119), colorectal cancer 

(120), gastric cancer (121), glioblastoma (122) and neuroblastoma (123), and has 

shown that inhibition presents with some clinical efficacy. 

 
1.5.2 PRMT5 Inhibition in Haematological Malignancies 

The clinical potential of PRMT5 inhibition has also been somewhat studied within 

haematological malignancies. This includes studies both focusing on knockdown and 

chemical inhibition of PRMT5 with a small molecule inhibitor. In 2013, a publication 

by Chung et al. (124) found that, in models of lymphoma, shRNA mediated PRMT5 

knockdown was shown to lead to RB1 reactivation, which caused an inhibition of 

downstream PRC2 and subsequent upregulation (through a derepression 

mechanism) of its downstream target gene, many of which are involved in pro-

apoptotic processes. This knockdown was conducted in vitro in Non-Hodgkin’s 

lymphoma cell lines and in murine lymphoma primary cell samples and resulted in an 

inhibition of cell growth and the induction of cell death (124).  

In 2015, Chan-Penebre et al. published one of the first publications that employed 

the use of a cell potent (that is, an IC50 in the nanomolar range), orally bioavailable 

small molecule inhibitor of PRMT5. To date, most publications that had published 

results using PRMT5 inhibitor compounds had failed to correlate a phenotypic result 

to a reduction in a PRMT5 specific methyl mark (such as H4R3me2s). The group 

showed that you could induce antitumour activity in MCL cell lines and xenograft 

models with oral dosing of a PRMT5 inhibitor known as EPZ015666, and they could 

correlate this result to a dose-dependent decrease in levels of symmetrically 

dimethylated PRMT5 substrates following treatment (such as SmD3me2s) (107) 

The efficacy of PRMT5 inhibition in CML was also interrogated in a publication by Jin 

et al. in 2016 (108). The group utilised both a PRMT5 knockdown approach as well 

as the use of a small molecule inhibitor, and found that in both cases, PRMT5 

inhibition could cause an induction of apoptosis in CML cells both in vitro and in vivo 

models of CML. They also analysed the effect that PRMT5 knockdown had on the 

LSC repopulation capability by performing secondary transplants into irradiated 

mice, and found that knockdown of PRMT5 led to prolonged survival, providing 
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evidence that PRMT5 inhibition may be effective strategy for targeting leukaemia 

stem cells (108).  

In AML, the results of several studies also seem to suggest that PRMT5 may be a 

good treatment target. As mentioned previously, Targihat et al. not only interrogated 

the role of PRMT5 in leukaemogenesis, but they also found treatment of AML cell 

lines – MV4-11 and THP-1 – and primary patient samples with a PRMT5 inhibitor led 

to a decrease in cell growth and viability, however this was achieved at less than 

ideal micromolar ranges (the IC50 was calculated as being as low as 7.21µM in cell 

lines and 3.98µM  for patient blasts) of the compound that they utilised called HLCL-

61 (109). Serio et al. (112)also performed inhibitor studies using EPZ015666. In 

vitro, they demonstrated that multiple human leukaemic cell lines – U937, NB4 and 

MonoMac6 – were sensitive to treatment with the PRMT5 inhibitor, highlighted by a 

dose-dependent decrease in cell number and symmetrically dimethylated H4R3. In a 

mouse model of MLL-AF9, treatment with EPZ015666 compound for two weeks 

prolonged survival by a modest, but significant, 4.5 days. Lastly, as mentioned in the 

previous section, the publication by Kaushik et al. also aimed to address whether 

PRMT5 is required to control the differentiation block that is associated with MLL-

fusion driven leukaemias. Their EPZ015666 inhibitor experiments found that if you 

treat mice that were transplanted with MLL-ENL/NrasG12D cells, leukaemia onset was 

once again significantly delayed, but median survival differed between the control 

and treatment group by only about 7 days (116).  

 Literature seems to suggest that PRMT5 inhibition may present as an 

effective target in leukaemia, including AML. However, only a handful of publications 

to date have aimed to address this. Many of the studies in AML have focused on 

MLL-fusion leukaemia’s - a particularly rare subset of AMLs with a very short 

leukemic latency - and have found modest effects with in vivo treatment using a 

PRMT5 inhibitor. As is common with leukaemia treatment strategies, combination 

treatment might address this issue, as combining a PRMT5 inhibitor with another 

drug in a synergistic fashion may present with more desired outcomes. More work is 

needed to elucidate if there are other AML subtypes that may respond more 

favourably to PRMT5 inhibition.  
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With that being said, two PRMT5 inhibitors, GSK3326595 and JNJ-64619178, are 

currently undergoing clinical trials. GSK3326595 is undergoing a phase I clinical trial 

to assess its safety through a dose-escalation study. GSK3326595 is undergoing 

another phase II clinical trial to determine its efficacy as an oral treatment for patients 

with relapsed and refractory MDS, chronic myelomonocytic leukaemia and 

hyperproliferative AML. JNJ-64619178 is undergoing a phase I clinical trial to identify 

the maximum tolerated dose in subjects with relapsed/refractory B cell non-

Hodgkin’s lymphoma (NHL) or advanced solid tumours (125).  
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1.6 Project Rationale and Aims 

 Although data suggests that PRMT5 may be more highly expressed in 

primary AML bone marrow samples as compared to healthy control patients, the role 

that PRMT5 plays in haematopoiesis and leukaemia is uncertain. That is, whether 

overexpression of the protein promotes leukaemogenesis, or whether the expression 

is purely a reflection of the more immature cell types that are associated with the 

diseases. In order to address this question, this thesis will utilise mouse models of 

PRMT5 overexpression to view the effects that overexpression has on 

haematopoiesis.  

 Furthermore, PRMT5 is not only required for development, but is also 

required for sustaining adult haematopoiesis. This thesis will look to assess whether 

PRMT5 overexpression can rescue a knockout phenotype of PRMT5 deletion. 

Coupled with this, mutant variants of PRMT5 will be utilised to assess the structure-

function of PRMT5 and how mutant forms of PRMT5 response to inhibition, and 

whether these mutant forms are also able to rescue the deletion phenotype.  

Finally, in vitro and in vivo data suggests that PRMT5 inhibition may be an effective 

strategy in treating certain subtypes of AML. The clinical efficacy of a PRMT5 

inhibition has presented with mixed results in vivo, and therefore combination 

strategies might present with better outcomes. This thesis will utilise a CRISPR 

knockout library with the hopes of identifying pathways that may be involved in 

resistance, and pathways that may cause sensitisation to treatment with a potent 

PRMT5 inhibitor. This data was utilised in order to perform drug combination studies.  

In summary, this thesis examines the following questions: 

Chapter 3: Determining the effects of PRMT5 overexpression in haematopoiesis. 

Chapter 4: Examining the structure-function of key residues of PRMT5. 

Chapter 5: Identifying mechanisms that confer sensitivity and resistance to PRMT5 

inhibitors.  
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Figure 1.1 Types of mammalian protein arginine methylation. This can be categorised 
into type I, II and III PRMTs. All types can form monomethylate arginines, while type I can 
also asymmetrically dimethylate arginines, while type II can also symmetrically 
dimethylate arginines. Adapted from (126) 
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Figure 1.2 Members of the protein arginine methyltransferase family.  Domains are 
assigned based on protein alignments within the PRMT5 family members. SH3 – SRC 
homology 3 domain; ZnF – Zinc finger domain; PH – Pleckstrin homology domain; TPR – 
Tetratricopeptide repeat. Domains that have dashed outlines in PRMT9 are based on 
protein alignment alone as crystal structure data is unavailable. Adapted from (127) 
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Figure 1.3 Crystal structure of PRMT5 in complex with MEP50. PRMT5 binds MEP50 
to form a hetero-octomeric complex. This complex represents the main structural unit. 
PRMT5 is coloured green, and MEP50 is coloured orange. Figure was generated on PDB 
(128). 
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Figure 1.4 mRNA expression of PRMT5 in normal haematopoiesis. PRMT5 
expression levels in different populations of cells. Generated using data from Bloodspot 
(94). Data is represented as mean ± SD of 3 – 14 samples. HSC – Haematopoietic stem 
cell, HPS – Haematopoietic progenitor cell, CMP – Common myeloid progenitor, GMP – 
Granulocyte monocyte progenitor, MEP – Megakaryocyte-erythroid progenitor, PM – 
Promyelocyte, MY – Myelocyte, PMN – Polymorphonuclear cells, NK – Natural killed cells, 
mDC – myeloid dendritic cells.  
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Chapter 2: 
 

Methods 

 
2.1 In vitro cell culture conditions 

Fetal liver cells harvested from mice were cultured in StemPro34 (Gibco) with the 

provided supplement and 1x L-glutamine (Gibco) as well as 1% penicillin-

streptomycin (Gibco). This media was also supplemented with cytokines – 10ng/mL 

mIL-3, 10ng/mL mIL-6, 50ng/ml hFLT-3, 50ng/mL mSCF and 50ng/mL TPO (all 

cytokines from PeproTech). Cells were incubated at 37°C, 10% CO2.  

MLL-ENL cells (both p53 wild type and p53 null) were cultured in Iscove’s Modified 

Dulbecco’s Medium (IMDM) (Gibco) with 10% Fetal Calf Serum (FCS) (Sigma-

Aldrich), 1% penicillin-streptomycin (Gibco) and 10ng/mL mIL-3 (PeproTech). Cells 

were incubated at 37°C, 5% CO2. 

293T cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) with 

10% FCS (Sigma-Aldrich) and 1% penicillin-streptomycin. Cells were incubated at 

37°C, 10% CO2. 

 
2.2 Molecular biology techniques 

2.2.1 RNA extraction 

5 x 105 – 1 x 106 cells were harvested, depending on the experiment. Cells were 

pelleted, supernatant was removed, and cells were resuspended in 1mL of TRIZOL 

reagent (Invitrogen). In order to extract the RNA, the samples were thawed at room 

temperature, and 200uL of chloroform was added to the samples. These samples 

were shaken vigorously for 15 seconds and were allowed to incubate at room 

temperature for 2-3 minutes. Samples were centrifuged (12,000 x g/15 mins/4°C) to 

separate the RNA into a clear aqueous phase. This aqueous phase was transferred 

into a fresh microcentrifuge tube containing 500uL of isopropanol and 2uL of 

glycogen. The contents of the tube were mixed by inversion and incubated (10 mins 

at room temp). The samples were centrifuged (12,000 x g/10 mins/4°C) and the 

supernatant was aspirated. To clean the RNA pellet, 1mL of 75% ethanol was added 

and the sample was vortexed to dislodge the pellet. The sample was centrifuged 
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(7,700 x g/5 mins/4°C). The supernatant was aspirated, and the RNA pellet was 

allowed to air dry at room temperature before it was resuspended in 20uL of RNase 

free water.  

2.2.2 cDNA synthesis 

To convert RNA into cDNA, the First Strand cDNA Synthesis Kit (Roche) was 

utilised. Using PCR tubes, 2μL of RNA was added to 1μL of 50μM anchored 

oligo(dT)18 primer and 10μL of RNase free H2O. This mixture was heated in a to 

65°C for 5 mins and the incubated at 4OC for 1 min. To each PCR tube, 4μL 5x 

Transcriptor Reverse Transcriptase Reaction Buffer, 0.5μL of Protector RNase 

inhibitor (40U/μL), 2μL of deoxynucleotide mix (10mM each of dATP, dCTP, dGTP 

and dTTP) and 0.5μL of Transcriptor Reverse Transcriptase 24 (20U/μL) was added. 

The contents were mixed by gentle pipetting. The PCR tubes were heated to 50°C 

for 60 mins to maximize the activity of the reverse transcriptase, and then the 

enzyme was deactivated by heating the samples to 85°C for 5 mins. The cDNA was 
stored at -20°C. 

2.2.3 Plasmid harvest  

Colonies are picked and places in 3mL LB broth supplemented with ampicillin. These 

were incubated at 37°C overnight with gentle rocking. The next day, bacterial DNA 

was extracted using Qiagen QIAprep miniprep kit. 

2.2.5 qRT-PCR 

Analysis of mRNA expression was performed via qRT-PCR for PRMT5 cDNA was 

amplified from cells of interest, and then RT-PCR was performed on a Roche 

LightCycler 480 thermocycler. HPRT was incorporated as the housekeeping control 

gene. Sequence of primers is listed in Table 2.1 This was done using the TaqMan 

(Thermo Fisher) gene expression assay primer mix, and the reaction was set up as 

follows: 1uL cDNA, 1uL of primer mix, 5uL of TAQman universal PCR master mix 

reagent (Thermo Fisher) and 4uL of nuclease free H2O. The RT-PCR reaction was 

set up according to the manufacturer’s instructions – pre-incubation for 50°C for 2 

minutes, denaturation at 95°C for 10 minutes, 45 amplification cycles that consist of 

denaturation at 95°C for 15 seconds, followed by an annealing and elongation at 

60°C for 1 minute. The final extension step was 37°C for 30 seconds.  
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Relative transcript quantification was deduced from ΔΔCt method: 

 - Average Ct (PRMT5) – Average Ct (HPRT) = ΔCT 

 - ΔCt (test sample) – ΔCt (control sample) = ΔΔCt 

  - 2-ΔΔCt = Fold change gene expression. 

2.2.5 Western blot 

Protein samples were prepared by washing cells twice in PBS followed by 

centrifugation (300 x g/5 min/room temp). Cell were lysed by adding 200uL of 1x 

SLAB buffer and boiling for 10 minutes. Proteins within the sample were stratified 

according to size using a dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE). This involved casting a gel that consisted of a stacking zone and a 

separating zone, both consisting of 10% acrylamide. First, a separating gel was cast. 

This was composed of 7.2mL of milli-Q H2O, 3.8mLs of separating gel buffer 

(375mM Tris HCL pH 8.8, 0.1% SDS), 3.76mL 40% acrylamide and 224μL 10% 

ammonium persulfate (APS). To induce polymerisation reaction, 10μL of 

tetramethylethylenediamine (TEMED) (Sigma-Aldrich) was added. This gel was then 

quickly poured into a 1.5mm gel plate (BIO-RAD) before setting occurred, and a thin 

layer of isopropanol (roughly 500μL) was added to remove any air bubbles. The gel 

was allowed to set for 30 mins, and then the isopropanol was washed off using 

distilled water (dH2O). Any excess water on the margin of the gel was soaked up 

using absorbent paper. A stacking gel was then prepared, consisting of 2.15mL of 

milli-Q H2O, 888μL of stacking gel buffer (125mM Tris HCl pH 6.8, 0.1% SDS), 

450μL 40% acrylamide and 35μL 10% APS. As before, 10μL of TEMED was added 

to the mixture to cause polymerisation and this was poured on top of the separating 

gel. In order to create the wells within the stacking gel, a 1.5mm comb (BIO-RAD) 

was inserted directly into the gel. This was allowed to set for 30 mins. 

The comb was removed from the set gel, and the gel was placed into a mini-

PROTEAN tetra cell (BIO-RAD). This tank is filled with Western blot running buffer. 

20uL of protein lysate is loaded into the wells and 130V is applied to the tank and the 

sample is allowed to run through the gel until the loading dye reaches the bottom of 

the gel. The gel is removed, and a transfer system is set up. This involved activating 

a polyvinylidene difluoride (PVDF) membrane (GE Healthcare Life Sciences) in 

methanol. The protein gel is transferred onto the PVDF membrane surrounded by 

blotting paper and sponges in a gel tank filled with Western blot transfer buffer 
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(voltage is run through the tank at 100V for 2 hours at 4°C). Following transfer, the 

membrane was removed from the transfer system, and is incubated with 5% skim 

milk for 60 minutes at room temp. The membrane was then washed with TBST and 

is then incubated with the primary antibody (diluted in TBST + 2% BSA) and is 

incubated overnight at 4°C.  

The following day, the primary antibody solution is removed, and the blot is washed 

with TBST 6 times for a total of 30 minutes. The membrane is then incubated with 

secondary antibody (1:1000) for 60 minutes at room temp. The membranes were 

washed again for TBST 6 times for a total of 30 minutes, and are then incubated with 

1mL of SignalFire ECL reagent (CST) for 1 minute. The membranes were then dried, 

and where images with the ChemiDoc imaging system (Bio-Rad).  

A table of primary and secondary antibodies used throughout this chapter is provided 

in Table 2.2 

 
2.3 Dose-response assays 

For three-day drug treatment, MLL-ENL cells were seeded at 1 x 104 cells/mL. Cells 

were cultured in 48 well plates in a total volume of 0.5mL per replicate/dose in 

desired concentration of inhibitor. For 72-hour assay, cells are cultured without 

splitting for three days, and at 72 hours, either a cell count is obtained, or a cell 

death FACS is performed to quantify the proportion of live cells. 

In the context of 5 days drug assays, like the ones performed when validating the 

CRISPR screen results, cells are seeded at 3 x 104 cells/mL. The cells were split at 

day 2 of treatment into fresh media with drug and were allowed to culture for a 

further 3 days. When calculating the viable cell number at the end of the experiment, 

the concentration of cells was multiplied by the factor of the split.  

For two-week treatment, as required for 4OHT treatment in the ERT2Cre PRMT5fl/fl 

cell line, cells were split every 2 days and resuspended in fresh media. 

2.4 FACS analysis and sorting 

2 x 106 cells were washed, and aliquoted into 96 well V-bottom plates and were 

incubated with 10uL of FACS block (made up of 10uL of rat IgG at 1ug/uL 

concentration) as well as 30uL of the FACS staining solution containing the 

antibodies of interest. For each experiment, a unstained and a single antibody 
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control were utilised to ensure proper compensation on the FACS machine. Samples 

were incubated in the antibody solution for 25 minutes at 4°C in the dark, and where 

then washed twice with 150uL MT-PBS + 2% FCS and were centrifuged at 350 x g/5 

mins/4°C. Samples were analysed on the LSRII. Antibodies used in FACS analysis 

are listed in Table 2.3. 

For cell sorting, cell in suspension were pelleted and washed twice with PBS + 2% 

FCS. The cells were then resuspended and passed through a 70uM mesh cap 

provided in 3mL polystyrene tubes (Falcon). These cells were centrifuged once more 

and resuspended in the appropriate live/dead the sort at a concentration of no more 

than 10 x 106 cells/mL FACS sorted cells were collected in 5mL FACS tubes 

containing 3mL of the respective cell media.  

For single cell sorting, cells were sorted on the BD influx (BD) cell sorter into a 96 

well-plate with 100uL of media.  

 
2.5 Retroviral infection of cells 

2.5.1 293T transfection and virus harvest 

To generate virus, 293T cells were seeded at 5 x 106 cells per well in a 6 well plate. 

These cells were allowed to incubate overnight to ensure around 80% confluency the 

next day. Prior to transfection, the media is replaced with fresh media. In a tube, 

150uL of DMEM (with no supplements) was combined with 7uL of Lipofectamine 

3000 (Thermo Fisher). In another tube, in 150uL of uncomplemented DMEM, 1 ug of 

the vector of interest was added to 2.4ug of GAG-POL vector and 1.2ug CAG-ECO 

vector. This was then combined with the tube containing the Lipofectamine 3000, 

and the solution was allowed to incubate for 10-20 mins at room temperature. After 

incubation, the 300uL was taken up into a pipette and was dispensed drop wise onto 

the 293T cells without agitation.  

293T cells were allowed to incubate for 24 – 48 hours, and then virus is harvested by 

filtering supernatant through a 0.45um Minisart syringe filter. This removed debris 

from the virus.  
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2.5.2 Retrovirus infection of cells 

The day before the infection, the number of required wells in non TC-coated 24 well 

plates (Corning) were coated with retronectin diluted in MT-PBS at a final 

concentration of 32ug/mL These plates were incubated (without movement) 

overnight.  

On the day of infection, the retronectin matrix was removed from the plates. Wells 

were blocked with 1mL 2% BSA diluted in MT-PBS for 30 mins at room temperature. 

Next, virus was dispensed into the well, and plates were spun at 1000 x g/1 

hour/4°C. The viral media is removed from the wells, and cells are resuspended in 

the wells in 1mL of appropriate media. Cells were incubated overnight at 37°C and 

infection efficiency was checked the next day via FACS.  

 
2.6 CRISPR experiments 

2.6.1 Generation of a Cas9 expressing cell line 

Cas9 virus was kindly provided by the MHTP platform (Monash). To generate a 

Cas9 expressing cell line, 1 x 105 cells were seeded into a 6 well plate. Anywhere 

from 100uL – 1mL of virus was used, depending on the instruction of the platform, 

and cells were centrifuged at 1,070 x g/30 mins/room temp. After the spin, cells were 

put into the incubator overnight. 24-hour post infection, the media was removed from 

the well and replaced with fresh media with a pre-determined concentration of 

blasticidin (Gibco) – this is to ensure selection of Cas9 infected cells. Cells were 

observed over the 4 or more days to look at cell death effects and outgrowth of 

infected cells.  

Because we have had problems with blasticidin selection in the past, we opted to 

further conduct single cell sorting on these cells to ensure that we could screen for 

Cas9 expression (via Western blot) in clonal populations of cells that either do or do 

not express Cas9.  

2.9.2 Validation of Cas9 activity 

To ensure that Cas9 is active within these cells, another infection is conducted using 

the BRD011 vector. This vector drives the expression of GFP while also expressing 

a sgRNA that targets GFP. Cells are selected with puromycin (Gibco) following 
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infection, and the proportion of GFP positive cells vs GFP negative cells is analysed 

over the next 4 days via GFP. If Cas9 is active, you should see over 90% loss of 

GFP expressing cells by day 4. 

2.6.3 Infection with the CRISPR ‘brie’ library 

Infection of Cas9 expressing cells with the GeCKO library was conducted at the 

MHTP functional genomics lab.  

2.6.4 Treating cells post incorporation of the sgRNA library 

In order to maintain representation of the pool of sgRNAs, for the duration of the 

screen we maintained cells at no less than 80 x 106 cells. This ensured that there 

was always, proportionally, 1,000 cells per sgRNA that existed in the library.  

MLL-ENL Cas9+ expressing cells were cultured in numerous T175 culture flasks with 

either DMSO or the determined concentration of PRMT5i. Every 2-3 days, a cell 

count was obtained for each treatment group to analyse the effects that treatment 

had on proliferation. 80 x 106 cells were collected and were split into fresh media 

either containing DMSO or PRMT5i. All the remaining cells on these days were 

harvested for DNA collection.  

2.6.5 NGS analysis  

All NGS sequencing during the CRISPR screen was conducted at the MHTP 

functional genomics lab. An overview of the NGS process is provided (129).  

 
2.7 Generation of knockout clones for CRISPR validation  

2.7.1 Oligo cloning of sgRNA 

Utilising a lenti-guide vector, known as BRD003, we created several individual 

sgRNA lentiviral vectors in order to validate the hits from the CRISPR screen in a 

drug assay. The BRD003 vector was digested with BsmBI in the following reaction: 

10ug of circular vector, 5uL of 10X fast digest buffer, 2uL of BsmBI and adjust to 

50uL with dH2O. This reaction was incubated at 37°C overnight. The next day, the 

digested vector was purified in a PCR purification column (Qiagen) and eluted with 2 

x 20uL of EB buffer. The vector was recut by adding 5uL of the 10X fast digest buffer 

and 3uL of the BsmBI to the 40uL elution containing the vector. This was incubated 
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at 37°C for 3 hours. The vector was run on a 1% agarose gel and purified with a gel 

purification column (Qiagen). This was eluted in 2 x 25uL of EB buffer. Specific 

oligos were ordered from IDT (listed in table 2.4) that ultimately targeted the genes 

we wanted to validate. Oligos were resuspended to a final concentration of 100uM, 

and in an Eppendorf tube, 1.5uL of forward and 1.5uL of respective reverse oligos 

were added. This was combined with 5uL of NEB buffer 3.1 and dH2O made the 

solution up to 50uL. This was incubated for 4 mins at 95°C on a heat block, and then 

the plug was pulled out of the heat block to allow for gradual cooling of the sample. 

For the ligation step, the following reaction was created: 1uL of the oligo mix, around 

20ng of the precut open vector, 10X ligase buffer, 15uL of dH2O and 1uL of T4 DNA 

ligase (NEB). Ligation proceeded at 16°C for 3-4 hours. This ligation mix was 

transformed into competent E. Coli by adding 2uL of the ligation mix to 25uL of 

chemically competent cells. These cells were incubated on ice for 10 mins and were 

then heat shocked for 30 seconds at 42°C. This was followed by an incubation on ice 

for 2 mins. 400uL of SOC media was added to the cells, and this was incubated at 

37°C for 1 hour with shaking. 150uL of the transformants were plated onto agar 

dishes that contained 100ug/mL of Ampicillin. These plates were incubated, upside 

down, overnight at 37°C. The next day, 2-4 colonies were picked, and plasmid was 

harvested as per section 2.2.3).  

These minipreps were sequenced using the sequencing primer indicated in Table 

2.4 by Micromon (Monash). 

2.7.2 Lentivirus production 

0.5 x 106 cells were seeded into a 6 well plate in 3 mLs of media, and were allowed 

to grow overnight in culture. The next day, the following transfection mix was 

prepared: 250ng VSV-G plasmid, 1250ng psPAX2 plasmid and 1250ng of the 

lentivector. This was brought up to 75uL with supplement free DMEM. In another 

tube, 8.25uL of Fugene was resuspended in 75uL supplement free DMEM. The DNA 

mix and the Fugene were combined and incubated at room temperature for 20 – 30 

mins. 1mL of media was removed from the cultured cells and was replaced with 

fresh media. The transfection mix was dispensed drop wise onto the cells. The cells 

were allowed to culture for 48 hours, and then the viral supernatant was harvested 

and passed through a 0.4um filter.  
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The same protocol as listed in section 2.9.1 was used to infect MLL-ENL cells with 

the vectors targeting individual genes.   

 
2.8 High throughput drug screen 

Once we had a list of candidate drugs that we wanted to test as single agent and in 

combination with the PRMT5i, through the use of Compounds Australia (Griffith 

University) 140 compounds were incorporated into 384 well plates. The setup of the 

plates was duplicated so that one set would be seeded with MLL-ENL cells that were 

pre-treated with DMSO vehicle, and one set would be seeded with MLL-ENL cells 

that were pre-treated with the PRMT5i. Cells were seeded at 0.3 x 106 cells/mL in 

3mLs of media with respective drug, and were pre-treated for 48 hours. The cells 

were split 1:60 and resuspended in fresh media (including either DMSO or PRMT5i), 

and then 62.5uL of this cell solution was aliquoted into the 384 well plates. The cells 

were incubated for a further 3 days. Plates were analysed on the BD Canto II, and 

propidium iodide was used a live/dead marker to look for the proportion of live cells 

in the cell death assay.  

 

2.9 Mouse experimentation 

2.9.1 Mouse models 

Vav-iCre-PRMT5 mouse: Transgenic mouse that contains the cDNA sequence for 

PRMT5 3’ of a splice acceptor in the Rosa26 locus between exons 1 and 2. Cre-

mediated deletion of the STOP cassette enables the transcription of the Rosa26 

exon1-PRMT5-FLAG-IRES-eGFP bicistronic mRNA only in cells that express vav. 

This restricts enforced PRMT5 expression to most blood cells (with the exception of 

more mature erythrocytes).  

ERT2Cre PRMT5fl/fl mouse: This mouse was used to assess the effects of PRMT5 

deletion in the blood system of mice. Treatment with tamoxifen results in expression 

of cre in all cell types, and subsequent deletion of PRMT5.  
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2.9.2 Mice euthanasia and tissue harvesting  

At experimental end-point, mice were euthanised via CO2 gas asphyxiation, followed 

by cervical dislocation as a secondary measure.  

To harvest bone marrow, the hind limb long bones were dissected from mice. The 

muscle and connective tissue were removed from the bone, the condyles and 

epiphysis was removed to expose the metaphysis of the bone. Using an 18G needle 

filled with PBS + 2% FCS, the bone marrow is flushed from the metaphysis of the 

bone into a tube willed with PBS + 2% FCS. This cell mixture is passed up and down 

through a needle and syringe to homogenise the sample into single cells. 

To harvest thymocytes, the thymus was dissected from the mice. The organ was 

filtered through a 50uM nylon cell strained (Falcon) using PBS and the blunt end of a 

plastic 3mL syringe (Falcon).  

 
2.9.3 Red blood cell lysis 

To perform FACS analysis on bone marrow cells, red blood cell lysis was performed 

to remove erythrocytes from the sample. To do this, 20uL of collected PB was 

suspended in 3mLs of 1x RBC lysis buffer. 
 
2.9.4 Fetal liver transplant  
E13.5 fetal liver (FL) cells were thawed and allowed to recover overnight. The cells 

are Ter119 depleted and undergo infection (as per section 2.8). On the day of 

transplant, the cells are counted, and 1 x 106 cells are harvested per mouse and 

resuspended in a final injection volume of 200uL PBS + 2% FCS. Mice were 

sublethally irradiated and were allowed to recover for a period of 3 hours. The cells 

were then injected into recipient mice through intravenous tail vein injection.   

 
2.9.5 Competitive transplant 

To conduct the competitive transplant assay, bone marrow cells were harvested from 

ERT2Cre PRMT5fl/fl mice alongside cre controls, as well as from Ly5.1 mice (these 

cells would act as competitor cells) . These cells were counted, and Ly5.2 and 5.1 

cells were mixed at a 1:1 ratio in a max volume of 200uL PBS + 2% FCS/mouse that 

was being transplanted. Ly5.1 recipient mice underwent lethal irradiation, with 2 
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doses administered 3 hours apart to allow for recovery. Mice were then transplanted 

with the cell mixture through a tail vein injection. These mice were allowed to recover 

for 4 weeks before they were administered with Tamoxifen in order to delete PRMT5 

in the ERT2Cre cells.  

2.9.6. Tamoxifen administration through gavage 

To induce deletion of PRMT5 in cells from our ERT2Cre mouse model, mice had to 

undergo tamoxifen administration through oral gavage. Tamoxifen (Sigma) was 

diluted in 90% peanut oil (Sigma) and 10% ethanol. The tamoxifen was dissolved by 

placing the solution in a water bath at 50°C with frequent vertexing. Mice were 

administered with 50mg/kg of tamoxifen in a max. volume of 150uL through oral 

gavage. Tamoxifen was administered daily for 3 days to ensure deletion of PRMT5.  

 
2.10 Statistical analysis 

2.10.1 MAGeCK analysis of the CRISPR screen 

In order to generate p-values corresponding to the Log2FC differences in the genes 

that were included in our screen, MAGeCK analysis (MAGeCK stands for Model-

based Analysis of Genome-wide CRISPR/Cas9 Knockout) was performed by A/Prof. 

Joseph Rosenbluh (MHTP; Monash). The principles of MAGeCK analysis can be 

found in an article by Li et al. (130). In short, read counts from different samples are 

first median-normalised to adjust for the effect of library size and read count 

distribution. The variance of this read count is estimated by sharing information 

across features, and a negative binomial (NB) model is used to test whether sgRNA 

abundance differs significantly between treatment and controls. This model is meant 

to perform better as compared to existing models, and is capable of identifying 

positively and negatively selected genes simultaneously.  

 
2.11 Buffers and solutions 

Mouse tonicity phosphate-buffered saline (MT-PBS) (10x): 57g Na2HPO4.2H2O, 

11.03g NaH2PO4.1H2O, 174g NaCl. Add up to 2L dH2O and mix.  

SDS solution (20% w/v): SDS powder 100g, fill up to 500mL with dH2O with gentle 

heating and mixing.  
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SLAB buffer (5X): 150mM Tris HCl pH 6.8m 20% SDSm 25% glycerol, 12.5% beta-

mercaptoethanol, Bromophenol blue 

Western blot running buffer: 150g Tris, 720g glycine, 250mL 20% SDS, fill up to 

4.5L with dH2O, mix with magnetic stirrer until it is dissolved. Fill up to 5L.  

Western blot transfer buffer: 144g glycine, 31.3g Tris, 5mL 20% SDS, 2L 

methanol, fill up to 10L with dH2O.  

TBS buffer (10X): 48.4g Tris, 160g NaCl, adjust pH to 7.6 with HCl, fill up to 2L with 

dH2O. Dilute to 1X prior to use and add 1mL of Tween 20 per 1L of buffer.  

Red blood cell lysis buffer: 8.34g NH4Cl dissolved in 1L of dH2O, pH 7.6. 
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Table 2.1 Antibodies used for Western blot 
 
Target Supplier Cat no. Species Dilution MW (kDa) 

PRMT5 Abcam Ab109451 Rabbit 1:1000 73 
FLAG Sigma-Aldrich F3165 Mouse 1:1000 ~73 

H4R3me2s Merck N/A Rabbit 1:50 11 
MEP50 CST 2823 Rabbit 1:1000 42 
sDMR CST 13222 Rabbit 1:1000 Multiple 
aDMR CST 13522 Rabbit 1:1000 Multiple 
Cas9 CST 14697 Mouse 1:1000 160 

Actin-HRP CST 5125 Rabbit 1:1000 45 
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Table 2.2 Primers used for qRT-PCR 
 
Gene 
of 
interest 

F sequence R sequence 

PRMT5 CAGCATACAGCTTTATCCGCCG CTAGACCGAGTACCAGAAGAGG 
HPRT CCTCCTCAGACCGCTTTTT AACCTGGTTCATCATCGCTAA 
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Table 2.3 Antibodies and viability dyes used for flow cytometry 
 
Antigen Clone Conjugate Supplier Dilution 

Ter119 Ter119 BV605/APC BD 1/500 
CD3 17A2 BV605/PE BD 1/500 
Gr-1 RB608C5 BV605/PeCy7 BD 1/1000 
Mac1 M1/70 BV605/V450 BD 1/250 
CD19  1D3 APCCy7 BD 1/500 
B220 RA3-6B2 BV605 BD 1/500 
C-kit ACK45 APC BD 1/100 

Sca-1 12-1581-82 PeCy7 BD 1/100 
Thy1.2 53-2.1 V500 BD 1/500 
CD4 GK1.5 AlexaF700 BD 1/500 
CD8 53-6.7 Pacific blue BD 1/500 
CD71 C2 PE BD 1/500 
Ly5.1  A20 AF700 BD 1/100 
Ly5.2 104 BV605 BD 1/100 

SytoxBlue   Thermo 1/1000 
Propridium Iodide   BD 1/1000 
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Table 2.4 Oligos used for generation of knock-out clones for CRISPR validation 
 

Oligo name Forward sequence Reverse sequence 
WT_Trp53_1 CACCGGAAGTCACAGCACATGACGG AAACCCGTCATGTGCTGTGACTTCC 
WT_Trp53_2 CACCGGTGTAATAGCTCCTGCATGG CACCGGTGTAATAGCTCCTGCATGG 
WT_Gata2_1 CACCGCCTGGGCTGTGCAACAAGTG AAACCACTTGTTGCACAGCCCAGGC 
WT_Gata2_2 CACCGACAGCTGCTGCCTCCCGACG AAACCGTCGGGAGGCAGCAGCTGTC 
WTp53ko_Calr_1 CACCGCAAGAATGTGCTGATCAACA AAACTGTTGATCAGCACATTCTTGC 
WTp53ko_Calr_2 CACCGGCGGCCAGACAACACCTATG AAACCATAGGTGTTGTCTGGCCGCC 
WT_PTEN_1 CACCGCCTCCAATTCAGGACCCACG AAACCGTGGGTCCTGAATTGGAGGC 
WT_PTEN_2 CACCGACTATTCCAATGTTCAGTGG AAACCCACTGAACATTGGAATAGTC 
WT_MTAP_1 CACCGGGACAATAGTCACAATTGAG AAACCTCAATTGTGACTATTGTCCC 
WT_MTAP_2 CACCGGCCTTCAAAAGTCAACTACC AAACGGTAGTTGACTTTTGAAGGCC 
WT_Uchl5_1 CACCGAAAGACACCAGCCAAAGAGG AAACCCTCTTTGGCTGGTGTCTTTC 
WT_Uchl5_2 CACCGTAATAATGCTTGTGCCACTC AAACGAGTGGCACAAGCATTATTAC 
p53ko_Svyn_1 CACCGTCAGGATGCTGTGATAAGCG AAACCGCTTATCACAGCATCCTGAC 
p53ko_Svyn_2 CACCGAAGGGCCACTTACAATTAGG AAACCCTAATTGTAAGTGGCCCTTC 
p53ko_Cic_1 CACCGGAAGCAGAAATACCACGACC AAACGGTCGTGGTATTTCTGCTTCC 
p53ko_Cic_2 CACCGCACTAAACTGACACCCATTG AAACCAATGGGTGTCAGTTTAGTGC 
p53ko_EZH2_1 CACCGTATCGTAGTAAGTACCAATG AAACCATTGGTACTTACTACGATAC 
p53ko_EZH2_2 CACCGGACACCACCTAAACGCCCAG AAACCTGGGCGTTTAGGTGGTGTCC 
p53ko_Suz12_1 CACCGAGGAGCTGTAGACTTATCGT AAACACGATAAGTCTACAGCTCCTC 
p53ko_Suz12_2 CACCGCTGTTTAGAGTAACTCGTCC AAACGGACGAGTTACTCTAAACAGC 
p53ko_Ino80_1 CACCGGGGTTGCGGAATATCCTCAC AAACGTGAGGATATTCCGCAACCCC 
p53ko_Ino80_2 CACCGTGCCCATCAATGCATGAAGG AAACCCTTCATGCATTGATGGGCAC 
BRD003_Seq GACTATCATATGCTTACCGT  

 
 
 



54 
 

Chapter 3: 
 

PRMT5 overexpression in haematopoiesis 

3.1 Introduction 

What role PRMT5 expression levels play in haematopoiesis and leukaemic 

development are still relatively unknown. Although it is generally believed that 

PRMT5 expression levels are higher in more stem and progenitor like 

haematopoietic cells as opposed to their mature counterparts, how or why this 

occurs, and what effect enforced expression of PRMT5 has on blood cells still needs 

to be further elucidated.  

 

A study by Liu et al. (95) showed that, at the protein level, PRTM5 was more highly 

expressed in HSPCs. This would support the gene expression data (generated by 

Bloodspot) presented in chapter 1 of this thesis. In terms of leukemogenesis, it has 

been shown that lentiviral overexpression of PRMT5 could promote leukaemia, 

however this was shown in a leukaemic model that was already primed for 

leukaemia onset. Overexpression was associated with a shorter onset of 

leukemogenesis (109). What effect PRMT5 overexpression has on normal 

haematopoiesis is still unknown.  

 

This chapter describes the generation and characterisation of a mouse model of 

PRMT5 overexpression. Gain-of-function mouse models have been mainly 

generated by pro-nuclear microinjection and random integration of the transgene into 

the genome. The downfall of this method is that is often results in unpredictable 

expression profiles, variable copy numbers and sometimes gene-silencing effects. 

Single-copy transgene transgenesis utilising the well-defined Rosa26 locus is 

thought to overcome these problems (131) and this model will be used throughout 

the chapter. As an alternative strategy, we describe the effects of retroviral 

overexpression of PRMT5 in fetal liver cells in a transplant setting.   
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3.2 Generation of a mouse model of enforced PRMT5 expression: The VaviCre-
PRMT5 model 

To allow us to address the effects of enforced PRMT5 expression in haematopoiesis, 

a mouse model, known as the VaviCre-PRMT5 model was generated. In this model, 

PRMT5 expression is driven by the Rosa26 locus in a cre-dependant manner. To 

generate this model, a gateway ROSA26 destination vector (pROSA26-DV1) 

operated as a substrate for the insertion of murine Prmt5 cDNA containing a FLAG 

tag sequence incorporated in a Gateway entry clone. The Prmt5 cDNA was 

introduced 3’ of a splice acceptor (SA) followed by a LoxP flanked PGK-neo-3xpA 

(STOP cassette) and 5’ of an IRES-eGFP reporter. LR reactions resulted in a 

pROSA25-DV1 derived expression vector (Fig 3.1A). Through recombination of our 

targeting vector and the wild type Rosa26 allele (Fig 3.2B), as well as previously 

described methods for identifying correct Rosa26 locus targeting (132), the targeting 

vector was used for ES cell electroporation into G4 ES cells (method described in 

(133). These ES cells were used to generate transgenic mice with knock in alleles in 

the Rosa26 locus that contain our Prmt5 cDNA sequence, of which transcription is 

inhibited by the STOP cassette. This cassette ultimately contains a multimerized 

polyadenylation sequence (3xpA) which efficiently stops transcription initiated by the 

Rosa26 promoter (134)(Fig 3.1C). These mice were crossed with Vav-iCre mice in 

order to restrict cre expression to the haematopoietic compartment, thus ensuring 

only haematopoietic cells express the transgene (135). Cre-mediated deletion of the 

STOP cassette enables the transcription of the Rosa26 exon1-Prmt5-FLAG-IRES-

eGFP bi-cistronic mRNA (Figure 3.1D). This enabled a two-way verification of 

transgene expression – via eGFP expression which could be analysed by FACS, or 

by Western blot analysis of protein samples utilising an α-FLAG antibody.  

3.3 Transgene expression was observed in almost all haematopoietic lineages 

In order to determine what haematopoietic cell types were expressing the transgene, 

peripheral blood, bone marrow and spleen cells were harvested from mice of at least 

8 weeks of age, and FACS analysis was conducted to analyse eGFP expression in 

the various haematopoietic compartments. Within the bone marrow, we were able to 

separate the cells into their respective lineages. The antibody panel allowed us to 

analyse T cells (CD3+), B cells (CD19+, B220+), mature myeloid cells (Gr-1+, Mac-

1+) and immature myeloid cells (Gr-1-, Mac-1+) (FACS gating strategy shown in Fig 
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3.2A). When comparing the transgenic mice to the cre control mice, it was found that 

all populations had an eGFP expression of at least 92% (Fig 3.2B). As PRMT5 is 

expressed at higher levels in stem cells, another population of interest within the 

bone marrow were the stem and progenitor cells. In order to analyse these cells, we 

used an antibody panel to isolate the LK (Lin-, Sca-1-, C-kit+) and the LSK (Lin-, 

Sca-1+, C-kit+) cells (FACS gating strategy shown in Fig 3.2C). It was also found in 

these populations in the transgenic mice, that at least 90% of cells were expressing 

eGFP (Fig. 3.2D). To further analyse the T cell populations, a more extensive FACS 

analysis was performed on spleen cells harvested from control and transgenic mice. 

Using the thymus cell antigen 1 marker (Thy1) as a pan-T cell marker, we were able 

to analyse the double positive, or DP (CD4+, CD8+); the double negative, or DN 

(CD4-, CD8-); CD4 T cells, or SP4 (CD4+, CD8-) and CD8 T cells or SP8 T cells 

(CD4-, CD8+) (FACS gating strategy shown in Fig 3.2E). Within these populations, in 

the transgenic mice, it was found that at least 93% of cells were expressing eGFP 

(Fig 3.2F).  

 

Although high eGFP expression was observed in the above-mentioned populations, 

we also analysed expression in the erythrocyte populations of the peripheral blood. 

Previous literature that has utilised the VaviCre mouse model has reported a lack of 

expression in the more mature erythrocyte populations in the blood (136, 137). In 

order to separate the E1 – E4 erythroid progenitors, CD71 and Ter119 antibodies 

were used, as cells will increase expression of Ter119 and decrease expression of 

CD71 as they progress through maturation (FACS gating strategy shown in Fig 

3.2G). When analysing the erythroid progenitor populations, eGFP expression is 

highest in the E1 population (58.50% ± 2.3%). As erythroid maturation progresses, 

the proportion of eGFP expressing cells reduces until there is virtually no eGFP 

expression in the E4 cell population (0.55% ± 0.05%).  

It was found that there was robust transgene expression in the haematopoietic 

system of our VaviCre-PRMT5 transgenic mice, with >90% of cells expressing 

relatively high levels of eGFP. The erythroid cell population was the exception to this, 

as FACS analysis revealed a loss of transgene expression in more mature erythroid 

cell types. eGFP expression in the various populations is summarised in Fig. 3.2I.  
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3.4 There was no increase in PRMT5 protein expression over baseline in the 
VaviCre-PRMT5 model 

To determine whether transgene expression resulted in an increased level of 

PRMT5, we analysed PRMT5 expression at the RNA and protein level. Bone marrow 

cells were harvested from cre control and transgenic mice of at least 8 weeks of age. 

qRT-PCR was performed on the bone marrow cells, and it was found that Prmt5 

mRNA was significantly overexpressed in transgenic mice compared to controls (fold 

increase of 4.586 ± 0.7197, P<0.001)(Fig 3.3A). To confirm whether PRMT5 protein 

levels were increased, Western blots were conducted on bone marrow samples, and 

although we confirmed expression of FLAG tagged PRMT5, there was no increase in 

total PRMT5 protein in the transgenic model (Fig 3.3B). In order to corroborate this 

finding, we developed a FACS based approach for quantifying protein levels of 

PRMT5. This allowed us to utilise a secondary antibody (Alexa Fluor 546 – or 

AF546) bound to the α-PRMT5 protein that was used for Western blot to compare 

the antibody MFI in our transgenic mice as compared to our controls (representative 

FACS plots are shown in figure Fig 3.3C). This provided us with a robust readout of 

protein expression (about 20 fold increase in MFI in our control mice compared to 

either our isotype of secondary antibody negative controls), and confirmed that there 

was no significant increase in PRMT5 protein expression in either the bone marrow  

(MFI of 8,268.8 ± 930.8 in control vs 10,354.5 ± 874.7 in transgenic, P=0.32)  or 

thymus of transgenic mice (MFI of 7,741.5 ± 1,429.5 in control vs 10,152.3 ± 2,313.9 

in transgenic, P=0.07) despite increased mRNA expression (Fig. 3.3D).  

3.5 Transgenic expression resulted in no phenotypic difference in 
haematopoiesis  

FACS analysis was conducted on all the haematopoietic compartments in our 

transgenic mice to assess whether there was any difference in phenotype in 

transgenic mice (the same FACS antibody panel and gating strategy was used as 

highlighted in Fig 3.2). Two populations that were of interest were the stem and 

progenitor cell compartment and the myeloid cell compartment, as these populations 

are known to express higher levels of PRMT5. When analysing stem and progenitor 

cells we found no significant difference in the proportions and overall numbers of LK 

or LSK cells (Fig 3.4A). When analysing the different lineages in the blood, we found 
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no difference in the absolute numbers or proportions of the different lineages, 

including mature and immature myeloid cells (Fig 3.4B). Lastly, when analysing the 

splenocytes of control mice as compared to transgenic, there was no difference in T 

cell subpopulation proportions as well as absolute numbers (Fig 3.4C).  

3.6 Retroviral overexpression of PRMT5 in vivo 

As PRMT5 protein was not significantly expressed over baseline levels in our 

transgenic mouse model, we aimed to overexpress PRMT5 retrovirally (this retroviral 

system is more thoroughly discussed in chapter 4). Briefly, frozen E14 fetal liver cells 

were infected with an MSCV vector that resulted in a bicistronic expression of FLAG-

tagged PRMT5 as well as mCherry (in order to be able to assess engraftment via 

FACS). We confirmed that, compared to uninfected cells, infection levels were 42% 

in fetal liver cells infected with MSCV empty vector, and 28% in cells infected with 

our MSCV-PRMT5 construct (Fig. 3.5A). We sought to confirm protein 

overexpression by analysing protein lysates of pooled fetal liver cells, containing a 

mixture of uninfected and infected cells. Western blot confirmed that there was 

enforced expression of PRMT5 in the fetal liver cells infected with MSCV-PRMT5 

(this was absent in our empty vector infected cells). This is evident in the blot by the 

presence of a slightly heavier band when probing for PRMT5 – this represents our 

FLAG-tagged PRMT5 (Fig. 3.5 B; top panel). It appears that the intensity of both the 

PRMT5 and PRMT5-FLAG band are similar. Considering that only 28% of the cells 

that were processed in this lysate would represent MSCV-PRMT5 infected cells, this 

would suggest that our retroviral vector was driving around 4x increased expression 

of PRMT5. To determine whether this overexpression of PRMT5 would drive a more 

stem cell like state in the cells, and therefore improve engraftment as compared to 

our empty vector controls, these fetal liver cells were transplanted into 8 week old 

mice that were sublethally irradiated. Every 4 weeks, the mice were bled, and the 

peripheral blood was analysed via FACS to confirm the percentage of infected cells 

by analysing mCherry expression. Although there appeared to be initial engraftment 

of our infected cells (16.25% ± 2.02% in empty vector and 16.22 ± 2.60% in MSCV-

PRMT5 infected cells), the percentage of mCherry cells decreased over time, 

whereby the percentage of mCherry positive cells was less than 2% in both groups 

by week 12 post-transplant.  
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3.7 Discussion  

3.7.1 Overcoming the modest PRMT5 protein increase in the Rosa26 driven 
VaviCre model 

Increased PRMT5 expression has been linked to many forms of cancer, including 

haematological malignancies. This chapter aimed at utilising a transgenic mouse 

model with the hopes of generating a consistent model of PRMT5 overexpression, 

as retroviral overexpression systems are often associated with variable expression 

levels that are often considerably higher than baseline expression. There are several 

advantages to using the Rosa26 locus as a targeting site to introduce cDNAs. One 

strength is centred on the efficiency of germline transgene transmission from the 

founder males to the first litter being relatively high. This reduces the number of 

chimeras that must be analysed, therefore decreasing model generation waiting 

times. Furthermore, these mice can be bred to any cre line of interest (138). Most 

importantly, even though the Rosa26 model results in lower expression levels than 

found in other conventional gain-of-function transgenics, this is touted as being 

physiologically relevant, and may more accurately mimic human disease (139).  

This method of gain-of-function has been utilised in a study to overexpress Snail 

protein – a family of transcription factors that play a role in epithelial to mesenchymal 

transition (EMT) processes (140). Using this model, they were able to achieve an 

mRNA increase of up to four-fold for Snai1 and Snai2 expression. In the case of 

Snai2 overexpression, this overexpression has the potential to cause embryonic 

lethality (138). Although we also achieved a moderate increase in mRNA expression 

of PRMT5, this did not translate at the protein level. This may be due to some post 

translational effect and would have to be interrogated further. Another potential 

explanation for the lack of PRMT5 protein could be due to the idea that PRMT5 

protein expression is controlled by the expression of MEP50, and this is discussed in 

section 3.7.3).  

 

We saw no phenotypic differences in our transgenic mice, which could be attributed 

to the observation that there was no significant upregulation of PRMT5 protein. This 

is something that we want to address in future experiments. There are two ways that 

the flaws in the model might be overcome: to use an improved Rosa26 mouse line, 
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or to simultaneously overexpress PRMT5’s critical binding partner, MEP50.  

 

3.7.2 Utilising a modified Rosa26 mouse model with higher expression levels 

The conventional Rosa26 mouse model might not be suitable for high expression 

levels. As a means to overcome this modest increase in expression, an improved 

model, coined modRosa26 (“mod” for modified) has been generated (131). As with 

the model used in this chapter, targeted transgenesis utilising random mediated 

cassette exchange (RMCE) by cre recombinase can be combined with activity from 

exogenous promoters. Within the modRosa26 model, the endogenous Rosa26 

promoter is silenced and replaced with a CAGG promoter. Reports have shown that 

this modification is able to increase expression 8-10 fold over a Rosa26-promoter 

based model (138).  

 

If we simply need to increase expression levels of PRMT5 in our overexpression 

system to see an effect on phenotype, this model will allow us to achieve that. 

However, considering that our results show a decent increase in PRMT5 at the 

mRNA level, it could be that there is a limiting factor that is responsible for no 

difference in PRMT5 protein. One of those factors could be the expression levels of 

MEP50. The studies conducted by Jin et. al. observed that CD34+ cells from CML 

patient samples had a close to 2-fold increase in PRMT5 protein levels (108). Future 

overexpression studies will hopefully be able to achieve at least double the 

expression of PRMT5 protein.  

 
3.7.3 Simultaneous overexpression of MEP50 may be required for increased 
PRMT5 activity 

As described in Chapter 1, MEP50 is an essential co-factor of PRMT5. It is known 

that MEP50 binding to PRMT5 stabilises and increases its activity, and is also able 

to function to recruit substrate proteins for methylation Data in subsequent chapters 

shows that PRMT5 deletion also results in a downregulation of MEP50 protein. This 

highlights the importance of the interaction that exists between these two proteins in 

maintenance and/or stability or both members. Data also suggests that PRMT5 is 
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unable to positively regulate MEP50, in that PRMT5 overexpression does not result 

in MEP50 overexpression (discussed in further detail in Chapter 4). Therefore, one 

of the reasons we are unable to achieve PRMT5 overexpression in the VaviCre-

PRMT5 model may be since we were not overexpressing MEP50. The use of a 

bicistronic design may overcome this downfall (discussed in Chapter 4). However, 

retroviral infection of fetal liver cells resulted in considerable expression of ectopic 

PRMT5-FLAG protein, as evident by Western blot. This may suggest that the 

association is not so clear cut. It may in fact be that PRMT5 protein can be 

overexpressed but does not result in an increase in overall PRMT5 

methyltransferase activity due to the limiting conditions of MEP50 expression (which 

ultimately controls the amount of achievable PRMT5 activity). With that being said, 

there is value in assessing the effects of PRMT5 and MEP50 co-overexpression in 

vivo in a transgenic mouse model.   

 
3.7.4 PRMT5 protein expression in haematopoiesis 

We were able to develop a FACS based method for determining PRMT5 expression 

in both cells from the bone marrow and thymus. This was achieved using the same 

antibody that was used to probe PRMT5 in Western blots. This method provided us 

with a robust readout of protein expression that was, in comparison, almost absent in 

both the secondary antibody and isotype controls. In chapter 4, there is also FACS 

based protein expression data from in vitro overexpression lines that shows even 

greater increases in MFI compared to controls. The benefit of this system is that is 

allows us to accurately quantitate protein expression level, overcoming the semi-

quantitative nature of Western blots. Although we associate higher expression levels 

of PRMT5 with HSPCs, a lot of the supporting data focuses on mRNA expression in 

the various cell types. A study found that mRNA and protein levels did not 

necessarily correlate, as although B cells had quite high mRNA expression of 

PRMT5 (similar expression levels as found in HSPCs), this was not reflected at the 

protein level. However, this was done using a Western blot method where cells had 

to be sorted prior to making up the protein lysate (95). Generally, more extensive 

PRMT5 protein expression data remains sparse in the literature. It is often difficult to 

single cell sort adequate numbers of the various stem and progenitor lineages to 

generate a good quality protein lysate for Western blot analysis, so a method that 
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does not involve pre-sorting would be ideal. This FACS based method could be 

utilised with various antibody panels to overcome this. Cells could be simultaneously 

stained with subpopulation markers as well as the PRMT5 antibody conjugated to an 

appropriate secondary antibody. This would allow for quantitative analysis of PRMT5 

expression levels (as represented by MFI) and a true comparison of protein 

expression differences between various haematopoietic subpopulations. Why 

downregulation occurs as cells mature is still relatively unknown and generating 

robust haematopoietic subpopulation protein profiles may assist in answering this 

question.  

 
3.7.5 PRMT5 overexpressing fetal liver cells were unable to engraft  

Our results found that retroviral overexpression of PRMT5 in fetal liver cells 

conferred no advantage in terms of engraftment and repopulation in recipient mice. 

Although there was a transient presence of infected cells in the peripheral blood at 

week 4, this tapered off until there was virtually no mCherry expression by week 16. 

There were a few experimental details that may have led to this result. Firstly, the 

fetal liver cells that were used for infection and subsequent transplant were 

previously frozen. Using fresh fetal liver cells may have resulted in better 

repopulating capacity of the fetal liver cells. Furthermore, the recipient mice were 

only sub lethally irradiated prior to transplantation (this was done to ensure that mice 

would survive if reconstitution did not occur). As mice were healthy throughout the 

experiment, it would suggest that there was an overgrowth of uninfected cells. Some 

would argue that bone marrow would be more appropriate, as an adequate number 

of cells is easier to obtain from less mice required for transplantation. With that being 

said, the use of fetal liver material over bone marrow is a justifiable choice. Various 

publications have reported the benefit of using fetal liver cells in not only short-term, 

but particularly long-term engraftment. Fetal liver cells have been shown to be 

superior in long-term reconstitution ability as compared to bone marrow, with fetal 

liver cells being 5 fold more effective in competitive transplant assays as compared 

to bone marrow (85, 141). 

 

To assess the true reconstitution potential of cells infected with our PRMT5 

retrovirus, competitive transplant assays should be done utilising Ly5.1 recipient 
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mice that have been lethally irradiated. These mice should be transplanted with a 

mixture of Ly5.1 uninfected cells, and Ly5.2 cells infected with our retrovirus. This 

will allow us to assess the reconstitution capability of PRMT5 overexpressing cells in 

a competitive manner. 

 

Furthermore, and related to the previous sections on MEP50s role in PRMT5 activity, 

this assay could be utilised with a co-overexpression system, and fetal liver cells 

could be infected to overexpress PRMT5 and MEP50 simultaneously. This would 

address the question of whether more PRMT5 activity (through overexpression of 

MEP50) is enough to enhance engraftment in a transplant assay setting.  
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3.7.6 Conclusion 

To summarize, the VaviCre-PRMT5 mouse model was developed to overcome 

various downfalls of pronuclear microinjection methods related to gain-of-function 

experiments by utilising the Rosa26 locus. Characterisation of the model found that, 

although our transgene was expressed in almost all haematopoietic lineages (with 

the exception of more mature erythroid cell types), this did not correlate with 

overexpression of total PRMT5 protein in both the bone marrow and thymus of 

transgenic mice. Unsurprisingly, transgene expression was not associated with any 

phenotypic differences when analysing the various hematopoietic subpopulations via 

FACS. Furthermore, when a retroviral overexpression system was harnessed to try 

and overcome the issue of overexpression, we found that fetal liver cells were 

unable to engraft in recipient mice in a transplant setting. The findings from this 

chapter raise a few questions - whether the Rosa26 model that we utilised is just not 

suitable for high level PRMT5 overexpression, or whether we need to overexpress 

MEP50 alongside PRMT5 remains an important one. The results from Chapter 3 

prompted us to develop an in vitro retroviral overexpression system to try and 

generate data relating to true PRMT5 protein overexpression and the possible 

importance of MEP50 (discussed further in Chapter 4). 
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Figure 3.1. Generation of the VaviCre-PRMT5 mouse model  
(A) LR reaction performed between the pROSA26DV-1 vector and the entry clone 
containing cDNA for Prmt5.  (B) Rosa26 targeting vector containing the PGK-neo-3xpA 
(STOP) cassette flanked by LoxP sites. (C) Knock-in allele incorporated between exons 
1 and 2 in the Rosa26 allele. (D) Cre-mediated deletion of the LoxP flanked STOP 
cassette occurs in the vav compartment and results in the expression of an exon1-Prmt5-
eGFP bi-cistronic fusion transcript. SA: Splice acceptor.  
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Figure 3.2. Transgene expression in haematopoietic compartments 
(A) Haematopoietic lineage, (C) stem and progenitor cell, (E) T cell subpopulations and 
(G) erythroid progenitor FASC gating strategy, with associated histograms of eGFP 
expression levels (B, D, F, H respectively). (I) summary quantification of eGFP 
expression levels in the various lineages. Mean +/- SEM are shown, n=4-6. 
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Figure 3.3. PRMT5 expression in the VaviCre-PRMT5 mouse model 
(A) RT-PCR of Prmt5 mRNA expression in bone marrow cells from transgenic mice vs 
cre controls, values are mean+/- SEM, n=5. (B) Western blot of bone marrow lysates 
analysing levels of PRMT5 and transgene associated FLAG. Actin was used as loading 
control. (C) Representative histograms of AF546 expression corresponding to PRMT5 
protein levels in the bone marrow of control and transgenic mice as compared to the 
negative isotype control. (D) MFI (associated with PRMT5 expression) of control and 
transgenic mice. Mean +/- SEM are shown, n=4. *P<0.05, **P=<0.01, ***P<0.001, 
students t-test as compared to cre control. 
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Figure 3.4. Haematopoietic subpopulation phenotypes 
(A) Absolute number of LK and LSK cells in the bone marrow. (B) Proportion and 
absolute number of cells in the different lineages in the bone marrow. (C) Proportion and 
absolute number of T cell subpopulations in the thymus of mice. Mean +/- SEM are 
shown, n=4-6.  
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Figure 3.5. Retroviral overexpression of PRMT5 in fetal liver cells 
(A) Infection efficiency of fetal liver cells (represented as eGFP expression) infected with 
empty vector (MSCV-EV) and a PRMT5 overexpressing construct (MSCV-PRMT5) as 
compared to uninfected cells. (B) Western blot analysis of pooled fetal liver cells post 
infection, analysing levels of PRMT5 and retrovirally expressed FLAG-tagged PRMT5 
(band associated with a higher kDa). Actin was used as the loading control. (C) 
Engraftment analysis of fetal liver cells post retroviral infection with either MSCV-EV or 
MSCV-PRMT5 over a 12 week period. Engraftment is represented by expression of 
mCherry. Mean % of mCherry expressing cells +/- SEM are shown. n=4-5. 
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Chapter 4: 
 

Structure-function of PRMT5 

4.1 Introduction 

Due to the modest overexpression levels achieved by the Rosa26 mouse model 

from the previous chapter, we wanted to employ an MSCV retroviral overexpression 

system with the aim of driving higher expression of exogenous PRMT5 levels. This 

system was used throughout this chapter.  

 

Deletion studies have shown that PRMT5 is critical for haematopoiesis. One major 

study, which utilised Mx1Cre+PRMT5fl/fl mice, found that even though PRMT5 

depletion led to BM failure and HSPC dysfunction, this was associated with Flt3 and 

c-kit downregulation in HSPCs (95). However, studies have shown that Flt3 is 

generally absent from HSCs (142), and that this trend of c-kit downregulation might 

be a general refection of preferential apoptosis that seems to be geared towards c-

kithigh HSCs (143). A recent study by Tan et al. aimed at elucidating the cellular 

processes that are responsible for PRMT5 dependency in HSCs. The emphasis of 

the study primarily focuses on PRMT5-mediated splicing, as there is evidence in the 

literature that supports the idea that PRMT5 depletion affects mRNA splicing in both 

murine (88, 102) and human cell line models (107, 144). Their study concluded that 

PRMT5 depletion led to a rapid loss of the HSC compartment due to endogenous 

DNA damage that resulted in p53 activation. PRMT5 was reported to be important in 

maintaining HSC integrity by modulating splicing and expression of the Fanc family 

of genes (genes that are involved in DNA repair) and underpinned the importance of 

PRMT5 activity in HSC maintenance (145). Throughout this chapter, we aim to 

corroborate this deletion phenotype in an ERT2Cre system, both in vitro and in vivo. 

Combining these deletion models with retroviral infection to drive exogenous PRMT5 

expression, we aim to assess whether we can rescue the phenotype observed with 

deletion.  

 

Furthermore, although the crystal structure of PRMT5 has been described fairly 

extensively (85), the functional relevance of the different domains of PRMT5 remains 

fairly unclear. We aim to employ two different mutant forms of PRMT5 within this 
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chapter. One mutant, known as the asymmetric dimethyl mutant – or aDMR mutant - 

contains an F327M mutation, and has been described as being able to perform both 

symmetric and asymmetric dimethylation (71). The second mutant, which is often 

used as a control, is known as the methylation dead mutant – or md mutant. This 

mutant contains G367A and R368A mutations, and functions as a catalytically 

inactive form of PRMT5 that is unable to catalyse sDMR marks on its substrates 

(106). Domain specific effects will be assessed throughout the following experiments 

in this chapter, with particularly interesting results surrounding how these mutant 

forms respond to PRMT5 inhibition.  

 
4.2 Deletion of PRMT5 in an ERT2Cre deletion system leads to loss of 
haematopoiesis 

Utilising an ERT2Cre model of PRMT5 deletion, we first analysed the effects of 

PRMT5 deletion on haematopoiesis. To achieve this, bone marrow was harvested 

from ERT2CreTg/Tg PRMT5fl/fl and their respective ERT2CreTg/Tg PRMT5+/+ cre control 

mice. For brevity, the ERT2CreTg/Tg PRMT5+/+ mice will be referred to as ‘cre control’, 

and the ERT2CreTg/Tg PRMT5fl/fl mice will be referred to as ‘PRMT5fl/fl’ for the 

remainder of the chapter. A competitive transplant assay was performed in which 

Ly5.2 donor cre control or PRMT5fl/fl cells were mixed in a 1:1 ratio with Ly5.1 bone 

marrow cells. These cells were transplanted into a lethally irradiated Ly5.1 recipient. 

Following a 4-week recovery, the recipient mice received 3 daily doses of Tamoxifen 

to induce expression of Cre. To assess the effects of cre expression and subsequent 

PRMT5 deletion, peripheral blood (PB) was harvested at weeks 2, 4 and 8 post 

tamoxifen treatment, and a cull was conducted at week 10, in which bone marrow 

and thymus was harvested for analysis (Fig. 4.1A).  

 

The competitive nature of the transplant allowed us to analyse the contribution that 

donor cells (Ly5.2) were having to haematopoiesis vs. the competitor cells (Ly5.2). 

These cells were clearly distinguishable by FACS when staining the cells with Ly5.1 

and Ly5.2 antibodies. When combined with other markers for various haematopoietic 

lineages – Mac1+ for myeloid cells, B220+ for B cells and CD4+ or CD8+ for T cells 
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– this could further be stratified into the Ly5.1/5.2 contributions in these specific 

populations (representative FACS plots shown in Fig. 4.1B).  

The first analysis was conducted at 2 weeks post-transplant and tamoxifen 

treatment, and there was a significant difference in the PB Ly5.2 contribution when 

comparing the cre control cells to PRMT5fl/fl (29.56 ± 2.64% vs 21.77 ± 2.09%, 

respectively, p<0.05). Although the contribution remained consistent in the context of 

the cre control setting, Ly5.2 contribution progressively declined in the PRMT5fl/fl 

cells. By week 8, PRMT5fl/fl donor cells made up less than 4% of the blood (Fig. 

4.1C). 

 

Mice were culled at week 10, and FACS was performed on the PB, bone marrow 

and thymus to look at Ly5.2 contributions to the specific lineages. When analysing 

the PB (Fig. 4.1D), PRMT5 deletion affected all analysed lineages, and when 

comparing PRMT5fl/fl Ly5.2 cells to the cre controls, there was a marked reduction 

observed in myeloid cells (43.10 ± 5% reduction, p=0.013), B cells (42.31 ± 1.38% 

reduction, p = 0.001) and T cells (19.14 ± 1.50% reduction, p=0.006). This was also 

confirmed when analysing the bone marrow and thymus (Fig. 4.1E), where the 

PRMT5fl/fl Ly5.2 contribution was significantly reduced in the myeloid (64.85 ± 

14.50% reduction, p=0.047) and B cell (55.75% ± 4.07% reduction, p=0.005) 

populations in the bone marrow, and in the T cells (61.22 ± 8.49% reduction, 

p=0.019) of the thymus.  

 
4.3 Generation of an in vitro model of PRMT5 deletion in a leukaemic cell line 

To assess whether deletion of PRMT5 leads to cellular death in vitro, we sought to 

generate a leukaemic cell line in which we were able to delete PRMT5. To do this, 

ERT2CreTg/Tg PRMT5fl/fl and respective cre control mice were transplanted with fetal 

liver cells that had been infected with the MLL-ENL oncogene construct that contains 

an eGFP reporter. Once leukaemia development was confirmed in the blood of mice 

(by analysing eGFP levels via FACS), the mice were culled, and their spleens were 

harvested. The splenocytes were adapted to IL-3 in vitro to generate a cell line (Fig 

4.2A). Two cell lines were generated; an MLL-ENL PRMT5fl/fl line in which genetic 

deletion could be induced with 4OHT treatment, and an MLL-ENL Cre control line 
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where although cells would express cre following treatment with 4OHT, there would 

be no PRMT5 deletion. To confirm that this was the case, growth assays were 

conducted with the two cell lines treated with 4OHT over a 2 week period. In the 

context of PRMT5fl/fl, at the lower dose of 3nM 4OHT, by day 4 cell growth is impacted 

and by day 8, the number of total cells was only 4% of that obtained in the vehicle 

(EtOH) control group. This effect was even more pronounced when treating with a 

higher dose of 10nM 4OHT. In this situation, total cell numbers started to show a 

reduction by as early as day 6 and cell numbers continued to progressively decline 

over the last 8 days (Fig 4.2B; right panel). We confirmed this was due to PRMT5 

deletion in three ways. Firstly, we treated our cre control line with 4OHT and found 

that cells treated with 10nM 4OHT continued to expand, and there was only a slight 

impact on cell growth over the two week period (Fig 4.2B; left panel). Furthermore, 

protein was harvested at day 4 of treatment and analysed via Western blot. The 

results confirmed that there was a loss PRMT5 protein that was only observed in the 

PRMT5fl/fl line (Fig 4.2B). Lastly, as another control to ensure the effect we were 

seeing on cell growth was not due to 4OHT toxicity, we treated parental MLL-ENL 

cells with 100nM 4OHT (10x the highest dose used in the PRMT5fl/fl line). There was 

no difference in cell growth at this dose when comparing to vehicle treated cells (Fig 

4.2C).  

 

4.4 Achieving enforced PRMT5 expression in vitro in the MLL-ENL line 

To be able to elucidate whether enforced expression of exogenous PRMT5 can 

rescue the phenotype we observed in the above experiments, we utilised an MSCV 

retroviral construct. This retroviral construct, which contains the PRMT5-FLAG 

sequence and an IRES-driven mCherry was used to infect MLL-ENL cells. Infection 

was confirmed by assessing mCherry levels via FACS, and cells were single cell 

sorted to obtain a pure population of cells that were enforcing expression of PRMT5 

(Fig 4.3A). To analyse the effects that various mutations have on PRMT5 activity and 

its ability to rescue, we utilised three different constructs. A construct that contained 

wild type PRMT5 (referred to as WT), one with a mutant that is believed to also be 

able to asymmetrically dimethylate due to a F327M mutation (71) – referred to as 

aDMR - and a third mutant that lacks methylation capabilities due to H367A and 

R368A mutations (86) - referred to as md (Fig 4.3B). Crystal structure analysis 



75 
 

revealed that the aDMR mutation was found in the pocket where PRMT5 binds to 

substrate. Although relatively close to the aDMR mutation, the md mutant appeared 

to be associated with the region where PRMT5 interacts with SAM (Fig.  4.3C).  
Protein was harvested from the different mutant populations, and Western blot 

analysis was conducted to assess the effects that the retroviruses had on PRMT5 

levels and other associated proteins. Most importantly, PRMT5-FLAG looked to be 

exogenously expressed in all lines except for our empty vector control. This can be 

seen by binding of the α-FLAG antibody in these lines, and by the presence of a 

heavier band when the blot is probed with α-PRMT5. Based on visual inspection of 

the fluorescence intensities, exogenous PRMT5 is expressed at higher levels than 

endogenous in the WT and aDMR mutants, and there seems to be a downregulation 

in endogenous PRMT5. This can be seen by comparing the intensity of the bottom 

band when probing for PRMT5 to the endogenous PRMT5 band in the EV control. 

Although there is certainly exogenous expression of PRMT5 in the md mutant, the 

exogenous expression levels do not appear to be as high as our WT and aDMR 

mutant lines. Furthermore, there is no suppression of endogenous PRMT5 in the md 

line. Although we achieved enforced PRMT5 expression, this did not affect MEP50 

protein levels or the H4R3me2s methylation mark, which remained consistent 

between all lines. Furthermore, probing with α-sDMR and α-aDMR antibodies 

revealed no clear distinction between our lines (Fig. 4.3D).  

 

To generate a more quantitative measure regarding how much enforced expression 

was achieved, we analysed Prmt5 mRNA expression and protein levels via FACS, 

utilising the same FACS-based strategy introduced in chapter 3. qRT-PCR analysis 

of RNA harvested from the lines confirmed that PRMT5 was significantly 

overexpressed in all three lines when compared to the EV control. Higher 

overexpression was seen in the WT mutant (fold increase of 31.4 ± 3.8, P=0.001) 

and the aDMR mutant (fold increase of 29.8 ± 3.8, P=0.002), but overexpression was 

half as pronounced in the md mutant (fold increase of 16 ± 2.8, P=0.006)(Fig 4.3E). 

When comparing the MFI of the AF488 secondary antibody bound to the α-PRMT5 

antibody via FACS as a measure of protein level, we found that PRMT5 protein was 

overexpressed at similar levels in all three PRMT5 overexpressing lines [WT: 4.4 ± 

0.7 fold increase, P=0.02; aDMR: 4.8 ± 0.8 fold increase, P=0.021; md: 3.9 ± 0.1 fold 

increase, P=0.002) when compared to EV (Fig. 4.3F).  
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To determine whether there was a growth advantage in the generated cell lines, a 

cell growth assay was performed. To do this, cells were counted every second day 

over a period of 6 days. It was found that overexpression of either one of the 

constructs did not result in a higher proliferation rate in either one of the cell lines 

compared to the EV controls (Fig. 4.3G).  

 
4.5 Mutations in PRMT5 can alter response to PRMT5 inhibition 

As PRMT5 inhibition is known to influence cell growth in the MLL-ENL cell line, we 

sought to determine whether different mutations of PRMT5 may alter the response to 

inhibition. To do this, we conducted a 6-point cell death dose response assay in our 

generated lines, where cells were treated for 72 hours with a PRMT5 inhibitor 

(PRMT5i). Although there are confidentiality agreements surrounding the inhibitor, 

and therefore there are restrictions to the amount of information that can be 

presented in this thesis, this particular inhibitor has been shown to be a potent and 

very selective inhibitor of PRMT5. Cell death was measured via FACS using 

SytoxBlue, and growth curves were generated that allowed us to analyse the 

response we saw in our various PRMT5 overexpressing lines as compared to the EV 

control (Fig 4.4A). An LD50 was calculated for each of the lines. In our WT line, the 

LD50 was found to be significantly higher (375.1nM ± 26.6nM) when compared to 

EV (178nM ± 28.9nM, P=0.003). In contrast, in the md mutant the LD50 was found to 

be significantly reduced (96.3nM ± 17nM, P=0.05). Interestingly, we were unable to 

generate an LD50 value for the aDMR mutant, as the highest dose of the inhibitor 

that was utilised in the assay (1uM) did not result in 50% cell death. In fact, at the 

highest dose, over 98% of the cells were found to be viable when normalised to the 

vehicle treated group. For this reason, the LD50 is reported as being >1uM (Fig. 

4.4B).   

 

It is important to note that the inhibitor that was used in this experiment is known to 

strongly bind to the substrate binding pocket of PRMT5 in a competitive fashion. We 

therefore aimed to analyse whether this response could be linked to the binding 

property of the specific inhibitor.  
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4.6 Response to inhibition depends on specific drug interaction 

To confirm whether this resistance response that was seen in the aDMR line is 

specific to substrate competitive PRMT5 inhibitors, we treated our EV and aDMR 

lines with three different PRMT5 inhibitors (overview schematic of binding profiles of 

the inhibitors is summarised in Fig 4.5C). When treating the lines with a second 

inhibitor (PRMT5i-2) that is substrate competitive, we again found that the LD50 

values was over 1uM. We confirmed that, when compared to the LD50 of EV 

(167.7nM ± 19.2nM), the aDMR line was resistant to treatment with this inhibitor 

(LD50 reported as <1000nM, P<0.0001). This response was found to be specific to 

the type of inhibitor that was used. When utilising a SAM competitive PRMT5 

inhibitor (PRMT5i-3), compared to the EV line, the aDMR line was found to have no 

significant difference in LD50 (3.6nM ± 0.3nM vs. 3.3nM ± 0.4nM, respectively, 

P=0.56). Furthermore, when treating cells with an inhibitor that is able to 

competitively bind to both the substrate binding and SAM interacting pockets (dual 

inhibitor – “PRMT5i-4”), there was no difference in LD50 when comparing the EV 

and aDMR lines (7.4nM ± .5nM vs. 12.3nM ± 2.7nM, respectively, P=0.15)(Growth 

curves in Fig. 4.5A and LD50 overview in Fig. 4.5B).  

 
4.7 Resistance to inhibition is sustained long-term 

A cell death resistance response was observed in the aDMR line when treated with 

substrate competitive PRMT5 inhibitors. However, it was still unclear what the 

cytostatic effects of the drug were, or whether this cell death resistance was 

reflective of a delayed response as the cell death assays were run over a 72 hour 

period. To address this, the EV, WT and aDMR lines were treated with 4 doses of 

PRMT5i for a period of 10 days in a cell growth assay. Cell counts were obtained 

every second day and growth curves were generated to assess the long-term effects 

of PRMT5 inhibition on the cell growth abilities of the various lines.  

In the context of EV, by day 4 cell growth had been affected by PRMT5 inhibition. 

There was a complete loss of cells at the 1uM dose, and there was 24% the number 

of cells at the 100nM dose compared to the vehicle (Fig. 4.6A). This response was 

less pronounced in the WT cells, and the same response took another 2 days to 
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achieve. At the 6-day time-point in these cells, there was 23% the number of cells at 

the 100nM dose as compared to vehicle, and like in the EV cell line, all the cells had 

died at the highest dose of inhibitor used (Fig. 4.6B). In the aDMR line, over the 

length of the 10-day assay, cells continued to grow at the 1uM dose of inhibitor. As a 

comparison, at the 100nM dose at the 6-day time-point, there was still 65% the 

number of cells as compared to vehicle. This suggests that the resistance response 

in the aDMR line is maintained long-term. 

 
4.8 Exogenous PRMT5 expression in an in vitro PRMT5 deletion model 

As we confirmed that PRMT5 deletion is detrimental to cells in vitro, we next 

generated a model that would allow us to determine whether enforced expression of 

PRMT5 would rescue the cells from this observed phenotype. The functional 

relevance of the different domains of PRMT5 could also be assessed by enforcing 

expression of our aDMR and md mutants. To do this, the MLL-ENL cell lines that we 

generated and validated from the ERT2Cre transgenic mice (section 4.3) were 

infected with our various MSCV constructs, and 8 cell lines were generated. 4 lines 

(representing EV, WT, aDMR and md infected lines) both within our Cre control and 

PRMT5fl/fl cell lines (Fig. 4.7A).  

Protein was harvested from these cell lines, and a Western blot was conducted to 

assess whether there was enforced expression of PRMT5 protein post infection and 

single cell sorting of mCherry positive cells (Fig. 4.7B). When cells were infected with 

the EV, there was no enforced expression, as visible by the absence of a band when 

probing with an α-FLAG antibody. However, when cells were infected with the other 

3 constructs, FLAG protein was detected alongside a slightly heavier band when 

probing for PRMT5 (indicative of our PRMT5-FLAG protein).  

 
4.9 There was a failure to rescue the phenotype associated with PRMT5 
deletion 

The generation of the above-mentioned cell lines allowed us to assess the rescue 

capabilities of enforcing exogenous, retroviral expression of PRMT5. To do this, the 

cell lines were treated with 4OHT at a dose of 10nM to delete endogenous levels of 
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PRMT5, and cell growth was assessed over a period of 2-weeks by counting cells 

every other day. In the Cre control cell lines, across all the different vector variants, 

4OHT had a similar effect on cell growth as observed when validating these cell lines 

(Fig 4.2B: left panel) and cells continued to proliferate across the 14 days (Fig. 4.8A: 

filled circles). However, 4OHT treatment in the PRMT5fl/fl cell lines resulted in an 

eventual loss of cell proliferation across all the vector variants. This response was 

comparable in the EV, WT and md variants, where cell growth was impacted from 

day 4-6, and there was a progressive decline in cell numbers from day 8 – 10. In the 

PRMT5fl/fl aDMR line, although initially there seemed to be a rescue of the phenotype 

in the first 8 days of the assay, by day 10 there is a reduction in cell growth and cells 

stopped proliferating by day 14 (Fig. 4.8: empty circles). 

 

Protein was harvested at day 4 of the assay and was analysed by Western blot to 

confirm whether there was deletion of endogenous PRMT5, as well as check the 

effect that PRMT5 depletion had on methylation (with the sDMR and H4R3me2s 

antibodies). No deletion of endogenous PRMT5 was observed in the cre control 

lines. In the PRMT5fl/fl lines, deletion of endogenous PRMT5 was observed, however 

this was only restricted to the EV, WT and md lines at this time-point. In the context 

of the PRMT5fl/fl cells infected with EV, this depletion led to a loss of sDMR and a 

reduction in H4R3me2s. What is also important to note, is that PRMT5 deletion also 

lead to a reduction in the levels of MEP50 protein. In the WT and md setting, there 

was a reduction or complete loss of the sDMR and H4R3me2s proteins by day 4 of 

4OHT treatment, which supports the phenotype observed in the cell growth assay. In 

the PRMT5fl/fl aDMR cell line, however, endogenous PRMT5 was not deleted by day 

4 of the assay (Fig. 4.8B). Although no protein was harvested at the later time points 

for analysis, the cell growth data (and the loss of proliferation after 14 days in the 

PRMT5fl/fl aDMR cell line) would suggest that deletion was delayed in this particular 

cell line. 
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4.10 Discussion 

4.10.1 Using an MSCV retrovirus to drive exogenous PRMT5 protein 
expression 

The use of a retroviral system seemed to overcome the modest overexpression 

levels we observed in chapter 3. However, like the Rosa26 model in the previous 

chapter, although we achieved high overexpression of PRMT5 at the mRNA level of 

around 30-fold, this still only translated to 4-5-fold increase in protein level. As we 

also confirmed that enforced expression of PRMT5 did not result in an increase in 

MEP50, this brings to question whether higher MEP50 levels are required for even 

higher levels of exogenous PRMT5 expression and activity. To our knowledge, there 

are no reports of the effects of simultaneously exogenously expressing both PRMT5 

and MEP50. This could be achieved in the MSCV-PRMT5 retroviral system used in 

this chapter by incorporating the MEP50 sequence after PRMT5 with a P2A self-

cleaving peptide in between. This bicistronic design would ensure that PRMT5 and 

MEP50 would be expressed in a 1:1 ratio. 

 

Another potentially interesting, albeit inconclusive finding, is that exogenous PRMT5 

might potentially be responsible for downregulating endogenous PRMT5. This 

finding will need to be confirmed at the RNA level, by comparing the contribution of 

endogenous vs. exogenous PRMT5 mRNA.  

 
4.10.2 Resistance to substrate binding PRMT5 inhibitors in our aDMR mutant 

We achieved long-term resistance to PRMT5 inhibition in our aDMR mutant line. 

However, this was only restricted to PRMT5 inhibitors that bound to the substrate 

binding pocket of PRMT5. As the F327M mutation is found inside the substrate 

binding pocket, it would suggest that the mutation might make substrate competitive 

inhibitors unable to bind to the aDMR mutant PRMT5. There is a lack of literature on 

this mutant form of PRMT5, with a paper by Sun et al. providing the main description  

(71). It has been suggested that this change from a phenylalanine to a methionine 

might make the site more ‘flexible’ and makes the protein conformationally resemble 

PRMT1. To address the question of whether the inhibitor can bind the mutant form, 

the deletion cell line could be utilised to deplete endogenous PRMT5. Using the 
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substrate competitive inhibitor, conjugated to a magnetic particle, cells could be 

treated and protein could be harvested to perform a co-immunoprecipitation (co-IP). 

This technique would allow for the analysis of whether there is any drug-mutant 

protein interaction occurring.  

 

Although this mutant form is reported as being functionally capable of catalysing 

symmetric and asymmetric dimethylation, the only evidence provided in the literature 

that we are aware of is based on Western blot data. Through our experience, 

Western blot did not reveal any clear differences in levels of sDMR vs. aDMR in any 

of the lines. The use of the commercially available antibodies often gave varied 

results, with different band patterns being observed. From our knowledge, there has 

been no clear validation of any of the antibody targets.  

 
4.10.3 Further mutational and binding partner studies  

As mentioned, the link between the F327M mutation and gain of function asymmetric 

capabilities of PRMT5 is weak. Further studies are required to delineate the 

requirements for symmetric vs. asymmetric dimethylation. Traditional global 

mutagenesis studies utilising radiation or chemically induced DNA damage presents 

with downfalls. Because most mutations are located outside the target of interest, 

there is a requirement to generate and maintain a large number of cells. Other 

methods involving plasmid libraries can often result in inappropriate expression or 

regulation of the target protein, and the libraries are often limited in diversity and 

length. One way to overcome this, and to generate a diverse library of mutants in 

their native context is to utilise CRISPRx (146). This is a technology that harnesses 

the power of activation-induced cytidine deaminase (AID) that is responsible for the 

process of somatic hypermutation that B cells undergo to introduce point mutations 

in the immunoglobulin (147). By utilising a catalytically inactive form of Cas9, this 

method can be used to target AID to induce a diverse range of localised point 

mutations, as active Cas9 is known to induce mutations via insertions and deletions. 

This technique could be used to target PRMT5, and to generate a spread of point 

mutations within the protein. The resistance phenotype of F327M could be 

confirmed, but CRISPRx might also provide some insight regarding the structural 

requirements responsible for aDMR vs. sDMR outside of this specific point mutation.  
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Furthermore, whether there are any binding partner differences between wild type 

PRMT5 and the aDMR mutant form is unknown. As PRMT5 plays a role in many 

major biological processes (involving both histone and non-histone substrates), work 

has been done to try and characterise changes in methylation, particularly in the 

context of inhibition as PRMT5 inhibitors gain traction as anticancer compounds 

(148). Advances in technology have overcome some of the challenges associated 

with analysing protein methylation (a particularly challenging posttranslational 

modification to characterise). Antibody-based methods can now be employed for the 

enrichment of arginine methyl peptides (149). When this affinity enrichment is 

combined with stable isotope labelling with amino acids in cell culture (or SILAC for 

short), MS can be performed to generate a comprehensive profile of the arginine 

methyl proteome. This could be harnessed with the use of the aDMR mutant as 

compared to wild type PRMT5, as these methyl proteomes can be generated to 

include accurate measures of both sDMR and aDMR and could offer insight as to the 

functional differences between the PRMT5 variants.  

 
4.10.4 PRMT5 deletion phenotype could not be rescued with exogenous 
retroviral expression of PRMT5 

Although we were able to confirm that PRMT5 deletion is detrimental to cells in our 

ERT2Cre in vivo and in vitro models, we were unable to rescue the phenotype with 

exogenous expression of PRMT5. It brings to question whether the exogenous 

PRMT5 expressed by our retrovirus is functional.  
 

Although the data is not shown, we generated primers that spanned the whole length 

of the PRMT5 sequence, and we confirmed that the sequence in the vectors was 

indeed correct, with the appropriate mutations only existing in the mutant forms of 

the vectors. The lack of rescue was not due to sequence errors. The results obtained 

from the inhibitor experiments would suggest that the protein is functional. Although 

the WT and md cell lines both expressed PRMT5 protein at comparable levels 

(about 4 fold over EV control), the WT cell line showed slight resistance to the 

inhibitor, while the md line showed increased sensitivity. If both the WT and md 

overexpressed proteins were non-functional, we would expect that the response 
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would be quite similar between the two lines. This, however, would need to be 

corroborated with in vitro methylation assays that confirm that the exogenously 

expressed PRMT5 is in fact functionally active, and the md variant would act as a 

catalytically inactive control. Another potential area of clarification revolves around 

whether the incorporated FLAG tag interferes with the integration of the ectopic 

PRMT5 into a functional PRMT5 complex. If this is the case, there is a possibility that 

the non-functional FLAG-tagged protein reduces the effectiveness of the inhibitor if 

the ectopic protein is still able to interact with the drug.  

 

There is literature that has found that enforced PRMT5 expression only partially 

rescues the deletion phenotype following endogenous depletion. This was done in 

the context of colony forming capability where cells generated from ERT2Cre 

PRMT5fl/fl mice were also used (150). Why this is the case is unclear. The above 

mentioned bicistronic retroviral system could be employed to assess whether 

enforced MEP50 is also required to ensure rescue in the deletion setting.  

 

4.10.5 PRMT5 deletion and its complex roles in splicing defects and DNA 
damage 

As PRMT5 is known to be a regulator of RNA splicing, it is unsurprising that deletion 

of PRMT5 has been reported to alter the splicing of many different proteins. Studies 

have shown that PRMT5 deletion leads to reduced methylation, aberrant constitutive 

splicing and alternate splicing of specific mRNAs with weak 5’ donor sites (88). 

These events can lead to altered cell-cycle progression and apoptosis and may 

contribute to the cell death phenotype observed following depletion of PRMT5.  

One protein that has been reported to be affected by splicing defects is Mdm4, a key 

p53 activator. It is suggested that cells can ‘sense’ these splicing defects by an 

increase in the expression of a shorter, less stable isoform known as MDM4S. This 

increase leads to the activation of the p53 transcriptional program (88). Another 

example includes an increase in the exon skipping events observed in the mRNA of 

eIF4E (involved in directing ribosomes to the cap structures of mRNAs) which is a 

rate limiting component in the translation process. These exon skipping events are 

thought to affect genes involved in apoptosis and cell cycle arrest (88, 151).  
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Another effect of PRMT5 deletion that has been reported is the induction of DNA 

damage and genomic instability. This DNA damage response includes the 

phosphorylation of histone H2AX. This generation of H2AX in the regions surrounds 

the DNA break sites, together with other histone modifications, leads to the 

recruitment of proteins that are involved in non-homologous end joining (NHEJ) or 

homologous recombination (HR) DNA repair. In deletion studies, loss of PRMT5 is 

thought to cause defective HR based repair, which leads to the activation of p53. 

This leads to cell cycle arrest or death (150). 

 

It would be informative to analyse the contribution that the splicing machinery defect 

and the DNA damage response has on the phenotype of future deletion 

experiments. This would allow us to observe whether there is any partial rescue or 

alleviation in either pathway with exogenous expression of PRMT5. As p53 seems to 

be a key mediator of cell death in many of these complex processes, it would also be 

interesting to look at the rescue capability of exogenous PRMT5 in a p53 null 

background, as cell death is eventually seen with PRMT5 deletion even in the p53 

null setting, albeit the response has been reported to be delayed (145).  
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4.10.6 Conclusion 

In summary, a retroviral system was utilised to enforce expression of exogenous wild 

type PRMT5 and two other mutant variants. Although PRMT5 deletion leads to a 

loss of cells both in vitro and in vivo in the ERT2Cre PRMT5fl/fl background, we were 

unable to rescue this phenotype with exogenous expression of PRMT5. Experiments 

utilising the vectors infected into MLL-ENL cells suggest that the protein is in fact 

functional, as there was a resistance associated with exogenous expression of wild 

type PRMT5, and sensitivity associated with exogenous expression of catalytically 

inactive PRMT5. Interestingly, cells that enforced expression of aDMR mutant 

PRMT5 were found to be resistance to PRMT5 inhibition both in a cell death and cell 

growth assay, and this response was maintained long-term. However, this was 

restricted to substrate competitive PRMT5 inhibitors that bound to the substrate 

binding pocket, and not inhibitors that were SAM competitive, or dual-competitive. 

Generating a bicistronic vector that would allow us to co-express MEP50 would allow 

us to assess the effects of MEP50 overexpression alongside PRMT5, and whether 

this allows the deletion phenotype to be rescued. Future studies should also analyse 

any methylosome profile differences between wild type PRMT5 and the asymmetric 

dimethyl mutant, which might provide insights into the structural relevance of this 

mutation.  
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Figure 4.1 Effects of PRMT5 deletion in vivo on haematopoiesis.  
(A) Experimental design of competitive transplant assay conducted to assess the effects 
of PRMT5 deletion following treatment with tamoxifen. (B) Representative Ly5.1/Ly5.2 
separation FACS gating strategy of myeloid cells (Mac1+), B cells (B220+) and T cells 
(CD4/CD8+) of peripheral blood 8 weeks after tamoxifen treatment. (C) Changes in Ly5.2 
donor proportions over an 8 week period following tamoxifen treatment. Mice were culled 
at 10 weeks post tamoxifen, and the myeloid, B cell and T cell contribution of the Ly5.2 
donor cells were analysed in either the (D) peripheral blood (PB), (E) Bone marrow (BM) 
or thymus. All analysis was performed comparing ERT2Cre

Tg/Tg
PRMT5

fl/fl 
mice to cre 

controls. Mean ± SEM of n=3-4 are shown. *P<0.05, **P=<0.01, ***P<0.001, student's t-
test as compared to cre controls. 
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Figure 4.2 Generating an in vitro PRMT5 deletion model. 
(A) Schematic of generation of leukaemic cell line in which PRMT5 is deleted with 4OHT. 
(B) Growth curves generated over a 2 week period after treatment with 2 doses of 4OHT 
in MLL-ENL PRMT5

fl/fl
 and a cre control cell lines. Mean ± SEM of three independent 

experiments is shown. Protein harvested at day 4 was analysed via Western blot for 
levels of PRMT5, and the representative results are shown below the growth curves. 
Actin was used as the loading control. (C) Growth curves of parental MLL-ENL cells 
treated with a higher dose of 4OHT over a two week period. Mean ± SEM of three 
independent experiments is shown. 
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Figure 4.3 Retroviral overexpression of PRMT5 in MLL-ENL cells 
(A) Schematic of MSCV vector infected into MLL-ENL cells to enforce PRMT5 
expression. (B) Various PRMT5 constructs with * donating mutation locations. (C) Crystal 
structure of PRMT5 substrate binding pocket. Arginine substrate and SAM are coloured 
red and yellow, respectively. Green box denotes location of F327 mutation and orange 
box denotes location of G367A/R368A mutation. (D) Western blot analysis of the various 
PRMT5 overexpressing cell lines, probed for PRMT5 (total), PRMT5-FLAG, H4R3me2s 
mark, MEP50, sDMR and aDMR. Actin was used as the loading control. (E) RT-PCR of 
Prmt5 mRNA expression, (F) MFI (associated with PRMT5 protein expression) and (G) 
growth kinetics (over a 6 day period) of the various cell lines. Mean ± SEM of 3 
independent experiments are shown. *P<0.05, **P=<0.01, ***P<0.001, student's t-test 
comparing the overexpressing cell lines to the empty vector (EV) control.  
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Figure 4.4 PRMT5 inhibition in overexpressing cell lines 
(A) Growth curves following a 72 hour cell growth assay in various cell lines with enforced 
PRMT5 expression treated with a PRMT5 inhibitor. Cell numbers were compared to 
DMSO vehicle control. (B) The corresponding PRMT5 inhibitor LD50s in the various cell 
lines. Mean ± SEM of 4 independent experiments are shown. *P<0.05, **P=<0.01, 
***P<0.001, student's t-test comparing the overexpressing cell lines to the empty vector 
(EV) control.  
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Figure 4.5 Response to substrate competitive vs. SAM competitive PRMT5 
inhibitors.  
(A) Growth curves following a 72 hour cell death assay in our aDMR mutant PRMT5 
expressing cell lines compared to EV control with various PRMT5 inhibitors: a substrate 
competitive inhibitors, a SAM competitive inhibitor and an inhibitor that binds to both sites. 
Cell viability was compared to DMSO vehicle control. (B) The corresponding PRMT5 
inhibitor LD50s in our aDMR mutant cell line as compared to EV control. Mean ± SEM of 
4 independent experiments are shown. *P<0.05, **P=<0.01, ***P<0.001, student's t-test 
comparing the aDMR mutant cell line to the empty vector (EV) control. (C) A schematic 
demonstrating binding differences between the three inhibitors.  
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Figure 4.6 Long term treatment with a PRMT5 inhibitor 
Growth curves over a 10 day cell growth assay in cells with enforced expression of WT 
(middle panel) and aDMR mutant (bottom panel) PRMT5 as compared to our empty 
vector control (top panel) when treated with a substrate competitive PRMT5 inhibitor. 
DMSO was used as a vehicle control. Mean cell number ± SD of 3 independent 
experiments are shown. 
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Figure 4.7 Generation of in vitro rescue model of PRMT5 deletion 
(A) Schematic of rescue experiment where a leukaemic cell line generated in transgenic 
mice modelling PRMT5 deletion are infected with vectors in order to enforce PRMT5 
expression. (B) Western blot analysis of PRMT5 and PRMT5-FLAG protein in the infected 
cre control and PRMT5

fl/fl
 cell lines. Actin was used as a loading control.  
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Figure 4.8 Enforcing exogenous expression of PRMT5 in the in vitro PRMT5 
deletion model.  
(A) Growth curves following a 2 week cell growth assay in PRMT5

fl/fl
 cells exogenously 

expressing PRMT5. Cells were treated with 10nM of 4OHT to induce deletion, and 
response was compared to Cre control cells. EtOH was used as the vehicle control. Mean 
cell number ± SD of 3 independent experiments are shown. (B) Western blot analysis of 
samples taken at day 4 from the above experiment probing for PRMT5, MEP50, sDMR 
and the H4R3me2s methylation mark. Actin was used as a loading control.  
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Chapter 5: 
 

Identifying mechanisms that confer sensitivity and resistance to 
PRMT5 inhibitors 

5.1 Introduction 

Treatment options for AML have been largely limited to cytotoxic chemotherapy for 

the past four decades. Through the use of NGS and other techniques, there has 

been a recent increase in the appreciation of the variety of genetic and epigenetic 

changes that contribute to AML onset and maintenance (152). With this knowledge, 

there has been a push for developing more targeted therapies, with the hopes of 

increase treatment efficacy and prolong survival, whilst reducing toxicity that is 

associated with chemotherapy. This has also led to an increase in the number of 

clinical trials that are currently being performed to assess efficacy of various drugs. 

This includes PRMT5 inhibitors (152, 153). However, because AML is a 

heterogeneous disease that involves an interplay between various genetic mutations 

(154), it is no surprise that monotherapies often led to eventual relapse. Because of 

this, there are a number of studies and trials assessing the efficacy of various drugs 

in combination (155, 156).  

 

Recently, the generation of genome scale CRISPR/Cas9 knock-out (or GeCKO) 

libraries have been possible due to the development of a lentiviral delivery method. 

These libraries, which can target 102 to 104 genes allow for positive and negative 

selection screens to be performed on mammalian cell lines (157, 158). These 

phenotypic screens utilise sgRNA to knock out genes, and by applying selective 

pressure, can provide which genes are enriched or depleted in cells as an output.  

This method has been used in a publication by Gao et al. (159), where a library 

targeting a total of 1,016 epigenetic or cancer regulator genes, names the 

‘Epigenetic regulator CRISPR’, or ‘EpiC’ was infected into a human lung cancer cell 

line. The experiment utilised the substrate competitive PRMT5 inhibitor, EPZ015666, 

and found that PRMT1 inhibition might sensitise cells to PRMT5 inhibition. 

Furthermore, MTAP deleted cells, which have been shown to have attenuated 

PRMT5 activity, are more sensitive to PRMT1 inhibition (159).  
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Throughout this chapter, a larger-scale CRISPR screen was performed in an AML 

cell line. A GeCKO library known as the ‘Brie’ library (targeting almost 20,000 genes) 

was utilised to perform a CRISPR screen in two MLL-ENL cell lines – a p53 wild type 

and a p53 null counterpart line. This was performed with the aim of identifying genes 

and pathways that may be involved in sensitivity or resistance to PRMT5 inhibition, 

the results of which may assist in generating data to support combination therapies 

in clinic.  

 
5.2 Generation and validation of a Cas9 expressing cell line  

As an overview, the CRISPR screen involved infecting MLL-ENL cell lines (both p53 

wild type and p53 null) expressing the Cas9 endonuclease with a sgRNA library that 

contained 20,000 genes with 4 guides per gene that was targeted. These cells were 

cultured for a period of 2 weeks to cause a loss of representation of guides that were 

targeting cell essential genes. The cells were then split into two groups - cells that 

were treated with DMSO as the vehicle control, and cells that were treated with a 

predetermined, sublethal concentration of the PRMT5 inhibitor. These cells were 

treated until proliferation rates between the vehicle and PRMT5i treated groups 

returned to similar levels (suggesting that whatever guides remained in the treated 

pool represented genes that may confer resistance). NGS was then performed on 

DNA harvested from two different time points – one earlier time point with the hopes 

of catching genes that may be important for sensitivity and one later time point which 

would be important for catching genes that may confer resistance. The sgRNA 

representation in both the vehicle and PRMT5i treated groups were compared to the 

sgRNA library representation pre-infection. This then allows us to analyse 

expression changes of guides targeting specific genes between vehicle and PRMT5i 

treated cells (Fig. 5.1A). 

 

As a precursor to conducting the screen, we generated cell lines that were 

expressing Cas9 in which Cas9 activity was validated. The two MLL-ENL cell lines 

were infected with a Cas9 lentivirus. After infection, cells were selected for with 

blasticidin. As we had trouble in the past with Cas9 validation, we further single cell 

sorted the cells to ensure pure populations. Protein was harvested from a number of 
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these populations, and Western blot was conducted probing with an α-Cas9 

antibody. Although not all the populations in both the p53 wild type and p53 null cell 

lines expressed Cas9 – only 33% of cells in the wild type cells, and 83% in the p53 

knockout cells - we were able to select a specific population to use for the screen.  

(Fig. 5.1B).  

 

To validate Cas9 expression, cell lines were infected with a lentivirus known as 

BRD011. This construct expresses eGFP, but also expresses a sgRNA against GFP 

with the intention that eGFP will eventually be lost in cells that display Cas9 activity. 

BRD011 infected cells were selected for with puromycin. What is important to note is 

that the MLL-ENL oncogene also expresses eGFP, so our parental cell lines already 

initially expressed eGFP. In both the p53 wild type and null cell lines, as compared to 

uninfected parental cells, BRD011 infected parental cells (Cas9 negative) showed a 

slight increase in eGFP expression. However, in our clones that were expressing 

Cas9, we saw a loss of eGFP expressing cells 4 days after treatment with 

puromycin. Only 2% and 9% of cells expressed eGFP in the wild type cells and p53 

null cells, respectively (Fig. 5.1C). As Cas9 activity was validated, these cells were 

next run through the CRISPR screen.  

 
5.3 The CRISPR screen identified genes that confer sensitivity and resistance 
to PRMT5 inhibition 

Both MLL-ENL Cas9 expressing cell lines were infected with the murine ‘Brie’ 

sgRNA library containing sgRNAs targeting 19,674 genes with 4 guides per gene 

(total of 78,637 guides). Cells were infected at a low multiplicity of infection (MOI = 

0.3). Infected cells were selected for with puromycin and were cultured, untreated, 

for a period of 2 weeks to account for loss of cell essential genes. Both p53 wild type 

and p53 null MLL-ENL cell lines were then split into two groups – a group treated 

with DMSO as a vehicle control, and a group treated with the PRMT5i at a 

predetermined, suboptimal concentration. This was performed with two replicates 

per group. Cell count were obtained every 2-3 days to track the proliferation of the 

cells during treatment (Fig 5.2A and B). Initially, we observed that the concentration 

of the inhibitor that we initially used was not cause enough of a reduction in cell 
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growth, so after around 2 weeks of treatment (11 days for wild type p53 cells and 15 

days for p53 null cells) we increased the dose with the intention of impacting cell 

proliferation in the treated cells. The increase in dose had the intended effect, and 

cell proliferation was reduced in the PRMT5i treated cells as compared to vehicle 

control. The proliferation rate of PRMT5i treated cells was compared to vehicle 

control in both cell lines (Fig 5.2C and D), and although by day 5 proliferation was 

reduced to less than 40% in both cell lines, proliferation rates in the PRMT5i treated 

group increased over the remaining 2 weeks of treatment. This proliferation trend 

was important, as it suggests that the surviving cells represent the pool of sgRNAs 

that may target cells that are responsible for resistance, and therefore treatment 

does not greatly impact proliferation in these cells.  

 

To evaluate guide representations, DNA was harvested and analysed from two 

different time points after the dose was increased. DNA was harvested at the day 5 

time point, with the aim that these samples might provide insight into guides that 

were beginning to lose representation and would therefore indicate genes that might 

be responsible for sensitivity. DNA was also harvested from at the day 16 time point. 

The representation of guides in these later samples would provide us with genes that 

might be responsible for resistance to treatment. The guide RNA representation was 

evaluated by the extraction of genomic DNA from surviving cells, PCR amplification 

of vector barcodes, and NGS sequencing.  

 

After sgRNA reads were aligned to a sgRNA map, normalised and replicates were 

collapsed, we were able to compare the sgRNA representation changes in PRMT5i 

treated cells versus cells treated with DMSO. What we found, was that there were 

several genes that, when knockout, caused resistance or sensitivity to PRMT5i 

treatment. This was indicated by an increase or decrease in representation, 

respectively, of the sgRNAs that were targeting said genes. In the p53 wild type 

setting there was a higher number of both sensitivity and resistance hits in the 

samples taken at an earlier time point (Fig. 5.3A), most of which were lost by day 16 

of increase treatment (Fig 5.3B). This would suggest that, by later time points you 

have complete loss of representation in many of the sensitivity hits, and any retained 

resistance hits would indicate genes that may be confer enhanced resistance.  This 

was not as clear in the p53 null context, were fewer resistance hits were identified at 
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the earlier time point as compared to p53 wild type cells (Fig 5.4A), and there was an 

increase in the number of sensitivity hits at the later time point (Fig. 5.4B).  

 
5.4 We were able to validate ‘hits’ in the p53 wild type, but not in the p53 null 
cell line 

To validate the results of the CRISPR screen, we performed in house CRISPR 

experiments utilising only one sgRNA targeting specific resistance and sensitivity 

genes (2 guides per gene were used for validation) that were identified. Genes that 

showed significant differences in representation were selected based on their 

generated p-values (p-values were generated via MAGeCK analysis). Among these 

genes, candidate genes were selected based on their potential role in cancer and 

leukaemia (such as Pten and Trp53), or their reported interaction with PRMT5 (such 

as Mtap).  In the p53 wild type context, we decided to validate using guides against 

Trp53 (Log2FC = 4.7, p<0.0001), Calr (Log2FC = 4.0, p<0.0001) and Gata2 

(Log2FC = 4.6, p<0.0001) as resistance hits (Fig 5.5A), and guides against Pten 

(Log2FC = -2.5, p<0.0001), Mtap (Log2FC = -4.4, p<0.0001), and Uchl5 (Log2FC = -

5.0, p<0.0001) as sensitivity hits (Fig 5.5B). In the p53 null context, we validated the 

resistance hits using guides against Calr (Log2FC = 3.8, p<0.0001), Syvn1 (Log2FC 

= 3.5, p<0.0001) and Cic (Log2FC = 3.2, p<0.0001)(Fig 5.6A). Sensitivity hits were 

validated using guides against Ezh2 (Log2FC = -3.7, p<0.001), Suz12 (Log2FC = -

3.3, p<0.05) and Ino80 (Log2FC = -5.2, p<0.0001).  
After cells were infected with the respective sgRNA and selected for with puromycin, 

they were treated with the PRMT5i at a range of doses for a period of 5 days, and 

viable cell were counted. This was done with the intention of generating GI50 values 

for each of the cell lines with the single gene knockout which could then be 

compared to cells that were infected with an empty vector backbone (BRD003) to 

assess whether there was sensitivity or resistance to inhibitor treatment.  

In the p53 wild type MLL-ENL cells, we were able to validate most of the genes that 

we selected. When the sensitivity hits, MTAP and UCHL5 were knocked out, there 

was a significant reduction in GI50 values of around 5-fold as compared to empty 

vector control cells (Fig. 5.7A). When we knocked out p53, GATA2 and CALR, genes 
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that were responsible for resistance, we saw a significant increase of more than 2-

fold in GI50 values as compared to empty vector control cells (Fig. 5.7B).  

However, validation was unsuccessful in the context of the p53 null MLL-ENL cells. 

When comparing the GI50 of each of the individual cell populations across all 6 genes 

that were selected as compared to empty vector controls, there was no significant 

difference (Fig. 5.8).  

 
5.5 Sensitivity and resistance was specific to PRMT5 inhibition 

We next aimed whether the sensitivity and resistance profiles we were seeing in the 

p53 wild type MLL-ENL cells was specific to PRMT5 inhibition. To elucidate this, we 

tested our knockout cell lines that we generated during validation with cytarabine – a 

common chemotherapy used in the treatment of AML. Cells were treated with 

varying concentrations for a period of 48 hours, and viable cell numbers were 

obtained. What we found, across all the resistance and sensitivity genes that we 

selected, there was no significant different in the GI50 values in any of the knockout 

lines as compared to empty vector control (Fig. 5.9). Resistance and sensitivity in 

these knockout lines was only observed when cells were treated with the PRMT5i.  

 
5.6 Several pathways seem to be important for sensitivity and resistance. 

To further interrogate the hits that we generated from the screen, a list of significantly 

underrepresented genes (defined as displaying a Log2FC<-2, p<0.05) and over 

represented genes (defined as displaying a Log2FC>2, p<0.05). Respectively, we 

generated a list of 166 genes that may be responsible for sensitivity when knocked 

out, and a list of 198 genes that may be responsible for resistance when knocked 

out.  

These lists were uploaded to Metascape, and pathway analysis was conducted 

which generated a list of pathways associated with theses lists. The top 10 pathways 

that involved genes from the sensitivity list are listed in Fig. 5.10A – with metabolism 

of RNA being the top pathways. The top 10 pathways that involved genes from 

resistance list are shown in Fig.5.10B. In this case, histone modification came up as 

the strongest pathway. 
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5.7 Rationale drug selection. 
 
The CRISPR screen performed throughout this chapter was conducted with the goal 

of providing us with data (both individual gene lists and pathway analysis data) that 

may assist in rationally identifying drug targets that may synergise with our PRMT5 

inhibitor. For this purpose, we focused on genes that may be responsible for 

sensitivity to PRMT5 inhibition when knocked out, with the hopes that if we can 

inhibit said genes, we may be able to prime cells to cell death with PRMT5i 

treatment. With this in mind, we generated 4 gene lists that were utilised in drug 

selection. These lists consisted of 10-29 genes, and individual lists included 

sensitivity genes that had an FDR of <0.05, genes that were involved in RNA 

metabolism, genes that were involved in nucleotide excision repair (NER) and genes 

that were involved in negative regulation of mTOR. Each of these lists were 

separately uploaded to the clue.io platform (available at https://clue.io). Lists were 

analysed against the L1000 perturbational datasets that were generated by the NIH 

LINCS Consortium using gene expression assays (160). This was done with the 

intention of identifying compounds that may impact these pathways. Once a list of 

potential compounds was generated, we next sought to print these drugs at varying 

concentrations in 384 well plates to conduct a high throughput cell death drug 

screen. The screen consisted of pre-treating wild type p53 MLL-ENL cells with either 

a low dose of PRMT5i (determined to be 10nM) or DMSO vehicle as a control for 48 

hours, before incorporating the cells into the drug plates for 72 hours. 140 different 

drugs were tested at three different concentrations – 3uM, 300nM and 30nM. 

Essentially, this allowed us to assess whether PRMT5i in combination with any of 

these drugs showed a synergistic, additive, or antagonistic effect. This was done by 

calculating a delta score. This delta score was calculated for each of the doses, and 

was represented by the observed effect (which was cell death) in combination 

treated cells minus the expected effect (expected effect was simply the effect 

observed in the PRMT5i alone treated cells + effect in compound alone treated 

cells). If a compound displayed a positive delta or a negative delta in combination, 

this would indicate synergism and antagonism with PRMT5 inhibition, respectively. A 

delta that is closer to 0 would suggest that drugs in combination are purely additive 

(Fig 5.11).  
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5.8 Synergy was observed with several drugs in combination with PRMT5 
inhibition.  

Delta scores were generated across all three doses that were used for each compound, and 

the greatest delta score was plotted as an indication of max. synergy. Based on previous 

data that has been generated in the lab, we know that the BCL-2 inhibitor, ABT199, and the 

DNA intercalator, Mitomycin, synergise with the PRMT5i, so the delta scores generated for 

these drugs (delta = 23.3 and 19.3, respectively) provide us with a delta score that may 

correlate with in vitro drug synergy. Other than these 2 drugs, the top 4 compounds that 

showed synergy include vincristine sulfate (delta = 17.9), Mocetinostat (delta = 20.4), KU-

0063794 (delta = 22.5) and selumetinib (delta = 26.8) which displayed the highest 

synergistic delta score (Fig. 5.12A).  

When observing the compounds that displayed a negative top delta score, there were far 

fewer compounds. We know, based on previous work, that cytarabine does not synergise 

with the PRMT5i, and its respective delta score was reflective of that (delta = -4.3). Ro-3306, 

an inhibitor of CDK1 was found to have the lowest negative delta score (delta = -41.9).   
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5.10 Dicussion 

5.10.1 Using a CRISPR screen to identify genes that confer sensitivity or 
resistance to inhibition 

Using the GeCKO sgRNA library, we were able to generate a list of genes that, when 

knocked out, conferred sensitivity or resistance to PRMT5 inhibition. However, our 

validation experiments suggest that reliable hits were only generated in the wild type 

MLL-ENL cell lines as opposed to the p53 null cells. Reassuringly, the screen 

identified Trp53 as a resistance hit. Trp53 sgRNAs were enriched both at day 5 and 

day 16, suggesting Trp53 is responsible for longer term resistance. Although not 

shown here, our lab has previously seen increased resistance to PRMT5 inhibitor 

treatment in various p53 null cell lines. However, this has never been shown in an 

isogenic cell line. When validating with a sgRNA targeting Trp53, we were able to 

create an isogenic p53 that indeed showed resistance to PRMT5 inhibition. Data 

also suggests that a wild type p53 status may be crucial in ensuring sensitivity to 

PRMT5 inhibition in vivo (161). This is further supported by the literature. Gerhart et 

al. (162) have shown that colon cancer cell lines that are p53 null show increased 

resistance to PRMT5 inhibition, and they report that many of the downstream events 

of inhibition, such as alternate splicing and cell cycle arrest, are p53 dependent. 

Other reports using MLL-AF9 cell lines found that p53 null MLL-AF9 cell lines were 

resistance to differentiation that was induced by the EPZ015666 inhibitor (116). 

Another promising and validating find from the screen was that several PRMTs were 

identified as cell essential genes (and representation of their respective guides was 

subsequently lost soon after infection with the sgRNA library), including PRMT5.      

However, we were unable to validate the CRISPR data that we generated in the p53 

null cell lines, and why this is the case is relatively unknown. Considering that many 

of the cell death and cell arrest effects that we see with PRMT5 inhibition seem to 

heavily rely on functional p53, it could be that the already intrinsic resistant status of 

the p53 null MLL-ENL cell line affect ‘true’ sensitivity hits. In the context of wild type 

p53, the number of significant resistance and sensitivity hits reduced with treatment 

time. When considering the resistance hits, we think this is because there are p53-

independent effects of PRMT5 inhibition that seem to take time to trigger – this could 

explain the loss of resistance hits that were not able to overcome the combination of 

p53 dependant and independent effects of PRMT5 inhibition with increased 
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treatment time. When considering the sensitivity hits, analysis of an earlier time point 

is important as it is expected that you will eventually lose complete representation of 

these genes. In the p53 null context, there were fewer resistance hits at the earlier 

time point, which may be reflective of the paramount role that p53 has in the effect 

seen with inhibition, one that might trump other resistance mechanisms.  

 

Furthermore, this resistance might confound any potential sensitivity hits as p53 null 

cells are more resistant to death generally.  

Pooled CRISPR screens, like the one performed in this chapter, are restricted to 

simple readouts, such as cell proliferation/death (163). They do not support complex 

molecular readouts, such as transcriptome profiling, which is considered one of the 

more valuable readouts of cellular response (164). The use of arrayed CRISPR 

screens have allowed the possibility of using RNA-seq as a readout, however these 

are associated with lower throughput (165). Recently, a method to overcome this has 

been described, where pooled CRISPR screening is combine with single-cell RNA 

sequencing in a droplet-based method, known as CROP-seq. This method allows for 

pooled CRISPR screens with single-cell transcriptome resolution, and would allow 

for further understanding of more complex regulatory mechanisms and heterogenous 

cell populations (163). If the p53 null cells have reduced apoptosis, this method may 

overcome the downfalls of using apoptosis as a readout.  

 
5.10.2 Interplay between MTAP and PRMT5 

MTAP was identified and validated as a sensitivity marker in our CRISPR screen in 

p53 wild type cells. MTAP is ubiquitously expressed in normal tissues, and 

homozygous deletion of MTAP occurs frequently, due to its proximity (resides within 

100kb) to one of the most commonly deleted tumour suppressor genes, 

CDKN2A(166-168). MTAP is responsible for the cleaving of methylthioadenosine, or 

MTA, into precursor substrates that play a role in the methionine and adenine 

salvage pathways. Studies have found that when MTAP is deleted, there is an 

accumulation of MTA in cells and a downregulation in basal levels of PRMT5 methyl 

marks in these cells. MTA is thought to act as a SAM-competitive inhibitor (169). 

This would explain the increased sensitivity that we see in MLL-ENL cells that have a 
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knockout of MTAP, as this accumulation of MTAP would further inhibit the function of 

PRMT5.  

 

Literature seems to suggest that there are no feasible MTAP inhibitors, as very 

limited information exists on only one inhibitor – known as MT-DADMe-ImmA (170, 

171), making MTAP an unlikely drug target. With that being said, MTAP deletion 

frequency is quite high in several cancers, including malignant peripheral nerve 

sheath tumour (MPNST), glioblastoma and oesophageal cancer (172). This brings to 

light the therapeutic potential of PRMT5 inhibition in these types of cancers, where 

deletion of MTA might sensitise cells to PRMT5 inhibition.   

 
5.10.3 Pathways involved in resistance and sensitivity  

PRMT5 has been described as having a role in many different cellular processes, 

including DNA damage repair (150), splicing (88, 145) and histone modifications 

(89), it is no surprise that several of these pathways were implicated as being 

involved in sensitivity or resistance in the pathway analysis of genes identified by the 

CRISPR screen. One interesting finding was the duality between sensitivity genes 

and resistance genes in terms of mTOR signalling. Pathway analysis revealed that 

several genes that were identified as a sensitivity hit were involved in negative 

regulation of mTOR. Considering these genes were knocked out in the CRISPR 

screen, this suggests that the inverse, i.e. positive regulation of mTOR may sensitise 

cells to PRMT5 inhibition. Conversely, knocking out genes that were responsible for 

positive regulation of TOR signalling seemed to be involved in PRMT5 resistance. 

This would suggest that PRMT5 inhibition would be most effective in cells that 

upregulate mTOR.  

 

Considering that many cancers are associated with an up-regulation of the mTOR 

pathway, this makes the pathway an attractive target for therapies (173). Despite 

mTOR being described as an important regulator of AML initiation and maintenance, 

the efficacy of mTOR inhibitors have yielded mixed results clinically (174).  
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5.10.4 Combining PRMT5i with Selumetinib  

Our high throughput drug-screen identified selumetinib as the highest scoring 

synergistic compound. Selumetinib is an inhibitor of MAPK kinase (or MEK) 1 and 2. 

The potential clinical efficacy of this drug is currently being investigated in 

neurofibromatosis type 1-related neurofibroma (175). Studies have shown that there 

is an interplay between PRMT5 and a downstream target of MEK1/2, known as 

ERK1/2. ERK1/2 is activated via phosphorylation, and inactivated by 

dephosphorylation (176). Phosphorylation of ERK1/2, along with other factors in the 

RAS-ERK pathway is crucial for cell proliferation, differentiation and survival, and it 

has been reported that PRMT5, through methylation of RAF proteins, limits ERK1/2 

phosphorylation (177). In PC12 cells, a neural cell lines that is often used for the 

study of neural differentiation (178), this limitation driven by PRMT5 has been shown 

to induce proliferation (177, 179), and inhibition of PRMT5 in this cell lines has 

promoted cell differentiation as opposed to proliferation (177). Dysregulation of ERK 

signalling via PRMT5 inhibition has also been shown in T cells (180).  

 

To our knowledge, this interplay between PRMT5 and MEK/ERK has not been 

studied in AML. The synergistic interaction observed in the drug screen suggests 

that this interplay may be targeted by drugs to sensitise cells to PRMT5, as data 

suggests that is might cause a reduction in proliferation. 

 
5.10.5 ABT199 and Mocetinostat 

ABT199, or venetoclax, is a Bcl-2 inhibitor that has gained a lot of traction in the AML 

clinical sphere. There are numerous ongoing clinical trials assessing the efficacy of 

ABT199, particularly in combination with other compounds (181). Another compound 

that has been investigated in AML is mocetinostat, a selective class I and IV HDAC 

inhibitor (182). This compound has been shown to reduce cell viability in vitro (183) 

and has exhibited anti-leukaemic activity in a phase I clinical trial in AML and MDS 

(184). However, like with many compounds, monotherapies often provide modest 

clinical efficacy, and so there is often a push to combine multiple compounds. We 

have previously shown, although the data was not included in this chapter, that there 

is synergy between ABT199 and PRMT5i. Our results also suggest that HDAC 
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inhibitors might synergise with PRMT5 inhibition, and the findings from the drug 

screen provide rationale for further testing of these combinations.  

 
5.10.5 PRMT5s role in cell cycle 

Conversely, the drug screen identified Ro-3306 as the compound that displayed the 

highest antagonistic relationship when combined with PRMT5 inhibitor. Ro-3306 is 

an inhibitor of CDK1. Treatment with Ro-3306 arrests cells at the G2/M border of the 

cell cycle, essentially maintaining a mitotic state (185). PRMT5 is also known to play 

roles in cell cycle regulation. PRMT5 correlated with increase protein expression of 

the G1 phase regulators, CDK4 and CDK6, an is therefore essential for cell 

proliferation (186). It has been shown that deficiency or inhibition of PRMT5 leads to 

cell cycle arrest and subsequent apoptosis (122). Our data supports the notion that 

Ro-3306 causes a G2/M block, and therefore G1 cell cycle arrest can not be induced 

by PRMT5 inhibition. 

 
5.10.6 Validating with synergy assays  

Further experiments will have to be conducted to validate the strength of the 

synergistic interactions that we observed. The high throughput drug screen was 

conducted with the understanding that drugs that will synergise with PRMT5 

inhibition will most likely show synergy across all of the doses that were selected, but 

using only 3 doses doesn’t allow us to take into account complex drug interaction 

patterns that are often observed in more large-scale dose-response matrix that 

utilise many dose pairs (187). These larger-scale experiments, combined with a 

statistical method for determining synergy, such as the ZIP scoring approach, would 

allow us to experimentally confirm drug synergy, while keep false discovery rates 

(FDR) relatively low (187). 
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5.10.7 Conclusion   

In summary, a GeCKO library was infected into the MLL-ENL cell line. The screen 

involved the use of a PRMT5i in order to provide a list of genes that may be 

important for sensitivity and resistant to PRMT5 inhibition. The screen results were 

validated in the wild type p53 cell line, and we showed that knockout of several 

genes that came up at hits for sensitivity and resistance caused a decrease and an 

increase in PRMT5i GI50, respectively. However, we were not able to validate the 

screen in the context of p53 null, and this may be due to the overriding resistance 

mechanisms interfering with the screen readout, which is cell proliferation. Utilising 

the list of genes that were reported as significant hits in the sensitivity screen, as well 

as pathway analysis, we were able to rationally select a variety of compounds. 

These compounds were run through a high throughput drug screen assay, where 

cells were treated with these compounds as single agents, or in combination with the 

PRMT5i. The drug screen identified a selection of drugs that displayed synergy with 

our PRMT5i, including two drugs in which synergy has been confirmed in the past. 

Future experiments will need to confirm synergy in the other synergistic hits, and 

more complex CRISPR screening methods (such as CROP-seq) could be employed 

to overcome the lack of validation in the p53 null context. 
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Figure 5.1 Strategy and validation of the CRISPR screen using sgRNA library. 
(A) Experimental strategy used for the CRISPR screen. (B) Western blot analysis of 
various clones of wild type and p53 knockout MLL-ENL cells infected with Cas9 
lentivirus. Protein was probed for Cas9 protein. Actin was used as a loading control.  
(C) FACS analysis of GFP expression levels in cells expressing Cas9+, with parental 
cells acting as a Cas9 null control. These cells were infected with BRD011 vector to 
validate Cas9 expression, and infected cells were selected for by treating with puromycin 
for 4 days. 
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Figure 5.2 Effects of PRMT5 inhibition during the CRISPR screen 
(A-B) Growth curves generated over 30 – 35 days in (A) wild type and (B) p53 null MLL-
ENL Cas9 expressing cells treated with a PRMT5 inhibitor. Both cell lines were treated 
with a higher concentration of PRMT5 inhibitor for the last two weeks of the screen. (C-D) 
Growth curves displayed as a measure of cell proliferation as compared to vehicle 
(DMSO) treated cells in the (A) wild type and (C) p53 null lines. Proliferation is plotted 
from when the cell lines were treated with an increased dose of PRMT5i. Mean ± SEM of 
two replicates is shown.  
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Figure 5.3 sgRNA representation in wild type MLL-ENL cells treated with PRMT5i. 
The Log2 fold-change (as compared to the library pre-infection) of sgRNA abundance in 
the PRMT5 inhibitor treatment group versus DMSO control from DNA harvested at (A) 
day 5 of treatment and (B) day 16 of treatment. The sgRNAs identified as strong 
resistance ‘hits’ are coloured green, and sgRNAs identified as strong sensitivity ‘hits’ are 
coloured red. 
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Figure 5.4 sgRNA representation in p53 null MLL-ENL cells treated with PRMT5i. 
The Log2 fold-change (as compared to the library pre-infection) of sgRNA abundance in 
the PRMT5 inhibitor treatment group versus DMSO control from DNA harvested at (A) 
day 5 of treatment and (B) day 16 of treatment. The sgRNAs identified as strong 
resistance ‘hits’ are coloured green, and sgRNAs identified as strong sensitivity ‘hits’ are 
coloured red. 
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Figure 5.5 sgRNA representation changes in p53 wild type MLL-ENL cells  
Changes in sgRNA representation are shown as Log2FC expression change in the PRMT5i 
treated group as compared to vehicle (DMSO) control. (A) Selection of sgRNAs that were 
overrepresented targeting genes may confer resistance from cells harvested at the later 
treatment time point. (B) Selection of sgRNAs that were underrepresented targeting genes 
that may confer sensitivity from cells harvested at the earlier treatment time point. Mean ± 
SD of the 4 guides is shown. *P<0.05, **P=<0.01, ***P<0.001, ****P<0.0001, MAGeCK 
analysis was used to generate p-values. 
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Figure 5.6 sgRNA representation changes in p53 null MLL-ENL cells  
Changes in sgRNA representation are shown as Log2FC expression change in the PRMT5i 
treated group as compared to vehicle (DMSO) control. (A) Selection of sgRNAs that were 
overrepresented targeting genes may confer resistance from cells harvested at the later 
treatment time point. (B) Selection of sgRNAs that were underrepresented targeting genes 
that may confer sensitivity from cells harvested at the earlier treatment time point. Mean ± 
SD of the 4 guides is shown. *P<0.05, **P=<0.01, ***P<0.001, ****P<0.0001. MAGeCK 
analysis was used to generate p-values. 
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Figure 5.7 Validation of hits in p53 wild type MLL-ENL cells  
A cell growth assay was conducted to generate a dose-response curve by treating MLL-ENL 
p53 wild type cells, infected with 1 sgRNA, with increasing concentrations of PRMT5i for 5 
days (right panels). This curve was converted into an GI50 value (right panels). This was 
done in (A) cells that had a knockout in a gene that was identified as a sensitivity gene in 
the screen and in (B) cells that had a knockout in a gene that was identified as a resistance 
gene. Data is shown as Mean ± SEM of 3 independent experiments. *P<0.05, **P=<0.01, 
***P<0.001, student's t-test compared to BRD003 vector controls.  
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Figure 5.8 Validation of hits in p53 null MLL-ENL cells  
A cell growth assay was conducted to generate a dose-response curve by treating MLL-ENL 
p53 null cells, infected with 1 sgRNA, with increasing concentrations of PRMT5i for 5 days 
(right panels). This curve was converted into an GI50 value (right panels). This was done in 
(A) cells that had a knockout in a gene that was identified as a sensitivity gene in the screen 
and in (B) cells that had a knockout in a gene that was identified as a resistance gene. Data 
is shown as Mean ± SEM of 3 independent experiments. *P<0.05, **P=<0.01, ***P<0.001, 
student's t-test compared to BRD003 vector controls.  
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Figure 5.9 Resistance and sensitivity is PRMT5 inhibitor specific  
p53 wild type MLL-ENL cells infected with 1 sgRNA were treated with varying doses of 
Cytarabine for 48 hours to assess the effects of single gene knockout on sensitivity or 
resistance to chemotherapy. Cell growth curves are shown in the left panels, and GI50 
values are shown in the right panels in (A) cells that had a knockout in a gene that was 
identified as a sensitivity gene in the screen and (B) cells that had a knockout in a gene that 
was identified as a resistance gene. Data is shown as mean ± SEM of 3 independent 
experiments.  
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Figure 5.10 Pathways responsible for sensitivity and resistance   
Pathway analysis was conducted using metascape. (A) The top 10 pathways that include 
genes that were identified as sensitivity hits. Hits were defined as showing a Log2FC<-2 
(with a p value<0.05) as compared to vehicle control. (B) The top 10 pathways that include 
genes that were identified as resistance hits. Hits were defines as showing a Log2FC>2 
(with a p-value<0.05) as compared to vehicle control.  



122 
 

 

 

Figure 5.11 Rational drug selection and drug screen strategy 
Describes the method used to select compounds rationally to test in combination with the 
PRMT5i. Clue.io database was employed, and several gene lists were used to aid in 
selection. Once selected, a drug screen was performed to assess the effects of the 
rationally selected compounds as single agents and in combination with PRMT5 
inhibition.  
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Figure 5.12 High throughput drug screen combining several compounds with 
PRMT5 inhibition  
p53 wild-type MLL-ENL cells were treated with a variety of compounds. These cells pre-
treated with either PRMT5i (at a sub-lethal dose of 10nM) or DMSO (as a vehicle control) 
for 2 days before being treated with various compounds at 3 ranging doses. A delta (Δ) 
score was generated to observe synergistic (positive Δ), antagonistic (negative Δ) and 
additive (Δ = 0) effects. (A) Shows the highest delta score that was achieved across the 
doses in drugs that had a positive delta score. (B) shows the lowest delta score that was 
achieved across the doses in drugs that had a negative delta score.  
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Chapter 6: 
 

Conclusions and Future Directions 

 

As PRMT5 plays a role in many cellular processes within many different systems of 

the body, this can make it difficult to delineate each individual role that PRMT5 may 

be involved in, as often PRMT5 will display interplay in different processes at the 

same time. Although literature suggests that there is an increase in PRMT5 

expression in many cancers (188), including haematological (108, 109), how this can 

contribute to leukaemia onset or maintenance is still relatively unclear. This question, 

coupled with the understanding that PRMT5 seems to be more highly expressed in 

stem and progenitor like cells, leaves a lot to be uncovered. Whether PRMT5 is 

responsible for maintaining pluripotency or inhibiting differentiation is still yet to be 

elucidated.  

This first aim of this thesis was to try and uncover whether there would be any effect 

on cell ‘stemness’ following enforced expression of PRMT5. To do this, we utilised a 

transgenic mouse model in which exogenous PRMT5 expression was driven by the 

Rosa26 locus. Unfortunately, we were unable to achieve any significant 

overexpression of PRMT5, and we postulate that this may not necessarily be a 

downfall of the transgenic system, but it may in fact be due to inadequate expression 

of MEP50 – PRMT5s critical co-factor. The regulation of the PRMT5:MEP50 

complex is not yet fully understood (189), and to our knowledge there does not seem 

to be any significant evidence of overexpression experiments involving MEP50, so 

future experiments could utilise a co-overexpression system as it is believed the 

MEP50 is crucial to stabilise PRMT5 levels.  

With the hopes of trying to increase expression of exogenous PRMT5, this project 

also utilised a retroviral system in vivo in a leukaemic cell line – MLL-ENL. Although 

we were able to achieve higher protein expression differences between PRMT5 

overexpressing and control cells, there was still a disparity between the observed 

increase in mRNA levels as compared to the protein levels, just as we had seen in 

the previously mentioned transgenic system.  
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With that being said, inhibitor studies revealed some interesting findings in regard to 

the Phe327 amino acid. When cells were treated with a substrate competitive 

PRMT5 inhibitor, resistance was observed in cells that were enforcing expression of 

our F327M mutant form. This would suggest that this mutant form of PRMT5 is not 

only active but may be able to compensate for a lack of PRMT5 activity (resistance 

was observed even at 1uM of inhibitor). Whether the mutant form is able to bind the 

inhibitor is still yet to be elucidated by co-IP.  

The PRMT5 deletion phenotype previously reported in the literature that leads to loss 

of haematopoiesis (95) was also confirmed in this thesis in an ERT2Cre model. In an 

attempt to rescue this phenotype, we infected a cell line that was generated from this 

mouse model with our PRMT5 enforcing constructs. Following deletion of 

endogenous PRMT5, we were not able to rescue cells, even with our wild type 

PRMT5 construct. Why this is remains a mystery, as sequencing confirmed correct 

PRMT5 sequence, and the inhibitor referred to in the previous section suggest that 

the exogenous PRMT5 is active as there is an increase in resistance in cells 

exogenous expressing wild type PRMT5, as opposed to an increase in sensitivity 

seen in cells exogenously expressing methylation dead PRMT5. In vitro methylation 

will need to be confirmed in these lines, as if it is indeed that PRMT5 is functional, it 

might uncover some interesting reasons as to why rescue is not possible in the 

ERT2Cre cells.  

Finally, and most fruitfully, the final part of this thesis investigates the use of a 

genome wide murine CRISPR screen in identifying genes that may confer sensitivity 

or resistance to PRMT5 inhibition in our MLL-ENL cell line. This was performed in 

both the wild type p53 and p53 null setting, and we were able to validate the results 

of the screen in the wild type p53 context, but not in the p53 null setting. 

Interestingly, there are mixed reports including concerns around the performance of 

genome wide CRISPR screens in p53 wild type cells, as p53 in these cells is 

involved in DNA damage response, and therefore may impact the efficiency of 

generating viable edited cells. However, it is suggested the proper screen design can 

ensure robust performance in these cases (190). We know in the case of the MLL-

ENL cells that p53 null status makes cells more resistant, and lack of p53 may be 

responsible for overcoming death in cells with a knockout of a gene that causes 

sensitivity, for example. It would be interesting to repeat the CRISPR screen in 
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another leukaemic cell line in order to compare the hits that are generated to the hits 

generated in the MLL-ENL cells. Any overlapping hits might suggest targets that a 

less specific to particular mutational statuses of cells and more pan-cancerous.  

With that being said, we successfully generated a list of genes that, when knocked 

down, conferred sensitivity in the MLL-ENL p53 wild type cells. This list, along with 

information obtained from pathway analysis, allowed us to rationally select and 

implement a high throughput drug screen utilised a large number compounds. The 

drugs that showed synergy will need to be confirmed in more robust synergy assays 

with more powerful statistical readouts of synergy, but the screen allowed us to 

select candidate drugs that may be promising.  

With current treatments in AML being associated with poor outcomes, the ultimate 

goal of these synergy assays is to provide clinical data that would support the use of 

PRMT5 inhibitors in clinic. Considering that there are multiple clinical trials running at 

the moment utilising PRMT5 inhibitors, this data, coupled with an ever increasing 

understanding of PRMT5s role in biology and haematopoiesis, will hopefully pave 

the way for more effective targeted treatments for patients suffering with this 

devastating disease.  
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