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Inhibition of mRNA Translation Initiation Factors as a Novel Therapeutic Approach in 

Chronic Lymphocytic Leukaemia (CLL) 

by 

Sarah Catherine Wilmore 

Signalling via the B-cell receptor (BCR) is a major driver of disease progression in chronic 

lymphocytic leukaemia (CLL) and an established target for therapeutic attack. Studies have 

demonstrated that BCR-stimulation of CLL cells leads to a substantial increase in global mRNA 

translation and enhanced translation of oncoprotein MYC. Increased translation is associated with 

increased expression of eukaryotic initiation factor-4A (eIF4A) in CLL cells, but not in healthy donor 

B cells, and high expression of eIF4E has been documented in CLL compared to normal B cells. This 

suggested that it may be possible to selectively inhibit global and/or MYC mRNA translation in CLL 

cells using inhibitors targeted against specific components of the translation machinery. I therefore 

investigated the effects of inhibitors of eIF4A, silvestrol and rocaglamide, and an eIF4E inhibitor, 

ribavirin in CLL. 

Both eIF4A inhibitors (eIF4Ai) and ribavirin reduced anti-IgM-induced global mRNA translation in 

primary CLL cells, analysed using O-propargy 1-puromycin (OPP)-labelling. Inhibition of eIF4A 

resulted in reduced translation of MYC, as well as MCL1, a BCL-2 family protein which, like MYC, is 

linked to poor outcome. Whilst MYC protein expression was reduced, this was associated with a 

surprising increase in MYC mRNA expression, via increased RNA stabilisation. Although, eIF4Ai 

inhibited mRNA translation in healthy donor B cells, inhibition of eIF4E had no effect on translation 

in B cells from healthy donors. eIF4E also has a role in the nuclear export of specific eIF4E-target 

mRNAs, including MYC. Ribavirin reduced the nuclear export of mRNA encoding proliferation 

promoting CCND1 and MYC in CLL samples. In vivo studies utilising ribavirin treatment in mice 

bearing Eμ-TCL1 leukaemic cells, showed efficacy by reduced tumour burden. 

Overall, these results support the hypothesis that inhibition of the translation initiation machinery 

is an effective strategy to suppress anti-IgM-induced translation in CLL cells, to deprive malignant 

cells of the tumour-promoting effects of oncoproteins such as MYC and MCL1.  
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1.1 Overview 

The overall aim of this project was to characterise pathways of mRNA translational control in 

chronic lymphocytic leukaemia (CLL) cells, especially downstream of the B-cell receptor (BCR), and 

to investigate the potential utility of inhibitors targeted against mRNA translation initiation factors 

as a new approach to drug therapy. This introduction therefore focuses on (i) B-cell development 

and the importance of the BCR, (ii) key biological and clinical aspects of CLL, (iii) mechanisms of 

mRNA translation and its selective inhibition using small chemical compounds, and (iv) the interplay 

of nuclear export and mRNA translation.  

 

1.2 B-cell development 

B cells play a key role in adaptive immunity by recognising antigen and provoking humoral antibody-

based responses, alongside cell-mediated immunity induced by T cells. B cells develop from 

haematopoietic stem cells (HSC) and differentiate into mature naïve B cells expressing both 

immunoglobulin (Ig)-M and IgD on their surface in the bone marrow (BM) (Rowe et al., 1973). At 

this stage, naïve B cells have not encountered antigen and circulate around the body in the blood 

or lymph (LeBien and Tedder, 2008). Upon encounter with cognate antigen, B cells may undergo 

clonal expansion and differentiate into antibody secreting plasma cells or memory B cells (Figure 

1-1). This antigen-dependent phase of B-cell development occurs within secondary lymphoid 

organs, such as the lymph nodes (LN) or the spleen (LeBien and Tedder, 2008). 
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Figure 1-1. Stages of B-cell development. 

Multiple stages of B-cell development occur within the bone marrow (BM), beginning with a self-renewing 

haematopoietic stem cell which differentiates and commits to a cellular lineage thereby giving rise to 

progenitor lymphoid cells without self-renewing capability. Progenitor lymphoid cells then differentiate into 

progenitor (pro)-B cells. Pro-B cells then differentiate into precursor (pre)-B cells, supported by stromal cells 

in the BM. Pre-B cells then proliferate and become immature B cells. The immature B cell then develops into 

a mature B cell. Mature B cells then leave the BM to peripheral lymphoid organs, such as lymph nodes, where 

they are activated and differentiate into memory B cells or antibody-secreting plasma cells in response to 

antigen. Image produced using ChemDraw professional ® v16.0. Image modified from Kuby immunology, 

2007 (Kindt, 2007). 
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1.2.1 Early B-cell development 

Between the third and seventh month of foetal development, HSCs migrate from the yolk sac to 

the foetal liver and the spleen where they then undergo haematopoiesis (LeBien and Tedder, 2008). 

Following this, HSCs migrate to the BM where they differentiate (Ezine et al., 1984) (Weissman, 

2000). Upon birth and onwards, virtually all haematopoiesis occurs within the BM. HSCs self-renew 

and have huge proliferative capacity and can therefore maintain haematopoietic demands 

throughout adult life (Wilson and Trumpp, 2006). When HSCs differentiate they lose capacity for 

self-renewal and become committed to a specific cell lineage by developing into either lymphoid or 

myeloid progenitors (Weissman, 2000), dependent upon the haematopoietic-inducing 

microenvironment. It is the lymphoid progenitor cells that give rise to B, T and natural killer (NK) 

cells.  

Within the BM, lymphoid progenitor cells differentiate into the first committed B-cell precursor, 

progenitor (pro-) B cells with surface expression of a transmembrane tyrosine phosphatase, CD45R, 

as well as a heterodimer of Ig-α and Ig-β (also known as CD79A/B), the signal transduction unit of 

the BCR (LeBien and Tedder, 2008). Pro-B cells interact and adhere to stromal cells in the BM which 

support their development into precursor (pre-) B cells (Jarvis et al., 1997). Adherence of pro-B cells 

to stromal cells is mediated by cellular adhesion molecules, particularly VLA-4 and its ligand VCAM-

1, expressed on the pro-B cell and stromal cells respectively (Miyake et al., 1992).  

It is during the development of a pro-B cell into a pre-B cell that rearrangement of the heavy-chain 

gene locus occurs (Brack et al., 1978, Melchers, 2005, Alt, 1986). Rearrangement of heavy chain V, 

D and J gene segments represents the first stage of immunoglobulin (Ig) gene diversification 

(discussed in more detail in section 1.2.2). It affects the variable region of the heavy chain and thus 

contributes to antigen specificity (Tonegawa, 1983), allowing B cells to recognise a vast range of 

potential antigens. Lineage commitment in pro-B cells is imposed by PAX5, a transcription factor 

that activates the expression of various B cell specific genes such as CD19 and CD79A, whilst 

repressing non B-lineage genes, such as NOTCH1 (Nutt et al., 1999). This results in the development 

of a pre-B cell expressing a signalling competent pre-BCR comprising a membrane-bound complex 

of unique μ heavy chains and surrogate light chains bound to Ig-α and Ig-β (LeBien and Tedder, 

2008). Development into a pre-B cell from a pro-B cell is the first stage during which BCR signalling 

is required for progression (Ehlich et al., 1994, Martensson et al., 2002). 

Interleukin-7 (IL-7) is released by stromal cells and binds its receptor (IL-7R), which is expressed by 

pre-B cells, to downregulate the expression of adhesion molecules on the cell surface (Shriner et 

al., 2010, Corfe and Paige, 2012). This allows the pre-B cell to detach from the stromal cells and 
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proliferate (Johnson et al., 2005). Following proliferation, the pre-B cell downregulates expression 

of IL-7R and becomes unresponsive to IL-7 (Marshall et al., 1998).  

Pre-B cells then undergo light-chain gene variable region rearrangements to develop into immature 

B cells with defined antigen specificity and with unique heavy and light chains expressed on their 

cell surface, along with Ig-α and Ig-β (Figure 1-2) (Coffman and Weissman, 1983). During light-chain 

rearrangement, the V, J and C gene segments are re-arranged to result in the expression of either 

a κ or λ light-chain on the cell surface of an immature B cell, replacing the surrogate light chains 

(Zou et al., 2003) (see also section 1.2.3). At this stage, BCR signalling is critical, as previously 

demonstrated in a study where truncation of the cytoplasmic tail of Ig-α resulted in depletion of 

the majority of immature B cell population compared to truncation in the pre B cell population 

(Torres et al., 1996). This suggests that differentiation of early B cell progenitors requires increasing 

signalling capacity throughout the developmental stages. 

At this stage, immature B cells are IgM+ IgD-. The next stage in development is negative selection, 

where B cells with auto-reactive BCRs are removed from the repertoire via deletion, anergy or 

receptor editing. Some B cells with BCRs that are reactive to low avidity ligands can enter a state of 

anergy, where they down-regulate surface IgM (sIgM) and become unresponsive to further antigen 

stimulation (Goodnow and Basten, 1989, Fulcher et al., 1996). How an immature B cell may respond 

to antigen, and the consequence of this, is determined in part by the stage of maturation of the 

cell, as well as ligand avidity. For example, antigen binding to immature B cells with low sIgM 

expression results in receptor editing (Tze et al., 2003). In contrast, binding of antigen to the BCR of 

mature B cells with high sIgM can induce apoptosis (Melamed et al., 1998). This is also true 

depending upon the location of the B cell when its BCR is bound by antigen. For example, activation 

of the pre-BCR in the BM results in receptor editing, whereas mature B cells in the spleen are 

deleted following stimulation (Sandel and Monroe, 1999).  

Immature B cells in the BM then continue to develop by co-expressing sIgM and sIgD. IgD is 

produced by alternative splicing of the heavy-chain transcript, producing two distinct mRNAs 

encoding IgM or IgD with the same antigenic specificity (Moore et al., 1981). Whilst IgM functions 

as a BCR upon the cell surface, it is currently less clear what role IgD plays in B-cell development or 

antigen-responsiveness. Maturing B cells then leave the BM and undergo activation, proliferation 

and further differentiation in peripheral/secondary lymphoid organs, such as the LN (LeBien and 

Tedder, 2008). Notably, truncation of the cytoplasmic tail of Ig-α (as discussed above) also blocks 

the migration of immature B cells from the BM to the periphery (Torres et al., 1996), further 

demonstrating the requirement of BCR-signalling in B-cell development. 
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Figure 1-2. Maturation of the BCR during B-cell development. 

Pro-B cells express Ig-α and Ig-β on their cell surface. Upon development into a pre-B cell, the cell undergoes 

heavy chain gene rearrangement, resulting in the expression of a heavy chain and a surrogate light chain on 

the surface of the pre-B cell, which along with Ig-α and Ig-β, forms the pre-B cell receptor (pre-BCR). Following 

this, the pre-B cell undergoes light chain gene rearrangements to form an immature B cell with a fully formed 

BCR, with Ig-α and Ig-β alongside a κ or λ light chain and a μ heavy chain. Image produced using ChemDraw 

professional ® v16.0. Image modified from Kuby immunology, 2007 (Kindt, 2007). 
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1.2.2 The germinal centre reaction 

The germinal centre (GC) reaction is pivotal for the production of high affinity antibody responses. 

It occurs following antigen-engagement of the BCR on naïve B cells and the GC reaction is critically 

dependent on interactions with other immune cells, especially follicular T helper (Tfh) cells (Grewal 

and Flavell, 1996, Gatto and Brink, 2010). GCs are typically found within secondary lymphoid organs 

and are characterised by intense B-cell proliferation, selection (apoptosis/rescue from apoptosis) 

and further Ig diversification (Gatto and Brink, 2010). 

Mature B-cells circulate to B-cell follicles of secondary lymphoid organs (Figure 1-3), such as the LN, 

where they encounter antigen. Once a B cell has encountered antigen it moves to the T-cell – B-cell 

(T-B) boundary of the follicle for cognate T-cell help to activate the B cell (Gatto and Brink, 2010). 

Here, Tfh cells present CD40L to the CD40 receptor expressed by B cells for co-stimulation (Grewal 

and Flavell, 1996). These B cells which have been engaged by cognate antigen proceed to form GCs 

within these follicles (LeBien and Tedder, 2008). 
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Figure 1-3. Diagram of a lymph node with germinal center sites and the presence of B and T cells. 

This diagram demonstrates the presence of T and B cells (in white) within the lymph node and the presence 

of primary and secondary follicles, of which some contain germinal centers. Mature B cells circulate to 

secondary lymphoid organs, such as the lymph node, from the peripheral blood, via afferent lymphatic 

vessels. Here, they encounter antigen and move to the T-B boundary within the follicle. It is here that the B 

cell, following BCR stimulation by antigen, receives co-stimulatory signals from Tfh cells via the CD40-CD40L 

interaction. The B cell then forms a germinal centre within the secondary follicle, where they undergo 

proliferation, class switching and somatic hypermutation. Image produced using ChemDraw professional ® 

v16.0. 
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Immune interactions within the GC lead to the formation of humoral antibody-based immunity by 

B cells and is critically dependent upon the presence of immunological help provided by cognate 

Tfh cells (Gatto and Brink, 2010, Grewal and Flavell, 1996). Within the GC, antigen-encountered B 

cells undergo proliferation, class-switch recombination (CSR) and somatic hypermutation (SHM) 

(Gatto and Brink, 2010). Mature GCs are divided into two distinct zones; the dark-zone and the 

light-zone (Figure 1-4). During the first stages of GC formation, activated B cells within the dark-

zone undergo proliferation, or clonal expansion, and are also known as centroblasts (Gatto and 

Brink, 2010). In addition to rapid division, centroblasts undergo SHM. During SHM, point-mutations 

accumulate in the V, D (diversity), J (joining) regions (Dunnick et al., 2009). SHM accounts for the 

fine-tuning of the antibody specificity for antigen/affinity maturation (Li et al 2004). The 

mechanisms of SHM and CSR are discussed in more detailed in section 1.2.3. 

Following this, these centroblasts become centrocytes and move into the light-zone of the GC, 

which also contains follicular dendritic cells (FDCs) (Figure 1-4) (Gatto and Brink, 2010). It is here in 

the light-zone that FDCs present antigen to centrocytes. Centrocytes in the light-zone also 

encounter Tfh cells (Gatto and Brink, 2010). Centrocytes with high affinity BCRs compete to uptake 

limited antigen and gain a survival and proliferative advantage following presentation of antigen to 

cognate Tfh cells, by positive selection. T-cell help by CD40L-CD40 interactions, as well as secretion 

of cytokines, results in maintained expression of the anti-apoptotic protein BCL2 (Gatto and Brink, 

2010). By contrast, centrocytes that fail to effectively engage T-cell help downregulate BCL2 

expression and undergo apoptosis, following a process called antigen-mediated selection (Gatto 

and Brink, 2010). Tfh cells also encourage centrocytes to differentiate further into either memory 

B cells (for immunological recall) or plasmablasts/plasma B cells (for high level antibody secretion) 

(Gatto and Brink, 2010) (Figure 1-4).  

The maturation of B cells within GCs involves CSR, resulting in the expression of a different class of 

sIg (Shimizu and Honjo, 1984). Class switching of sIg is determined by cytokines secreted by Tfh cells 

(Shimizu and Honjo, 1984, Shanmugam et al., 2000). For example, IL-21 encourages class switching 

to an IgG phenotype, whereas TGF-β can result in an IgA class switch (Shanmugam et al., 2000). This 

switch of sIg class to other isotypes, such as IgG, IgA or IgE can confer different BCR signalling 

properties and/or antibody effector functions. Each isotype of Ig has a very short cytoplasmic tail 

which lacks signalling capacity, except for IgG (Blum et al., 1993). The cytoplasmic tail of IgG is 

longer, with 28 amino acid residues, and is thought to enhance peripheral immune responses by 

enhancing Ig-mediated signalling (Wakabayashi et al., 2002).  
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Figure 1-4. The germinal centre reaction. 

Antigen-experienced B-cells within a GC undergo proliferation (clonal expansion) and SHM within the dark-

zone of the GC to produce centroblasts. Following this expansion, centroblasts move into the light-zone and 

reduce proliferation rates and become centrocytes (Gatto and Brink, 2010). Centrocytes can also re-enter the 

dark-zone and undergo further proliferation/rounds of SHM. In the light-zone, centrocytes which encounter 

follicular dendritic cells (FDCs) and folliclar T-helper (Tfh) cells presenting chemokines and cytokines to 

facilitate positive selection and class switch recombination (CSR), then undergo differentiation into 

plasmablasts/plasma cells or into memory B cells (Stavnezer et al., 2008). Centrocytes which do not encounter 

cognate T-cell help succumb to apoptosis. Plasma cells secrete antibodies as a method of humoral immunity, 

whereas memory cells express affinity matured Ig genes and are longer surviving, providing faster and more 

sustained response to re-encountered antigen. Image produced using ChemDraw professional ® v16.0. 
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1.2.3 The B-cell receptor 

The BCR is a transmembrane protein complex, expressed upon the surface of mature B cells, where 

it recognises antigen and thus promotes signalling and antibody responses. The BCR is comprised 

of two heavy chain domains, two light chains and an intracellular signal transduction module 

comprised of Ig-α and Ig-β (Figure 1-5) (Pleiman et al., 1994). The heavy chain spans the cell 

membrane and is composed of large extracellular domain and a short cytoplasmic region (Pleiman 

et al., 1994). The heavy chains of the BCR are joined by a disulphide bridge and are comprised of 

constant regions (C) and variable regions (V). Joined to these heavy chains by disulphide bridges are 

light chains which also contain C and V regions (Pleiman et al., 1994). The V regions of both heavy 

and light chains both typically contribute to the antigen-specificity of the BCR and thus this is where 

antigen binds (Pleiman et al., 1994). 
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Figure 1-5. Structure of the B-cell receptor (BCR) 

The BCR is comprised of two heavy chain domains, two light chains and an intracellular signal transduction 

module. The heavy chain crosses the cell membrane and is exposed extracellularly and also has a short 

cytoplasmic region. The heavy chains of the BCR are joined by a disulphide bridge and are comprised of 

constant regions (C) and variable regions (V). Joined to these heavy chains by disulphide bridges are light 

chains which also contain constant and variable regions. Following antigen binding, signalling via the BCR 

occurs through the signal transduction region, comprised of the Ig-α and Ig-β heterodimer, and each contain 

an immunoreceptor tyrosine activation motif (ITAM) within their intracellular tail. Image produced using 

ChemDraw professional ® v16.0. 
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Diversification of the BCR is key to developing a range of varying antigen specificity. It is determined 

by both the generation of diversity through recombination events, SHM, and the selection of B cells 

expressing specific BCR based on “fitness”. Thus, B cells with auto-reactivity can be negatively-

selected through the induction of apoptosis or anergy, whereas high affinity BCRs for foreign 

antigen can be positively-selected within GCs with help from cognate Tfh cells (Gatto and Brink, 

2010, Grewal and Flavell, 1996) . 

As discussed in section 1.2.1, initial diversification is generated by the random recombination of 

individual heavy chain V(D)J gene segments. The first stage is the selection of the D and J gene 

segments, resulting in an initial D-J rearrangement (Tonegawa, 1983, Brack et al., 1978). This is then 

followed by choosing of a V segment to join the D-J rearrangement, resulting in a recombined V(D)J 

exon (Tonegawa, 1983, Melchers, 2005). Light chains lack the D section and only undergo V and J 

recombination to produce κ or λ chains (van der Burg et al., 2001).  

Rearrangement of Ig gene segments involves the recombination activated gene (RAG) enzymes, 

RAG1 and RAG2, which form a complex with recombination signal sequences (RSS) located adjacent 

to each of the V,D or J coding segment (van Gent et al., 1996, Fugmann et al., 2000) (Figure 1-6). An 

RSS consists of heptamer and nonamer elements with ‘spacer’ sequences of 12 or 23 nucleotides 

between them (Fugmann et al., 2000). Recombination can only occur with different spacer 

sequence lengths, such as recombination of an RSS with a 12 nucleotide spacer with an RSS with a 

23 nucleotide spacer (Fugmann et al., 2000).  

This is followed by cleavage of the DNA strands, as the RAG1/RAG2 complex nicks the DNA at each 

RSS via hydrolysis (van Gent et al., 1996, Fugmann et al., 2000). A transesterification reaction then 

occurs to create a double-strand break (DSB) and forms a hairpin intermediate structure, still bound 

by RAG1/2 (van Gent et al., 1996, Fugmann et al., 2000). Following this cleavage, the four ends of 

the DNA remain in a complex with RAG1/2 which ensures the ends are stable (Fugmann et al., 

2000). The coding ends are then joined by covalent bonds, following slight variations in sequence 

by deletions and short sequenced insertions. The signalling DNA ends are then joined with minimal 

processing, with the resulting signal joints being heptamer-heptamer fusions (Fugmann et al., 

2000). Opening of the hairpin occurs via an endonuclease, Artemis, which can result in palindromic 

insertions at the coding joint (Ma et al., 2002). A DNA polymerase, terminal deoxynucleotidyl 

transferase (TnT) also provides additional nucleotides, by adding GC-rich inserts to the coding joints 

(Ma et al., 2002). These non-templated alterations at the coding joints during V(D)J recombination 

contribute a significant amount to the diversity of antigen binding sites of the BCR (Fugmann et al., 

2000) with a practically limitless repertoire of antigen recognition.  
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Figure 1-6. V(D)J recombination. 

During V(D)J recombination there are two key stages. Firstly, D and J segments are selected and form an initial 

D-J segment rearrangement. A V (heavy) segment is then chosen and joined with the pre-formed D-J 

rearrangement to form an V(D)J exon. V(D)J recombination results in a massive increase in the diversity of 

the antigen binding cleft of the BCR, ultimately resulting in an almost infinite repertoire of antigen specificity. 

Image taken from (Roth, 2014).  
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The second wave of Ig diversification occurs during the GC reaction; the processes of SHM and CSR 

were introduced in section 1.2.3. SHM is initiated by an enzyme called activation-induced cytidine 

deaminase (AID) (Maul and Gearhart, 2010). AID deaminates cytosine in DNA resulting in uracil in 

the DNA of the variable region of sIg, further refining  the antigen-specificity by the B cell (Maul and 

Gearhart, 2010). This is followed by CSR to alter the constant region of the BCR, and has no effect 

on antigen specificity (Maul and Gearhart, 2010). During CSR, there is a further re-arrangement of 

the heavy-chain Ig gene, whereby the V gene segment combines with a different C segment 

(Stavnezer et al., 2008). This occurs via a process involving switch regions (also known as DNA 

flanking sequences), a switch recombinase enzyme, the cytokines produced in the 

microenvironment and AID (Stavnezer et al., 2008). In CSR, AID is involved in deamination of 

cytosine in ‘switch’ regions upstream of the heavy chain constant region locus (Stavnezer et al., 

2008). This results in a switch of sIg class from IgM or IgD to other sIg isotypes, such as IgG, IgA or 

IgE which can possess different signalling properties and antibody effector functions (Stavnezer et 

al., 2008) (see Table 1).  

 

Table 1. Isotypes of immunoglobulins and their relevant effector functions. 

IMMUNOGLOBULIN FUNCTION 

IgM Primary immune response. 

Generally pentameric to increase avidity. 

IgD Unknown – secreted IgD only present at very low levels in 
serum 

IgG Secondary immune response 

IgE Response to parasites and allergies 

IgA Mucosal immunity 

 

 

1.2.4 Functions of the B-cell receptor 

The BCR fulfils two functions essential for B-cell responses, (i) antigen internalisation and (ii) 

signalling. Both key functions of the BCR are discussed below in sections 1.2.4.1 and 1.2.4.2, and 

will allow us to further understand the role of the BCR in B cell development and chronic 

lymphocytic leukaemia (CLL) pathogenesis.  
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1.2.4.1 Antigen internalisation 

Upon binding of the BCR by cognate antigen, the antigen-bound receptor is internalised for 

processing of the antigen into a peptide for presentation by the B cell to cognate Tfh cells via the 

major histocompatibility complex (MHC) class II (Cresswell, 1994). Mature B cells constitutively 

express MHC class II on their surface. Only upon activation do they express co-stimulatory factors, 

such as CD40, for interaction with Tfh cells (Banchereau et al., 1995). Exogenous antigens are 

internalised by B cells via receptor-mediated endocytosis (also known as clathrin-mediated 

endocytosis/CME) (McMahon and Boucrot, 2011). This allows the B cell to process and present the 

antigen in the form of peptide to Tfh cells. During CME, clathrin is recruited to the plasma 

membrane, by adaptor and accessory proteins, and forms antigen-filled membrane vesicles 

(McMahon and Boucrot, 2011). During CME, when the receptor-bound antigen is present in early 

endosomes, the associated BCR is recycled and moves back to the cell surface, leaving behind the 

internalised antigen (Forquet et al., 1999). The internalised antigen then moves from this vesicle 

into increasingly acidic compartments, known as endosomes, before entering the very acidic 

lysosome. It is within the lysosome, which is around pH 4.5, where hydrolytic enzymes degrade the 

antigen into oligopeptides of around 13 to 18 amino-acid residues in length for binding to MHC 

class II (McMahon and Boucrot, 2011, Cresswell, 1994).  

MHC class II is produced in the rough endoplasmic reticulum (RER) (Cresswell, 1994). A protein 

called the invariant chain (or CD74) prevents peptides binding to the cleft of the MHC before it has 

been transported through the trans-Golgi network into the endosomes containing the relevant 

antigenic peptides (McMahon and Boucrot, 2011, Cresswell, 1994). When the MHC moves through 

these acidic compartments, the invariant chain becomes degraded (Cresswell, 1994). When the 

MHC reaches the lysosome, the antigenic peptide can bind and form a peptide-class II complex 

(Cresswell, 1994). This complex is then transported to the plasma membrane for antigen 

presentation to Tfh cells, for CD40-CD40L interactions (Cresswell, 1994), ultimately leading to the 

activation of the B cell. 

 

1.2.4.2 B-cell receptor signalling 

BCR signalling is necessary to determine B cell fate during development, including supporting 

maturation of pro- to pre B cells and during pre- to immature B cell progression in the BM. Following 

this, BCR signalling is needed to activate mature B cells in response to binding of cognate antigen, 

the GC reaction and SHM (Gatto and Brink, 2010). In addition to antigen-induced signalling, the BCR 

also mediates a low-level antigen-independent (tonic) signal that may be required for the survival 

of mature B cells (Lam et al., 1997).  
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Upon stimulation of the BCR following binding of cognate antigen, aggregation of BCRs and the 

subsequent conformational changes result in signal transduction across the cell membrane via the 

Ig-α/Ig-β heterodimer by phosphorylation of the dual tyrosine residues present in the ITAMs 

cytoplasmic tails (Harwood and Batista, 2010a). This occurs by the action of SRC-family kinases, 

such as LYN (Harwood and Batista, 2010a). This is the initial phase of the BCR signalling cascade 

(Figure 1-7). The cascade continues as phosphorylation of the ITAMs creates docking sites for SYK 

and recruits more LYN (Harwood and Batista, 2010a, Kurosaki, 2002, Kurosaki et al., 1994). 

LYN also triggers a negative regulatory feedback response that limits BCR activation, mediated by 

phosphatases (Katagiri et al., 1999). One of these phosphatases is CD45, which is expressed on the 

cell surface, and can de-phosphorylates LYN to regulate BCR signalling by preventing downstream 

signalling responses (Katagiri et al., 1999). This balance of LYN phosphorylation and 

dephosphorylation is controlled by phosphorylation of immunoreceptor tyrosine-based inhibitory 

motifs (ITIMs) in CD22 and FCγRIIB by LYN (Katagiri et al., 1999, Fujimoto et al., 2006). These factors 

are docking sites for phosphatases, SHIP1 and 2, which remove the 3’ phosphate of the inositol lipid 

PIP3 to balance the signalling downstream of PI3K (O'Rourke et al., 1998) (Figure 1-7). This 

regulatory pathway of BCR signalling inhibition is activated following excessive exposure to 

(auto)antigen/ chronic BCR stimulation, particularly in the absence of T cell help, and is involved in 

the B-cell selection process to remove self-reactive B cells from the repertoire (Packham et al., 

2014). Phosphorylated ITIMs also recruit and activate SH2-containing tyrosine phosphatase-1 (SHP-

1) as well as SHIP-1. SHP-1 controls initial BCR responses via a negative feedback loop (Ono et al., 

1997). 

The next phase of BCR signalling involves SYK and BTK, which are kinases that couple the initial 

phase of BCR signalling to further downstream components. SYK is activated following binding to 

phosphorylated ITAMs and then phosphorylates an adaptor protein, BLNK (Fu et al., 1998). 

Phosphorylated BLNK then propagates the signal by acting as a scaffold for the assembly of a 

signalosome complex comprised of BTK, PLCγ2 and GRB2 (Fu et al., 1998, Hashimoto et al., 1998, 

Weber et al., 2008). Formation of the signalosome means that BTK is in close proximity to PLCγ2 to 

phosphorylate it (Kurosaki and Tsukada, 2000, Kurosaki et al., 2000). This complex interacts then 

interacts with BLNK and moves toward the plasma membrane (Fu et al., 1998, Kurosaki and 

Tsukada, 2000). This BCR signalosome contributes to the further amplification of the BCR signalling 

cascade. PI3K activation and signalling occurs in parallel, resulting in the phosphorylation of 

phosphatidylinositol (4,5)-biphosphate (PIP2), which produces phosphatidylinositol (3,4,5)-

triphosphate (PIP3) (Okkenhaug, 2013). PIP3 is a docking site which recruits effector proteins like 

BTK, ATK, PLCγ2 and PKCβ (Okkenhaug, 2013). 

  



 

21 

 

 

Figure 1-7. Simplified diagram of BCR signalling pathways. 

Stimulation of the BCR results in signal transduction via the Ig-α/Ig-β heterodimer across the cell membrane 

and phosphorylation of the intracellular tyrosine-based activation motifs (ITAMs) within their cytoplasmic 

tails by LYN. This is the initial phase of the BCR signalling cascade and multiple parallel pathways are activated 

downstream of this. LYN indirectly activates PI3K which initiates signalling via membrane-bound PIP2, 

activating AKT/ERK to stimulate mTOR. mTOR activation results in activation of S6K proteins which drive 

mRNA translation. Formation of the BCR ‘signalosome’ containing LYN, SYK and BTK with other adaptor 

proteins drives activation of PLCγ2. PI3K activation and signalling occurs in parallel, resulting in the 

phosphorylation of PIP2, which produces PIP3. PIP3 is a docking site which recruits effector proteins like BTK, 

AKT, PLCγ2 and PKCβ. Downstream of these other pathways are activated. The Ras/MEK/ERK pathway of 

phosphorylation activates MYC as a transcription factor within the nucleus, amongst others, following 

increased intracellular calcium via NFAT. PLCγ2 can also activate PKC and downstream of this disable 

inhibitors of NF-κB, such as IκB, via the ‘CBM’ complex (CARD11, MALT1 and BCL10). NF-κB is a transcription 

factor, that when activated in the nucleus, can increase expression of genes associated with cell survival and 

proliferation. Image produced using ChemDraw professional ® v16.0.  
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Recruitment of PLCγ2 to the plasma membrane and its activation results in cleavage of PIP2, which 

produces diacylglycerol (DAG) and inositol (1,4,5)-triphosphate (IP3) (Kurosaki et al., 2000). IP3 binds 

with its receptor(s) on the membrane of the ER, including the Ca2+ ion channel IP3R (Mikoshiba, 

2007). Binding of IP3 to IP3R results in the opening of the ion channel which subsequently results in 

the release of the ER-stored Ca2+ into the cytoplasm (Mikoshiba, 2007). The consequential depletion 

of ER Ca2+ stores induces influx of Ca2+ through the plasma membrane via Ca2+ release-activated Ca2+ 

channels (CRAC) (Parekh and Putney, 2005). This further phase of Ca2+ mobilisation allows 

extracellular Ca2+ to enter the cytoplasm to maintain the increased intracellular Ca2+ concentration 

(Parekh and Putney, 2005) (Figure 1-8).  
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Figure 1-8. Simplified diagram of calcium mobilisation downstream of BCR activation. 

Stimulation of the BCR results in signal transduction via the Ig-α/Ig-β heterodimer across the cell membrane 

and phosphorylation of the intracellular tyrosine-based activation motifs (ITAMs) within their cytoplasmic 

tails by LYN. This is the initial phase of the BCR signalling cascade and multiple parallel pathways are activated 

downstream of this. LYN indirectly activates PI3K which initiates signalling via membrane-bound PIP2, 

producing PIP3. Formation of the BCR ‘signalosome’ containing LYN, SYK and BTK with other adaptor proteins 

drives activation of PLCγ2. PIP2 is cleaved by activated PLCγ2 into DAG and IP3. IP3 binds to IP3R on the 

endoplasmic reticulum which results in the subsequent release of calcium ions. This subsequent increase in 

intracellular calcium concentration activates Ca2+ release-activated Ca2+ channels (CRAC) which allows 

extracellular Ca2+ to enter the cytoplasm to maintain Ca2+ concentration. Image produced using ChemDraw 

professional ® v16.0. 
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The biphasic increase in cytoplasmic Ca2+ is accompanied by the activation of NFAT, NF-κB and JNK 

(Dolmetsch et al., 1997). The initial phase of Ca2+ release by the ER activates NF-κB and JNK, whereas 

the second phase with extracellular Ca2+ uptake activates NFAT (Dolmetsch et al., 1997). NFAT-

family proteins are dephosphorylated by Ca2+-activated calcineurin which results in the 

translocation and activation of the NFAT proteins into the nucleus, where these proteins can act as 

transcription factors (Dolmetsch et al., 1997).  

Nuclear NFAT activates the transcription of genes encoding cytokines such as IL-4, and the NF-κB 

pathway which drives proliferation and survival by transcription of genes such as BCL6 and MYC 

(Monticelli and Rao, 2002, Fisher et al., 2006). When cytoplasmic Ca2+ concentration decreases, 

NFAT proteins are translocated into the cytoplasm where they are inactivated (Monticelli and Rao, 

2002, Dolmetsch et al., 1997). Overall, these pathways influence B-cell fate in regards to positive 

signalling or induction of anergy. Antigens can therefore induce either sustained elevated Ca2+ 

signalling responses, or low-level Ca2+ which may promote NFAT signalling, but not that of NF-κB 

(Dolmetsch et al., 1997) 

Prior to stimulation, NF-κB-family proteins are retained within the cytoplasm by the inhibitory IκB 

proteins (Kanarek et al., 2010). IκBs are degraded following the activation of PKC which activates 

the downstream ‘CBM’ complex (comprised of CARD11, MALT1 and BCL10) (Kanarek et al., 2010). 

The CBM complex consequentially phosphorylates IKK leading to the phosphorylation and 

activation of IκBα, which results in the ubiquitinylation and subsequent degradation of IκB (Kanarek 

et al., 2010). This leaves NF-κB free to translocate into the nucleus for its role as a transcription 

factor. 

Parallel to the NF-κB signalling pathway, activation of PLCγ2 can result in activation of RAS, which 

is then bound by GTP (Weber et al., 2008). GTP-bound RAS recruits RAF to the plasma membrane, 

resulting in the activation of RAF by SRC-family tyrosine kinases. Activated RAF binds to and 

activates MEK1/2 (Jacob et al., 2002). This then in turn results in activation of ERK1/2 (MAP kinase 

family proteins) (Jacob et al., 2002). ERK is activated via phosphorylation by threonine/tyrosine 

kinase activity of MEK, resulting in phosphorylation of Thr202/Tyr204 (Jacob et al., 2002). 

Activated/phosphorylated ERK phosphorylates ribosomal S6 kinases (S6Ks) (Roux et al., 2007). Also, 

nuclear translocation of ERK proteins results in the phosphorylation of transcription factors, one of 

which is MYC (Marampon et al., 2006). Phosphorylation of MYC at Ser62 results in its stabilisation 

and activation as a transcription factor, where it is involved in the transcription of genes involved 

in proliferation and survival (Sears et al., 2000).  
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Stimulation of B cells via CD40-CD40L Tfh cell interactions in the LN also activates NF-κB and MAPK 

signalling pathways, resulting in the activation of ERK (Mizuno and Rothstein, 2005, Homig-Holzel 

et al., 2008). MEK/ERK signalling regulates apoptosis via phosphorylation of BCL2 family proteins, 

which regulate the mitochondrial pathway of apoptosis (Tamura et al., 2004). The balance of 

expression of the pro-survival and the pro-apoptotic BCL2 family proteins is critical in determination 

of a cells fate (Fulda and Debatin, 2006). It has more recently also been demonstrated that ERK 

signalling plays a role in BCR-induced survival and the CD40-mediated survival of GC B cells following 

co-stimulation (Adem et al., 2015). During early BCR signalling, GC B cells experiencing CD40-CD40L 

co-stimulation survive and differentiate into memory or plasma B cells (Grewal and Flavell, 1996). 

If this help is not received, ERK1/2 is inhibited and thus cell death occurs. Therefore, co-stimulation 

of CD40 and the BCR results in both immediate and sustained ERK1/2 signalling (Adem et al., 2015).  

Another key pathway of downstream BCR signalling responses is the AKT/mTOR cascade. AKT is 

recruited to the cell membrane following stimulation of the BCR and CD19 –dependent activation 

of PI3K (Aman et al., 1998, O'Rourke et al., 1998, Pogue et al., 2000). Downstream of this, AKT 

activates the mTORC1 complex (Pogue et al., 2000). mTORC1 is comprised of mTOR, regulatory-

associated protein of mTOR (RAPTOR), DEP domain-containing mTOR-interacting protein isoform-

2 (DEPTOR) and other proteins (Limon and Fruman, 2012). RAPTOR is involved in phosphorylation 

of substrates for mTORC1, whereas DEPTOR suppresses the action of kinases (Limon and Fruman, 

2012). This pathway and its relevance in mRNA translation will be discussed in further depth in 

section 1.4.5.3. 

 

1.3 Mature B cell malignancies 

Malignancies of mature B cells, including various types of leukaemia and lymphoma, are becoming 

increasingly common. Mature B-cell malignancies can arise at different stages of B cell development 

and therefore have distinct B-cells-of-origin (Johnsen et al., 2014). For example, follicular and 

Burkitt’s lymphoma derives from GC B cells, whereas myeloma originates from an antibody-

secreting (post-GC) B cell (Johnsen et al., 2014, Seifert et al., 2013).  

Diffuse large B-cell lymphoma (DLBCL), the most common subtype of non-Hodgkin’s lymphoma, 

consists of two major subtypes with differing cell of origins (Seifert et al., 2013). Germinal center B-

cell DLBCL (GCB-DLBCL) is derived from B-cells in the light zone of the GC, whereas activated B-cell 

DLBCL (ABC-DLBCL) is derived from activated B cells at a later stage of differentiation (Johnsen et 

al., 2014, Seifert et al., 2013). The differing cell of origin impacts on the clinical outcomes and 

treatments of DLBCL patients (Johnsen et al., 2014, Seifert et al., 2013). This is similar to CLL, which 
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can also be divided into two main subtypes with pre and post-GC cells of origin (Hamblin et al., 

1999). This seminal discovery had a significant impact on the treatment and research landscape for 

CLL and is a major determinant for clinical outcome, and will be discussed in greater depth below. 

Figure 1-9 depicts the developmental stages from which certain B cell malignancies develop (figure 

is non-exhaustive).  
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Figure 1-9. Simplified diagram of the origin of B-cell neoplasms. 

The diagram demonstrates the GC reaction and the main steps involved in the differentiation of mature B 

cells, depicting the cellular origin of a selection of B cell tumours and their stage of development before 

tumorigenesis. GC B cells can undergo transformation to develop into follicular lymphoma or GCB-DLBCL. By 

contrast, ABC-DLBCL derives from more differentiated plasma blasts. Myeloma derives from antibody-

secreting plasma cells. CLL derives from either pre-GC or post-GC B cells (U-CLL and M-CLL respectively).  

Mantle zone B cells can give rise to mantle cell lymphomas. Image produced using ChemDraw professional ® 

v16.0. Figure adapted from (Seifert et al., 2013). 
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1.3.1 Chronic lymphocytic leukaemia  

CLL is a cancer of mature CD5+ B cells characterised by the presence of malignant lymphocytes in 

the peripheral blood, bone marrow and secondary lymphoid tissues, such as the lymph nodes 

(Hallek, 2017). It is the most common leukaemia in the Western world and thus has a significant 

disease burden (Hallek, 2017). The median age of patients with CLL is around 70 years of age (Parikh 

et al., 2014) and CLL is more common in men. Presentation of CLL can include swollen lymph nodes, 

splenomegaly, recurrent infections and typical ‘B symptoms’ which consist of fevers, chills and 

weight loss (Hallek, 2017). However, due to its relatively indolent nature, many CLL patients present 

with no symptoms and are diagnosed upon investigation for other conditions. Prognosis and 

disease progression varies substantially between patients due to a multitude of factors.  

The pre-cursor to CLL is monoclonal B lymphocytosis (MBL) (Strati and Shanafelt, 2015, Hallek et 

al., 2018). MBL is defined by the presence of CLL cells in the peripheral blood and the absence of 

other diagnostic CLL features, such as recurrent infection, a B cell count lower than 5x109/L , and a 

lack of nodal involvement (Strati and Shanafelt, 2015). MBL is known to precede almost all cases of 

CLL (Landgren et al., 2009, Strati and Shanafelt, 2015). MBL is also a precursor to small lymphocytic 

lymphoma (SLL), a non-Hodgkin’s lymphoma which presents similarly to CLL albeit with more 

substantial evidence of nodal disease (Swerdlow et al., 2016).  

At diagnosis, CLL is categorised using the Binet or Rai disease grading systems (Binet et al., 1981, 

Rai et al., 1975). Both systems grade the disease based upon lymphocytosis and the enlargement 

of secondary lymphoid organs, amongst other conditions such as anaemia and platelet count (Binet 

et al., 1981, Rai et al., 1975). Rai staging is numerical, ranging from 0 to IV (Rai et al., 1975). Stage 0 

patients show lymphocytosis, stage I have enlarged LNs, stage II patients demonstrate 

splenomegaly or hepatomegaly, stage III is defined by anaemia due to reduced bone marrow 

function and stage IV patients present with thrombocytopenia (Rai et al., 1975). Earlier stages (0, I 

and II) have significantly longer survival rates than those in stages III and IV (Rai et al., 1975). Binet 

staging uses simpler alphabetical grouping (groups A,B and C) (Binet et al., 1981).  

Simplicity in diagnosis and disease staging was required to improve access to clinical trials and 

would only require data from haematological investigation and clinical examination. Group A 

patients are defined by the lack of anaemia and thrombocytopenia, similar to that of group B 

patients who additionally have at-least three areas of disease present, such as the LNs, spleen and 

liver (Binet et al., 1981). Finally, group C patients present evidence of anaemia and/or 

thrombocytopenia, and have a shorter survival time than groups A and B (Binet et al., 1981). 
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CLL may also progress further and undergo transformation to other diseases, such as Richter’s 

transformation (also known as Richter’s syndrome). Richter’s transformation describes the 

development of an aggressive high-grade lymphoma in a CLL patient, most commonly DLBCL 

(Lortholary et al., 1964, Michelis et al., 2012). Richter’s transformation occurs in between three and 

ten percent of CLL cases (Michelis et al., 2012) and its development is associated with CLL cases 

that have high CD38 expression, acquired mutations leading to aberrant MYC activation, unmutated 

IGHV, ZAP-70 expression and other factors (Rossi et al., 2008). 

 

1.3.2 Subsets of CLL 

Like many B-cell malignancies, CLL is a heterogeneous entity and can be divided into subsets with 

distinct biological and clinical features, which can significantly affect prognosis and proposed 

treatments for patients.  

 

1.3.2.1 IGHV mutational status 

CLL can be divided into two major subsets dependent on whether the tumour cells express mutated 

or un-mutated IGHV genes. (U-CLL or M-CLL) (Hamblin et al., 1999). U-CLL arises from a B cell that 

has not undergone SHM within the GC, whereas M-CLL originates from a B cell that has undergone 

SHM (and in a small proportion of cases, may also have undergone CSR) (Hamblin et al., 1999, 

Seifert et al., 2013). U-CLL cases have at least 98% sequence homology between the expressed IGHV 

sequences and germline sequences, whereas M-CLL have with less than 98% sequence homology 

(Hamblin et al., 1999). The development of M-CLL cells is therefore similar to normal B cell 

development in that they undergo SHM of the IGHV as part of affinity maturation. Importantly, 

these different cells-of-origin are linked to different clinical behaviour. Thus, U-CLL is associated 

with a worse prognosis and more aggressive disease, whereas M-CLL is often more indolent and 

has a more favourable outcome (Hamblin et al., 1999). 

U-CLL and M-CLL have differential gene expression profiles for both mRNA and microRNA (miRNA) 

(Rosenwald et al., 2001, Ferrer et al., 2004). For mRNA, ZAP70 is the most differentially regulated 

gene discovered between the two subsets, with U-CLL commonly expressing more ZAP70 than M-

CLL (Rosenwald et al., 2001, Ferrer et al., 2004). ZAP70 expression is a prognostic marker discussed 

in more detail in section 1.3.2.2. On the other hand, CD44 and PAX5 are more highly expressed in 

M-CLL than U-CLL (Ferrer et al., 2004). CD44 is a cell membrane glycoprotein involved in lymphocyte 

activation and lymph node homing, whilst PAX5 is a transcription factor involved in B-cell 
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differentiation and is a regulator of isotype/class switching (Ferrer et al., 2004). Further studies are 

needed to determine the impact of this on clinical outcome. 

With regards to miRNA expression, M-CLL is associated with the upregulation of miR-150, miR-29c, 

miR-143 and miR-223 and the downregulation of miR-15a, compared to U-CLL (Papakonstantinou 

et al., 2013). The most highly regulated in M-CLL (compared to U-CLL) is the downregulation of miR-

15a. miR-15a is a tumour suppressor which regulates proliferation and apoptosis (Cimmino et al., 

2005, Klein et al., 2010). In contrast, miR-101 is downregulated in U-CLL (compared to M-CLL) which 

is associated with overexpression of EZH2 (Papakonstantinou et al., 2013). In B cell lymphomas, 

high expression of EZH2 is linked to a more aggressive disease (Papakonstantinou et al., 2013, 

Tagawa et al., 2013). 

DNA methylation patterns via genome-wide studies have been profiled in CLL, by comparison to 

normal B cell populations (Rush et al., 2004). Methylation of DNA is the addition of a methyl-group 

to cytosine, commonly in CpG dinucleotides. Most CpG dinucleotides are enriched in non-coding 

and more repetitive regions of the genome (Rush et al., 2004). Gene foci enriched in CpG 

dinucleotides within promoter regions (CpG islands) are generally unmethylated (Rush et al., 2004). 

Studies revealed that the majority of the epigenome in CLL reflects that of the cell of origin, and 

that minimal alterations in the epigenome are CLL-specific (Rush et al., 2004). With the 

development of the DNA ‘methylome’ profiling in CLL, it was noted that there are at least three 

differential methylation profiles between disease subgroups, likely due to different cell of origin 

(Rush et al., 2004). With this, higher levels of heterogeneity in epigenetic changes are seen in more 

aggressive subgroups of CLL (Rush et al., 2004). Methylation/hypermethylation of CpG islands 

within promoters results in gene silencing, and thus methylation patterns can be used to 

understand further genetic changes driving disease evolution.   

Notably, CLL cells have hypermethylated CpG islands compared to normal B cells (Rush et al., 2004). 

U-CLL have a different methylation pattern to M-CLL. U-CLL have hypermethylated and thus 

‘silenced’ tumour suppressor genes (Kanduri et al., 2010). Examples of these genes are ABI3 and 

IGSF4 (Kanduri et al., 2010). U-CLL also demonstrated hypomethylation, and consequential 

expression, of genes with roles in cell proliferation (such as ADORA3) (Kanduri et al., 2010). This 

study identified that U-CLL cases, M-CLL cases and CLL with IGHV3-21 (regardless of mutational 

status) all demonstrated differential methylation patterns (Kanduri et al., 2010). The majority of 

differences were noted to be outside of CpG islands and in non-coding regions (Cahill et al., 2013). 

This study also demonstrated that methylation patterns were stable over disease progression/time 

and this implies that methylation changes occur early in CLL development (Cahill et al., 2013). 
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1.3.2.2 Other prognostic markers in CLL 

ZAP-70 expression is associated with a poor prognosis (compared to CLL not expressing ZAP-70), 

and is expressed most typically in U-CLL (Durig et al., 2003). ZAP-70 is a tyrosine kinase normally 

expressed near the cell surface of T and natural killer cells (Wang et al., 2010). ZAP-70 enhances 

BCR signalling in CLL cells via the prolonged phosphorylation of SYK, although this effect is 

independent of kinase activity of ZAP-70 (Gobessi et al., 2007). ZAP-70 is commonly 

hypermethylated in M-CLL, compared to U-CLL (Cahill et al., 2013). Hypermethylation of ZAP70 

results in gene silencing, reducing ZAP-70 expression and associated enhanced BCR signalling, thus 

resulting in a more favourable outcome for patients (Cahill et al., 2013). 

CD38 is another prognostic indicator for CLL, associated with more aggressive disease and occurring 

more commonly in U-CLL cases (Damle et al., 1999). In normal B cells, CD38 expression varies 

throughout their developmental stages, dependent upon maturation and activation (Malavasi et 

al., 1994, Oertel et al., 1996). CLL cases with a high percentage of CD38+ cells (>30%) have reduced 

overall survival compared to those with low CD38+ percentage (Damle et al., 1999). CD38+ B cells 

demonstrated an increased responsiveness to BCR stimulation via a more efficient response to 

cross-linking of sIgM (Cutrona et al., 2008). They also have enhanced rates of migration (Cutrona et 

al., 2008). Activation of CD38 in vitro increases CLL cell proliferation via ZAP-70 and ERK1/2, and 

increased homing via CXCR4 and CD49d (Deaglio et al., 2010). CD38+ cells are also thought to have 

a clear survival advantage due to their increased expression of anti-apoptotic BCL2 family protein, 

MCL1 (Pepper et al., 2007), resulting in a more aggressive disease.  

CD49d is also associated with poor prognosis in CLL. CD49d expression correlates with ZAP-70+, 

CD38hi expression and unmutated IGHV (Shanafelt et al., 2008). CD49d is involved in the migration 

of CLL cells and helps to retain CLL cells in the LN and BM for exposure to growth/survival signals in 

the microenvironment (Dal Bo et al., 2016). CLL can be defined as CD49dhi or CD49dlo through flow 

cytometry of peripheral blood CLL samples, using a 30% cut-off (Shanafelt et al., 2008). 

 

1.3.2.3 Genetic alterations in CLL 

Numerous genetic alterations have been described in CLL, including mutations and large 

chromosomal alterations (Table 2). Some genetic alterations are also associated with increased 

heritable risk of developing CLL (Berndt et al., 2013, Di Bernardo et al., 2008). 
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 Table 2. Key genetic aberrations in CLL, their clinical impact and suggested treatment (adapted from (Dohner et al., 2000)) 

GENETIC  
ABBERATION RISK CLINICAL IMPACT THERAPY 

17p DELETION 

 

 

 

Very high 

 Around 40% of refractory CLL cases have 17p13 deletion (Le Garff-Tavernier et al., 2011) 

Approx. 80% of patients with del(17p13) have loss of p53 (Zenz et al., 2008a) 

BTK inhibitors,  

p53-independent 
drugs 

TP53 MUTATION   Reduced expression of mir-34a (Zenz et al., 2009) Allogeneic stem 
cell transplant 

BIRC3 MUTATION   Loss of function BIRC3 mutations in 2-4% of CLL cases, but 24% of fludarabine-refractory cases (Rossi et al., 2012)  

11q DELETION High  18% of CLL patients have 11q deletion at diagnosis (Dohner et al., 2000) FCR (fludarabine, 
cyclophosphamide 
and rituximab) 

ATM MUTATION 

NOTCH1 
MUTATION 

SF3B1 MUTATION 

  
Point-mutations and 11q deletion can result in reduced ATM function and dysregulated p53 (Dohner et al., 2000) 

8.3% CLL cases have activating NOTCH1 mutations, associated with treatment resistance (Fabbri et al., 2011) 

5% cases at diagnosis have SF3B1 mutation, present in 17% fludarabine-refractory cases (Rossi et al., 2011) 

 

TRISOMY 12 Intermediate Present in 20% of CLL cases at diagnosis (Matutes, 1996)  ‘watch and wait’ 

13q14 DELETION Low Most common genetic aberration, detected in around 50% of CLL patients at stage of first-line treatment (Dohner 
et al., 2000) 

Can lead to over expression of BCL2 (Cimmino et al., 2005) 

watch and wait’ 
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1.3.2.3.1 Chromosomal aberrations 

Studies have demonstrated that over three quarters of CLL patients have at least one of the 

following chromosomal aberrations; deletions in 13q, 11q, 17p and trisomy of chromosome 12 

(Dohner et al., 2000).  

Deletion of 13q (del(13q)) is detected in around 50% of CLL patients requiring first-line treatment 

and is associated with a favourable prognosis when it occurs as a sole abnormality (Dohner et al., 

2000, Shanafelt et al., 2006). This deletion results in the loss of the miR-15/16 gene cluster (Calin et 

al., 2002). miR-15/16 represses expression of BCL2 and so del(13q) is an important mechanism that 

can contribute to reduced apoptosis susceptibility in CLL cells (Majid et al., 2008). Del(13q) is also 

associated with increased expression of other BCL2-family proteins, such as myeloid cell leukaemia-

1 (MCL1), a key anti-apoptotic protein associated with CLL cell survival and resistance to 

chemotherapy (Calin et al., 2008, Pepper et al., 2008). A mono-allelic deletion is sufficient for a 

complete loss of function (Mertens et al., 2006). Del(13q) also results in the activation of the miR34 

cluster, which reduces expression of ZAP-70, resulting in a favourable prognosis for CLL patients 

(Rassenti et al., 2004). 

Del(13q) can also have a negative outcome, depending upon the size of the deletion (Parker et al., 

2011). Smaller deletions are of favourable outcome whilst larger deletions at diagnosis are 

associated with disease progression (Parker et al., 2011). When a larger deletion occurs in U-CLL 

this results in a treatment-free survival of around 3 months compared to 18 months for cases with 

smaller deletions (Parker et al., 2011). 13q deletion has also been described in MBL at a frequency 

similar to CLL, implying that this aberration occurs early in the development of disease (Dohner et 

al., 2000). 

Del(17p) is much less common, occurring in around 7% of CLL cases requiring first-line treatment 

(Dohner et al., 2000). 17p deletions are associated with an adverse prognosis and rapid disease 

progression (Dohner et al., 2000). This deletion results in the loss of tumour suppressor TP53, 

encoding P53 (Zenz et al., 2008b, Rossi et al., 2012) . P53 is a key factor in the recognition of DNA 

damage, control of cell cycle progression and apoptosis (Adimoolam and Ford, 2003). Interestingly, 

more than 80% of patients with del(17p) also express mutated TP53 from the other allele, losing 

P53 function completely (Zenz et al., 2008a, Malcikova et al., 2009). Around 40% of patients with 

relapsed/refractory CLL have del(17p), implying that the loss of p53 is a selective advantage during 

clonal evolution for CLL cell survival (Le Garff-Tavernier et al., 2011). This often occurs after the 

original development of CLL, as large clonal shifts can occur after chemotherapy due to these 

selective advantages. 
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Del(17p) is associated with aggressive disease in U-CLL, although M-CLL cases with del(17p) may 

still experience indolent disease (Gladstone et al., 2011). Therefore, fluorescence in-situ 

hybridisation (FISH) analysis of chromosomes is necessary when predicting disease outcome in 

patients, regardless of mutational status. Clonal loss of P53 has a selective advantage for CLL cells 

(Rossi et al., 2014), and is associated with a worse prognosis, but sub-clonal mutations in TP53 also 

have the same impact on prognosis as clonal mutations (Rossi et al., 2014). These small sub-clones 

tend to become the clonal CLL population at the stage of relapse after chemotherapy and can be 

identified early in disease progression to predict the course of disease (Rossi et al., 2014). 

Another deletion associated with an adverse outcome in CLL is del(11q), found in around 18% of 

cases requiring first treatment (Dohner et al., 2000). 11q deletions result in the deletion 

of/alterations in ataxia-telangiectasia mutated (ATM) (Dohner et al., 2000). Patients with this 

deletion develop severe lymphadenopathy and have a poor response to treatment, thus del(11q) 

is associated with a more aggressive disease course (Dohner et al., 1997, Pflug et al., 2014). ATM is 

a serine/threonine kinase implicated in DNA repair and is activated following the recognition of a 

double strand break (DSB) in DNA (Marechal and Zou, 2013). Once activated, ATM phosphorylates 

and activates target proteins, such as P53 (Marechal and Zou, 2013). Loss of ATM therefore results 

in reduced recognition of DNA damage and the reduced function of P53 (Westphal et al., 1997). In 

relapsed cases of CLL, deletion of 11q occurs in around 40% of cases and so is also a selective 

advantage for clonal evolution of CLL cells (Dohner et al., 2000). Loss of ATM and del(11q) are most 

common in U-CLL and these cases often present with aggressive disease (Dohner et al., 2000). 

Del(11q) also results in the loss of the miR-34 locus (Zenz et al., 2009). miR-34 is responsible for 

reducing ZAP-70 expression (Fabbri et al., 2011), so loss of this cluster increases ZAP-70 expression 

and has a worse outcome for patients. Low expression of mir-34a in CLL is associated with P53 

inactivation and in refractory CLL (Zenz et al., 2009), inactivated P53 is associated with an impaired 

response to DNA damage and increased resistance to apoptosis (Mraz et al., 2009), regardless of 

other genetic abnormalities (Zenz et al., 2009).  

Trisomy of chromosome 12 (an extra 12th chromosome) is present in 16% of CLL patients 

undergoing first-line treatment, with an intermediate effect on prognosis (Dohner et al., 2000). 

Trisomy 12 results in the increased expression of integrins on the surface of CLL cells, particularly 

CD11a and CD49d, enhancing transendothelial migration of CLL cells to the LNs (Riches et al., 2014). 

Trisomy 12 CLL cases often have increased CD38 expression (Riches et al., 2014), a factor involved 

in cellular adhesion and is responsible for the augmentation of BCR signalling (Lund et al., 1996, 

Funaro and Malavasi, 1999). Trisomy 12 is also associated with high CD49d expression, a further 

determinant of shorter time-to-treatment in these patients (Zucchetto et al., 2013).  
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Trisomy 12 is another aberration that has been described in MBL (Dohner et al., 2000), and has 

been noted in 50% of CLL patients who ultimately develop Richter’s syndrome (Rossi et al., 2008). 

Thus, trisomy 12 often has a negative impact on a patients prognosis, and as with many of the most 

common chromosomal aberrations in CLL, trisomy 12 is more commonly associated with U-CLL 

cases (Athanasiadou et al., 2006). 

 

1.3.2.3.2 Somatic mutations 

Somatic mutations are important determinants of the pathogenesis of CLL and response to 

treatment. These mutations are most commonly found in genes encoding proteins involved in DNA 

damage, mRNA processing, NOTCH signalling and inflammatory pathways. Some of the most 

commonly mutated genes have been identified as being p53, NOTCH1, ATM, BIRC3, XPO1 and 

MYD88 (Puente et al., 2011, Landau et al., 2015).   

Somatic mutations have been identified in SF3B1 (Rossi et al., 2011). SF3B1 (encoded by SF3B1) is 

a component of the RNA splicing machinery, whereby it catalyses the removal of introns from 

mRNA of genes involved in cell cycle control (Kaida et al., 2007). Mutations in SF3B1 are associated 

with more aggressive disease and a worse prognosis (Rossi et al., 2011). The majority of mutations 

occur within the C-terminal domain, a highly conserved region, meaning they are likely to have 

functional significance and thus mutated SF3B1 results in an aberrant RNA splicing response in 

these cases, but only on specific targeted transcripts rather than having a global effect (Rossi et al., 

2011, Quesada et al., 2011). A target transcript of SF3B1 is FOXP1. In CLL with mutated SF3B1, 

FOXP1 expression is three-times higher than in cases without SF3B1 mutations (Quesada et al., 

2011). FOXP1 is a transcription factor and is known to be linked with a negative outcome in DLBCL 

(Barrans et al., 2004). Importantly, CLL cells have been shown to express higher SF3B1 than normal 

B cells (Rossi et al., 2011), and thus it is likely that mutations in SF3B1 are responsible for driving 

disease and the lack of cell-cycle control in some cases. SF3B1 mutations occur in 5% of CLL cases 

at diagnosis, but also in 17% of fludarabine-refractory cases of CLL, implying that SF3B1 mutations 

are a selective advantage (Rossi et al., 2011). 

NOTCH1 mutations are also common in CLL, particularly being more common in U-CLL than M-CLL 

(Fabbri et al., 2011). NOTCH1, encoded by NOTCH1, is a transmembrane protein that functions as 

a transcription factor (Fabbri et al., 2011). When activated by its ligand, NOTCH1 is cleaved and 

translocates to the nucleus for roles in differentiation, proliferation and apoptosis, ultimately 

activating transcription of target genes. A key target gene of NOTCH1 is MYC (Palomero et al., 2006). 

The majority of NOTCH1 mutations in CLL are 2-base deletion frameshifts which lead to the 
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production of a truncated, and constitutively activated, NOTCH1 protein (Fabbri et al., 2011). Other 

mutations in NOTCH1 were also present in the same region as this frameshift, but instead result in 

the generation of a premature stop codon, which results in the production and accumulation of a 

more stable form of NOTCH1 lacking its C-terminal domain (Puente et al., 2011). This is particularly 

important, as NOTCH1 is constitutively expressed in CLL (Rosati et al., 2009).  Around 42% of U-CLL 

cases with trisomy 12 also have NOTCH1 mutations (Balatti et al., 2012). These aberrations may 

potentially result in the increased activation of MYC, downstream of constitutively active NOTCH1, 

which can contribute to a poorer outcome. 

Non-coding mutations in the 3’ untranslated region (UTR) of NOTCH1 have also been demonstrated 

in two percent of untreated CLL and MBL patients (Puente et al., 2015). These mutations are 

associated with aberrant RNA splicing, resulting in the increased activity of NOTCH1 and a more 

aggressive disease (Puente et al., 2015). NOTCH1 is commonly hypermethylated in M-CLL, 

compared to U-CLL and normal B cells (Cahill et al., 2013), which results in the silencing of NOTCH1 

and thus consequentially reduces NOTCH1 expression and signalling. This methylation pattern can 

result in a favourable outcome for CLL patients (Cahill et al., 2013).  

Puente and colleagues (Puente et al., 2011) also identified mutations in XPO1, which encodes 

Exportin 1 (XPO1). XPO1 is a nuclear transport factor which mediates the nuclear export of proteins, 

RNAs and ribonucleoproteins (Fornerod et al., 1997).  Various mutations in XPO1 have been found 

in the same codon, in position 571 (Puente et al., 2011). These are found in a highly conserved 

region, indicating that these mutations affect the function of XPO1. XPO1 mutations occur most 

commonly in U-CLL, and are often associated with mutations in NOTCH1, which implies that these 

mutations may have synergistic roles in the development of CLL (Puente et al., 2011). The 

consequences of these mutations in XPO1 are not yet understood in terms of functionality, but the 

role of XPO1 in B-cell malignancies and nuclear export will be discussed in greater depth in section 

1.5. 

Interestingly, at the time of first treatment, around three percent of CLL cases have mutations in 

MYD88 (Puente et al., 2011). This mutation has also been identified in lymphomas (Ngo et al., 2011). 

MYD88 encodes myeloid differentiation primary response-88 (MYD88), an adaptor protein involved 

in signalling pathways downstream of toll-like receptors (TLR) and IL-1 during the innate immune 

response (Coste et al., 2010, O'Neill and Bowie, 2007). Downstream effectors of the MYD88 

pathway are highly phosphorylated in MYD88 mutated cases, compared to those without this 

mutation (Puente et al., 2011). These effectors include signal transducer and activator of 

transcription-3 (STAT3), IκBα and the p65 subunit of NF-κB. Mutated MYD88 cases also exhibit 

enhanced DNA binding by NF-κB (Puente et al., 2011). Altogether, these findings imply that 
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mutations in MYD88 are activating mutations which drives disease, allowing MYD88 to act as a 

proto-oncogene.  

The final somatic mutation discussed in this section is that of BIRC3. BIRC3, also known as cellular 

inhibitor of apoptosis-2 (cIAP2), is an ubiquitin ligase which regulates the non-canonical pathway of 

NF-κB signalling and innate immune pathways via TLR and nucleotide oligomerisation domain 

(NOD)-like receptor (NLR) signalling (Dubrez-Daloz et al., 2008). All BIRC3 mutations discovered in 

CLL disrupt the C-terminal domain (Rossi et al., 2012), which inactivates BIRC3, preventing 

downregulation of NF-κB signalling via MAP3K14 (Rossi et al., 2012). As a consequence of this, BIRC3 

mutated CLL cases have augmented and constitutive NF-κB activation (Rossi et al., 2012). These 

cases have a poor outcome, regardless of the presence of other risk factors (Rossi et al., 2012). 

Between two and four percent of CLL cases (at time of diagnosis) have loss of function mutations 

in BIRC3 (Rossi et al., 2012). Also, 24% of fludarabine-refractory CLL cases have inactivating BIRC3 

mutations (Rossi et al., 2012) implying a selective advantage for BIRC3 mutations in sub-clones 

following therapy. 

 

1.3.2.3.3 Single nucleotide polymorphisms  

A range of genome-wide association studies (GWAS) have been performed in the past decade which 

have demonstrated the role of genetic variation in development of CLL. A person with a relative 

diagnosed with CLL is around eight-times more likely to develop CLL (Goldin et al., 2009) and 

inherited genetic variation may therefore also contribute to increased risk.  

Four single nucleotide polymorphisms (SNPs) have been identified in IRF8, which encodes 

interferon regulatory factor-8 (IRF8), within the 16q24.1 locus (Slager et al., 2011). Notably, these 

SNPs are associated with an increase in the expression of IRF8 and increases an individual’s risk for 

CLL, likely due to the role of IRF8 in regulating B cell lineage and differentiation (Wang et al., 2008). 

An SNP at 18q21.32 was discovered 51kb downstream from PMAIP1 (Berndt et al., 2013). This gene 

encodes NOXA, a BCL2-family pro-apoptotic protein. NOXA regulates apoptosis and is necessary for 

B-cell expansion following antigen exposure (Wensveen et al., 2012). NOXA is a key factor in 

maintaining the balance between pro/anti-apoptotic proteins to influence cell survival or death, 

with anti-apoptotic MCL1 (Smit et al., 2007). If NOXA expression is down-regulated, the balance 

shifts increasing the persistence/survival of CLL cells in the lymph node (Smit et al., 2007). This SNP 

was identified to increase risk of developing CLL (Berndt et al., 2013). 
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1.3.3 The role of the BCR in CLL 

Multiple lines of evidence indicate that the BCR plays an important role in the development of 

CLL. 

 

1.3.3.1 Immunogenetics  

As described above (section 1.3.2.1), the seminal finding was that the IGHV mutation status of the 

CLL clone (i.e. U-CLL versus M-CLL) was tightly correlated with disease outcome (Hamblin et al., 

1999). However, other lines of immunogenetic evidence have linked features of the BCR to variable 

disease behaviour in CLL. For example, there is evidence for biased V-gene usage whereby 

individual V-genes, or families of V-genes, are used at a significantly different frequency from the 

normal B-cell repertoire (Fais et al., 1998, Tobin, 2005). A clear example of this is the overuse of 

IGHV1-69, occurring in around ten percent of CLL versus around four percent in the normal 

repertoire (Potter et al., 2003, Murray et al., 2008), most commonly in U-CLL (Forconi et al., 2010). 

IGHV4-34 is also overrepresented, mainly in M-CLL (Fais et al., 1998). The presence of a biased V-

gene repertoire provides evidence for a restricted repertoire of driving antigens (including viral) 

acting on CLL BCRs. The use of IGHV3-21 appears to ‘overrule’ mutational status, since it is 

associated with poor prognosis independent of IGHV mutational status (Ghia et al., 2005). 

There is also evidence for a functional influence of the BCR in CLL progression, particularly between 

U- and M-CLL subsets (Mockridge et al., 2007). This is mainly attributable to a varied signalling 

capacity, with U-CLL having retained signalling capacity in comparison to M-CLL, which may account 

in part to the more aggressive disease associated with U-CLL (Mockridge et al., 2007). This signalling 

capacity is also influenced by somatic mutations, as described in section 1.3.2.3.2 and can further 

influence disease outcome and progression regardless of IGHV mutational status.  

 

1.3.3.2 BCR signalling in CLL 

In CLL, BCR signalling appears to be driven predominantly by (auto)antigen. Whilst the antigen 

inducing CLL signalling in vivo is unknown, it is likely that BCR activation occurs within the tumour 

microenvironment, since B cells are activated within secondary lymphoid organs (such as the LNs), 

where they encounter antigen (Harwood and Batista, 2010b). It has more recently been discovered 

that CLL B cells engage antigen within the PCs, in LNs, demonstrated by the overexpression of BCR 

target genes in CLL cells residing within the LNs, compared to circulating CLL cells (Packham et al., 

2014, Herishanu et al., 2011). 
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A multitude of (auto)antigens have been identified as potential antigens for BCR signalling in CLL, 

such as markers on apoptotic cells like cytoskeletal proteins, as well as bacterial antigens (Lanemo 

Myhrinder et al., 2008).  Other potential antigens include viral and fungal antigens (Steininger et 

al., 2012, Hoogeboom et al., 2013), although the antigens which stimulate established CLL cells are 

not necessarily the antigen which stimulated the originating B cell (Packham et al., 2014). 

Autonomous signalling (driven by BCR-BCR self-recognition) has also been described for CLL cells 

(Duhren-von Minden et al., 2012, Ghia et al., 2008) but its significance in vivo is unclear. 

The ability of individual CLL samples to signal via sIgM is highly variable and this variation has been 

linked to distinct disease subsets and clinical outcome (Mockridge et al., 2007, Lanham et al., 2003, 

D'Avola et al., 2016). Overall, the expression of sIgM is low on CLL cells compared with other B-cell 

malignancies, and BCR signalling responses are generally weak (Efremov et al., 1996). However, U-

CLL samples tend to retain a degree of sIgM expression and signalling capacity. sIgM expression and 

signalling is more strikingly down-modulated in M-CLL samples (Mockridge et al., 2007, Lanham et 

al., 2003, D'Avola et al., 2016).  

The link between retained sIgM expression/signalling capacity in vitro and poor disease outcome 

for patients has contributed to the idea that antigen-driven BCR signalling is an important driver of 

CLL pathogenesis (Mockridge et al., 2007, Lanham et al., 2003, D'Avola et al., 2016). Consistent with 

this, the activation of sIgM on signal responsive CLL samples in vitro, engages various malignancy-

promoting pathways, including the activation of upstream signalling responses via PI3K, NF-κB and 

ERK, and downstream responses, including the induction of MYC expression (Krysov et al., 2014, 

Krysov et al., 2012). Importantly, stimulation of sIgM also increases rates of global mRNA translation 

in CLL samples (Yeomans et al., 2015). Immobilised-anti-IgM treatments in vitro, triggers stronger 

and longer-lasting signal responses, compared to soluble anti-IgM (Petlickovski et al., 2005). Soluble 

anti-IgM promotes apoptosis of CLL cells, whereas engagement of the BCR by immobilised-anti-IgM 

results in repression of apoptosis by induction of MCL1 (Petlickovski et al., 2005). 

The natural downregulation of sIgM expression/function that characterises all CLL samples (but is 

particularly evident in M-CLL), appears to be due the induction of anergy following engagement of 

the BCR in vivo (Figure 1-10) (Packham et al., 2014). Thus, culturing CLL cells in vitro leads to 

recovery of sIgM expression and signalling capacity. Induction of anergy is an expected response to 

engagement of CLL BCRs by autoantigen in the absence of T-cell help (Pepper et al., 1997, Packham 

et al., 2014). Although normal anergic B cells are especially susceptible to apoptosis, anergic CLL 

cells appear to be protected by increased anti-apoptotic protein BCL2 expression (Pepper et al., 

1997).   
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Figure 1-10. Balance between ‘positive’ BCR signalling and anergy in CLL 

BCR signalling results in varied effects on anergy and ‘positive signalling, leading to a varied clinical outcome, 

dependent upon the balance of these signalling responses. Anergy is the most common outcome in CLL 

following antigen engagement, resulting in indolent disease. Increased levels of ‘positive’ (growth-promoting) 

BCR-signalling may result in more progressive CLL. The balance can be tipped by intrinsic factors (such as 

mutational status and ZAP-70 expression) and extrinsic factors (potentially via T-cell help and TLR activation). 

Figure taken from (Packham et al., 2014). 
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Stimulation of the BCR also modulates the expression of certain miRNAs. In more aggressive cases 

of U-CLL, stimulation of the BCR induces upregulation of miR-17/92 (Psathas et al., 2013, Balatti et 

al., 2015). This cluster is overexpressed in many lymphoid malignancies and inhibits expression of 

PTEN, a tumour suppressor, and the pro-apoptotic BCL-2 family protein, BIM (Xiao et al., 2008).  

miRNA are also implicated in the consequences of BCR signalling in CLL. Dysregulated miR-155 

expression is associated with clonal expansion in B cell malignancies and modulates BCR signalling 

via SHIP1 (Costinean et al., 2006). Reduction of SHIP1 expression by miR-155 enhances BCR 

signalling responses (Cui et al., 2014). Overexpression of miR-155 has been noted in refractory CLL, 

linked to enhanced BCR signalling, proliferation and lymphomagenesis (Guinn et al., 2015).  

In contrast to sIgM, relatively little is known about the function of IgD in CLL cells. sIgD does not 

appear to be reversibly down-modulated on CLL cells and the vast majority of samples retain the 

ability to signal downstream of sIgD (Krysov et al., 2012). This appears to reflect the overall anergic 

phenotype of CLL cells since IgM, but not IgD, is down-regulated by chronic antigen engagement in 

mouse models of anergy (Packham et al., 2014). However, although signal responsiveness is most 

commonly retained, the responses tend to be short-lived and fail to effectively engage downstream 

pathways, such as MYC induction (Krysov et al., 2012) or mRNA translation (Yeomans et al., 2015). 

Studies investigating the role of IgD have implicated that IgD activation contributes to the initiation 

of IgM signalling (Ten Hacken et al., 2016), as demonstrated by the co-stimulation of IgM and IgD 

resulting in the increased activation of proximal BCR signalling markers, such as ERK-

phosphorylation, although not with longer-term responses such as cell survival (Ten Hacken and 

Burger, 2016). 

 

1.3.4 Current therapies for CLL 

Decisions to initiate treatment in CLL are influenced by the presence of anaemia, 

thrombocytopenia, lymphadenopathy and typical B symptoms (Hallek et al., 2018). The choice of 

therapy for CLL is also determined by a range of factors. Genetic aberrations such as del(17p), IGHV 

mutational status, age and overall wellness of the patient, amongst other parameters, play a 

significant role.  Patients with indolent CLL are often managed on a ‘watch and wait’ treatment 

approach due to minimal symptoms; these patients undergo regular blood tests to monitor disease 

progression (Hallek et al., 2018). When disease begins to progress, or in more aggressive cases, 

treatment is initiated (Hallek et al., 2018). Historically, chemotherapy combinations were the initial 

choice of treatment for CLL, as with many other cancers. Fludarabine, or other purine analogues, 

and alkylating agents such as chlorambucil are some of the key agents used in chemotherapy for 
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CLL (Hallek, 2015). The lack of specificity of these agents for tumour cells result in a range of 

complications for patients, such as myelosuppression and the development of secondary cancers 

(Ricci et al., 2009).  

More recent developments in treatment include combination therapies of chemotherapy with anti-

CD20 monoclonal antibodies, such as rituximab, in combination with classic chemotherapy agents, 

named chemoimmunotherapy (CIT) (Hallek, 2015). These treatments are typically used for cases of 

progressive/aggressive CLL. CIT can be associated with severe side effects that are detrimental to a 

patient’s quality of life. Initial CIT regimens for patients able to withstand the associated toxicity 

often include a combination of fludarabine, cyclophosphamide and rituximab (FCR) (Hallek, 2015). 

Whilst not curative, studies suggest that FCR may provide long-term progression-free survival in a 

subset of M-CLL patients, with no del(17p) or del(11q) (Thompson et al., 2016). Notably, FCR-

treated patients have longer progression-free survival and higher response rates than those on 

chemotherapy alone (Hallek, 2010). However, patients with del(17p) or del(11q) are unlikely to gain 

significant benefit from CIT due to the inactivation of DNA damage response pathways in these 

patients’ tumour cells. 

Development of therapies for CLL and other B-cell tumours is necessary due to the resistance and 

toxicity associated with current therapeutic strategies. Therefore, there has been a strong focus on 

the development of new treatments for CLL, such as BCR-signalling kinase inhibitors and BCL2 

homology domain-3 (BH3)-mimetics.  

The BTK inhibitor ibrutinb was the first kinase inhibitor approved for use in therapy against CLL (de 

Claro et al., 2015). A pivotal randomised trial of ibrutinib showed improved progression-free 

survival and overall survival in patients without del(17p), compared to chlorambucil chemotherapy 

(Burger et al., 2015a). Ibrutinib is used as a single-agent therapy in the treatment of CLL, and 

functions by inhibition of BTK (and likely other targets), resulting in the inhibition of signalling via 

the BCR and other cell surface receptors (Burger et al., 2015b). Side-effects of ibrutinib include 

gastro-intestinal disturbances, fatigue, myalgia and atrial fibrillation, amongst others. Patients must 

continue on ibrutinib indefinitely, and so it is not a curative treatment, but it does provide 

significant improvement in many cases of CLL (Hallek et al., 2018). 

Ibrutinib also inhibits the homing of CLL cells to the LNs by inhibition of chemokine receptor 

signalling (Ponader et al., 2012). Redistribution of CLL cells into the blood, following shrinkage of 

the lymph nodes causes an increase in the lymphocyte count in the blood (Byrd et al., 2013). This 

increased lymphocytosis subsides throughout treatment as the tumour burden reduces over time, 

and often resolves within 8 months of treatment (Woyach et al., 2014, Byrd et al., 2013).  
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Resistance to ibrutinib treatment has been demonstrated. One method of which is the mutation of 

a cysteine residue at position 481 within the active site of BTK, which renders the enzyme resistant 

to drug inhibition (Woyach et al., 2014). Mutations have also been described in PLCγ2 which are 

gain-of-function (Woyach et al., 2014), bypassing requirements for BTK. Refractory CLL is also 

associated with clonal evolution (acquired genetic aberrations) having poor prognostic 

consequences, such as TP53 mutations. Targeting of tyrosine kinases, such as BTK, with inhibitors 

such as ibrutinib show efficacy in relapsed/refractory CLL (Byrd et al., 2013). Relapsed CLL patients 

treated with Ibrutinib have an overall survival of 83% following 26 months therapy (Byrd et al., 

2013), independent of the presence of any high-risk genetic features such as del(17p). A complete 

response by Ibrutinib treatment is very rare, at around two percent in previously treated CLL cases 

(Byrd et al., 2013).  

PI3K inhibitors, such as idelalisib, also result in rapid lymphocytosis upon initiation of treatment 

(Furman et al., 2014). Idelalisib is a small molecular inhibitor of PI3Kδ and was approved for therapy 

in Europe following trials demonstrating its ability to increase progression-free survival when in 

combination with rituximab, in comparison to rituximab alone (Furman et al., 2014). A notable issue 

with idelalisib treatment is the development of severe complications, such as enterocolitis and 

hepatotoxicity, which can have such a significant impact on quality of life that the treatment has to 

be ended, which renders it unsuitable as front-line treatment (Lampson et al., 2016). Aside from 

these toxic side effects, inhibition of PI3Kδ by idelalisib may also have implications on genomic 

stability (Compagno et al., 2017). In particular, there is an increase in genomic instability, due to 

increased AID expression (Compagno et al., 2017). AID is an enzyme known to induce genomic 

translocations and mutations (Compagno et al., 2017). With this in mind, further PI3K inhibitors are 

under-development, such as ACP-319.  

BH3-mimetics which inhibit BCL2, such as venetoclax, have been investigated as a treatment for 

CLL. Venetoclax induces apoptosis of CLL cells by preventing the sequestration of BIM by BCL2 

(Anderson et al., 2016). BIM is pro-apoptotic and so increasing the availability of BIM results in 

increased apoptosis. A substantial side-effect of venetoclax treatment is tumour lysis syndrome, 

the risk of which can be mitigated by a slow dose-escalation of venetoclax (Cheson et al., 2017). 

FDA approval of venetoclax was issued for patients with relapsed/refractory CLL or those with 

del(17p), as studies have demonstrated improved progression-free survival with eight percent of 

patients achieving complete response to treatment (Roberts et al., 2016, Stilgenbauer et al., 2016). 

With these treatments demonstrating a minimal curative ability and side effects that reduce quality 

of life, novel treatments are key for improving disease outcomes in CLL. Currently, allogeneic stem 

cell transplantation is the main treatment for curative intent in some cases (Hallek et al., 2018), 
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examples of which are those with relapsed/refractory CLL or with del(17p), although this is rarely 

undertaken, due to the advanced age and poor health of most patients. With this in mind, the 

resistance and lack of curative ability of current treatments means that other pathways critical for 

CLL proliferation and survival need to be explored.  

Also of significance for treatment is del(17p) and the consequential loss of P53, associated with 

mutations in TP53 on the remaining allele in more than 80% of patients with a 17p deletion (Dohner 

et al., 2000). To overcome the loss of P53, treatment must induce cell death independent of P53. 

Inhibitors of BCR signalling, such as ibrutinib have been used to treat P53 deficient cases. Although, 

despite the favourable responses of ibrutinib as described previously (Byrd et al., 2013), responses 

to ibrutinib in P53-deficient CLL deficient were less effective, as del(17p) patients demonstrated 

progression-free survival of 50% at 28 months (Byrd et al., 2015). Whereas, those without del(17p) 

had 87% progression free survival (Byrd et al., 2015). This difference is substantial and more work 

into novel treatments is necessary for high-risk CLL. 

 

1.3.5 In vivo models for CLL 

In order to progress therapeutic interventions from in vitro studies into clinical trials, they must first 

be investigated using in vivo models that aim to recapitulate human CLL. Although models will never 

truly incorporate all of the complexities of human malignancy, it is important to use preclinical 

models as a method to develop knowledge and understanding, whilst taking into account potential 

disease, species and immunity differences. Many models have been developed and the two most 

commonly used in recent studies will be discussed below; the Eµ-TCL1 transgenic mouse and 

patient-derived xenografts (PDX). 

 

1.3.5.1 Eμ-TCL1 transgenic mouse model 

In this model the TCL1 gene is under the control of Ig regulatory elements, resulting in clonal 

expansion of CD5+ IgM+ B cells with an enforced expression of human TCL1 (Bichi et al., 2002). TCL1 

is involved in the normal development of both B and T cells (Teitell, 2005) and modulates 

transcription, by enhancing the phosphorylation of AKT and signalling via the NF-κB pathway. This 

results in increased cellular proliferation and survival (Laine et al., 2000). Enhanced TCL1 expression 

consequentially results in similar biological responses to those seen following BCR stimulation in 

CLL (Bichi et al., 2002). In human CLL, high TCL1 expression is often associated with poor prognostic 

markers, such as a diagnosis of U-CLL (Mansouri et al., 2010), and so this murine model is likely to 

mimic more aggressive cases of CLL as the tumour cells in this model express unmutated IGHV 
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(Bresin et al., 2016). Of course, murine models do not have the same immune complexities as 

human patients, but this model can provide an insight into the impact of certain treatments on CLL-

like disease pathology. One major pitfall of this technique is that simple over-expression of TCL1, 

whilst key in modelling human CLL, does not account for the complexity of genetic aberrations in 

the human disease.  

This model can be used in adoptive transfer experiments. Eμ-TCL1 leukaemic cells can be 

transferred into non-tumour bearing C57BL/6 mice which can provide quicker access to this model 

than waiting for tumours to develop de novo, and gives more consistent tumour development. The 

fact that these animals are immunocompetent provides a significant advantage in experiments 

investigating new therapies, as it can demonstrate the impact of the immune system on the efficacy 

of these treatments and more fully recapitulates human disease. 

 

1.3.5.2 Patient-derived xenografts (PDX) 

Patient-derived xenografts (PDX) are models that involve the insertion of human tumour cells into 

immune-deficient mice. Implantation of patient tumour samples into this murine model allows for 

similar clinical and molecular responses seen in the human disease. These models are beneficial in 

comparison to transgenic models, as it recapitulates to a greater depth the complexities of human 

disease.  

With this in mind, PDX models have their own limitations, particularly that studies need to be 

performed using immunocompromised animals and that tumour engraftment can be highly 

variable (Simonetti et al., 2014). Establishing a model this way is therefore largely more time-

consuming and complicated. Historically, the main issues in PDX development, were the 

development of mice immunodeficient enough to prevent the rejection of human tumour cells, as 

any residual immune response in these mice will target implanted xenogeneic cells (Simonetti et 

al., 2014). The development of disease in xenograft models depend greatly upon the cells 

transplanted, for example, transplantation of CLL-PBMCs into nonobese diabetic/severe combined 

immunodeficiency (NOD/SCID) mice recapitulates similarities with the patients clinical features 

within the murine organs (Durig et al., 2007). NOD/SCID mice are characterised by the absence of 

mature B and T cells, but still have NK cell activity (Durig et al., 2007). This led to the development 

of the NSG (NOD/Sci-scid ILRrg-/-) mouse model, which is absent of mature B, T and NK cells 

(Simonetti et al., 2014). Implantation of CLL-PBMCs into the NSG mouse highlighted the need for 

an allogeneic transplant of normal antigen presenting cells to allow the CLL cells to fully engraft 

(Bagnara et al., 2011).  
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The requirement for antigen presentation implies the need for T cell help, and the study found a 

direct correlation between the presence of T cells with proliferation of the leukaemic cell 

population (Bagnara et al., 2011). Therefore, as with many developed murine models, the 

complexities become further away from the reality of human disease but still can be used as a 

model to mimic disease in vivo. 

 

1.4 mRNA translation 

Both the transcription and the translation of mRNA is critical in the regulation of protein synthesis, 

allowing cells to vary protein expression in response to both internal and external stimuli. mRNA 

translation is highly regulated at the initiation, elongation and termination steps (Baker and Coller, 

2006), allowing for rapid changes in the expression of specific proteins independent of changes in 

their associated mRNA expression. Translation initiation can occur via ‘cap-dependent’ or ‘cap-

independent’ mechanisms, and can be regulated by phosphorylation of eukaryotic initiation factors 

(eIFs) (Sonenberg and Hinnebusch, 2009). Studies have suggested that variation in mRNA 

translation accounts for approximately the same level of regulatory control over protein expression 

as variation in mRNA expression (Schwanhausser et al., 2011). 

 

1.4.1 The structure of mRNA 

The mRNA code is read by the ribosome in the 5’ to the 3’ direction. Post-transcriptional  

modifications of most RNA involves the ‘capping’ of the 5’ end; this consists of the methylation of 

a guanosine nucleoside by a methyltransferase on the 7th position (Sonenberg and Hinnebusch, 

2009). The presence of this cap may alter the rates of mRNA translation (Sonenberg and 

Hinnebusch, 2009) (Figure 1-11). The 5’ and 3’ UTRs are not translated as part of the coding 

sequence and are thought to have roles attributing to gene expression, such as providing stability 

of mRNAs (Mignone et al., 2002). Surrounding the start codon there is usually a Kozak consensus 

sequence (Kozak, 1987). This is the position where the 40S ribosomal subunit recognises the 

translational start site and begins the process of 60S recruitment, and subsequent translation 

elongation (Kozak, 1987).  

The 40S ribosomal subunit will bind to the mRNA at the 5’ UTR cap (for cap-dependent translation) 

or an internal ribosome-entry site (IRES, for cap-independent translation) (Sonenberg and 

Hinnebusch, 2009). The most common start codon in mRNA is an AUG, which encodes for the amino 

acid methionine; this is where the complete 80S ribosome initiates translation of the mRNA, and 

begins to form a polypeptide chain of amino acids (Sonenberg and Hinnebusch, 2009). Once the 
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ribosome has fully scanned the coding sequence of the mRNA it will reach a stop codon prior to the 

3’ UTR (Sonenberg and Hinnebusch, 2009). The 3’ UTR plays a role in post-transcriptional regulation 

and attached to it is the poly-A tail, a chain of adenines which is implicated in the export of RNA 

and mRNA stability (Sonenberg and Hinnebusch, 2009, Huang and Carmichael, 1996). 

Although often depicted as a simple single strand, mRNA can be highly structured. Examples of 

mRNA secondary structures are hairpins, stem loops and G-quadruplexes (Sonenberg and 

Hinnebusch, 2009). Secondary structures in the 5’ UTR require RNA helicase action to allow for 

binding and scanning of the ribosome (Sonenberg and Hinnebusch, 2009).  

The mRNA coding sequence is comprised of nucleotide triplets called codons which encode for the 

sequence of amino acids within a protein after translation (Sonenberg and Hinnebusch, 2009). This 

occurs via the recognition of this code by the ribosome, which selects a tRNA molecule specific for 

the anti-codon complementary to that codon (Sonenberg and Hinnebusch, 2009).  The amino acid 

corresponding to the tRNA molecule is covalently linked to form a nascent polypeptide chain, 

before releasing the tRNA (Sonenberg and Hinnebusch, 2009). There are multiple defined stages to 

mRNA translation, namely translation initiation, elongation and termination.  
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Figure 1-11. The simplified structure of mRNA. 

The structure of a mature mRNA is read in the 5’ to 3’ direction. At the 5’ end there exists a 5’ cap which is 

implicated in cap-dependent translation initiation, and is followed by the 5’ untranslated region (UTR). During 

ribosome scanning, the ribosome will then find the start codon (commonly AUG) at the beginning of the 

coding sequence (CDS) and will continue to translate the mRNA until the ribosome reaches the stop codon at 

the end of the CDS. Following from this, there is a 3’ UTR and a poly-A tail, which has a role in RNA export and 

stability.  
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1.4.2 Cap-dependent translation initiation 

During cap-dependent translation, the 5’ m7G cap on the mRNA is recognised and bound by the 

eIF4F initiation complex, which comprises eIF4A, eIF4G and eIF4E (Figure 1-12). eIF4E binds the 5’ 

cap on the mRNA in an ATP-independent manner (Gingras et al., 1999b). Following this, eIF4G binds 

to eIF4E, to act as a scaffold to which eIF4A is attracted (Sonenberg and Hinnebusch, 2009). Once 

the eIF4F complex is formed alongside the 5’ cap, eIF4A can act as an RNA helicase to unwind 

complex secondary structures within the 5’ UTR of the mRNA to be translated (Sonenberg and 

Hinnebusch, 2009). This process facilitates the attraction of the 43S pre-initiation complex (PIC), 

comprised of the 40S ribosomal subunit bound to methionyl-tRNA (met-tRNA), eIF3 and eIF2 

(Sonenberg and Hinnebusch, 2009). 

Following this, the 43S PIC then scans the 5’ UTR of the mRNA for a Kozak sequence containing a 

start codon, to begin translation (Sonenberg and Hinnebusch, 2009, Kozak, 1987). The closer to the 

optimal Kozak consensus, the more efficiently the initiation codon is recognised (Hinnebusch, 

2011). There are also a number of other accessory factors involved, particularly eIF4B and eIF4H, 

which facilitate the recruitment of the ribosome by stimulating the activity of eIF4A as an RNA 

helicase (Sonenberg and Hinnebusch, 2009). There are two mammalian isoforms of eIF4A involved 

in mRNA translation, eIF4A1 and eIF4A2 (Lin et al., 2008). These isoforms have a high level of amino 

acid conservation and are therefore highly similar. eIF4A1 is the most abundant and its expression 

is at least partly under the transcriptional control of MYC (Lin et al., 2008).  
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Figure 1-12. Cap-dependent translation initiation. 

During cap-dependent translation initiation, the 7’methylguanylate cap (m7G) on the 5’ end of the mRNA is 

recognised and bound by the eIF4F complex, comprised of eIF4G, eIF4E and eIF4A. eIF4E is the 5’ cap-binding 

protein, which is bound by eIF4G, a scaffold protein acting to hold the eIF4F complex together. Also bound to 

eIF4G is eIF4A, an RNA helicase which unwinds secondary structures in the 5’ UTR of the mRNA. Another 

protein bound to eIF4G is poly(A) binding protein (PABP) which is bound to the poly(A) tail and is responsible 

for the stabilisation and the circularisation of the mRNA, to allow for the initiation of translation. Formation 

of the eIF4F complex allows for formation of the 43S pre-initiation complex (PIC). Following scanning and 

recognition of the start codon, the eIFs dissociate from the 40S subunit, which subsequently attracts the 60S 

large ribosomal subunit and allows for translation to begin. Image produced using ChemDraw professional ® 

v16.0. 
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1.4.3 Cap-independent translation initiation 

Cap-independent translation occurs without the recognition of the 5’ cap on the mRNA. This 

mechanism relies on the presence of internal ribosome entry sites (IRES) within the mRNA, often 

nearby to the AUG start codon in the 5’ UTR (Sonenberg and Hinnebusch, 2009). IRES are structural 

elements within the mRNA that are recognised by the 40S ribosomal subunit (Sonenberg and 

Hinnebusch, 2009). This method of initiation requires the presence of binding proteins, such as 

polypyrimidine-tract-binding proteins, and other IRES trans-activating factors (ITAFs) (Sonenberg 

and Hinnebusch, 2009). IRES sequences have been identified within the sequences of viral mRNAs 

(Kieft, 2008), and cap-independent translation is suggested to occur in the translation of select 

eukaryotic mRNAs during cellular stress, or when cap-dependent translation is inhibited (Martinez-

Salas et al., 2012). One of the first identified human genes containing an IRES was MYC (Stoneley et 

al., 1998), which provides MYC with an alternative method of translation initiation. 

 

1.4.4 Elongation and termination of translation 

Following the initiation of translation, elongation steps occur (Figure 1-13). Eukaryotic translation 

elongation factor eEF-1 forms a complex with aminoacyl-tRNAs in the presence of guanosine 

triphosphate (GTP) and moves into the A-site of the ribosome, next to the already placed initiator 

Met-tRNA in the ribosomal P-site (Sonenberg and Hinnebusch, 2009). The aminoacyl-tRNA brought 

into the site is the anticodon complementary to the codon of the mRNA in the A-site of the 

ribosome (Sonenberg and Hinnebusch, 2009). Pairing of the correct tRNA codon:mRNA anticodon 

causes hydrolysis of the GTP bound to eEF1, and the release of this factor, which fully “relaxes” the 

aminoacyl-tRNA into the A site. This is followed by a peptidyl-transferase reaction whereby the 

bond between methionine and tRNA is broken and a peptide bond is formed between the two 

adjacent amino acids (Sonenberg and Hinnebusch, 2009). The ribosome then moves along the 

mRNA by three bases in the 5’-3’ direction, catalysed by hydrolysis of GTP associated with eEF2, 

this moves the used tRNA into the E site, where it is ejected from the ribosome, thus leaving the 

new peptidyl-tRNA in the P-site and opening up the A-site for incoming aminoacyl-tRNAs 

(Sonenberg and Hinnebusch, 2009). This process repeats, forming a polypeptide chain, until a stop 

codon, such as UAA, UAG or UGA which cannot be recognised by any tRNA molecules, is presented 

in the A-site of the ribosome (Sonenberg and Hinnebusch, 2009). The stop codons are instead 

recognised by release factors, such as eukaryotic release factor-1 (eRF1) (Kisselev and Frolova, 

1995), which can recognise all three stop codons and release the peptide chain from the tRNA in 

the P-site of the ribosome by hydrolysis (Sonenberg and Hinnebusch, 2009). The ribosome is then 

re-used for the translation of other mRNA molecules.   
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Figure 1-13. Schematic diagram of ribosome showing E, P and A sites. 

mRNA is read in the 5’ to 3’ direction and binds to the mRNA binding site on the small ribosomal subunit 

(40S). The large ribosomal subunit (60S) contains three tRNA binding sites: the E, P and A sites. The A-site is 

the amino-acyl tRNA binding site, the P-site is the peptidyl-tRNA binding site and the E-site is the exit site of 

tRNA after it has donated an amino-acid to the peptide chain. Image produced using ChemDraw professional 

® v16.0.  
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1.4.5 Regulation of mRNA translation 

Translation is a highly regulated process due to the high energy demand that translation puts on 

the cell (Buttgereit and Brand, 1995). Many mechanisms are exploited by the cell to control the 

levels of translation, either at a global or mRNA-specific level. These may be implemented under 

conditions of stress to reduce the synthesis of proteins and to prolong cell survival (Holcik et al., 

1999), but also to modify the expression of individual proteins dependent upon their requirements 

in the cell. 

In malignant cells, altered translational control can lead to aberrant cell survival and proliferation, 

for example, over-expression of proteins involved in cellular proliferation, or to reduce the 

expression of pro-apoptotic proteins. The regulation of translation can be also specific for certain 

mRNAs. The translation of mRNAs with short and unstructured 5’ UTRs is more efficient, due to the 

ease of scanning and binding of the eIF4F complex, known as ‘strong’ mRNAs (De Benedetti and 

Graff, 2004). These mRNAs are often highly expressed house-keeping genes, such as β-actin (De 

Benedetti and Graff, 2004). ‘Weak’ mRNAs are those which have longer and more complex 5’ UTRs 

(De Benedetti and Graff, 2004). The translation of these mRNAs is rate-limited by the availability of 

the eIF4F complex, thus experiencing less efficient initiation of translation (De Benedetti and Graff, 

2004) (Figure 1-14). Examples of these ‘weak’ translating mRNAs are often implicated in driving 

malignancy, such as MYC (De Benedetti and Graff, 2004). Another way in which translation is 

regulated is by the limited availability of certain amino acids, which can slow translation rates and 

affect the expression of some mRNAs (Kimball, 2002). 
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Figure 1-14. Rates of translation of 'strong' versus 'weak' mRNAs. 

‘Strong’ mRNAs have short and simple structured 5’ UTR, which are easily scanned and bound by the eIF4F 

complex to initiate translation. In contrast, ‘weak’ mRNAs often have complex 5’ UTR. These mRNAs are less 

efficiently translated and can be rate-limited by eIF4F complex levels. In malignancy, increased eIF4F can 

result in an increase in translation of ‘weak’ mRNAs such as MYC.  Image adapted from (De Benedetti and 

Graff, 2004). 
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1.4.5.1 Signalling pathways 

Certain signalling pathways can influence rates of translation following their stimulation or under 

conditions of cellular stress. mTOR is a major regulatory factor for cap-dependent mRNA translation 

initiation (Figure 1-15) (Gingras et al., 2001). Under energy and amino-acid abundant cellular 

conditions, mTOR promotes the formation of the eIF4F complex and therefore facilitates ribosome 

binding for translation to occur (Gingras et al., 2001). mTOR is a serine/threonine kinase and occurs 

in 2 protein complexes, mTORC1 and mTORC2. mTORC1 facilitates proliferation via protein and lipid 

synthesis, whereas mTORC2 facilitates cell survival and reorganisation of the cytoskeleton (Gingras 

et al., 2001). As mTORC1 is more involved in the regulation of mRNA translation it is important to 

understand its role. mTORC1 consists of mTOR, the catalytic subunit, and other proteins such as 

RAPTOR, DEPTOR and RHEB (Gingras et al., 2001). RHEB is a GTPase which activates mTORC1 when 

bound to GTP (Gingras et al., 2001). To regulate translation, mTORC1 phosphorylates key members 

of the translational machinery, notably eIF4E-binding proteins (4E-BPs) and ribosomal S6Ks (Gingras 

et al., 2001, Magnuson et al., 2012, Laplante and Sabatini, 2012). S6K activation by mTORC1 results 

in the stimulation of both protein and lipid synthesis, whereas phosphorylation of 4E-BPs by 

mTORC1 blocks their ability to bind and suppress eIF4E (Gingras et al., 1999a, Silvera et al., 2010). 

Both of these actions further stimulate mRNA translation following signalling (Donahue and 

Fruman, 2007). mTORC1 is de-activated during hypoxia and energy-depletion, allowing for 

regulation of energy-intensive processes such as translation (Gingras et al., 2001). 

During quiescence, 4E-BPs are hypo-phosphorylated and therefore strongly bind to eIF4E, 

preventing its binding in the eIF4F complex. This is because the binding motif on eIF4E where 4E-

BP1 binds is the same motif to which eIF4E binds eIF4G (Gingras et al., 1999a). Downstream of 

activation, mTORC1 phosphorylates 4E-BP1 at Thr37/46 (Gingras et al., 1999a). This 

phosphorylation primes 4E-BP1 for further phosphorylation at Ser65 and Thr70 (Gingras et al., 

1999a), resulting in hyperphosphorylation. Hyperphosphorylation of 4E-BP1 leads to the release of 

eIF4E, allowing formation of the eIF4F complex and the consequential initiation of cap-dependent 

translation (Gingras et al., 1999a). Over-expression of S6Ks inhibits the phosphorylation of 4E-BP1 

by mTORC1 as both substrates compete for the same binding site on mTORC1 (Gingras et al., 1999a) 

which can reduce rates of translation.  

Another mechanism by which mTORC1 regulates mRNA translation is through ribosomal S6Ks and 

PDCD4 (Figure 1-15) (Carayol et al., 2008). mTORC1 phosphorylates S6Ks to activate them, 

facilitated by eIF3 (Holz and Blenis, 2005). The S6Ks then phosphorylate PDCD4, the natural inhibitor 

of eIF4A, leading to its ubiquitination and subsequent degradation by the proteasome (Carayol et 

al., 2008). Degradation of PDCD4 allows eIF4A to bind as part of in the eIF4F complex and for 
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translation to be initiated (Carayol et al., 2008). mTORC1 signalling and the subsequent 

phosphorylation/activation of S6Ks also results in the phosphorylation of ancillary factor eIF4B, 

which enhances the RNA helicase activity of eIF4A (Bi and Goss, 2000, Dennis et al., 2012). These 

regulatory processes influence the translation of eIF4E-sensitive and eIF4A-dependent mRNAs, with 

complex 5’ UTRs. These mRNAs often encode known disease drivers in CLL, such as MYC and MCL1 

(Volpon et al., 2016). 

mTORC1 is also regulated by ERK activity (Gingras et al., 2001). ERK phosphorylates tuberosclerosis 

complex-2 (TSC2) to deactivate it (Ma et al., 2005). TSC2 inhibits mTORC1 activity, unless it is 

deactivated via phosphorylation (Laplante and Sabatini, 2012). ERK also indirectly regulates 

translation via synthesis of transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs) (Wang and Proud, 

2002). ERK also phosphorylates MAPK-interacting kinase proteins (MNK1 and 2) at Thr197/Thr202 

(Waskiewicz et al., 1997). Activation of MNK1 modulates the activity of eIF4E via phosphorylation 

at Ser209, which increases the affinity of eIF4E for binding of the 5’ cap on mRNA (Shveygert et al., 

2010). Transcription factor and known oncoprotein, MYC, is also responsible for increasing the 

transcription of translation initiation factors such as eIF4E and eIF4A, inducing mRNA translation 

(Ruggero, 2009, Lin et al., 2008, Chu and Pelletier, 2015). MYC also regulates mRNA translation by 

regulating the expression of rRNA and ribosomal subunits to increase availability of ribosomes for 

translation (Ruggero, 2009). 
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Figure 1-15. Control of mRNA translation by signal transduction 

Downstream of stimulation and the consequential activation of ATK and MAPK, mTOR promotes the 

formation of the eIF4F complex. mTOR is a serine/threonine kinase and occurs in two protein complexes, 

mTORC1 and mTORC2. mTORC1 facilitates proliferation via protein and lipid synthesis. mTORC1 consists of 

mTOR, the catalytic subunit, and other proteins such as RAPTOR, DEPTOR and Rheb. Rheb is a GTPase which 

activates mTORC1 when bound to GTP. mTORC1 phosphorylates key members of the translational machinery, 

4E-BPs and S6Ks. When 4E-BPs are hypo-phosphorylated they bind eIF4E, preventing eIF4E binding in the 

eIF4F complex. Following BCR-engagement, mTORC1 phosphorylates 4E-BP1 at Thr37/46 which primes 4E-

BP1 for further phosphorylation at Ser65 and Thr70. Hyperphosphorylation of 4E-BP1 results in the release 

of eIF4E, allowing eIF4F formation to occur and the initiation of cap-dependent translation can begin. 

mTORC1 also phosphorylates S6Ks to activate them. S6Ks phosphorylate PDCD4, leading to its ubiquitination 

and subsequent degradation by the proteasome. This allows eIF4A to join the eIF4F complex and translation 

to be initiated. ERK phosphorylates TSC2. TSC2 inhibits mTORC1 unless it is phosphorylated by ERK which 

deactivates it. ERK also phosphorylates MNKs to phosphorylate eIF4E, increasing the affinity of eIF4E for the 

5’ cap of an mRNA. 
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1.4.5.2 miRNAs 

A key method of translational regulation is called RNA interference (RNAi) by miRNA, which are 

small single-stranded RNA molecules comprised of short nucleotide sequences that play a key role 

in the action of the RNA-induced silencing complex (RISC) (Gregory et al., 2005). To form the RISC 

complex, miRNA associate with Argonaut (Ago) proteins (Gregory et al., 2005). Dependent upon 

the sequence complementarity between the miRNA and the target mRNA. Regulation of expression 

can occur via three processes; (i) cleavage of mRNA, (ii) enhanced degradation of mRNA and (iii) 

inhibition of mRNA translation (Gregory et al., 2005). miRNA with perfect complementarity to the 

target mRNA undertake RNAi via Ago2 protein to cleave the target mRNA (Gregory et al., 2005). 

miRNA with mismatch sequences or imperfect complementarity repress translation via non-

cleavage methods through destabilisation of the target mRNA or inhibition of translation (Gregory 

et al., 2005). miRNA with imperfect complementarity tend to bind to the 3’ UTR, resulting in the 

inhibition of translation rather than cleavage of the mRNA (Gregory et al., 2005). An example of 

miRNA regulation is that the RISC complex has been shown to promote the release of eIF4A from 

its target mRNAs (Fukao et al., 2014). Treatment with an eIF4A inhibitor, silvestrol, was shown to 

overcome this translational repression by forcing mRNA binding with eIF4A (Fukao et al., 2014).  

 

1.4.5.3 Regulation of eIF4F complex formation 

Another method of translational control involves altering of the 5’ cap recognition by the eIF4F 

complex. As described previously (section 1.4.5.1), 4E-BPs can compete for binding of eIF4E with 

eIF4G, thus preventing formation of the eIF4F complex (Gingras et al., 1999a). Importantly, 4E-BP 

binding of eIF4E would only temporarily inhibit cap-dependent translation initiation and would 

have no effect on the initiation of translation from IRES sites, and so the translation of some mRNAs 

could still occur.  

Another method of regulation of mRNA translation is via the phosphorylation of a subunit of an eIF 

involved in translation initiation, eIF2α (Sonenberg and Hinnebusch, 2009). This occurs during 

cellular stress, such as amino acid starvation (Sonenberg and Hinnebusch, 2009). Phosphorylation 

of eIF2α at the Ser51 residue prevents the formation of the 43S PIC and thus reduces mRNA 

translation (Sonenberg and Hinnebusch, 2009). This phosphorylation can occur by any of four 

kinases, which are GCN2, HRI, PERK and PKR (Sonenberg and Hinnebusch, 2009). eIF2α 

phosphorylation also results in the formation of stress granules, which are storage vesicles that 

sequester mRNA to prevent its degradation during stress (Anderson and Kedersha, 2002). 
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1.4.6 mRNA translation in B-cell tumours 

Translation is highly regulated and commonly dysregulated in a variety of tumour types, including 

B-cell cancers. Control of translation is necessary as protein synthesis is highly energy consuming 

for the cell (Buttgereit and Brand, 1995) and upregulation of translation is associated with increased 

cellular proliferation and survival. Translation initiation is a highly regulated process. However, 

dysregulation can occur during both cap-dependent and -independent initiation mechanisms. 

Overexpression of eIF4E and eIF2α has long been associated with aggressive disease and 

tumorigenesis in non-Hodgkin’s lymphomas (NHL) (Wang et al., 1999). eIF4E overexpression has 

also been demonstrated in other B cell tumours, including CLL (Martinez-Marignac et al., 2013). 

High expression of eIF4E can be driven in part by MYC, due to the presence of a MYC:MAX binding 

site within the promoter region of eIF4E (Lin et al., 2008). This implies that over-expression of MYC 

drives eIF4E expression, thus driving mRNA translation (Jones et al., 1996). eIF4E also co-operates 

with MYC by suppressing MYC-induced apoptosis to accelerate lymphomagenesis, demonstrated 

by mice engineered to overexpress MYC and eIF4E which results in rapid development of tumours 

(Ruggero et al., 2004). The relationship between MYC and eIF4E provides an interesting target for 

therapeutic intervention in B cell tumours. 

A study into mRNA translation during tumorigenesis, focusing on the role of eIF4E requirements 

demonstrated that haploinsufficiency of eIF4E has minimal effect on global mRNA translation 

(Truitt et al., 2015). This study utilised heterozygote knock-out mouse models of eIF4E (Eif4e+/-) 

(Truitt et al., 2015). In contrast, they also demonstrated that the translation of eIF4E-sensitive 

mRNAs is dependent upon eIF4E dose (Truitt et al., 2015). Here, eIF4E haploinsufficiency negated 

the ability for KRas, a potent oncoprotein, to induce tumorigenesis in vivo. Thus, this study 

demonstrates the importance of eIF4E dose in tumour development, whilst a reduced dose had 

minimal effect on global mRNA translation rates. Another factor involved in translation initiation, 

PDCD4, has been implicated in lymphoma development (Hilliard et al., 2006). PDCD4 inhibits cap-

dependent initiation by inhibiting eIF4A. However, mice deficient of PDCD4 develop spontaneous 

B cell lymphomas and have a significantly reduced life span due to this lymphoma development 

(Hilliard et al., 2006).  

Analysis of the translatome in DLBCL demonstrated upregulation of mRNAs encoding anti-apoptotic 

proteins, such as BCL2 (Horvilleur et al., 2014). This upregulation was due to increased signalling 

through the mTOR pathway and consequential enhanced activation of eIF4A via eIF4B (Horvilleur 

et al., 2014). This dysregulated translation of eIF4A-target mRNAs would therefore lead to reduced 

apoptosis. This study also demonstrated that eIF4B-driven expression of proteins such as BCL2 

correlated with disease outcome (Horvilleur et al., 2014). 
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Furthermore, components of the CBM complex, which couples BCR signalling to NF-κB activation, 

are dysregulated in DLBCL (Steinhardt et al., 2014). The 5’ UTRs of the complex components are all 

complex and reliant upon eIF4A, and are all required for the constitutive NF-κB activation seen in 

DLBCL (Steinhardt et al., 2014). Translational regulation of the CBM complex counterparts was 

shown, as inhibition of eIF4A reduced expression of MALT1, BCL10 and CARD11 (Steinhardt et al., 

2014).   

1.4.6.1 BCR-associated regulation of mRNA translation in CLL 

Yeomans and colleagues performed key studies into the regulation of mRNA translation in CLL. By 

combining multiple gene expression datasets, weighted gene co-expression network analysis 

(WGCNA) was used to demonstrate that antigen stimulation of CLL cells within PCs in vivo, was 

associated with a strong signature of translational regulation (Yeomans et al., 2015).  

Treatment of CLL cells with anti-IgM coated-beads induced global mRNA translation, in signal 

responsive samples (Yeomans et al., 2015). Anti-IgM also increased the expression of MYC, and this 

was associated with increased MYC mRNA translation. Interestingly, anti-IgM-induced translation 

in CLL cells was associated with increased expression of eIF4A and eIF4G, and reduced expression 

of PDCD4 (Yeomans et al., 2015). Anti-IgM also increased global mRNA translation in normal B cells, 

but this response was not associated with altered expression of eIF4A or PDCD4 (Yeomans et al., 

2015). Other studies have demonstrated low expression of eIF4E in unstimulated normal B cells 

which was not induced by BCR stimulation (Steinhardt et al., 2014, Urtishak et al., 2019). Moreover, 

it has been demonstrated that eIF4E is over-expressed in unstimulated CLL cells (Martinez-Marignac 

et al., 2013).   

In CLL, PCs are the site of antigen engagement in vivo (Packham et al., 2014), and it is here that MYC 

is highly expressed within a small fraction of cells (Krysov et al., 2012). It is therefore not surprising 

that MYC translation is induced in vitro following BCR engagement (Yeomans et al., 2015). MYC 

translation is dependent upon translation initiation factors eIF4A and eIF4E due to its highly 

structured 5’ UTR (as discussed in 1.4.5.3) and in turn drives aberrant translation in CLL. Increased 

MYC expression following BCR stimulation in CLL is dependent upon the MEK/ERK signalling 

pathway (Krysov et al., 2012). Phosphorylated ERK1/2 expression also correlated with MYC 

expression in the PC of CLL LNs (Krysov et al., 2012). Together, this data demonstrates the 

involvement of BCR signalling and MYC expression in driving mRNA translation in CLL. 

Overall, studies have demonstrated a clear role of BCR stimulation in driving mRNA translation and 

disease progression in B cell tumours, particularly CLL, although the mechanisms and impact of this 

remains to be fully elucidated. 
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1.4.7 Inhibitors of mRNA translation  

An example of a translation inhibitor that has been investigated previously in CLL is cycloheximide 

(Collins et al., 1991). Cycloheximide functions by blocking translation elongation, specifically by 

inhibiting the translocation of tRNA by binding to the E-site of the 60S ribosomal sub-unit 

(Schneider-Poetsch et al., 2010). Cycloheximide also induces apoptosis in vitro in CLL samples 

(Collins et al., 1991). However, this inhibitor does not show specificity to CLL cells and inhibits 

translation, thus inducing apoptosis in normal lymphocytes (Collins et al., 1991). Interestingly, 

cycloheximide increases the stabilisation of mRNAs by inhibiting the formation of cytoplasmic 

processing bodies, which are the sites in which mRNAs are decayed (Sheth and Parker, 2003, 

Wisdom and Lee, 1991, Chan et al., 2018). To reduce translation inhibitor toxicity, by limiting the 

off-target effects, there is a need to develop inhibitors specific to proteins which are over-expressed 

and drive disease progression in CLL. 

Another well-established inhibitor of mRNA translation is harringtonine (and the related compound 

homoharringtonine). These compounds inhibit the elongation step of mRNA translation by 

preventing aminoacyl-tRNA from binding to the A-site of the large 60S ribosomal subunit of an 

initiating ribosome (Fresno et al., 1977). Homoharringtonine inhibits anti-apoptotic protein MCL1 

expression in CLL samples by inhibiting its translation, resulting in apoptosis (Chen et al., 2011). 

Harringtonine is a licenced drug for the treatment of chronic myeloid leukaemia (CML), although 

many side-effects occur with this treatment.   

 

1.4.7.1 eIF4A inhibitors 

As BCR-induced eIF4A expression has been described in CLL cells, but not in their normal 

counterparts (Yeomans et al., 2015), eIF4A is a potential target for translational inhibition of specific 

mRNAs. A general inhibitor of eIF4A is hippuristanol, which acts by inhibiting the binding of eIF4A 

to RNA and thus, results in the loss of eIF4A action, preventing the formation of the eIF4F complex 

and the initiation of mRNA translation (Cencic and Pelletier, 2016, Bordeleau et al., 2006). 

Unfortunately, with inhibitors such as hippuristanol, there is a general non-specific inhibition of 

mRNA translation which may result in high levels of toxicity and side-effects (Cencic and Pelletier, 

2016).  

Novel eIF4A inhibitors have been described from the flavagline family of compounds which are 

natural-product inhibitors derived from plants of the genus Aglaia (King et al., 1982). Their chemical 

structures comprise a cyclopenta[b] benzofuran group, and various complex side chains, dependent 
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upon the specific compound in question (King et al., 1982). These compounds were first discovered 

as part of traditional Chinese herbal medicines in the 1980s. Since then, studies have focused on 

the characterisation of the anti-tumour and anti-leukaemic properties of specific compounds 

especially rocaglamide and silvestrol (King et al., 1982). 

 

1.4.7.1.1 Rocaglamide 

Rocaglamide is a flavagline compound (Figure 1-16) which inhibits the translation of specific mRNAs 

by increasing the affinity between eIF4A and polypurine sequences in the 5’ UTR of target mRNAs, 

independent of ATP (Iwasaki et al., 2016). This mechanism of action is novel and suggests a 

specificity of mRNA translation inhibition for specific eIF4A-dependent mRNAs. 

Formation of this rocaglamide-eIF4A complex, which binds to sequences in the 5’ UTR means that 

the 43S pre-initiation complex cannot scan the 5’ UTR for a start codon to begin translation and 

thus stalls cap-dependent translation initiation (Iwasaki et al., 2016) (Figure 1-16). Interestingly, it 

was shown that rocaglamide can also, to some extent, inhibit cap-independent translation from 

IRES elements in mRNAs, as this process still involves some scanning of the 5’ UTR and thus can stall 

the ribosome if polypurine sequences are present and bound by an eIF4A-rocaglamide complex 

(Iwasaki et al., 2016). 
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Figure 1-16. Chemical structure of rocaglamide and its mechanism of action 

The top panel shows the chemical structure of rocaglamide. The bottom panel shows the mechanism of 

action of rocaglamide. Here, rocaglamide (Roc) forces the binding of eIF4A to AGAGAG/GAGAGA polypurine 

sequences in the 5’ of certain mRNAs. Binding of this complex results in a block of scanning by the 43S pre-

initiation complex (PIC) for the start codon (AUG), inhibiting mRNA translation. Image produced using 

ChemDraw professional ® v16.0. 
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1.4.7.1.2 Silvestrol  

Another flavagline compound, suggested to have similar action to rocaglamide is silvestrol. 

Silvestrol contains the characteristic cyclopenta[b] benzofuran group in its chemical structure 

(Figure 1-17) (King et al., 1982), but with a large functional group on a side chain (featured in red 

on image below) resulting in a larger overall structure than rocaglamide. This side chain is a glycone 

group which enhances its solubility in water but is likely removed in cells. Similarities in the 

structure of silvestrol and rocaglamide imply the possibility that silvestrol acts through the same 

mechanism as rocaglamide to inhibit translation of specific mRNAs, although this is yet to be 

explored. One key study into silvestrol describes the cross-linking of eIF4A to mRNA by silvestrol, to 

be 5’ cap-dependent, and suggests that silvestrol sequesters free eIF4A on a target mRNA 

(Bordeleau et al., 2008), which correlates with the more recently described mechanism of 

rocaglamide (Iwasaki et al., 2016).  

Silvestrol has been shown to induce apoptosis in unstimulated primary CLL samples, at nanomolar 

concentrations (Lucas et al., 2009). This study also demonstrated inhibition of basal MCL1 

translation, which preceded induction of cell death (Lucas et al., 2009). Whilst this study revealed 

interesting consequences of silvestrol treatment, it did not investigate the impact of BCR 

stimulation on these outcomes. For example, anti-IgM treatment induces a pro-survival response 

in CLL cells (Ten Hacken et al., 2016) and so it is necessary to understand the impact of silvestrol on 

cell death following BCR stimulation. There is also known to be an induction of MYC and MCL1 

expression following BCR-engagement (Petlickovski et al., 2005, Krysov et al., 2012) and so it would 

be important to understand the ability of silvestrol to overcome this induction to inhibit these 

disease-driving proteins in CLL.  

The CBM complex components all have mRNA that have complex 5’ UTR and are sensitive to eIF4A 

inhibition by silvestrol (Steinhardt et al., 2014). This implies that following BCR stimulation, 

silvestrol can interfere with BCR signalling pathways and reduce NF-κB activation by reducing 

expression of the members of the CBM complex. 

 In vivo studies have demonstrated that silvestrol significantly reduces B cell counts in Eμ-TCL1 mice, 

with minimal effects on T cell numbers (Lucas et al., 2009). Silvestrol treatment also sensitises 

doxorubicin-resistant cases in the murine Eμ-MYC lymphoma model to induce apoptosis of their 

derived lymphomas (Bordeleau et al., 2008). This shows that silvestrol holds promise as a 

therapeutic intervention in B-cell tumours. 
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Figure 1-17. Chemical structure of silvestrol. 

Differences between silvestrol structure and similar compound rocaglamide structure shown in red. Image 

produced using ChemDraw professional ® v16.0. 

  



Chapter 1 

68 

1.4.7.2 eIF4E inhibitor, ribavirin 

Overexpression of eIF4E has long been known to induce oncogenic transformation (Lazaris-Karatzas 

et al., 1990) and is linked to a poor prognosis in many cancers (Khosravi et al., 2015, Zhou et al., 

2006). eIF4E is over-expressed in CLL, resulting in aberrant rates of mRNA translation (De Falco et 

al., 2015). eIF4E in normal B cells is rate-limiting, to regulate of rates of translation (Raught and 

Gingras, 1999). Importantly, overexpression of eIF4E does not result in increased global rates of 

mRNA translation, but only that of mRNAs with complex 5’ UTRs (Borden, 2016). These mRNAs 

were generally involved in cell survival and malignancy, such as CCND1 and MYC (Borden, 2016). 

Ribavirin is a nucleoside analogue that acts to inhibit the function of eIF4E by acting as an analogue 

of the m7G cap of mRNA (Kraljacic et al., 2011) (Figure 1-18). Within this complex, eIF4E is rate-

limiting, implying that the initiation of mRNA translation is reliant upon the expression of eIF4E and 

thus targeting eIF4E may have a use therapeutically. Ribavirin therefore prevents translation 

initiation and the formation of the eIF4F complex (Kraljacic et al., 2011).  

Ribavirin is currently used in patients as part of a combination anti-viral therapy for hepatitis C 

infection, but has shown potential as a translational inhibitor and has shown some activity in acute 

myeloid leukaemia clinical trials (Assouline et al., 2009), with poor prognosis patients achieving 

complete or partial remission. Another report has described the treatment of a patient with 

follicular lymphoma being treated with ribavirin for hepatitis C therapy achieving full remission of 

lymphoma (Maciocia et al., 2016), demonstrating the exciting potential for this drug in B cell 

tumours. Ribavirin is well profiled clinically, and if it shows promise in CLL samples in vitro, this 

compound would be a promising candidate to move forward into clinical trials more quickly than 

other less-well defined compounds.  
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Figure 1-18. Chemical structure of ribavirin. 

Image produced using ChemDraw professional ® v16.0. 
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1.5 eIF4E and nuclear export 

In addition to its role in translation initiation, eIF4E is also involved in the nuclear export of RNA 

(Iborra et al., 2001). Around 70% of cellular eIF4E exists within the nucleus (Iborra et al., 2001), 

where eIF4E promotes the transport of specific mRNAs. Some mRNAs are only regulated by export, 

by translation, or by both (Culjkovic et al., 2005). mRNAs to be exported from the nucleus by eIF4E 

contain a 50-nucleotide sequence in their 3’ UTR called an eIF4E-sensitivity element (4E-SE) 

(Topisirovic et al., 2009). The importance of a 4E-SE is not sequence dependent, but is based on the 

recognition of its secondary structure, which is often a stem-loop, implying that target mRNAs must 

not only have a complex 5’ UTR for export, but also a complex 3’ UTR secondary structure (Culjkovic 

et al., 2006). eIF4E also requires a 5’ cap on an mRNA to facilitate its nuclear export, as well as 

mRNA translation (Culjkovic et al., 2005). A key example of an mRNA regulated only at the level of 

transport is CCND1 (encoding cyclin D1) (Culjkovic et al., 2005), whereas an mRNA that isn’t 

regulated by eIF4E is GAPDH (Culjkovic et al., 2006).  

During nuclear export, mRNAs are transported through the nuclear membrane, via the nuclear pore 

complex (NPC), into the cytoplasm where they engage the translational machinery (Schmidt-

Zachmann et al., 1993). Export of mRNAs is mediated via the active transport of karyopherin 

proteins (Schmidt-Zachmann et al., 1993). Karyopherin proteins are either importin proteins for 

nuclear export, exportins for nuclear export or transportin proteins (Ullman et al., 1997).  

One of the most common exportin proteins is CRM1/XPO1, which can export mRNAs and proteins 

(Volpon et al., 2017). Common cargoes of XPO1 include P53 and eIF4E (Xu et al., 2012, Culjkovic et 

al., 2006), which in turn can lead to the upregulation of expression of key disease-driving 

oncoproteins, such as MYC. For an mRNA to be eligible for export from the nucleus via XPO1, it 

must interact with an adaptor protein, as XPO1 is not an RNA binding protein (Culjkovic et al., 2006). 

XPO1 interacts with adaptor protein leucine-rich pentatricopeptide repeat protein (LRPPRC) 

(Volpon et al., 2017) (Figure 1-19). LRPPRC interacts with eIF4E (bound to the 5’ cap of the target 

mRNA) and the 4E-SE in the 3’ UTR of the mRNA (Volpon et al., 2017). XPO1 then binds LRPPRC to 

export this complex out of the nuclear pore into the cytoplasm (Volpon et al., 2017). XPO1-

associated nuclear export of mRNAs has been implicated in cancers, notably CLL and other B cell 

malignancies (Camus et al., 2017, Lapalombella et al., 2012, Zhang et al., 2013).  

Export of mRNAs via LRPPRC and XPO1 requires hydrolysis of Ran-GTP to Ran-GDP as it is an active 

export process (Culjkovic et al., 2006). Following export of the target mRNA into the cytoplasm, the 

export factors must be recycled and returned back into the nucleus for further export of target 

mRNAs. Importin 8 is a protein known to engage with free eIF4E and LRPPRC and import them back 

into the nucleus following dissociation of the mRNA, through the NPC (Volpon et al., 2017). 
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Figure 1-19. XPO1 and eIF4E-dependent nuclear export of mRNAs. 

mRNAs in the nucleus are transported through the nuclear membrane into the cytoplasm for mRNA 

translation. The mRNA form a complex with an exportin protein, such as XPO1, and Ran-GTP. This complex 

translocates into the cytoplasm, resulting in the hydrolysis of Ran-GTP to Ran-GDP. This results in dissociation 

of the mRNA cargo, making it available for translation. Some mRNAs require adaptor proteins for their export. 

eIF4E is a key adaptor protein for mRNA export via XPO1. Leucine-rich pentatricopeptide repeat protein 

(LRPPRC) associates with eIF4E and with the 4E-SE RNA. LRPPRC then binds to XPO1 for the active export of 

mRNA via Ran-GTP. The export factors are then recycled and returned back into the nucleus for further export 

of target mRNAs, via importin 8, which engages with free eIF4E and LRPPRC to import them back into the 

nucleus. Image produced using ChemDraw professional ® v16.0. 
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1.5.1 The importance of nuclear export in B-cell malignancies 

High expression of XPO1 in AML patients has been associated with a poor prognosis (Kojima et al., 

2013). The same has been identified for mantle cell lymphoma (MCL) patients (Camus et al., 2017), 

and in many haematological malignancies, including CLL, XPO1 mutations have been identified 

which can result in a gain-of-function mutation and thus over-active XPO1-dependent nuclear 

export pathways (Puente et al., 2011, Jain et al., 2016). 

XPO1 is over-expressed at both the protein and mRNA level in CLL cells, in comparison to normal B 

cells (Lapalombella et al., 2012). Over-expression of XPO1 may be due to mutations in this gene 

which drive its expression, or due to increased requirements for XPO1 as a nuclear export protein 

(Lapalombella et al., 2012). This implies that the dysregulation of XPO1-dependent nuclear export 

may play a role in tumorigenesis in CLL. Some key protein cargo of XPO1 are known tumour 

suppressor proteins, such as P53 and IκB (Xu et al., 2012). Export of tumour suppressors from the 

nucleus during normal regulation allows for signalling to occur through NF-κB and prevents P53 

activation, in the absence of genetic insults (Xu et al., 2012). Overexpressed XPO1 results in the 

export of tumour suppressors out of the nucleus, allowing for aberrant NF-κB signalling and the 

dysregulated function of P53 (Lapalombella et al., 2012).  

As eIF4E is over-expressed in CLL, the majority of eIF4E is present within the nucleus (Iborra et al., 

2001, Martinez-Marignac et al., 2013), implying that eIF4E’s role in the export of certain mRNAs is 

likely to play a significant role in CLL disease progression. Known mRNAs exported by eIF4E include 

key disease drivers such as MYC, BCL2 and BCL6 (Culjkovic-Kraljacic et al., 2016). This implies a 

potential for the use of therapeutics that target eIF4E/XPO1-dependent nuclear export for the 

treatment of B-cell malignancies. 

 

1.5.2 Inhibitors of nuclear export 

As eIF4E is known to function as an adaptor protein for XPO1-dependent nuclear export of complex 

mRNAs (Culjkovic-Kraljacic et al., 2016), as well as its role as a member of the eIF4F translation 

initiation complex, it is clear that ribavirin may impact the levels of nuclear export of its target 

mRNAs, as well as selectively inhibiting mRNA translation. Particularly, it has been shown that eIF4E 

regulates the export of BCL2, MYC and BCL6 mRNA, and when eIF4E is over-expressed there is a 

corresponding increase in the protein expression of the proteins encoded by these mRNAs 

(Culjkovic-Kraljacic et al., 2016). In studies using DLBCL cell lines, ribavirin treatment reduced the 

cytoplasmic abundance of MYC, BCL2 and BCL6 mRNA (calculated as a ratio of cytoplasmic to 

nuclear expression) (Culjkovic-Kraljacic et al., 2016). This implies that targeting eIF4E via ribavirin 
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can inhibit the nuclear export of these mRNAs by preventing eIF4E function as an export adaptor 

protein (Culjkovic-Kraljacic et al., 2016). Interestingly, as ribavirin acts as a m7G cap analogue and 

binds to eIF4E, this prevents the recycling of eIF4E back into the nucleus by importin 8, as importin 

8 can only transport free-eIF4E (Volpon et al., 2016), leading to the depletion of eIF4E from the 

nucleus and its accumulation within the cytoplasm.   

Selective inhibitors of nuclear export (SINE) compounds have recently been developed, of particular 

interest are inhibitors of XPO1. Inhibiting XPO1-dependent export of mRNAs will not only inhibit 

those mRNAs associated with eIF4E, but also a larger variety of cargoes that function as tumour 

suppressor proteins. Inhibition of the export of these proteins will encourage them to act as tumour 

suppressors in the nucleus, and so clearly these inhibitors will have potential for the therapy of 

some cancers. An XPO1 inhibitor of interest is selinexor, a first-in-class inhibitor of XPO1, which 

forms a slowly reversible covalent bond with XPO1 (Etchin et al., 2013). This ultimately renders 

XPO1 inactivated and unable to undertake nuclear export (Etchin et al., 2013). Selinexor induces 

the activation of tumour suppressor proteins and reduces the expression of oncoproteins, such as 

MYC, in early-stage trials for relapsed/refractory NHL (Kuruvilla et al., 2017). This treatment was 

also associated with significant side effects, including reduced neutrophil count, reduced platelet 

count and anaemia (Kuruvilla et al., 2017). In CLL, XPO1 is over-expressed (Lapalombella et al., 2012) 

and thus a key target for potential therapeutic strategies. Selinexor induces apoptosis in CLL 

samples in vitro and more recent data suggests that SINE may also inhibit ribosomal biogenesis and 

mRNA translation (Lapalombella et al., 2012, Tabe et al., 2015). With this in mind, selinexor is a 

promising choice for investigative comparisons to ribavirin, to understand further the impact of 

XPO1 and eIF4E inhibition on nuclear export and other mechanisms in CLL. 
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1.6 Hypothesis and aims 

1.6.1 Hypothesis 

The main hypothesis of this thesis was that the inhibition of translation initiation factors in CLL is 

promising as a potential therapeutic strategy, due to its ability to deprive CLL cells of the expression 

of tumour-promoting oncoproteins, such as MYC and MCL1, following stimulation of sIgM.  

 

1.6.2 Aims 

To investigate this hypothesis, the project aimed to characterise pathways of mRNA translational 

control in CLL and to investigate the effects of inhibitors of eIF4A and eIF4E. 

 

The main aims of this project were to: 

• Characterise the effect of eIF4A inhibitors on both global mRNA translation and expression 

of key disease drivers, MYC and MCL1 in primary CLL cells 

• Investigate the consequences of eIF4A inhibition for MYC RNA accumulation and stability 

• Characterise the effect of the eIF4E inhibitor ribavirin on both global mRNA translation and 

expression of key disease drivers, MYC and MCL1  

• Investigate the effect of ribavirin on nuclear export of RNA in CLL cells 

• Investigate potential anti-tumour effects of ribavirin using an in vivo model of CLL 
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2.1 Cell culture 

2.1.1 Cell culture materials 

 

Table 3. Cell culture materials and their individual components with supplier information described 

where available. 

MATERIAL COMPONENTS AND ORDERING 
INFORMATION 

COMPLETE RPMI-1640 MEDIA RPMI-1640 media (Sigma Aldrich, Missouri, 
USA), supplemented with 10% (v/v) foetal calf 
serum (PAA laboratories Ltd, Somerset, UK),    
2 mM L-glutamine (PAA laboratories) and 1% 
(v/v) penicillin/streptomycin (PAA 
laboratories) 

PHOSPHATE BUFFERED SALINE (PBS) 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 
mM KH2PO4  

DYNABEADS ThermoFisher Scientific, Massachusetts, USA, 
#14311D  

‘CONTROL’ ANTIBODY – UNCONJUGATED 
GOAT F(ab’)2 IgG 

Cambridge Bioscience, Cambridge, UK, #0110-
01 

ANTI-IGM ANTIBODY – UNCONJUGATED 
GOAT F(ab’)2 ANTI-HUMAN IgM  

Cambridge Bioscience, #2022-01 

Q-VD-OPh Sigma Aldrich, #SML0063 

CELL CULTURE PLATES Sigma Aldrich, #CLS3595 
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Table 4. Drugs/compounds used in this study and their ordering information. 

DRUG/COMPOUND ORDERING INFORMATION 

ROCAGLAMIDE Sigma Aldrich, #SML0656 

SILVESTROL MedChemExpress, New Jersey, USA, #HY-13251 

CYCLOHEXIMIDE Sigma Aldrich, #C7698 

CpG-ODN Source Bioscience, Nottingham, UK, #ODN2006-1 

DIMETHYL SULFOXIDE (DMSO) Sigma Aldrich, #D8418 

ACTINOMYCIN D ThermoFisher Scientific, USA, #11805017 

SELINEXOR (KPT-330, XPO1i) Selleckchem, Texas, USA, #S7252 

RIBAVIRIN MedchemExpress, #HY-B0434 

 

2.1.2 CLL cell recovery and treatment 

CLL patients were diagnosed based on IWCLL-NCI guidelines (Hallek et al., 2008) and diagnosis was 

confirmed via flow cytometry. Patients gave the necessary written informed consent prior to 

donation of whole blood samples. All experiments performed using CLL samples had ethical 

approval from Southampton and South West Hampshire Research Ethics committee (228/02/t). All 

CLL samples were taken at the point of diagnosis or subsequent clinic visits. Samples were only 

selected for this study if patients had not received any therapy in the 6 month period prior to 

sample donation.  

Peripheral blood mononuclear cells (PBMCs) were isolated by lymphoprep centrifugation (Axis-

Shield Diagnostics, Dundee, UK) before cryopreservation in 10% DMSO and 90% foetal calf serum 

(FCS, PAA laboratories). Before use, all samples were characterised for IGHV mutational status, 

tumour population (CD19+CD5+%), ZAP70 expression, CD38 expression, surface IgM (sIgM) 

expression and intracellular Ca2+ mobilisation (%). This was performed by research technicians in 

the University of Southampton Cancer Sciences Tissue Bank and CLL group. Samples used in this 

study were chosen based upon their ability to signal through sIgM, determined by intracellular Ca2+ 

mobilisation of over 5% and tumour population over 85% (Table 5). Following cryopreservation, CLL 

samples were defrosted and recovered in complete RPMI-1640 (see Table 3) for 1 hour at 37˚C. 

Cells were then diluted with complete RPMI to 1x107 per ml before use in assays. Where stated, 

cells were treated with Dynabeads (Invitrogen, Massachusetts, USA) coated with goat F(ab’)2  anti-

human IgM antibody (Cambridge Bioscience, Cambridge, UK) or goat F(ab’)2 IgG (Cambridge 

Bioscience) as a control antibody as described previously (Coelho et al., 2013). 
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2.1.3 CLL samples 

Table 5. CLL samples used in this study and their associated characteristics. 

SAMPLE 
ID 

TUMOUR 
POPULATION 

(% CD19+, 
CD5+) 

IGHV 
GENE 

IGHV 
MUTATIONAL 

STATUS 

ZAP-70 
(%) 

CD38 
(%) 

IGM 
EXPRESSION 

(MFI) 

Ca2+MOBILISATION 
(% CELLS) 

222D 91 3-72*01 M 4 92 162 38 

276D 95 3-23*01 M 0 2 307 78 

279A 89 3-30-
3*01 

M 1 2 47 74 

281D 88 3-23*01 M 1 8 11 16 

343F 85 3-48*03 U 2 6 370 86 

348C 96 3-15*01 M 3 0 36 21 

351C 96 3-66*01 M 20 99 96 79 

368D 97 3-15*05 M 9 62 86 35 

466A 90 4-38-
2*02 

U 5 2 51 6 

475C 91 1-3*01 M 5 9 12 10 

483 90 2-5*10 M 3 1 49 5 

500C 92 3-48*03 U 32 56 68 12 

511B 89 3-72*01 U 24 24 36 48 

523D 95 3-72*01 M 1 0 57 65 

525B 90 3-23*01 M 5 0 21 19 

563C 87 3-30-
3*01 

M 0 0 62 81 

575E 95 3-15*01 M 0 1 115 69 

588B 90 3-23*01 M 3 11 42 10 

598B 86 3-7*01 M 1 0 46 66 

604G 89 3-30*03 M 0 3 163 40 

609A 88 3-72*01 M 0 18 25 57 

621B 93 1-3*01 M 23 1 134 49 

629B 94 3-49*03 M 0 14 25 19 

630D 91 3-49*03 M 1 0 12 6 



Chapter 2 

82 

SAMPLE 
ID 

TUMOUR 
POPULATION 

(% CD19+, 
CD5+) 

IGHV 
GENE 

IGHV 
MUTATIONAL 

STATUS 

ZAP-70 
(%) 

CD38 
(%) 

IGM 
EXPRESSION 

(MFI) 

Ca2+MOBILISATION 
(% CELLS) 

635C 90 3-21*01 U 7 2 134 89 

639B 89 3-74*01 M 22 3 16 8 

643C 88 6-1*01 M 1 0 31 32 

654 85 1-69*01 M 0 1 21 36 

668A 92 3-30*03 U 18 1 175 47 

674C 85 3-21*01 U 35 35 562 88 

681 96 3-7*02 M 0 6 304 60 

684D 94 3-15*07 M 5 11 27 21 

686A 88 3-11*01 M 23 18 99 78 

689 96 3-48*03 U 8 92 59 15 

716B 88 3-7*01 M 1 4 34 65 

766 89 3-30*01 M 11 0 92 78 

774A 97 1-69*01 U 15 5 118 25 

780B 98 3-21*01 U 30 98 122 81 

781 95 1-8*01 M 3 0 62 51 

784 98 3-48*01 U 0 11 151 85 

791A 87 3-7*03 M 5 33 53 28 

794A 86 4-4*02 M 8 5 50 37 

803C 95 1-69*01 U 56 33 62 31 

815 85 3-33*01 M 55 42 141 32 

816C 86 1-18*01 U 1 5 145 80 

875A 88 3-48*02 M 1 10 496 86 

888 94 3-21*01 U 81 86 139 65 

929 80 1-69*01 U 25 75 268 58 

1011 94 3-53*01 U 2 88 190 71 

Mutational status of the IGHV gene; M indicates mutated (M-CLL) or U indicating unmutated (U-CLL). Ca2+ 

signalling is the response as a percentage of cells following stimulation with soluble anti-IgM antibody. CLL 
samples were characterised by research technicians in the tumour bank and CLL group. 
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2.2 Flow cytometry 

2.2.1 Materials 

Table 6. Materials used in flow cytometry and their associated components 

MATERIALS COMPONENTS/ORDER INFORMATION 

ANNEXIN-V BUFFER (10X) 0.1 M HEPES pH 7.4, 1.4 M NaCl, 25 mM CaCl2  

FACS BUFFER 1% BSA, 4 mM EDTA, 0.15 mM Sodium azide  

CLICK-IT PLUS OPP ALEXA FLUOR 647 
PROTEIN SYNTHESIS ASSAY KIT 

ThermoFisher Scientific, USA, #C10458 

BD CYTOFIX/CYTOPERM 
FIXATION/PERMEABILIZATION SOLUTION KIT 

ThermoFisher Scientific. #15747847 

ANNEXIN-V-FITC Protein Core Facility, University of 
Southampton 

PROPIDIUM IODIDE  1 mg/ml solution, Invitrogen, #P3566 

FLUO-3-AM Invitrogen #F1242 

PLURONIC ACID F-127 50 mg/ml in sterile H2O, Sigma Aldrich, 
#P2443 

 

 

Table 7. Antibodies used for flow cytometry and their ordering information 

ANTIBODIES ORDERING INFORMATION 

PERCP-CY5-5-CONJUGATED ANTI-HUMAN 
CD5 

Biolegend, #300620 

PACIFIC BLUE-CONJUGATED ANTI-HUMAN 
CD19 

Biolegend, #302232 

ALEXA FLUOR 647-CONJUGATED OPP ThermoFisher Scientific, USA, #C10458 

PE-CONJUGATED GOAT ANTI-HUMAN IgM Biologend, #314507 

PE-CONJUGATED ISOTYPE MOUSE IgG1 Biolegend, #400112 
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2.2.2 O-propargyl-puromycin (OPP) incorporation 

Cells were plated at 1x106 cells per well in a 96-well plate (flat bottom, Sigma Aldrich) with Q-VD-

OPh (10 μM, Sigma Aldrich). Q-VD-OPh is a pan-caspase inhibitor and was used to prevent 

spontaneous apoptosis of CLL cells in vitro. Cells were pre-treated with inhibitors or DMSO for one 

hour at 37˚C. Following this, cells were treated with control antibody, anti-IgM or CpG-ODN (7.5 

μg/ml, Source Bioscience), for a further 24 hours incubation at 37˚C. Next, cycloheximide (CHX, 10 

μg/ml, Sigma Aldrich) was added for five minutes as a control to pause translation. This was 

followed by addition of O-propargyl-puromycin (OPP, 20 μM) reagent to all cells for 30 minutes at 

37˚C, according to the manufacturers’ specification (ThermoFisher Scientific, Essex, UK). OPP is a 

puromycin analogue that is incorporated into newly synthesised polypeptide chains, and its 

incorporation is measured as a rate of translation. 

Cells were then moved into flow cytometry plastic tubes and spun at 350 g for 5 minutes before 

washing with cold PBS twice and repeating the above centrifuge step.  Cells were then washed and 

fixed with BD Cytofix/Cytoperm Fixation/Permeabilisation Kit (ThermoFisher Scientific) before 

addition of OPP reaction mixture at room temperature for 30 minutes. Following this, staining of 

incorporated OPP was undertaken using Alexa Fluor-647 (APC) antibody (ThermoFisher Scientific), 

and CLL samples stained with anti-human CD19-Pacific blue and anti-human CD5-PerCyP5.5 

antibodies on ice, in the dark for 30 minutes (Biolegend, California, USA). Samples were then 

centrifuged as above, and resuspended in 300 μl FACs buffer. Data was acquired using a BD 

FACSCanto (BD Biosciences, California, USA) and analysed using FlowJo® software version 9.9.6 (BD 

Biosciences). The fluorescence value for CHX-treated cells was subtracted from all other values 

during analysis to correct for background fluorescence. Live cells were first gated, followed by 

gating of the CD5+/CD19+ CLL population, and APC measured as incorporation of OPP, as below 

(Figure 2-1).   

Results from a pilot OPP labelling experiment are shown in Figure 2-1 to illustrate the gating 

procedure. The multiple live cell populations with differing side scatter shown in Figure 2-1 have 

been reported previously (Coelho et al., 2013) and are due to binding of increasing numbers of anti-

IgM beads.  

For analysis, mean fluorescence intensity (MFI) was calculated via FlowJo® software and exported 

to Microsoft Excel. Average MFI was calculated per duplicate of each condition. The MFI value for 

the CHX-treated control was subtracted from the average MFI of each condition. Values were then 

set to the DMSO control normalised to 1 (basal) or 100 (anti-IgM-induced). This allowed for 

improved visibility of the effects of sIgM-stimulation and the effects of inhibitors on this response. 
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Figure 2-1. OPP-incorporation flow cytometry gating strategy 

Representative FACS plots shown for OPP-incorporation assay. FACS OPP-incorporation assay was performed 

on the BD FACSCanto™ and data analysed using FlowJo® software v10.3. Gating was performed by initially 

selecting live and bead-bound cells based upon their forward scatter (FSC-A) and side-scatter (SSC-A) profiles 

(A). These cells were then further gated for positive CD19 expression (Pacific Blue-A) and CD5 expression 

(PerCP-Cy5-5-A), thus selecting only CLL cells (B). This subset of cells was then measured for APC expression, 

which measured OPP-incorporation (C). These gates were replicated across all conditions per experiment and 

APC MFI used as a measure of OPP-incorporation/ mRNA translation.  
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2.2.3 Annexin-V/propidium iodide (PI) staining 

Annexin-V/propidium Iodide (PI) FACS staining was used to analyse viability of CLL cells following 

the treatments stated, with or with-out Q-VD-OPh (10 μM, Sigma Aldrich). Annexin-V/PI staining 

works on the basis that on the cytoplasmic surface of the plasma membrane of viable cells there is 

a phospholipid, phosphatidylserine (PS), actively held by an enzyme, flippase. When the cell 

undergoes apoptosis, scramblase enzyme catalyses the movement of PS to the outer-side of the 

plasma membrane, where PS can be recognised by macrophages for phagocytosis. Annexin-V 

staining can be used to bind and identify PS on the external cellular membrane of apoptotic cells. 

Propidium iodide (PI) is a fluorescent dye that intercalates into DNA when a cell is undergoing 

apoptosis. PI cannot permeate through the cell membrane of viable cells and so PI staining can only 

occur in apoptotic cells.  

Cells were plated at 1x106 cells per well in a 96-well plate and treated with the relevant inhibitor 

compound (as stated per experiment) for 24 hours (or longer in the case of ribavirin experiments, 

up to 72 hours). Cells were collected into flow cytometry tubes and spun at 300 g for 5 minutes 

before washing with cold PBS twice. Cells were then incubated in 300 µl of 1x Annexin-V buffer 

containing 2.5 µg/ml of Annexin-V-FITC (Protein Core Facility, University of Southampton) and 12.5 

µM PI (Invitrogen, USA) per sample tube in the dark before analysis using a BD FACSCanto and 

analysed using FlowJo® software. Cells gated as in Figure 2-2, and percentage of live cells was 

recorded (Annexin V-/PI-). Percentage of live cells were then normalised with DMSO-control set to 

100 and other conditions made relative to this before presentation in GraphPad Prism software v7. 
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Figure 2-2. Gating strategy of Annexin-V/PI flow cytometry assay 

Representative FACS plots shown for Annexin-V/PI assay, performed on the BD FACSCanto™ and data 

analysed using FlowJo® software v10.3. Gating was performed by initially selecting lymphocytes based upon 

their forward scatter (FSC-A) and side-scatter (SSC-A) profiles, removing debris from analysis. These cells were 

then further gated for Annexin-V (FITC-A) and PI (PerCP-Cy5-5-A). Plots were gated into quadrants of Annexin-

V positive/negative and PI positive/negative. Q1 shows percentage of Annexin-V-/PI+ cells, Q2 is Annexin-

V+/PI+ cells, Q3 is Annexin-V+/PI- cells and Q4 is Annexin-V-/PI- cells. Q4 is therefore the live cell population 

and provides a percentage of total cells per sample that are live. Percentage of cells were then normalised 

with DMSO-control set to 100 and other conditions made relative to this. 
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2.2.4 Calcium-flux (Ca2+)/ mobilisation flow cytometry 

Calcium (Ca2+) mobilisation was investigated as a marker of BCR signalling capacity. CLL cells were 

recovered as in section 2.1.2 and plated at 1x107 cells in 1ml in a 1.5 ml Eppendorf and treated with 

the relevant drug for one hour. Cells were then treated with Pluronic acid F-127 at 0.02% of total 

volume (Sigma Aldrich, Poole, UK) and Fluo3-AM dye (4 μM, Invitrogen, UK) for 30 minutes at 37˚C. 

Cells were washed and resuspended in fresh room temperature RPMI (with relevant drugs re-

added). Each tube was warmed to 37˚C for 5 minutes prior to acquisition. The flow cytometer ran 

for 30 seconds to record background/baseline fluorescence, after 30 seconds tubes were carefully 

removed whilst the flow cytometer was still recording and 20 μg/ ml F(ab’)2 soluble anti-human IgM 

or ‘control’ antibody, goat F(ab’)2 IgG was added and the tube replaced back on the flow cytometer. 

Following five minutes of data acquisition, the Ca2+ ionophore ionomycin (1 μM) was added, to 

determine full Ca2+ releasing capacity of the sample. Data acquisition was performed using the BD 

FACSCanto flow cytometer and analysed using FlowJo® software. Percentage of responding cells 

was calculated by [peak response – mean Y (baseline) / %CD19+ cells] x 100. Percentage of CD19+ 

cells per sample was taken from phenotyping data provided and described in Table 5. Example plots 

of calcium mobilisation assay can be seen in Figure 5-8. 

 

2.2.5 Surface IgM (sIgM) expression 

Flow cytometry staining was also used to determine sIgM expression on CLL cells following ribavirin 

treatment. Cells were plated at 1x106 in 100 μl media per well in a 96-well plate, after recovery for 

one hour. The relevant wells were treated with the relevant drug for 24-hours at 37˚C. Cells were 

then collected in FACs tubes and washed twice in cold PBS by centrifugation. Samples were then 

stained with anti-human CD19-Pacific blue, anti-human CD5-PerCyP5.5 and PE-conjugated anti-

human IgM (or a PE isotype control antibody, Biolegend) for 30 minutes on ice, in the dark. Cells 

were then washed in 1 ml FACS buffer by centrifugation then resuspended in 300 μl FACs buffer for 

analysis on the BD FACSCanto and analysed using FlowJo® software. Gating was performed as 

demonstrated in Figure 2-3. Staining controls are demonstrated in Figure 2-4. MFI was made 

relative to DMSO-treated control set to 100 for analysis. Statistical analysis performed using paired 

T-tests.
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Figure 2-3. Gating strategy of sIgM expression 

Representative FACS plots shown for sIgM staining assay, performed on the BD FACSCanto™ and data analysed using FlowJo® software v10.3. Gating was performed by initially selecting 

lymphocytes based upon their forward scatter (FSC-A) and side-scatter (SSC-A) profiles, removing debris and dead cells from analysis. These cells were then further gated for positive CD19 

(Pacific Blue-A) and CD5 (PerCP-Cy5-5-A) expression to identify CLL cells. These CLL cells were then measured for sIgM expression (PE-A) and MFI calculated. sIgM MFI expression was then 

normalised with DMSO-control set to 100 and other conditions made relative to this. 
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Figure 2-4. Overlay of PE expression in IgM stained or PE- isotype stained or unstained cells 

 

Representative FACS histogram overlays shown for sIgM staining assay, using sample M-681, performed on 

the BD FACSCanto™ and data analysed using FlowJo® software v10.3. Gating was performed by initially 

selecting lymphocytes based upon their forward scatter (FSC-A) and side-scatter (SSC-A) profiles, removing 

debris and dead cells from analysis. These cells were then further gated for positive CD19 (Pacific Blue-A) and 

CD5 (PerCP-Cy5-5-A) expression to identify CLL cells. These CLL cells were then measured for sIgM expression 

(PE-A). Overlays demonstrated to show binding of PE-conjugated IgM stain and PE-conjugated isotype control 

stain and unstained cells.  
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2.3 Western blotting 

2.3.1 Materials 

Table 8. Materials used for western blotting and their components. 

MATERIAL COMPONENTS/ORDER INFORMATION 

RUNNING BUFFER (10X) 250 mM Tris-base, 1.9 M Glycine , 35 mM SDS  

TRANSFER BUFFER 25% (v/v) ethanol, 10 % (v/v) running buffer (10x), 
65% (v/v) deionised H2O 

TRIS-BUFFERED SALINE – TWEEN (TBST) 20 mM Tris pH7.6, 137 mM NaCl, 0.1% (v/v) 
Tween-20 (Sigma Aldrich) 

POLYACRYLAMIDE RESOLVING GEL (10%) deionised H2O, 30% acrylamide mix (Sigma 
Aldrich), 1.5 M Tris pH8.8, 10% SDS, 10% 
ammomium persulfate, 0.0004% (v/v) TEMED  

POLYACRYLAMIDE STACKING GEL (6%) deionised H2O, 30% acrylamide mix (Sigma 
Aldrich), 1.0 M Tris pH6.8, 10% SDS, 10% 
ammomium persulfate, 0.001% (v/v) TEMED 

RIPA LYSIS BUFFER (5X) 0.75 M NaCl, 5% (v/v) NP40, 2.5% (v/v) 
deoxycholate (DOC), 0.5% (w/v) SDS, 0.25 M Tris 
pH8.0 

5% BSA-TBST  TBST (as above) supplemented with 5% bovine 
serum albumin (w/v, BSA, Sigma Aldrich, #A7906) 

PROTEASE INHIBITOR COCKTAIL Sigma Aldrich, #8340 

PHOSPHATASE INHIBITOR COCKTAIL 2 Sigma Aldrich, #5726 

PHOSPHATASE INHIBITOR COCKTAIL 3 Sigma Aldrich, #0044 

DTT AND SDS-LOADING DYE KIT Cell Signaling Technology, London, UK, #7723 

SUPERSIGNAL™ WEST FEMTO 
CHEMILUMINESCENT SUBSTRATE 

ThermoFisher Scientific, #34094 
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Table 9. Antibodies used for western blotting and their order information. 

ANTIBODY COMPANY & ORDER NUMBER 

POLYCLONAL GOAT ANTI-MOUSE 
HORSERADISH PEROXIDASE (HRP) 

Agilent Technologies, Santa Clara, USA, 
#PO44701-2 

POLYCLONAL GOAT ANTI-RABBIT HRP Agilent Technologies, #D048701-2 

ANTI-c-MYC MOUSE MONOCLONAL (CLONE 
9E10) 

Merck, Watford, UK, #MABE282 

POLYCLONAL RABBIT ANTI-eIF4E Cell Signaling Technology, #9472 

POLYCLONAL RABBIT ANTI-PHOSPHO-eIF4E 
(Ser209)  

Cell Signaling Technology, #9741 

MONOCLONAL RABBIT ANTI-4E-BINDING 
PROTEIN-1 (4E-BP1) 

Cell Signaling Technology, #9644 

MONOCLONAL MOUSE ANTI-MCL1 Santa Cruz Biotechnology, Texas, USA, #12756 

POLYCLONAL RABBIT ANTI-eIF4A Abcam, Cambridge, UK, #ab31217 

MONOCLONAL RABBIT ANTI-PDCD4 Cell Signaling Technology, #9535 

MONOCLONAL RABBIT ANTI-CYCLIN D1 Cell Signaling Technology #2978 

MONOCLONAL MOUSE ANTI-HSC70 Santa Cruz Biotechnology, #7298 

MONOCLONAL MOUSE ANTI-PARP BD Biosciences, #556494 

POLYCLONAL RABBIT ANTI-ERK1/2 Cell Signaling Technology, #9102 

POLYCLONAL RABBIT ANTI-PHOSPHO-ERK1/2 
(THR202/TYR204) 

Cell Signaling Technology, #9101 

MONOCLONAL RABBIT ANTI-BETA-ACTIN Cell Signaling Technology, #4970 

All antibodies were used as a 1:1000 dilution in 5% BSA in TBST buffer. 

 

2.3.2 Protein extraction  

Proteins were extracted from cell pellets by treatment with 1X RIPA buffer (Table 8) supplemented 

with protease and phosphatase inhibitors (Sigma Aldrich) for 20 minutes on ice followed by 

centrifugation at 16,100 g at 4˚C for 5 minutes. The supernatant, containing proteins, was then 

transferred to a fresh 1.5 ml Eppendorf tube and the pellet discarded.  
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2.3.3 Protein quantification by Bradford assay 

Protein concentration was calculated using the Bradford colorimetric assay (Biorad, Watford, UK). 

Bradford reagent was diluted and added to a 96 well plate and 1 mg/ml bovine serum albumin (BSA) 

used for the standard curve, alongside samples of unknown protein concentration. The plate was 

then read by the Varioskan Flash plate reader (ThermoFisher Scientific) by measuring the 

wavelength of light at 595nm. Protein concentrations were then calculated using the standard 

curve method. Following quantification, equal concentrations of each sample were mixed with 30X 

dithiothreitol (DTT) and SDS loading dye (Cell signaling technology, Hertfordshire, UK), and boiled 

at 95˚C for 5 minutes then stored at -20˚C before gel electrophoresis. 

 

2.3.4 Gel electrophoresis  

Proteins were separated by gel electrophoresis using a 10% Tris/Glycine gels were made and 

resolved at 120V for ~1 hour in running buffer (Table 8). The proteins were then transferred onto a 

nitrocellulose membrane at 100V for 1 hour in transfer buffer (Table 8). The membrane was then 

incubated for 1 hour in 5% (w/v) BSA in TBST (Table 8) to prevent any non-specific binding of 

antibodies during the following incubation steps. 

 

2.3.5 Visualisation of proteins 

Primary antibodies were incubated (Table 9) with membranes in 5% BSA overnight at 4˚C, before 

washing with TBST (Table 8) and then incubated with the relevant horseradish peroxidase (HRP) 

secondary antibodies in 5% BSA for 2 hours at RT. Imaging of Western blot membranes was carried 

out by adding Supersignal™ West Femto chemiluminescent substrate (ThermoFisher scientific) and 

imaging performed using the UVP ChemiDoc-IT imaging system (Analytik Jena, California, USA). 

Image J software (NIH) was used to calculate band densitometries for graphs shown and all 

calculations are made relative to HSC70 or other relevant protein expression, as stated.  
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2.4 Molecular biology techniques 

2.4.1 Materials 

Table 10. Materials used for molecular biology and their ordering information 

MATERIAL ORDERING INFORMATION 

RELIAPREP RNA EXTRACTION MINIKIT Promega, Southampton, UK, #Z6011 

RNASEZAP RNASE DECONTAMINATION 
SOLUTION  

ThermoFisher Scientific, #AM9780 

EPPENDORF LOBIND MICROCENTRIFUGE 
TUBES 2ML 

Sigma Aldrich, #Z666556 

OLIGO-(dT)15 PRIMERS Promega, #C1101 

M-MLV REVERSE TRANSCRIPTASE AND M-
MLV BUFFER KIT 

Promega, #M5313 

RNAISIN RIBONUCLEASE INHIBITOR Promega, #N2111 

dNTP’S (dATP, dCTP, dGTP, dTTP) Promega, #U1130 

FAST 96-WELL HARDSHELL CLEAR PLATES ThermoFisher Scientific, #4483485 

MICROAMP CLEAR ADHESIVE FILM PLATE 
SEALS 

ThermoFisher Scientific, #4306311 

TAQMAN FAST ADVANCED MASTERMIX ThermoFisher Scientific, #4444963 

 

 

Table 11. Primers/probes used in qPCR 

PRIMER/ GENE NAME SPECIES AMPLICON LENGTH ORDER CODE 

MYC Human 107 Hs00153408_m1 

MCL1 Human 89 Hs01050896_m1 

B2M Human 64 Hs00187842_m1 

GAPDH Human 157 Hs02786624_g1 

EIF4E Human 191 Hs00854166_g1 

CCND1 Human 57 Hs00765553_m1 

All primers were sourced from ThermoFisher Scientific UK and used according to the manufacturers’ 
instructions. Probes of each primer were produced known to span the exons of the mRNA in question. 
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2.4.2 RNA extraction  

CLL cells were recovered and plated at 1x107 cells per well in a 12 well plate and treated as stated 

per experiment. Following this incubation cells were collected as pellets after washing with PBS and 

RNA then extracted following the manufacturers protocol using the Reliaprep RNA extraction 

minikit (Promega). RNA was eluted in RNAse-free water and  then quantified using the Nanodrop 

1000 spectrophotometer (ThermoFisher Scientific).Techniques involving RNA were carried out in 

an RNase-free environment and all surfaces and equipment were pre-treated with RNaseZAP RNase 

decontamination solution (ThermoFisher Scientific). DNase/RNase free Eppendorf tubes (Sigma 

Aldrich) and filter tips were used to prevent contamination/degradation of RNA.  

 

2.4.3 Synthesis of first strand complementary DNA 

1 μg of RNA was used to synthesise single-stranded complementary DNA (cDNA) for all experiments 

excluding polysome profiling which used 300 ng RNA due to experimental limitations. RNA was 

diluted to a total volume of 14 μl with RNase-free H2O. To this, 1 μl oligo-(dT)15 primer (Promega, 

Southampton, UK) was added to RNA before heating to 70˚C for 5 minutes to allow the oligo-(dT) 

primer to bind to the polyA tail of the RNA. Next, samples were cooled to 4˚C and a mixture of 1 μl 

M-MLV reverse transcriptase (Promega), 0.625 μl RNaisin ribonuclease inhibitor (Promega), 1.25μl 

10 mM dNTP, 5 μl M-MLV buffer (Promega) and 2.125 μl RNase-free H2O added to each sample. 

Samples were then placed in a thermal cycler set to 42˚C for 60 minutes which allows generation 

of the cDNA complementary to the mRNA sequence, with optimal reverse transcriptase enzyme 

activity. This was followed by heating to 95˚C for 5 minutes, to inactivate the reverse transcriptase 

enzyme before cooling to 4˚C. Samples were diluted with 75 μl sterile-filtered H2O and stored for 

future use in qPCR at -20 ˚C.  

 

2.4.4 Quantitative polymerase chain reaction (qPCR) 

cDNA synthesised as described above was used for Taqman® quantitative polymerase chain 

reaction (qPCR) using gene-specific Taqman® primers (Table 11) and the Quant-Studio Flex 7 Real-

Time PCR System (ThermoFisher Scientific). Taqman® primers contained both forward and reverse 

primers specific to the gene of interest, as well as a probe with a fluorophore and quencher. Probes 

are DNA oligonucleotides which bind downstream of a forward or reverse primer during PCR. The 

probes 5’ end has a fluorophore, and the 3’ end has the quencher. The quencher is used to ‘quench’ 
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the fluorophore when close to one another. When the probe is intact, a process called fluorescence 

resonance energy transfer (FRET) occurs. FRET is the transfer of energy between two dye molecules, 

during which excitation/energy is transferred from the donor molecule (in this case, the 

fluorophore) to an acceptor molecule (the quencher) without emission of a photon.  Therefore, the 

quencher absorbs the fluorescence produced by the fluorophore when they are in close proximity. 

When the probe has bound to the target sequence, it gets cleaved by the Taq polymerase enzyme 

in the Taqman Mastermix during the extension phase of the PCR cycle, which separates the probe 

and fluorophore, resulting in increased fluorescence. Thus, with every PCR cycle, more probe is 

cleaved and an increasing level of fluorescence is produced. 

Cleavage of the probe also removes the probe itself from the target sequence, allowing primer 

extension to continue and not preventing exponential accumulation of the PCR product. With each 

PCR cycle, additional fluorophores are cleaved from the probes resulting in increased fluorescence 

which is proportional to the concentration of the target cDNA in the reaction, as gene-specific 

primers and probe were used. 

Based upon baseline fluorescence, the software produces a threshold value, often an average of 

the fluorescence detected between early cycles (usually between cycles three to 15). When 

fluorescence in the reaction is detected over this threshold value a threshold cycle (Ct) value is 

produced for each sample. The Ct value is the fractional cycle number of which the fluorescence 

reaches the threshold, and correlates with more template cDNA at the start of the PCR reaction 

leading to a smaller Ct value. The Ct value occurs during the exponential phase of the PCR reaction. 

Once the components in the reaction mixture become sparse, and rate limiting, the rate of 

amplification decreases until the PCR reaction undergoes the plateau phase, whereby the reaction 

template is no longer being generated exponentially. Stages of the qPCR cycle are illustrated in 

Figure 2-5, and repeated 40-times.  
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Figure 2-5. Stages of a Taqman qPCR cycle. 

Diagram of the stages of a Taqman qPCR. F indicates the fluorophore and Q represents the quencher of the 

probe. The initial stage of PCR involves heating to 95°C for denaturing of the cDNA, to allow primers and 

probes access to individual strands. The temperature then is reduced to 60°C for extension of the primers in 

the 5’-3’ direction, resulting in Taq polymerase enzyme meeting the 5’ end of the probe, where the 

fluorophore is attached. Taq polymerase then degrades the probe, resulting in the fluorophore moving away 

(no longer near the quencher) and producing fluorescence. The polymerase can continue to extent the 

primer. This cycle then repeats with more PCR product produced. Image produced using ChemDraw 

Professional v16. 
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For the qPCR reaction, 5 μl of cDNA, 1 μl of the gene-specific Taqman primer/probe mix and 10 μl 

of Taqman mastermix were added per well of a 96-well qPCR plate (Thermofisher Scientific). A clear 

plate seal was applied to the plate, before brief centrifugation to collect all of the qPCR reaction 

mix to the bottom of the well. Within the plate, each sample was added in duplicate and a duplicate 

standard curve was also added. This standard curve was generated from RNA extracted from cells 

of the HBL1 cell line. RNA was extracted and cDNA synthesised as in 2.4.2 and 2.4.3 and serial 

dilutions were performed to create a standard curve of the following concentrations; 10, 5, 1, 0.5, 

0 ng/μl. Once the qPCR had been performed, the Ct values produced were exported to Microsoft 

Excel. The higher the Ct value, the lower abundance of the target-gene, as more PCR cycles occurred 

to reach the fluorescence threshold (Figure 2-6). To quantify cDNA, the standard curve was used to 

correlate Ct values with the known cDNA concentration. Ct values of the samples measured with 

unknown concentrations of cDNA were calculated against those of the standard curve to calculate 

the cDNA concentration present in each sample. The duplicate results were then used to calculate 

the average concentration. mRNA expression was then calculated by making the cDNA values 

relative to the B2M (housekeeping control) cDNA expression of each sample. Data was then 

statistically and graphically analysed using GraphPad prism software v7.0 and using students T-

tests. 
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Figure 2-6. Amplification plot from a qPCR experiment 

Example of a typical amplification plot produced following a qPCR experiment. Threshold line can be seen in 

red with threshold value (0.062217). The threshold value is the ΔRn at which the fluorescence of a sample 

must reach to exceed background fluorescence. The cycle at which a sample reaches the threshold is classed 

as its threshold cycle (or Ct). Each coloured line represents a single sample, duplicates are shown in the same 

colour for that sample. The qPCR experiment which this plot was taken from was measuring MYC expression 

in untreated, isotype control-bead and anti-IgM bead treated CLL cells. Plot was obtained using the 

QuantStudio Flex 7 Real-Time PCR software v1.3 (ThermoFisher Scientific).  
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2.5 Polysome profiling 

2.5.1 Materials 

Table 12. Materials used for polysome profiling and their components/ordering information 

MATERIAL COMPONENTS/ORDER INFORMATION 

CELL LYSIS BUFFER 10 mM Tris-HCl pH 7.5, 100 mM NaCl, 100 mM 
MgCl2 , 10% Triton X-100 and sodium 
deoxycholate (DOC) (1:1 mix), 1 M DTT and 
40U RNasin Ribonuclease Inhibitor (Promega, 
Wisconsin, USA, #N2111) 

PROTEINASE K Thermo Fisher Scientific, #AM2546 

CARRIER tRNA FROM BAKERS YEAST Sigma Aldrich, #R9001 

PHENOL-CHLOROFORM  Sigma Aldrich, #77618 

CHLOROFORM Sigma Aldrich, #25666 

POLYSOME GRADIENT BUFFER 30 mM Tris-HCl pH7.5, 100 mM NaCL, 10 mM 
MgCl2 

 

2.5.1 Preparation of CLL samples and treatments 

Cells were recovered as in 2.1.2 and treated with QVD-O-Ph (5 µM, Sigma Aldrich) before being split 

into T25 flasks at 5x107 per condition. Cells were treated as required per experiment then following 

incubation, cells were treated with 10 μg/ml CHX (Sigma Aldrich) for 5 minutes to arrest the 

ribosomes. Cells were then collected and washed in PBS (with CHX added) before centrifugation at 

300 g and 4˚C for 5 minutes. Cell pellets were then incubated in cell lysis buffer (see Table 12) for 2 

minutes on ice before centrifugation at 16,100 g at 4˚C for 5 minutes. The resulting supernatant 

containing polysomes was snap-frozen and stored at -80˚C.  

 

2.5.2 Ultracentrifugation, fractionation and visualisation of polysome profiles 

Sucrose solutions of 20%, 26%, 32%, 38%, 44% and 50% (made up in distilled H2O) were layered 

and snap-frozen at each layer in ultracentrifugation tubes, with the most concentrated solution at 

the base of the tube, before defrosting overnight at 4˚C to form continuous gradients. Polysome 

lysates were then thawed and equal volumes gently pipetted atop continuous sucrose gradients in 
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ultracentrifugation tubes.  These samples were then centrifuged at 234,745 g for 2.5 hours at 4˚C 

with no brake using the Beckman Coulter Optima XPN-80 ultracentrifuge. Samples were run 

through the piston gradient fractionator (Biocomp instruments) and absorbance measured at 254 

nm. Waveforms were measured and analysed using Windaq DATAQ software (DATAQ Instruments, 

Ohio, USA). Technique demonstrated in Figure 2-7. Fractions were collected for 45 seconds into 

Eppendorf tubes containing 5 mg/ml proteinase K (to remove proteins, ThermoFisher Scientific) 

and 0.25 μg/μl carrier tRNA (to aid precipitation of the mRNA) from bakers’ yeast (Sigma Aldrich) 

followed by two hours incubation at 37˚C then stored at -20˚C. 
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Figure 2-7. Polysome profiling. 

Polysome lysates pipetted on top of a continuous sucrose gradient (20-50%) before ultracentrifugation at 234,745 g (37,000rpm) for 2.5 hours. This results in more dense fragments at 

bottom of tube, such as mRNA bound to multiple polysomes, whereas lighter fragments would be towards the top such as free mRNA or ribosomal subunits. Sample is taken up from the 

top and pumped through polysome profiling machine where UV absorbance is measured and produces profile as shown. 
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2.5.3 Phenol-chloroform RNA extraction of polysome fractions 

Fractions were defrosted on ice before mixing with phenol-chloroform (pH 4.5, ratio 1:1, Sigma 

Aldrich) and vortexed thoroughly. Fractions were centrifuged at 13,700 g for 10 minutes at 4˚C to 

separate the aqueous phase which contains nucleic acids from the organic phase of proteins and 

lipids. The aqueous phase was then combined with chloroform and vortexed again. Fractions were 

then centrifuged again as above, then the top layer taken was and mixed with isopropanol to 

precipitate RNA. Fractions were then inverted 5 times and stored at -20˚C for 2 hours. Next, samples 

were centrifuged at 13,700 g for 30 minutes at 4˚C, and the pellet then re-suspended in 80% 

ethanol. Finally, samples were spun again at 13,700 g for 30 minutes, ethanol removed and pellet 

air-dried on ice for 10 minutes before dissolving in RNase free water. The extracted RNA from each 

fraction was then quantified using the Nanodrop 1000 spectrophotometer (ThermoFisher 

Scientific). 300 ng of RNA per sample was then used for synthesis of cDNA as in section 2.4.3, and 

qPCR performed as in section 2.4.4. 

 

2.5.4 Analysis of polysome profiling data 

Following qPCR, cDNA from each of the 10 fractions per sample was quantified using the standard 

curve method as described (section 2.4.4). Image depicts the collection of fractions 1-10 against a 

polysome profile (Figure 2-8).  

Using the cDNA values obtained, total cDNA (ng) per condition was calculated as a sum of the 10 

fractions. Monosome associated cDNA was calculated as a sum of the fractions 1-4, while 

polysome-associated cDNA was calculated as a sum of fractions 5-10 for each condition. The 

percentage of RNA per fraction of each condition was calculated by dividing the amount of RNA in 

each fraction by the total RNA and multiplied by 100 to generate a percentage. The percentage of 

RNA in the polysomes or monosome peak was calculated by using the polysome or monosome-

associated cDNA (respectively) and divided by the total RNA to generate a percentage. The 

percentage of RNA per fraction was then used to calculate the RNA per polysome fractions relative 

to monosome fractions, and normalised with anti-IgM DMSO treated sample set to 1. 
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Figure 2-8. Fractions collected during polysome profiling 

Equal fractions during polysome profiling were collected for 45 seconds into 1.5 ml Eppendorf tubes 

containing 5 mg/ml proteinase K (ThermoFisher Scientific) and 0.25 μg/μl carrier tRNA (Sigma Aldrich). 
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2.6 Bioinformatical analysis of 5’ UTR of MYC and MCL1 

Sequences of target genes were taken from National Center for Biotechnology Information (NCBI) 

Genbank, using RefSeq accessions – NM_002467 (MYC) and NM_021960 (MCL1). Sequences were 

truncated at the start codon and length determined (as base pairs). Presence of polypurine 

sequences was determined by counting of individual 6mers (A/G). Presence of G-quadruplexes was 

determined using QuadBase2 online software. Finally, free energy of the most stable predicted 

secondary structure was determined using RNAFold online software.  

 

2.7 Subcellular fractionation 

2.7.1 Materials 

Table 13. Materials used for subcellular fractionation and their components or ordering information 

MATERIAL COMPONENTS/ORDER INFORMATION 

FRACTIONATION BUFFER 1 10 mM HEPES pH 7.5, 10 mM KCl, 0.1 mM 
EDTA, 0.5% IGEPAL, 1 mM DTT 

FRACTIONATION BUFFER 2 20 mM HEPES pH 7.5, 400 mM NaCl, 1 mM 
EDTA, 1 mM DTT 

SUPERASEIN RNASE INHIBITOR Invitrogen, USA, #AM2696 

 

2.7.2 Fractionation of nuclear and cytoplasmic RNA 

4x106 CLL cells were incubated in T25 flasks in 4 ml complete RPMI media. Cells were recovered as 

in section 2.1.2 before treatment with the relative drug for 1-hour at 37˚C and then control or anti-

IgM beads added for 24 hours. Following treatments, cells were collected in cold PBS and 

centrifuged for five minutes at 300 g. Pellets were then resuspended in cold PBS and re-centrifuged. 

The supernatant was removed and 400 μl Buffer 1 (containing SUPERaseIn RNase inhibitor 1:100, 

to prevent degradation of RNA) was added to the remaining cell pellet. Samples were then scraped 

across an Eppendorf rack to gently disrupt the pellet. The samples were incubated on ice for 20 

minutes, and then vortexed before centrifugation at 12,000 g for 10 minutes at 4˚C. Supernatant 

(cytosolic fraction) was collected in a fresh 1.5 ml Eppendorf tube and stored on ice before RNA 

extraction.  
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The remaining pellet was washed twice in 200 μl Buffer 1 by centrifugation at 12,000 g for 2 minutes 

at 4˚C. The pellet was then resuspended in 150 μl Buffer 2 (including RNase inhibitor as above for 

buffer 1) and incubated on ice for 30 minutes. Then the samples were centrifuged at 12,000 g for 

15 minutes at 4˚C, and the supernatant collected as the nuclear fraction. 

To extract RNA from the cytoplasmic and nuclear fractions, phenol-chloroform RNA extractions 

were performed as described in section 2.5.3. To determine success of the fractionation protocol, 

the integrity of the RNA and the quantity of RNA extracted, I used the Agilent 2100 Bioanalyzer 

system (Agilent, Santa Clara, USA) according to the manufacturer’s instructions. RNA integrity could 

be confirmed by the presence of peaks produced by electrophoresis, representing 18S and 28S 

rRNA, with the software producing an RNA integrity number (RIN) based upon the relative 

abundance of these peaks. Demonstration of successful fractionation can be shown via the gel 

electrophoresis image, showing the presence of tRNA in the cytoplasmic fraction (at ~27 s), and not 

in the nuclear fraction. Finally, RNA concentration in the samples were determined via the software, 

by comparison to a ladder of known RNA concentration. An example report produced by the Agilent 

2100 Bioanalyzer from a representative fractionation experiment is shown below (Figure 2-9).  

Once RNA concentration was determined, RNA was used to synthesise cDNA and perform qPCR as 

described in section 2.4.3 and 2.4.4. Ct values were exported from the qPCR software and standard 

curve analysis used to calculate mRNA expression. cDNA expression was then made relative to 

housekeeping control (GAPDH). The resulting mRNA expression was then used to calculate relative 

cytoplasmic/nuclear ratio and normalised with DMSO-control set to 1. Statistical significance 

determined by paired T-test.  
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Figure 2-9.  Determination of fractionation success, RNA integrity and RNA concentration using 

the Agilent 2100 Bioanalyzer 

Read-outs from the Agilent 2100 Bioanalyzer shown. Top report shows electrophoresis of representative 

cytoplasmic RNA sample, with 28S, 18S and tRNA peaks. RIN number describes the integrity of the RNA, and 

electrophoresis peaks used against ladder of known RNA concentrations to determine RNA concentration. 

Bottom graph shows nuclear RNA sample with no significant presence of tRNA peak. 
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2.8 Adoptive transfer of Eμ-TCL1 leukaemic cells into C57BL/6 mice 

2.8.1 Materials 

 

Table 14. Materials used and their ordering information 

MATERIAL ORDER INFORMATION 

PBS pH 7.4 Severn Biotech, Kidderminster, UK , #20-74-05 

BRILLIANT VIOLET 510™ ANTI-MOUSE CD45 
ANTIBODY 

Biolegend, London, UK #103138 

FITC ANTI-MOUSE CD5 ANTIBODY 

 

Biolegend, #100606 

APC ANTI-MOUSE CD19 ANTIBODY Biolegend, #152410 

PE ANTI-MOUSE/HUMAN CD45R/B220 
ANTIBODY 

Biolegend, #103208 

RED BLOOD CELL LYSIS SOLUTION  Bio-Rad Laboratories, California, USA, #BUF04C 

 

2.8.1 In vivo manipulation 

C57BL/6 mice were bred within the animal breeding facilities in house. Mice were then maintained 

in house and experiments were approved by local ethical committees and under the relevant 

licences (Home Office license PPL30/2964). Mice were inoculated with 1x107 Eμ-TCL1 leukaemic 

cells (Eμ-TCL1 020 (T1)) and blood monitored weekly for evidence of disease by flow cytometry. 

After 21 days, tumour was evident in the blood (at around 10% of total lymphocyte population) and 

mice were randomised for treatment of either 80 mg/kg ribavirin dissolved in PBS, or PBS as a 

vehicle control. There were 3 animals per arm. All animal handling and treatments were performed 

by Dr Mathew Carter, Dr Laura Karydis and animal handling technicians in the animal facilities of 

the Centre for Cancer Immunology, Southampton. Treatment was once daily by intraperitoneal 

injection.  
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2.8.2 End-point analysis 

Weekly monitoring of tumour burden in the peripheral blood was performed, measuring total 

CD5+B220+ lymphocyte count by flow cytometry. After a further 21 days, all mice were euthanized 

and organs harvested, as they all met two out of the three humane end-point (HEP) criteria defined 

by the Home Office licence; CD5+B220+ B cells present over 80% of peripheral blood lymphocytes, 

spleen size greater than 30 mm (measured by palpation), total lymphocyte count over 5x107 per ml 

blood. 

Following harvesting, spleens were weighed and photographed to document relative size 

comparisons between treatment arm. The spleens were then disrupted to a single cell suspension 

using mechanical pressure, and washed in complete RPMI by centrifugation. Along with this, 

peripheral blood and the contents of the peritoneal cavity were harvested. 2x106 cells from each 

anatomical site were transferred into a flow cytometry tube, and 86 μl FACS buffer added (Table 

6). To this, 1 μl of each flow cytometry stain antibody was added (anti-mouse CD5 antibody, anti-

mouse CD19, anti-mouse B220, anti-mouse CD45 (Table 14) and kept on ice in the dark for 30 

minutes. Following this, 1 ml of 1X RBC lysis solution (Table 14) was added per tube. Tubes were 

then quickly vortexed and centrifuged at 1,520 g for five minutes. Supernatant was removed by 

flicking, then cells were resuspended in a further 1 ml of FACs buffer. Centrifugation step was then 

repeated and cells resuspended in 300 μl FACs buffer. Data were acquired using the BD FACSCanto 

and analysed using FlowJo® software. Live cells were first gated, followed by gating of the CD45 and 

B220 positive populations. Total cell number was calculated per tissue, before analysis, to calculate 

tumour burden per tissue. The presence of CD5+B220+ lymphocytes in each of these compartments 

were calculated by flow cytometry. CD5 is used as a marker of leukaemic cells in this model, and 

B220 is a pan B-cell marker in mice.  
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3.1 Introduction 

Silvestrol and rocaglamide are both naturally occurring flavagline compounds that act as eIF4A 

inhibitors. Rocaglamide was the first of this family to be discovered (King et al., 1982), and has since 

been shown to selectively inhibit the translation of mRNAs with complex 5’ UTR that contain 

polypurine sequences by forcing an interaction between them and eIF4A, therefore blocking 

scanning of the 43S PIC (Iwasaki et al., 2016). As silvestrol also contains the characteristic 

cyclopenta[b] benzofuran group in its chemical structure, it is likely that this compound acts 

through a similar mechanism. Indeed, initial studies into its mechanism described dimerization 

between free-eIF4A and RNA in the presence of silvestrol (Bordeleau et al., 2008, Cencic et al., 

2009) and more recent studies have demonstrated that silvestrol preferentially inhibits translation 

of mRNAs with more complex 5’ UTRs (Wolfe et al., 2014, Rubio et al., 2014, Raza et al., 2015), 

potentially due to the requirement of high levels of eIF4A helicase activity for the translation of 

these mRNAs (Kogure et al., 2013, Wolfe et al., 2014). 

In CLL cells, anti-IgM-induced mRNA translation is associated with induction of eIF4A and reduced 

expression of the natural eIF4A inhibitor, PDCD4 (Yeomans et al., 2015). By contrast, anti-IgM-

induced mRNA translation in healthy donor B cells is not associated with changes in expression of 

eIF4A/PDCD4. These observations suggest a potential utility for eIF4A inhibitors to specifically block 

anti-IgM-induced translational responses in CLL cells compared to normal B cells. Potential eIF4A-

dependent targets in CLL cells include MYC and MCL1 which are induced following sIgM stimulation, 

and are mRNAs with complex 5’ UTRs (Krysov et al., 2012, Petlickovski et al., 2005). MYC and MCL1 

are important disease drivers which are linked to proliferation and cell survival, respectively. 

Therefore, the experiments in this chapter focused on characterising the effect of eIF4A inhibitors, 

silvestrol and rocaglamide, on the induction of global mRNA translation and the expression of MYC 

and MCL1 following sIgM stimulation in CLL cells. I also compared responses in CLL and healthy 

donor B cells to determine whether effects of eIF4Ai on translation were specific for CLL. 

One previous study has investigated the effects of silvestrol in CLL samples (Lucas et al., 2009). This 

work demonstrated that relatively long-term (72 hours) exposure to silvestrol induced CLL cell 

apoptosis and reduced expression of MCL1 (Lucas et al., 2009). Although encouraging, a major 

drawback of this prior work is that experiments were performed in the absence of sIgM stimulation. 

Thus, it is not clear whether silvestrol will exert similar effects in stimulated cells, where levels of 

mRNA translation (and expression of MCL1 and MYC) are elevated, and where susceptibility to 

apoptosis is reduced. However, this study did demonstrate that silvestrol reduced leukaemic cell 

growth in vivo in the Eμ-TCL1 model at well-tolerated doses (Lucas et al., 2009), providing strong 

support to the idea that eIF4A inhibition is an attractive potential therapeutic approach for CLL. 
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3.2 Hypothesis and aims 

3.2.1 Hypothesis 

The primary hypothesis addressed in this chapter was that eIF4A inhibitors (eIF4Ai) effectively 

reduce anti-IgM-induced mRNA translation, and the induction of MYC and MCL1 protein 

expression, in CLL samples. The secondary hypothesis was that inhibitory effects of eIF4Ai on anti-

IgM-induced mRNA translation are specific for CLL cells compared to B cells from healthy donors. 

 

3.2.2 Aims 

The specific aims of this chapter were: 

• Investigate the effect of eIF4Ai on global mRNA translation in CLL cells 

• Determine the effects of eIF4Ai on anti-IgM-induced upstream signalling and regulation of 

translation initiation factor expression  

• Investigate the effects of eIF4Ai on anti-IgM-induced MYC and MCL1 expression 

• Determine the effects of eIF4Ai on CLL cell viability 

• Characterise the effect of eIF4Ai on global mRNA translation in B cells from healthy donors 
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3.3 Results 

3.3.1 The effect of eIF4Ai on global mRNA translation within the malignant CLL population 

I used the OPP-incorporation assay to investigate the effects of eIF4Ai on basal and anti-IgM-

induced global mRNA translation in CLL cells. This is a quantitative assay whereby flow cytometry is 

used to measure the incorporation of a synthetic puromycin analogue into the polypeptide chain 

during translation. By gating on cell sub-populations identified through staining for cell surface 

markers, it is possible to specifically quantify mRNA translation within the malignant cell population 

(Yeomans et al., 2015). 

Previous comparison between soluble and bead-bound anti-IgM showed that bead-bound anti-IgM 

resulted in a stronger and more sustained signalling response (Krysov et al., 2012) and a greater 

induction of mRNA translation compared to soluble anti-IgM (Yeomans et al., 2015). Thus, bead-

bound anti-IgM was used for stimulation of sIgM in this experiment and throughout the project. It 

has also been shown that sIgM signalling non-responders (defined by the ability of soluble anti-IgM 

to induce intracellular Ca2+ mobilisation in less than 5% of malignant cells (Mockridge et al., 2007)) 

do not show a substantial increase in MYC expression (Krysov et al., 2012) or mRNA translation 

following anti-IgM treatment (Yeomans et al., 2015), so all studies were performed using samples 

that were all considered anti-IgM responsive (Table 5). This included both signal responsive M-CLL 

and U-CLL samples. Finally, experiments of duration exceeding and including 24-hours were 

performed in the presence of Q-VD-OPh, a pan-caspase inhibitor, to minimise potentially 

confounding effects of spontaneous cell death in culture. However, Q-VD-OPh was not used in 

experiments which set out to determine the effect of anti-IgM or inhibitors directly on cell death. 

Finally, CpG-ODN treatment was used as a comparator for anti-IgM in some experiments. 

To investigate the effects of rocaglamide on anti-IgM-induced mRNA translation, cells were pre-

treated with rocaglamide for one hour and then stimulated with anti-IgM for an additional 24 hours. 

The time period for anti-IgM stimulation was based on the study of Yeomans et al, which 

demonstrated that anti-IgM resulted in robust induction of mRNA translation at this point 

(Yeomans et al., 2015). Experiments were also performed in the presence of control antibody 

coated beads (dynabeads coated with goat F(ab’)2 IgG) to investigate the effects of rocaglamide on 

basal mRNA translation in unstimulated cells. Rocaglamide was used at 10 or 20 nM. These 

concentrations were selected as they have been shown to be effective in other studies (Callahan et 

al., 2014). DMSO was used as a solvent control. Raw histogram example of OPP experiment with 

rocaglamide can be found in Appendix A. 
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In experiments measuring basal mRNA translation, results for the control antibody/DMSO-treated 

sample was set relative to 1. This allows for clearer evaluation of the effect of rocaglamide on basal 

translation. In contrast, in experiments measuring anti-IgM-induced mRNA translation, results for 

the anti-IgM/DMSO-treated sample were set to 100. This allows for easier analysis of the induction 

of mRNA translation, and any potential inhibition by rocaglamide.  

As demonstrated previously (Yeomans et al., 2015), anti-IgM (and CpG-ODN) significantly increased 

OPP-incorporation (by ~4-fold) in CD5+CD19+ CLL cells (Figure 3-1). Anti-IgM-induced OPP-

incorporation was significantly reduced by rocaglamide at both concentrations tested, although  

20  nM rocaglamide inhibited translation to a greater extent (Figure 3-1B). Rocaglamide modestly 

reduced the low levels of basal mRNA translation seen in unstimulated CLL cells, but these 

differences did not reach statistical significance (Figure 3-1A). Therefore, the eIF4A inhibitor 

rocaglamide inhibited anti-IgM-induced mRNA translation in CLL cells. 
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Figure 3-1. Inhibition of basal and anti-IgM-induced mRNA translation in CLL cells by rocaglamide 

CLL samples (n=4) were pre-treated with rocaglamide (Roc) or DMSO as a control, or left untreated for one 

hour. Cells were then treated with control antibody, anti-IgM or CpG-ODN as indicated, for a further 24 hours.  

Values for control antibody/DMSO-treated cells were set to 1 (A) and values for anti-IgM/DMSO-treated cells 

were set to 100 (B). Error bars  show SEM and any statistical significance indicated was determined between 

conditions using paired t tests.  

  

A )

B )
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Parallel analysis of the effects of silvestrol on OPP-labelling was performed by Dr Alison Yeomans 

and are shown here for comparison (Figure 3-2). Silvestrol was tested at the same concentrations 

(10 and 20 nM), which is also in-line with concentrations used in previously published studies (Lucas 

et al., 2009).  

Similar to rocaglamide, silvestrol significantly inhibited anti-IgM-induced OPP-labelling at both 

concentrations tested (Figure 3-2B). Basal OPP-labelling was perhaps reduced at 20 nM silvestrol, 

but the differences between silvestrol and DMSO treated cells was not statistically significant 

(Figure 3-2A). The overall potency of the rocaglamide and silvestrol for inhibition of anti-IgM-

induced translation appeared to be very similar. Therefore, silvestrol and rocaglamide have similar 

inhibitory effects on anti-IgM-induced RNA translation in CLL cells. 
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Figure 3-2. Inhibition of basal and anti-IgM-induced mRNA translation in CLL cells by silvestrol 

CLL samples (n=6) were pre-treated with silvestrol, DMSO as a control, or left untreated for one hour. Cells 

were then treated with control antibody, anti-IgM or CpG-ODN as indicated, for a further 24 hours.  Values 

for control antibody/DMSO-treated cells were set to 1 (A) or anti-IgM/DMSO treated cells set to 100 (B). Error 

bars show SEM and the statistical significance of the indicated differences was determined using paired t 

tests. Data supplied by Dr Alison Yeomans and shown to allow comparison to Figure 3-1. 

A )

B )
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3.3.2 The effects of silvestrol on mRNA translation – polysome profiling 

I next investigated the ability of eIF4Ai to inhibit anti-IgM-induced polysome-associated mRNA 

translation in CLL cells using polysome profiling assays. The principles behind this technique are 

described in section 2.5. These experiments were performed using silvestrol only, due to the large 

cell numbers required for these experiments.  

Figure 3-3 and Figure 3-4 show polysome profiles derived from a representative CLL sample (M-

523D). To allow for easier comparison, the polysome profiles from this sample were overlaid (Figure 

3-4) to show any changes in the profiles between treatments. The results for the other samples 

studied (5 in total) are shown in Appendix A. 

Overall, the levels of global translation of the untreated and control samples was very low, indicated 

by the abundant 80S peak and sparse polysomes. There was a clear increase in mRNA translation 

(polysome abundance) in cells following treatment with anti-IgM which is most apparent in the 

overlays (Figure 3-4A). The response to anti-IgM was reduced by silvestrol (Figure 3-4B). In sample 

M-523D, this was evident as a reduction in size of the polysome peaks and a left-shift of the 

polysome peaks. There was a slight shift after DMSO treatment. However, this was very modest 

and is likely due to experimental variation. Thus, consistent with the OPP-labelling analysis, the 

eIF4Ai silvestrol inhibits global anti-IgM-induced mRNA translation in CLL samples.   
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Figure 3-3. Polysome profiling following anti-IgM and silvestrol treatment (10 and 20 nM) 

CLL cells were pre-treated with silvestrol (10 or 20 nM), DMSO or left untreated for one hour. Cells were then incubated with control antibody or anti-IgM for 24 hours as indicated. 

Polysome lysate samples were then collected and analysed by polysome profiling, as described in sections 2.5.1 and 2.5.2. Representative polysome profile of M-523D shown. Polysome 

profiles obtained for other samples can be found in the appendix. 
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Figure 3-4. Overlaid polysome profiles of M-523D following anti-IgM and silvestrol treatment (20 nM) 

Polysome profiles from Figure 3-3 were overlaid to allow for comparison, and aligned based upon the 80S peak. A) An overlay of untreated, control treated and anti-IgM treated polysome 

profiles. B) An overlay of anti-IgM, anti-IgM DMSO and anti-IgM silvestrol 20 nM treated sample polysome profiles. Anti-IgM silvestrol 10 nM profile excluded from overlays for simplicity. 
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3.3.3 The effects of eIF4Ai on anti-IgM-induced ERK phosphorylation 

It was important to determine whether the effects of eIF4Ai on global mRNA translation were a 

direct consequence of translational inhibition or were mediated by reduced sIgM function. For 

example, eIF4Ai-mediated translational inhibition might reduce expression of sIgM or key signalling 

intermediates. To investigate this, the effects of eIF4Ai on ERK phosphorylation were analysed. ERK 

phosphorylation which is strongly activated following sIgM stimulation of CLL cells, and acts as a 

sensitive readout for signalling (Krysov et al., 2012). Moreover, studies have shown that sustained 

ERK pathway activity, following BCR stimulation, is required for optimal induction of MYC 

expression and mRNA translation (Krysov et al., 2012, Yeomans et al., 2015). Although ERK 

phosphorylation is induced rapidly following BCR stimulation, more sustained ERK activation is 

required for signal propagation downstream of the BCR (Murphy et al., 2004). Thus, analysis of ERK-

phosphorylation was performed at a relatively late time-point (24 hours).  

For this experiment, CLL cells were pre-treated with silvestrol or rocaglamide for one hour, then 

stimulated with anti-IgM for an additional 24 hours, before cells were collected and proteins 

extracted for immunoblotting. Blots were probed with antibodies specific for ERK, phosphorylated-

ERK and HSC70. There was a significant induction in the phosphorylation of ERK following sIgM-

stimulation at this time-point (Figure 3-5). However, this induction was unaffected by either 

compound (Figure 3-5). Interestingly, there is a reduction in expression of total ERK, visible in the 

immunoblot but not represented in the densitometries. This reduction of total ERK correlates with 

the reduction of phosphorylated-ERK, thus overall ERK-phosphorylation is not reduced. Further 

studies will be needed to understand the reduction of total ERK with rocaglamide or silvestrol 

treatment (Figure 3-5). Thus, inhibition of anti-IgM-induced translation by eIF4Ai is not a 

consequence of inhibition of upstream signalling. 
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Figure 3-5. ERK-phosphorylation following anti-IgM and eIF4Ai treatment 

CLL samples (n=6) were pre-incubated with silvestrol or rocaglamide for one hour, before treatment with 

anti-IgM or control antibody for an additional 24 hours. Immunoblotting was undertaken and blots probed 

for ERK, phosphorylated ERK and HSC70 as a loading control. Western blot of representative sample M-281D 

(top panel). ERK-phosphorylation with values for anti-IgM/DMSO treated cells set to 100 (bottom panel). 

Error bars show SEM and the statistical significance of the indicated differences was determined using paired 

t tests. 
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3.3.4 The effect of eIF4Ai on translation initiation factor expression 

Previous studies have demonstrated that anti-IgM induces eIF4A and eIF4G expression in CLL cells, 

and reduces expression of PDCD4 (Yeomans et al., 2015). It was therefore necessary to investigate 

the effects of eIF4Ai on the expression of these factors. CLL samples were pre-treated with silvestrol 

or rocaglamide for one hour and then treated for 24 hours with anti-IgM as in the previous study 

(Yeomans et al., 2015). Cells were collected and eIF4A, PDCD4, eIF4G and eIF4E expression was 

analysed by western blot (Figure 3-6). 

Following sIgM stimulation, there was a significant induction of eIF4A expression (Figure 3-6A), 

confirming previous studies (Yeomans et al., 2015). The induction of eIF4A expression was 

significantly reduced by eIF4Ai (Figure 3-6A). At the highest concentration tested (20 nM), both 

drugs essentially returned eIF4A expression to the same as detected in control treated cells. At the 

lower concentration (10 nM), the effects of silvestrol were partial, whereas the response to 

rocaglamide was similar to that of the high concentration (Figure 3-6A). Therefore, silvestrol and 

rocaglamide counteracted the induction of eIF4A in anti-IgM-treated cells.  

In contrast to eIF4A, eIF4Ai did not reverse down-modulation of PDCD4 in anti-IgM-treated cells 

(Figure 3-6B). In fact, at 20 nM, the compounds appeared to further reduce PDCD4 expression in 

anti-IgM treated cells, although differences in PDCD4 expression between anti-IgM/DMSO and anti-

IgM/eIF4Ai treated cells were not statistically significant (Figure 3-6B).  

Anti-IgM treatment did not alter eIF4E expression (Figure 3-6C). There was a modest and weakly 

statistically significant reduction in eIF4E expression in cells treated with 20 nM rocaglamide, but 

overall, eIF4E expression was relatively unaffected by anti-IgM or eIF4Ai (Figure 3-6C).  

eIF4G expression was induced upon sIgM engagement (Figure 3-6D) and this was reversed in cells 

treated with eIF4Ai, especially at the higher concentration tested. However, overall changes in 

eIF4G were rather modest (~40% increase with anti-IgM compared to ~60% increase for eIF4A) and 

none of the differences in eIF4G expression were statistically significant (Figure 3-6D).  

Overall, these experiments confirm that eIF4A, PDCD4 and eIF4G (but not eIF4E) are regulated 

following sIgM stimulation. Moreover, both eIF4Ai strongly interfere with the ability of anti-IgM to 

induce eIF4A expression. 
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Figure 3-6. Expression of eIF4A, PDCD4, eIF4E and eIF4G following anti-IgM and eIF4Ai treatment 

CLL samples (n=3) were pre-incubated with silvestrol or rocaglamide for one hour, before stimulation with 

anti-IgM or control antibody for an additional 24 hours. Immunoblotting was undertaken and blots probed 

for eIF4A, PDCD4, eIF4E, eIF4G and HSC70 as a loading control (top panel, representative sample M-281D). 

Relative densitometries of eIF4A (A), PDCD4 (B), eIF4E (C) and eIF4G (D) protein expression calculated 

following immunoblotting. Values for anti-IgM/DMSO treated cells set to 100. Error bars show SEM and the 

statistical significance of the indicated differences was determined using paired T tests. 
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3.3.5 Inhibition of anti-IgM-induced MYC and MCL1 protein expression by eIF4Ai 

Having demonstrated inhibition of anti-IgM-induced global mRNA translation by both silvestrol and 

rocaglamide, in the absence of effects on upstream ERK phosphorylation, it was next necessary to 

analyse the effects of eIF4Ai on the expression of key BCR target proteins that play an important 

role in CLL disease pathogenesis/progression. I focused on MYC and MCL1, which are known to be 

strongly induced following BCR stimulation in CLL cells (Petlickovski et al., 2005, Krysov et al., 2012). 

MYC is a transcription factor which regulates cell proliferation and promotes cell cycle progression 

(Amati et al., 2001). MYC expression is tightly regulated by mRNA translation and degradation 

(Wisdom and Lee, 1991). This is largely due to the highly structured 5’ UTR of MYC mRNA, thus 

meaning its translation is highly-dependent upon cap-dependent initiation by eIF4F complex family 

members (De Benedetti and Graff, 2004, Rubio et al., 2014). MYC has been shown to be highly 

expressed within some cells in the PC of CLL lymph nodes, which are suggested to be sites of 

antigen-induced proliferation in CLL (Krysov et al., 2012). Key studies have shown that stimulation 

of sIgM in CLL samples induces MYC mRNA expression and its translation (Krysov et al., 2012, 

Yeomans et al., 2015). Whilst MYC translation is reliant in part upon cap-dependent initiation, there 

is also an IRES in the 5’ UTR of MYC, although studies have shown IRES-dependent translation of 

MYC also requires eIF4G and eIF4A in part for initiation (Spriggs et al., 2009). 

MCL1 is an anti-apoptotic member of the BCL-2 family of proteins, which also has a complex 5’ UTR 

in its mRNA (Wendel et al., 2007), thus implying its translation is dependent upon eIF4A. MCL1 is 

thought to be responsible in part for fludarabine-resistance in some CLL cases (Johnston et al., 

2004) and its expression correlates with poor outcome (Pepper et al., 2008). Silvestrol has been 

shown to inhibit MCL1 expression in CLL previously, although this study was not performed in the 

presence of sIgM stimulation (Lucas et al., 2009).  

 

3.3.5.1 The effects of eIF4Ai on anti-IgM-induced MYC protein expression 

CLL cells were pre-treated with silvestrol or rocaglamide for one hour followed by six hour 

treatment with anti-IgM. This time-point was chosen as previous studies have shown that following 

six hour stimulation of sIgM there is a clear increase in MYC expression in the majority of signal-

competent CLL samples (Krysov et al., 2012). After stimulation of sIgM there was a strong induction 

of MYC protein expression which was significantly inhibited at 20 nM by silvestrol and rocaglamide 

(Figure 3-7).   
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Figure 3-7. MYC expression following anti-IgM and eIF4Ai treatment 

CLL samples (n=5) were pre-treated with rocaglamide or silvestrol for one hour. Samples were then 

stimulated with control antibody or anti-IgM for an additional six hours. After collection, cells were lysed and 

proteins extracted then immunoblotting was undertaken and blots probed for MYC and HSC70 as a loading 

control. Representative western blot shown of sample M-604G (A). Relative densitometries of MYC protein 

expression calculated following immunoblotting with values for anti-IgM/DMSO treated cells set to 100 (B). 

Error bars show SEM and the statistical significance of the indicated differences was determined using paired 

T test. 
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3.3.5.2 The effects of eIF4Ai on anti-IgM-induced MCL1 protein expression 

Next, it was important to investigate the effects of anti-IgM and eIF4Ai treatment on MCL1 protein 

expression. 24 hour anti-IgM treatment was chosen to measure MCL1 expression as changes 

following sIgM engagement are best seen at this time (Petlickovski et al., 2005). 

After 24 hour sIgM engagement there was a strong (~4-fold) and significant induction of MCL1 

expression (Figure 3-8). This anti-IgM-induced MCL1 expression was significantly reduced by 

silvestrol (20 nM, Figure 3-8). However, inhibitory effects by rocaglamide were less clear than those 

obtained with silvestrol and did not reach statistical significance (Figure 3-8). Overall, induction of 

MYC expression appeared to be somewhat more effectively inhibited by eIF4Ai compared to MCL1. 

These data demonstrate that eIF4Ai prevent induction of both pro-growth (MYC) and pro-survival 

(MCL1) effectors in CLL cells following stimulation of sIgM, without substantial effects on upstream 

signalling (ERK1/2 phosphorylation). 
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Figure 3-8. MCL1 protein expression following anti-IgM and eIF4Ai treatment 

CLL samples (n=6) were pre-treated with rocaglamide or silvestrol for one hour. Samples were then 

stimulated with control antibody or anti-IgM for an additional six hours. After collection, cells were lysed and 

proteins extracted then immunoblotting was undertaken and blots probed for MCL1 and HSC70 as a loading 

control. Representative western blot shown of sample M-525B (A). Relative densitometries of MCL1 protein 

expression calculated following immunoblotting with values for anti-IgM/DMSO treated cells set to 100 (B). 

Error bars show SEM and the statistical significance of the indicated differences was determined using paired 

T tests.  
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3.3.6 Comparison of MYC and MCL1 5’ UTRs 

Although the MYC and MCL1 mRNAs are both considered to have complex 5’ UTRs it was interesting 

to note that induction of MYC protein expression appeared to be somewhat more effectively 

inhibited by eIF4Ai compared to MCL1 (Figure 3-7, Figure 3-8). Therefore, bioinformatical analysis 

of the 5’ UTRs of MYC and MCL1 mRNAs was performed to identify any potential features that might 

account for these differences (Table 15), as described in section 2.6. Features analysed included the 

presence of a stable secondary structure and G-quadruplexes, both of which have been linked to 

increased dependency on eIF4A for translation (Wolfe et al., 2014). I also analysed the presence of 

polypurine tracts which have been shown to confirm susceptibility of individual mRNA for inhibition 

of translation by rocaglamide (Iwasaki et al., 2016). RNA helicases such as eIF4A make contact with 

sequences up to 6 nucleotides long/6mers (Linder and Jankowsky, 2011), therefore to identify 

polypurine tracts, I calculated the total number of polypurine 6mers, which are enriched for 

inhibition by rocaglamide (Iwasaki et al., 2016). 

Overall, compared to MCL1, the MYC RNA 5’ UTR was longer, had more polypurine tracts and was 

predicted to form more stable secondary structures (Table 15). The MCL1 RNA 5’ UTR was also 

predicted to lack G-quadruplexes, although this analysis correctly predicted the presence of a 

known, functional G-quadruplex sequence in the MYC RNA 5’ UTR (Siddiqui-Jain et al., 2002). 

Therefore, increased complexity of the MYC RNA 5’ UTR compared to the MCL1 RNA 5’ UTR might 

account for differences in the extent to which expression of MYC and MCL1 are inhibited by eIF4Ai 

in anti-IgM-treated cells (Figure 3-7, Figure 3-8). 

 

Table 15. Features of the 5’ UTRs of MYC and MCL1 RNAs 

 MYC MCL1 

LENGTH (BP) 1160 208 

NUMBER OF 
POLYPURINE TRACTS 

(6MERS) 

72 10 

NUMBER OF PREDICTED 
QUADRUPLEXES 

1 0 

FREE ENERGY OF MOST 
STABLE PREDICTED 

STRUCTURE (KCAL/MOL) 

-465 -72 

Data calculated as described in section 2.6. 
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3.3.7 The effect of silvestrol and rocaglamide on CLL cell viability 

Since eIF4Ai reduced MCL1 protein expression, it was important to investigate the effect of these 

inhibitors on CLL cell apoptosis. A previous study of silvestrol demonstrated induction of apoptosis 

following 72-hours exposure in CLL cells with an IC50 of ~10 nM (Lucas et al., 2009). However, it is 

not known whether eIF4Ai induces CLL apoptosis at earlier time points. Moreover, immobilized 

anti-IgM has been shown to modestly increase the viability of CLL cells in vitro (Petlickovski et al., 

2005) and the effects of eIF4Ai on apoptosis in anti-IgM stimulated CLL cells has not been examined 

previously. To address these questions, the effects of eIF4Ai on CLL cell viability were measured in 

either the absence or presence of anti-IgM. Analysis was performed at 24 hours to match the OPP-

labelling experiments, but in the absence of Q-VD-OPh. 

Annexin V/PI staining demonstrated that neither eIF4Ai induced apoptosis in CLL samples when 

tested alone at 10 nM (Figure 3-9). At 20 nM, both compounds did modestly reduce cell viability 

(~10%), but these differences were not statistically significant. 
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Figure 3-9. The effects of silvestrol and rocaglamide on CLL cell viability 

CLL samples (n=3) were treated with silvestrol (A), rocaglamide (B), DMSO or left untreated for 24 hours. Cells 

were collected and cell survival was analysed via Annexin V-PI flow cytometry in the CD5+ CD19+ cell 

population. Data shown is relative cell viability with values for DMSO treated cells set to 100. Error bars show 

SEM and any statistical significance of the indicated differences was determined using paired T tests. 

  

A )

B )
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For analysis of effects of eIF4Ai in the presence of anti-IgM, CLL samples were pre-incubated with 

silvestrol or rocaglamide for one hour, before treatment with anti-IgM or control antibody for 24 

hours. Proteins were extracted and used in western blotting for poly (ADP-ribose) polymerase 

(PARP) cleavage, which is indicative of caspase activation. The effect of anti-IgM on apoptosis in 

vitro following eIF4Ai exposure was not performed with Annexin V/PI flow cytometry due to the 

auto-fluorescence of dynabeads, as previously described (Coelho et al., 2013).  

In control antibody treated cells, there was some evidence of PARP cleavage, indicating 

spontaneous caspase activation (Figure 3-10). Anti-IgM reduced any spontaneous PARP cleavage, 

consistent with protection from spontaneous cell death (Petlickovski et al., 2005). eIF4Ai co-

treatment with anti-IgM induced modest amounts of PARP cleavage relative to anti-IgM-only 

treated cells (Figure 3-10). These differences did not reach significance in rocaglamide/anti-IgM 

treated cells, but did reach significance in silvestrol/anti-IgM treated cells (Figure 3-10). Thus, 

although eIF4Ai do not promote apoptosis alone, they may be capable of reversing the survival-

promoting effects of anti-IgM. However, the ability of anti-IgM to suppress the spontaneous 

apoptosis of CLL cells was modest and it was hard to draw firm conclusions from these experiments, 

due to considerable sample-to-sample variation in the extent of spontaneous apoptosis and 

protection by anti-IgM. 

  



Chapter 3: Results 

143 

 

 

Figure 3-10.  PARP cleavage following sIgM stimulation and silvestrol or rocaglamide treatment 

CLL samples (n=6) were pre-treated for one hour with rocaglamide, silvestrol or DMSO, and incubated for an 

additional 24 hours with control antibody or anti-IgM. Cells were lysed and proteins extracted then 

immunoblotting was undertaken and blots probed for PARP, and HSC70 as a loading control. Representative 

western blot of sample M-621B (A) and U-780B (B) shown. Densitometries were measured and cleaved PARP 

calculated as a measure of cleaved PARP (lower band) relative to total PARP (upper and lower band). Data 

was made relative to values for anti-IgM/DMSO treated cells set to 100. Error bars show SEM and the 

statistical significance of the indicated differences was determined using paired T tests.  
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3.3.8 The effect of silvestrol on mRNA translation in healthy donor B cells 

The final experiments of this chapter investigated the effects of eIF4Ai on basal and anti-IgM-

induced mRNA translation in B cells from healthy donors using the OPP-incorporation assay. Due to 

limitations in the availability of cells, this study was performed using only silvestrol. Antibodies were 

included in the FACs analysis that enabled the specific measurement of OPP incorporation in the 

CD19+ CD5- B cell population.  IgG+ cells were excluded so the bulk of the analysed cells represented 

IgM+ naïve or non-switched memory B cells. These experiments were performed in collaboration 

with Dr Karly-Rai Rogers-Broadway. 

Silvestrol (10 nM) caused a small but statistically significant reduction in OPP-incorporation in 

unstimulated cells (treated with control antibody) (Figure 3-11A).  As expected, anti-IgM strongly 

increased OPP-incorporation (by ~4-fold) (Figure 3-11B). Similar to CLL cells, silvestrol significantly 

reduced OPP-incorporation in anti-IgM treated samples at both concentrations (Figure 3-11B). 

Thus, despite selective regulation of eIF4A/PDCD4 in CLL cells following anti-IgM stimulation 

(Yeomans et al., 2015), both CLL and normal B cells are dependent on eIF4A function for optimal 

induction of global mRNA translation.  
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Figure 3-11. Silvestrol on basal and anti-IgM-induced OPP labelling in healthy donor B cells. 

PBMCs from healthy donors (n=6) were pre-treated with silvestrol or DMSO for one hour before treatment 

with control antibody or anti-IgM for 24 hours. CpG-ODN was used as an additional positive control. Cells 

were collected and translation was analysed via OPP incorporation in the CD19+CD5-IgG- cell population. Data 

was made relative to DMSO-treated control set to 1 or 100. Error bars show SEM and the statistical 

significance of the indicated differences was determined using paired T tests. Experiments were performed 

in collaboration with Dr Karly-Rai Rogers-Broadway.  
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3.4 Summary of main findings 

The overall aim of this chapter was to characterise the effects of the eIF4Ai, silvestrol and 

rocaglamide, on the induction of global mRNA translation and the expression of MYC and MCL1 

following sIgM stimulation in CLL cells. This chapter also aimed to compare responses in CLL and 

healthy donor B cells to determine whether the effects of eIF4Ai on mRNA translation were specific 

for CLL cells. 

 

The main findings from these experiments were; 

• eIF4A inhibitors reduced anti-IgM-induced global mRNA translation in CLL samples without 

substantial effects on upstream ERK-phosphorylation 

• eIF4Ai reduced anti-IgM-induced eIF4A expression 

• eIF4Ai reduced anti-IgM-induced MYC and MCL1 protein expression  

• eIF4Ai alone had minimal effects on cell viability at time-points up to 24 hours 

• eIF4Ai may reverse the survival promoting effects of sIgM signalling 

• Silvestrol inhibited anti-IgM-induced mRNA translation in B cells from healthy donors 

 

Overall, these findings supported the hypothesis that eIF4Ai effectively reduce anti-IgM-induced 

mRNA translation, and induction of MYC and MCL1 protein, in CLL cells. However, results from the 

comparison of effects of silvestrol in CLL and normal B cells did not support the secondary 

hypothesis, that the inhibitory effects of eIF4Ai on anti-IgM-induced mRNA translation are specific 

for CLL cells. 
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3.5 Discussion 

3.5.1 The effect of eIF4Ai on global mRNA translation in CLL and B cells from healthy 

donors 

A central goal of the experiments was to determine the effects of eIF4Ai on global mRNA translation 

in CLL and healthy donor B cells. Although anti-IgM increased mRNA translation in both cell types, 

sIgM signalling results in increased expression of eIF4A (and reduced expression of PDCD4) only in 

CLL cells (Yeomans et al., 2015). Thus, it was possible that eIF4Ai might allow selective inhibition of 

anti-IgM-induced translational responses in CLL cells. 

OPP-labelling and polysome profiling experiments clearly demonstrated that inhibition of eIF4A 

reduced global mRNA translation in anti-IgM-stimulated CLL cells (sections 3.3.1 and 3.3.2). At the 

higher concentration of drugs tested (20 nM), inhibition of the anti-IgM response measured by OPP-

labelling was almost complete (i.e., returning OPP-labelling to pre-stimulation levels, section 3.3.1), 

suggesting that the bulk of the translational response in these cells was dependent on eIF4A 

activity. Overall, the two drugs were quite similar in terms of their effects on OPP-labelling (section 

3.3.1), consistent with their close structural relationship and likely shared mechanism of action. 

In contrast to anti-IgM treated cells, eIF4Ai had relatively modest effects on mRNA translation in 

unstimulated cells (section 3.3.1). Thus, these compounds reduced OPP-labelling by ~20% at most 

under these conditions, and differences between drug and DMSO treated cells were not statistically 

significant (section 3.3.1). Thus, in contrast to anti-IgM-induced translation, the low level of basal 

translation that is observed in unstimulated CLL cells appears to be less dependent on eIF4A activity. 

Polysome profiling was performed to understand the effects of sIgM-stimulation and eIF4Ai on 

polysome-associated mRNA translation in CLL samples (Figure 3-3 and Figure 3-4). In the untreated 

and control- treated samples, there was a minimal presence of polysomes present visually on the 

polysome profiles, implying low basal levels of translation. Following sIgM-stimulation, there was 

an increase in the presence of polysomes (Figure 3-3 and Figure 3-4), correlating with the increased 

global mRNA translation demonstrated using the OPP-incorporation assay (Figure 3-1). Co-

treatment with silvestrol and anti-IgM saw a partial reduction in the size and presence of polysome 

peaks (Figure 3-4). This is similar to that described using colorectal cancer cell lines (Wiegering et 

al., 2015) whereby global and mRNA-specific polysome-associated translation was inhibited by 

silvestrol treatment using a similar concentration as in this experiment (25 nM, in comparison to 20 

nM). The partial reduction in polysome peaks implied that silvestrol inhibits the translation of select 

mRNAs (Figure 3-4). 
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Although eIF4A was not induced following anti-IgM stimulation of healthy donor B cells (Yeomans 

et al., 2015), it was notable that silvestrol inhibited OPP-labelling in both normal and CLL B cells 

(Figure 3-2, Figure 3-11). Thus, eIF4Ai did not selectively inhibit anti-IgM-induced global mRNA 

translation in CLL cells. It is likely that, although levels are not regulated, normal B cells retain a tight 

dependency on eIF4A for translational responses for stimulation. 

One possible reason for this observation is that eIF4A expression is already relatively high in normal 

B cells, and that induction in CLL cells increases eIF4A expression from a low level to a level 

equivalent to that seen in unstimulated normal B cells. It would appear to be counter-intuitive that 

malignant cells have reduced expression of a tumour-promoting factor such as eIF4A compared to 

non-malignant counterparts.  

However, it is interesting to note that previous studies have demonstrated reduced expression of 

multiple ribosome components in CLL cells compared to healthy donor B cells (Sbarrato et al., 

2016). The reason why resting CLL cells may have less translational capacity compared to normal 

counterparts is unclear but may relate to the overall anergic features of CLL cells. Translation is 

highly energy dependent (Buttgereit and Brand, 1995) and both normal anergic B cells and CLL cells 

have reduced capacity for ATP production compared to naïve/memory B cells or normal blood B 

cells, respectively (Jia and Gribben, 2014, Walker et al., 2014). Thus, down-modulation of 

translation capacity (by reduced production of ribosomes and reduced eIF4A/increased PDCD4 

expression) may represent a strategy allowing unstimulated CLL cells to match (low) energy supply 

and demand. 

It would be interesting to address the relative differences in regulation of eIFs between normal B 

and CLL cells in more detail in future studies. However, it is important to consider that blood B cells 

are not homogeneous and comprise functionally distinct subsets. Thus, it would be necessary to 

separately quantify expression of eIFs and PDCD4, and their response to anti-Ig stimulation, in these 

different cell populations for comparison to CLL subsets (eg M-CLL versus U-CLL). The proportion of 

some of the populations of B cells in blood is low and analysis would be best performed using flow 

cytometry. Given the extended time-frame that would be required to establish these assays, it was 

not feasible to perform these experiments during the time available for my project. 
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3.5.2 Molecular effects of eIF4Ai in anti-IgM stimulated CLL cells 

A series of experiments was performed to explore the molecular consequences of eIF4A inhibition 

on signalling responses downstream of sIgM, including (i) upstream ERK phosphorylation, (ii) 

expression of eIFs and PDCD4 and (iii) MYC and MCL1 expression. These demonstrated that eIF4Ai 

did not reduce anti-IgM-induced phosphorylation of ERK confirming that inhibition of anti-IgM-

induced mRNA translation by these drugs was not an indirect consequence of inhibition of 

upstream signalling. 

eIF4Ai did effectively reduce induction eIF4A expression in cells treated with anti-IgM (Figure 3-6). 

The reason for this novel finding is unclear since eIF4A inhibition per se would not necessarily be 

expected to reduce the steady state expression of eIF4A. One possibility is that the stability of eIF4A 

is reduced in drug treated cells, because of drug-induced conformational changes which might 

increase susceptibility to proteasome-mediated degradation. Alternately, it is likely that 

translationally inhibited mRNAs that are sequestered within eIF4A/eIF4Ai complexes are re-

localised within cells, potentially to stress granules (Slaine et al., 2017) and this could also lead to 

destabilisation of drug-bound eIF4A. Stress granules are formed in the cytoplasm during cellular 

stress and contain mRNA and proteins following repression of translation initiation (Buchan and 

Parker, 2009). It was interesting to note that expression of the other factors analysed (eIF4G, eIF4E 

and PDCD4) were either unaffected or only modestly altered following eIF4Ai treatment (Figure 

3-6). Thus, although the mechanism by which eIF4Ai reduce eIF4A expression in anti-IgM-treated 

cells is not known, these observations do perhaps point to a rather selective effect of eIF4Ai on 

eIF4A. 

Finally, eIF4Ai reduced induction of both MYC and MCL1 in anti-IgM-treated cells (Figure 3-7, Figure 

3-8), thereby depriving CLL cells of key effectors of both pro-growth (MYC) and pro-survival (MCL1) 

responses. Although both drugs were effective, silvestrol did appear to be somewhat more effective 

for inhibition of MYC/MCL1 expression compared to rocaglamide. Although the overall mechanism 

of action of these compounds is likely to be very similar, there may be some differences. For 

example, silvestrol-induced eIF4A-RNA dimerization is ATP-dependent, whereas rocaglamide does 

not require ATP (Cencic et al., 2009, Iwasaki et al., 2016). Such subtle differences in mechanisms of 

action may account for the small differences observed when comparing effects of drugs on 

expression of specific targets. Finally, it is worth noting that previous studies demonstrated that 

silvestrol inhibited induction of MYC protein expression in anti-IgM treated normal human B cells 

(Steinhardt et al., 2014). Thus, similar to the effects of silvestrol on global mRNA translation 

measured using OPP-labelling, these inhibitory effects of eIF4Ai on MYC expression are also not 

likely to be specific for CLL cells. 
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3.5.3 The effects of eIF4Ai on apoptosis 

Previous studies have shown that both silvestrol and rocaglamide induced cell death in CLL samples 

(Lucas et al., 2009, Callahan et al., 2014). However, it was important to investigate the effects of 

eIF4Ai on CLL cell viability at earlier time points, and, in particular, on the ability of sIgM signalling 

to protect CLL cells from spontaneous apoptosis in vitro. Interestingly, at 24 hours, eIF4Ai did not 

promote apoptosis when analysed in unstimulated cells (Figure 3-9). By contrast, eIF4Ai did seem 

to reduce the ability of anti-IgM to suppress apoptosis of CLL cells (Figure 3-10). 

However, it was hard to draw firm conclusions from these experiments where there was 

considerable sample-to-sample variation in the extent of spontaneous apoptosis and protection by 

anti-IgM. Given that the OPP-labelling and polysome profiling experiments were performed in the 

presence of Q-VD-OPh to suppress apoptosis, it seemed unlikely that eIF4Ai-associated reduction 

in mRNA translation were a secondary consequence of the induction of apoptosis. 

Anti-IgM-induced CLL survival appears to be mediated primarily by induction expression of MCL1 

(Petlickovski et al., 2005), so it was possible that the ability of eIF4Ai to reduce anti-IgM-induced 

MCL1 (Figure 3-8) expression contributed to the inhibitory effects of eIF4Ai on anti-IgM-induced 

survival (Figure 3-10). However, is important to recognise that apoptosis control is multi-factorial 

and effects of anti-IgM/eIF4Ai on apoptosis in CLL cells are likely to be complex and may involve 

regulation of other mediators. 
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4.1 Introduction 

Results in the previous chapter demonstrated that eIF4Ai reduced anti-IgM-induced MYC and MCL1 

protein expression, which are critical disease drivers in CLL. MYC is a key oncoprotein involved in 

proliferation and disease progression in CLL, known to be highly expressed in some cells within the 

PC of CLL lymph nodes (Krysov et al., 2012). On the other hand, MCL1 is an anti-apoptotic BCL2 

family protein with a role in drug resistance in some cases of refractory CLL (Johnston et al., 2004).  

With this, both MYC and MCL1 are important targets for therapeutic intervention in CLL and so the 

mechanisms by which eIF4Ai reduce their expression need to be further understood.  

Thus, the initial goal was to perform analysis of the RNA acquired by polysome profiling and that of 

total RNA to confirm the translational inhibition of MYC and MCL1 mRNAs. These experiments 

provide data demonstrating the polysome association of mRNA and combining of fractions also 

allows for total RNA expression analysis between conditions of polysome profiling. Alongside these 

studies, the mRNA expression of MYC and MCL1 after anti-IgM and eIF4Ai treatment was 

determined from whole cell lysates, in contrast to those extracted from polysome profiling 

fractions, to confirm translational regulation. 

Previous studies of MYC mRNA have revealed a close linkage between the stability and translation 

of MYC. For example, cycloheximide, an inhibitor of translation elongation, inhibited MYC 

translation resulting in accumulation of MYC mRNA due to an increase in its stability (Wisdom and 

Lee, 1991). The presence of a destabilisation sequence in MYC requires translation for MYC to be 

degraded, thus degradation of MYC is coupled to its translation. Whether these responses are the 

same for inhibitors of translation initiation, is not yet known. Therefore, I devised further 

experiments to investigate the effects of eIF4Ai on MYC mRNA stability and probed the reversibility 

of these effects using drug wash-out experiments.  
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4.2 Hypothesis and aims 

4.2.1 Hypothesis 

The hypothesis for this chapter was that the reduction in anti-IgM-induced expression of MYC and 

MCL1 by eIF4Ai was due to inhibition of mRNA translation and not transcription, as a result of the 

complex 5’ UTR of these mRNA and their likely dependency on eIF4A for translation. 

 

4.2.2 Aims 

In order to test this hypothesis, this chapter aimed to: 

• Investigate directly the effects of silvestrol on anti-IgM-induced MYC and MCL1 mRNA 

translation 

• Characterise the effects of anti-IgM and eIF4Ai treatment on total MYC and MCL1 mRNA 

expression 

• Investigate the effects of silvestrol on MYC mRNA stability 

• Determine the consequences of drug-removal on the effects of silvestrol on MYC mRNA 

and protein expression 
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4.3 Results 

4.3.1 The effect of silvestrol on MYC and MCL1 mRNA translation within polysome 

profiling fractions 

Having shown that eIF4Ai inhibit anti-IgM-induced global mRNA translation (by OPP-incorporation 

and polysome profiling, sections 3.3.1 and 3.3.2), and reduced anti-IgM-induced MYC and MCL1 

protein expression (section 3.3.5), it was important to investigate the effect of eIF4Ai directly on 

translation of MYC and MCL1 mRNA. CLL samples were therefore pre-treated with silvestrol and 

then stimulated for 24 hours with anti-IgM. Polysome profiling was performed and qPCR analysis 

used to quantify the amount of MYC/MCL1 mRNA associated with the monosome and the 

polysomes. These experiments were performed using only silvestrol due to the large amount of cell 

numbers required for this technique. 

From the visual evaluation of polysome profiles in chapter 3 (Figure 3-4), it was straightforward to 

identify the 60S ribosomal subunit and the 80S complete ribosome peaks (i.e. monosomes; 

fractions 1-4). Fractions 5-10 were then classed as the polysome fractions for analysis. qPCR analysis 

was then used to determine the relative distribution of MYC and MCL1 mRNA between monosome 

and polysome fractions, as previously described (Yeomans et al., 2015). Parallel qPCR analysis 

demonstrated that the monosome/polysome distribution of B2M RNA was relatively unaffected by 

anti-IgM/silvestrol (Appendix A) and B2M expression was then used for normalisation of MYC and 

MCL1 mRNA. 

 

4.3.1.1 The effect of silvestrol on MYC mRNA translation within polysome profiling 

fractions 

To investigate whether reduced MYC protein expression by silvestrol was due to the inhibition of 

MYC mRNA association with polysomes, I investigated the total abundance and distribution of MYC 

mRNA within the polysome profiling fractions. To investigate whether MYC RNA is increasingly 

associated with polysomes for its translation following sIgM stimulation, and whether this would 

be inhibited by silvestrol, I analysed the expression of MYC RNA in the polysome fractions versus to 

the monosome fractions (Figure 4-1).  There was a clear increase in polysome-associated translation 

following sIgM-engagement which was significantly reduced following silvestrol treatment (Figure 

4-1), implying that silvestrol specifically reduces the polysome-associated MYC mRNA translation in 

anti-IgM-treated cells. 
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Figure 4-1. Polysome-associated MYC mRNA expression after anti-IgM and silvestrol treatment 

CLL cells (n=5) were pre-treated with silvestrol or DMSO for one hour, followed by an additional 24 hours of 

control antibody or anti-IgM treatment. Cells were then lysed and used in polysome profiling as described. 

Polysome profiling fractions (1-10) were collected and RNA extracted. RNA was used in cDNA synthesis and 

qPCR using Taqman primers for MYC. Polysome-associated MYC RNA was determined by making polysome-

associated (fractions 5-10) MYC RNA relative to monosome-associated MYC RNA (fractions 1-4) after 

normalisation to B2M. Values for anti-IgM/DMSO treated cells were set to 1. Error bars show SEM and the 

statistical significance of the indicated differences were determined using a paired T-test.  
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I also used these qPCR results to investigate the effect of anti-IgM and silvestrol on the overall 

abundance of MYC mRNA, by combining fractions for each condition (Figure 4-2). There was a clear 

induction of MYC mRNA expression following anti-IgM stimulation (Figure 4-2), consistent with the 

known transcriptional induction of MYC mRNA (Krysov et al., 2012). However, there was a 

surprising hyper-induction of MYC mRNA in cells co-treated with anti-IgM and silvestrol (10 and 20 

nM, Figure 4-2). Therefore, silvestrol treatment results in a further accumulation of anti-IgM-

induced MYC mRNA, but this mRNA is not associated with polysomes.  
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Figure 4-2. Combined polysome profiling fractions/total MYC mRNA expression after anti-IgM and 

silvestrol treatment 

CLL samples (n=5) were pre-treated with silvestrol or DMSO for one hour, followed by an additional 24 hours 

of control antibody or anti-IgM treatment. Cells were then lysed and used in polysome profiling as described. 

Polysome profiling fractions (1-10) were collected and RNA extracted. RNA was used in cDNA synthesis and 

qPCR using Taqman primers for MYC. Total MYC expression (RNA per fraction of each condition was 

combined), and normalised to B2M. Values for anti-IgM/DMSO treated cells were set to 1. Error bars show 

SEM and the statistical significance of the indicated differences was determined using a paired T test.  
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4.3.1.2 The effect of silvestrol on MCL1 mRNA translation within polysome profiling 

fractions 

Similar experiments were performed to investigate the polysome association of MCL1 mRNA. There 

was a significant increase in polysome-associated MCL1 mRNA following sIgM stimulation which 

was significantly reduced by silvestrol treatment (10 and 20 nM, Figure 4-3). Thus, similar to MYC, 

silvestrol reduces polysome-associated MCL1 mRNA translation in anti-IgM-treated cells. 
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Figure 4-3. Polysome-associated MCL1 mRNA expression after anti-IgM and silvestrol treatment 

CLL samples (n=5) were pre-treated for one hour with silvestrol or DMSO, before an additional 24 hour 

treatment with control antibody or anti-IgM. Cells were then collected and lysed for use in polysome profiling 

as described previously. Polysome profiling fractions (1-10) were collected and RNA extracted. RNA was used 

in cDNA synthesis and qPCR using Taqman primers for MCL1. Polysome-associated MCL1 RNA was 

determined by making polysome-associated (fractions 5-10) MCL1 RNA relative to monosome-associated 

MCL1 RNA (fractions 1-4) after normalisation to B2M. Values for anti-IgM/DMSO treated cells were set to 1. 

Error bars show SEM and the statistical significance of the indicated differences was determined using a 

paired T-test.  
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I then analysed total MCL1 mRNA expression between conditions, by combining the qPCR results 

from all fractions (Figure 4-4). There was no change in MCL1 mRNA expression following sIgM-

stimulation. However, there was a subtle increase in MCL1 expression with silvestrol treatment 

(Figure 4-4). 
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Figure 4-4. Combined polysome profiling fractions/total MCL1 mRNA expression after sIgM-

stimulation and silvestrol treatment 

CLL samples (n=5) were pre-treated for one hour with silvestrol or DMSO, before an additional 24 hour 

treatment with control antibody or anti-IgM. Cells were then collected and lysed for use in polysome profiling 

as described previously. Polysome profiling fractions (1-10) were collected and RNA extracted. RNA was used 

in cDNA synthesis and qPCR using Taqman primers for MCL1. Total MCL1 expression (RNA per fraction) of 

each condition was combined and normalised to B2M. Values for anti-IgM/DMSO treated cells were set to 1. 

Error bars show SEM and the statistical significance of the indicated differences was determined using a 

paired T-test.  
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4.3.2 Effect of silvestrol and rocaglamide on total expression of MYC and MCL1 RNA in 

anti-IgM treated cells 

The data above suggested a surprising increase in total MYC/MCL1 mRNA expression in cells treated 

with anti-IgM and silvestrol (section 4.3.1). This was particularly striking for MYC. To confirm this, 

the expression of MYC and MCL1 mRNA in total mRNA preparations was studied, to avoid 

potentially confounding effects associated with the polysome profiling technique whereby some 

RNAs may not have been recovered within the fractions. The effects of rocaglamide were also 

studied to determine whether this was a general effect associated with eIF4Ai or specific for 

silvestrol. CLL samples were treated for one hour with silvestrol or rocaglamide, followed by 24 

hour anti-IgM treatment before mRNA extracted for analysis using Taqman qPCR.  

Before analysis of MYC and MCL1 mRNA, it was important to determine whether B2M mRNA could 

be used as an appropriate control to normalise the qPCR results in these experiments. To do so, 

B2M mRNA expression was measured by qPCR following anti-IgM and eIF4Ai treatments and 

quantified B2M expression directly by analysing the threshold cycle (Ct) values as a measure of the 

absolute amount of B2M cDNA (see Appendix A). Although there was a weak induction of B2M 

mRNA expression following sIgM-engagement, the expression of B2M RNA was not affected by the 

inhibitors in either the presence or absence of anti-IgM (Appendix A). B2M RNA was therefore 

considered suitable for normalisation of MYC and MCL1 expression. 

 

4.3.2.1 Further induction of anti-IgM-induced MYC mRNA expression following treatment 

with eIF4Ai 

Following 24-hour anti-IgM stimulation, there was a significant induction of MYC mRNA expression 

(Figure 4-5A) as described previously (Krysov et al., 2012). Similar to that shown in the polysome 

profiling fractions, eIF4Ai treatment further increased the expression of anti-IgM-induced MYC 

mRNA (Figure 4-5B). MYC mRNA expression was ~10-fold higher in silvestrol (20 nM) and anti-IgM 

treated cells, compared to anti-IgM alone treated cells and ~3-fold higher in rocaglamide and anti-

IgM treated cells compared to anti-IgM treatment alone (Figure 4-5B). Overall, this analysis 

confirmed that the inhibition of MYC protein expression in eIF4Ai-treated cells was not 

accompanied by a reduction in MYC mRNA expression, consistent with translational inhibition. 

Moreover, there was a counterintuitive and statistically significant increase in MYC mRNA (which 

remained translationally inhibited) in cells co-treated with anti-IgM and silvestrol or rocaglamide 

(Figure 4-5B). Neither compound had any clear effect on basal MYC mRNA expression (Appendix  A).  
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Figure 4-5. MYC mRNA expression following anti-IgM and eIF4Ai treatment 

CLL samples (n=10) were pre-treated for one hour with silvestrol or rocaglamide (10 or 20 nM) then treated 

with control antibody or anti-IgM for an additional 24 hours. MYC and B2M mRNA expression measured by 

Taqman qPCR. A) MYC mRNA induction following anti-IgM treatment with data normalised to B2M expression 

with values for control antibody treated cells set to 1. Dot plot used to demonstrate the differences in 

induction of MYC expression by anti-IgM between different samples. B) MYC mRNA expression following anti-

IgM treatment and silvestrol or rocaglamide treatment with data normalised to B2M expression with values 

for anti-IgM/DMSO treated cells set to 100. Scale set to 100 to aid visualisation of the induction of MYC 

expression whilst also showing the extent of MYC further induction by silvestrol. Error bars show SEM and 

the statistical significance of the indicated differences was determined using a paired T test. 

A )

B )
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4.3.2.2 Induction of anti-IgM-induced MCL1 mRNA expression following treatment with 

eIF4Ai 

Similar analysis was performed to investigate MCL1 mRNA expression after eIF4Ai treatment and 

sIgM-stimulation. Again, data was normalised to B2M. Following 24-hour sIgM stimulation, there 

was a varied but significant induction of MCL1 mRNA expression between patient samples (Figure 

4-6), and when this induction was seen, it was to a lesser extent than shown with MYC mRNA 

induction following sIgM-stimulation of the same duration (Figure 4-6). Further induction of MCL1 

expression was demonstrated by eIF4Ai co-treatment with anti-IgM (20 nM, Figure 4-6), although 

to a lesser extent than seen with MYC (Figure 4-5). On average, MCL1 RNA expression was ~2-fold 

higher in silvestrol and anti-IgM treated cells, and ~1.5-fold higher in rocaglamide and anti-IgM 

treated cells, compared to anti-IgM alone treated cells. This is substantially lower than the ~5-10-

fold increase seen with MYC RNA following silvestrol treatment. 

Overall, these data confirm that, like MYC, the inhibition of MCL1 protein expression in eIF4Ai-

treated cells was not accompanied by a reduction in MCL1 mRNA expression, consistent with 

translational inhibition. There was also a counterintuitive increase in MCL1 mRNA in cells co-treated 

with anti-IgM and silvestrol or rocaglamide, although this was to a lesser extent than observed for 

MYC mRNA (Figure 4-5). Again, neither compound had any clear effect on basal MCL1 mRNA 

expression (Appendix A).  
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Figure 4-6. MCL1 mRNA expression following anti-IgM and eIF4Ai treatment 

CLL samples (n=11) were pre-treated with silvestrol or rocaglamide (10 or 20 nM) for one hour and then 

treated with control antibody or anti-IgM for an additional 24 hours. MCL1 and B2M mRNA expression 

measured by Taqman qPCR. A) MCL1 mRNA induction following anti-IgM treatment, data relative to B2M 

expression and normalised to control bead treated sample set to 1. B) MCL1 mRNA expression following anti-

IgM treatment and silvestrol or rocaglamide treatment with data normalised to B2M expression with values 

for anti-IgM/DMSO-treated cells set to 100. Error bars show SEM and the statistical significance of the 

indicated differences was determined using a paired T-test. 

A )

B )
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4.3.3 Kinetics of the induction of MYC and MCL1 mRNA by anti-IgM and silvestrol 

A time-course of anti-IgM and silvestrol treatment was performed, to measure the expression of 

MYC and MCL1 mRNAs following one to 24 hour anti-IgM treatment, in order to fully understand 

the kinetics of the anti-IgM/silvestrol response. Data was normalised so that the anti-IgM/DMSO 

treated values for each time-point was normalised to 100. This allows for easier visualisation of 

induction of MYC/MCL1 mRNA at each time-point of anti-IgM treatment and the relative further 

induction induced by silvestrol treatment.  

Induction of MYC mRNA expression was evident by as early as one hour anti-IgM treatment and 

continued to be induced throughout the time-course up to 24 hours of anti-IgM treatment (Figure 

4-7). Further induction of MYC mRNA by anti-IgM/silvestrol treatment was clear from three hours 

of treatment, but was most highly induced by 24 hours (Figure 4-7). Thus, MYC mRNA appears to 

accumulate over time following anti-IgM/silvestrol treatment. 
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Figure 4-7. Time-course of MYC mRNA expression following anti-IgM and silvestrol treatment 

CLL samples (n=4) were pre-treated with silvestrol or DMSO (10 or 20 nM) for another hour and then treated 

with control antibody or anti-IgM for an additional 1, 3, 6 or 24 hours. MYC and B2M mRNA expression 

measured by Taqman qPCR. MYC mRNA data was made relative to B2M expression with values for anti-

IgM/DMSO sample set to 100 per time-point. Error bars show SEM and the statistical significance of the 

indicated differences was determined using a paired T-test. 
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At earlier time-points, there is a less clear induction of MCL1 mRNA expression by anti-IgM 

treatment (Figure 4-8). Induction of MCL1 mRNA expression was most clear following 24 hours of 

anti-IgM treatment, but even at this time-point the extent of the increase was modest (~50%) 

(Figure 4-8). There was a slight further induction of MCL1 mRNA expression following anti-

IgM/silvestrol treatment (20 nM) as early as one hour anti-IgM treatment, although this was most 

evident following six to 24 hour incubation (Figure 4-8).   
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Figure 4-8. Time-course of MCL1 mRNA expression following anti-IgM and silvestrol treatment 

CLL samples (n=4) were pre-treated with silvestrol or DMSO (10 or 20 nM) for another hour and then treated 

with control antibody or anti-IgM for an additional 1, 3, 6 or 24 hours. MCL1 and B2M mRNA levels measured 

by Taqman qPCR. MCL1 mRNA data was made relative to B2M expression with values for anti-IgM/DMSO 

sample set to 100 per time-point. Error bars show SEM and the statistical significance of the indicated 

differences was determined using a paired T-test. 
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4.3.4 The effect of silvestrol on MYC mRNA stability 

The mechanism by which eIF4Ai trigger hyper-induction of MYC mRNA expression (and MCL1 mRNA 

to a lesser extent) was investigated in anti-IgM-treated cells. Experiments focused on MYC mRNA 

as the effects of anti-IgM/eIF4Ai treatment were much clearer than seen with MCL1 mRNA. Due to 

limitations in cell numbers these experiments were performed using only silvestrol, as this 

compound increased expression of MYC mRNA to a greater extent than rocaglamide.  

The abundance of an mRNA is regulated through transcription rates and rates of decay of mRNA. It 

is known that MYC mRNA contains an instability/destabilisation element in its coding region 

meaning that its half-life is dependent upon its translation. This means that the translation and 

degradation of MYC RNA are coupled (Lemm and Ross, 2002, Wisdom and Lee, 1991). For example, 

inhibition of translation elongation by cycloheximide increases MYC RNA expression by reducing 

RNA degradation through an increase in its stability (Wisdom and Lee, 1991). It could therefore be 

hypothesised that the increase in in MYC RNA expression was due to stabilisation of MYC mRNA 

secondary to inhibition of translational initiation.  

The transcriptional inhibitor, actinomycin D, was used to determine the relative stability of MYC 

and B2M mRNAs following silvestrol treatment. In these experiments, actinomycin D was used to 

terminate synthesis of new pol II-dependent mRNA. Under these conditions the rate of reduction 

of mRNA expression is therefore a function of stability. Previous studies investigating MYC stability, 

such as the aforementioned study with cycloheximide (Wisdom and Lee, 1991), utilised 

actinomycin  D, and so the relevant concentrations described in this study were used for these 

experiments. A pilot experiment was performed to investigate the effects of different 

concentrations and exposure times for actinomycin D on cell viability (Appendix A). Based on these 

results, experiments were performed using a concentration of actinomycin D of 5 μg/ml and 

exposures up to two hours, since actinomycin D did not induce cell death under these conditions 

(Appendix A). 

An initial time-course was undertaken to identify a suitable time-point to study the decay of B2M 

and MYC mRNAs following actinomycin D treatment (Figure 4-9). Cells were treated with or without 

anti-IgM for 24 hours and then exposed to actinomycin D. Expression of B2M and MYC mRNAs was 

then quantified following up to two hours of actinomycin D treatment, using qPCR. For data shown 

here, expression values for each untreated sample (exposed to only control antibody or anti-IgM) 

was set to 1 to correct for changes in total mRNA expression due to, for example, transcriptional 

induction by anti-IgM. As an additional control, cells were also analysed after an additional two 

hours without any actinomycin D to control for changes in steady state levels in the absence of 

actinomycin D.  
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B2M expression in control antibody treated cells were not significantly affected by actinomycin D 

(Figure 4-9A), consistent with the idea that B2M mRNA is stable. The data for B2M was then used 

to normalise MYC mRNA data to account for any variation in loading.  

In the control antibody treated samples, MYC mRNA expression was reduced by >50% within 30 

minutes of actinomycin D treatment, and continued to reduce at up to two hours (Figure 4-9B). 

Thus, the half-life of MYC RNA was short (<30 minutes), consistent with previous studies (Herrick 

and Ross, 1994). Similar effects were observed for anti-IgM treated cells, suggesting that, at least 

at 24 hours, sIgM signalling did not substantially alter MYC mRNA stability. Based on these results, 

one hour treatment with actinomycin D was selected for further experiments. 
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Figure 4-9. B2M and MYC mRNA expression following actinomycin D treatment as a time-course 

CLL samples (n=2) were pre-treated with control antibody or anti-IgM for 24 hours, before being treated with 

actinomycin D (5 μg/ml) for 30 minutes, 1 or 2 hours. Cells were collected and RNA extracted before cDNA 

synthesised and Taqman qPCR performed. Data made relative with values for the 0 hr control-antibody and 

0 hour anti-IgM-treated cells set to 1.0. A) B2M RNA (ng). B) MYC RNA normalised to B2M expression. Error 

bars show SEM. 

A )

B )
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4.3.4.1 Silvestrol increases the stability of MYC mRNA 

To investigate the effect of silvestrol on MYC mRNA stability, CLL samples were incubated with 

silvestrol for one hour, then with control antibody or anti-IgM for an additional 24 hours, which was 

followed by treatment with actinomycin D for a further one hour (Figure 4-10). For this analysis, 

expression values for the untreated control antibody-treated sample were set to 100. 

Consistent with the previous experiment, MYC mRNA decayed rapidly in control antibody treated 

cells exposed to actinomycin D, with >50% reduction at this time-point (Figure 4-10). The reduction 

in expression of MYC mRNA was actually greater in cells treated with anti-IgM in this experiment 

(in contrast to the previous result), which suggested some degree of destabilisation of MYC mRNA 

following sIgM-stimulation. 

As described in previous experiments, anti-IgM substantially increased the overall abundance of 

MYC mRNA, and MYC mRNA expression was further increased in cells treated with both silvestrol 

and anti-IgM (Figure 4-10). In silvestrol/anti-IgM treated cells, actinomycin D did decrease MYC 

mRNA. However, the extent of reduction of MYC mRNA by actinomycin D was substantially less in 

silvestrol plus anti-IgM treated cells compared to anti-IgM-only treated cells (~49% versus ~93% 

reduction, Figure 4-10) indicating that silvestrol stabilises MYC mRNA following sIgM-stimulation.  
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Figure 4-10. MYC mRNA expression following silvestrol and actinomycin D treatment 

CLL samples (n=4) were pre-treated for one hour with silvestrol, followed by an additional 24 hour treatment 

with control antibody or anti-IgM. Cells were then treated for one hour with actinomycin D (5 μg/ml). Cells 

were collected and RNA extracted. MYC mRNA expression was measured by Taqman qPCR, normalised to 

B2M expression and values for untreated/control antibody treated cells set to 100. Error bars show SEM and 

the statistical significance of the indicated differences was determined using a paired T-test. 
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4.3.5 Wash-out of silvestrol on anti-IgM-induced MYC protein and mRNA expression 

An interesting question that arose from these findings related to the fate of the MYC mRNA that 

accumulated in anti-IgM and silvestrol treated cells. For example, it is possible that, although 

translationally inhibited due to eIF4A inhibition, the accumulated RNA remains competent for 

translation if drug blockade was removed. Alternately, eIF4Ai-induced translational inhibition may 

render target mRNAs irreversibly blocked inhibited for translation. This is an important question to 

address, since, if the accumulated MYC mRNA remained competent for translation, intermittent or 

ineffective therapy with an eIF4Ai in a patient might lead to an unwanted boost in expression of 

tumour-driving MYC protein expression as the accumulated mRNA re-entered the translated pool. 

To address this, a series of wash-out experiments were performed to determine the effect of drug 

removal on MYC mRNA and protein expression.  

CLL samples were pre-treated with silvestrol or DMSO for one hour, then treated with anti-IgM for 

three hours. Cells were then washed thoroughly (except for ‘no wash’ conditions), and then re-

plated with either silvestrol, DMSO or no drug added. The cells were then incubated for a further 

three hours and then collected for lysis, proteins extracted for use in immunoblotting for MYC and 

HSC70 proteins. mRNA was prepared in parallel for qPCR analysis of MYC mRNA expression. 

 

4.3.5.1 Removal of silvestrol reverses inhibition of MYC expression 

As in previous experiments following six hour anti-IgM treatment, there is a clear induction of MYC 

protein expression (Figure 3-7, Figure 4-11). Cells treated with silvestrol throughout the experiment 

showed a strong reduction of anti-IgM-induced MYC protein expression, consistent with previous 

experiments (Figure 3-7). When silvestrol was removed after three hours and replaced with DMSO, 

MYC expression increased but only to a level similar to that detected in cells treated with anti-

IgM/DMSO only (Figure 4-11). Importantly, this level of MYC expression did not reflect the elevated 

levels of MYC mRNA that had accumulated in these cells.  
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Figure 4-11. MYC protein expression following anti-IgM and silvestrol treatment followed by 

silvestrol wash-out 

CLL samples (n=7) were pre-treated with silvestrol (20 nM) or DMSO for one hour. Samples were then treated 

with control antibody or anti-IgM for three hours. Cells were washed in warm medium four times (excluding 

the ‘no wash’ control cells), then re-plated with or without silvestrol or DMSO, then re-incubated for a further 

three hours. Cells were lysed and proteins extracted, then immunoblotting was undertaken and blots probed 

for MYC, and HSC70 as a loading control. Representative western blot shown of sample U-780. Relative 

densitometries of MYC protein expression shown with values for anti-IgM/DMSO-treated cells set to 100. 

Error bars show SEM and the statistical significance of the indicated differences was determined using a 

paired T-test. 
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Parallel qPCR analysis confirmed a strong induction of MYC mRNA expression following anti-IgM 

stimulation, and a further increase in cells pre-incubated with silvestrol (Figure 4-12). Upon removal 

of silvestrol, MYC mRNA expression decreased (Figure 4-12), suggesting that the accumulated 

mRNA is targeted for degradation. Although the decrease in mRNA expression following drug-

removal was not sufficient for the expression to match that of the anti-IgM only treated cells, the 

decrease in mRNA expression was still statistically significant (Figure 4-12). It is likely that over 

longer time-points, the accumulated mRNA would have degraded and its’ expression would match 

that of non-silvestrol treated cells. Overall, these results indicated that the accumulated MYC mRNA 

from silvestrol/anti-IgM treatment remained inhibited for translation, and upon removal of 

translational inhibition this mRNA was likely degraded and did not result in a large increase in MYC 

protein expression. 
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Figure 4-12. MYC mRNA expression following anti-IgM and silvestrol treatment followed by 

silvestrol wash-out 

CLL samples (n=4) were pre-treated with silvestrol (20 nM) or DMSO for one hour. Samples were then treated 

with control antibody or anti-IgM for three hours. Cells were washed in warm medium four times (excluding 

the ‘no wash’ control cells), then re-plated with or without silvestrol or DMSO, then re-incubated for a further 

three hours. Cells were lysed and RNA extracted then Taqman qPCR was performed for MYC and B2M. Graph 

shows MYC mRNA expression normalised to B2M with values for anti-IgM/DMSO-treated cells set to 100. 

Error bars show SEM and the statistical significance of the indicated differences was determined using a 

paired T-test. 
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4.4 Summary of main findings 

The overall aim of this chapter was to investigate in detail the effects of eIF4Ai on the translation, 

steady-state expression and stability of MYC mRNA in anti-IgM-treated CLL cells. 

 

The main findings arising from these experiments were; 

• Silvestrol reduced anti-IgM-induced polysome-association of MYC and MCL1 mRNAs in CLL 

cells 

• eIF4Ai treatment in the presence of anti-IgM resulted in an unexpected hyper-induction of 

MYC mRNA (and MCL1 mRNA to a lesser extent) 

• Hyper-induction of MYC mRNA in anti-IgM/silvestrol-treated CLL cells was due at least in 

part, in part, to increased mRNA stability 

• Silvestrol treatment was reversible and removal of drug resulted in restored MYC protein 

expression, with reduced accumulation of MYC mRNA 

 

Overall, these results support the hypothesis that eIF4Ai reduce anti-IgM-induced expression of 

MYC and MCL1 by inhibition of mRNA translation. Analysis of the turnover of MYC mRNA also 

confirmed the secondary hypothesis that inhibition of translational initiation by eIF4Ai was 

associated with stabilisation of MYC RNA. 
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4.5 Discussion 

4.5.1 Inhibition of polysome-associated translation of MYC and MCL1 mRNA by silvestrol 

Fractions collected from polysome profiling demonstrated directly that the inhibitory effects of 

silvestrol on anti-IgM-induced MYC and MCL1 protein expression described in Chapter 3 were 

associated with inhibition of MYC and MCL1 mRNA translation. Thus, there was an increase in 

polysome-associated MYC/MCL1 translation by anti-IgM treatment, which was reduced by 

silvestrol (Figure 4-1). Thus, eIF4A activity is important for the translation of these oncoproteins 

following stimulation, consistent with the presence of structured 5’ UTRs in their mRNAs. 

 

4.5.2 Accumulation of MYC mRNA after silvestrol treatment is due to increased mRNA 

stability 

Previous studies have shown that translation of MYC RNA is coupled to its degradation (Wisdom 

and Lee, 1991), and other translation inhibitors act to increase MYC RNA expression at a post-

transcriptional level (Wisdom and Lee, 1991). Within the coding region of MYC, there is a coding 

region instability determinant (CRD) sequence (Lemm and Ross, 2002). When the relative binding 

protein (CRD-BP) binds the CRD in MYC, the sequence is protected from polysome-associated 

endonucleases  (Lemm and Ross, 2002). Following dissociation of the CRD-BP, the CRD is rapidly 

cleaved by these endonucleases  (Lemm and Ross, 2002). Another region that renders MYC RNA 

unstable is the AU-rich region in its 3’ UTR  (Lemm and Ross, 2002). The presence of a CRD is the 

reason that MYC RNA requires translation to be degraded, as during translation the CRD-BP 

dissociates from the mRNA and during a phase of ribosome pausing this CRD would be left exposed 

and available to endonucleases, thus resulting in destabilisation of the mRNA  (Lemm and Ross, 

2002). Notably, this method of decay revolves around the elongation phase of translation (Presnyak 

et al., 2015, Radhakrishnan and Green, 2016), and thus accounts for why inhibition of translation 

elongation via cycloheximide increases MYC mRNA stability (Lemm and Ross, 2002, Wisdom and 

Lee, 1991). 

Another method of RNA decay described states that the stability of an mRNA is determined by 

competition between translation initiation factors and the decapping complex of the 5’ cap, or 

blocking of decay factors by ribosomes on the mRNA (Chan et al., 2018).  These methods have been 

described in yeast (Beelman and Parker, 1994, Schwartz and Parker, 1999) but provide an 

interesting mechanism for the increased stability of MYC mRNA following silvestrol treatment.  
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 The presence of a G-quadruplex in MYC RNA is described as the reason for which silvestrol targets 

MYC, due to its reliance on eIF4A for translation (Wolfe et al., 2014). This study also described an 

increase in MYC mRNA expression, although only after 45-minutes of silvestrol treatment (Wolfe et 

al., 2014). My data demonstrated that upon silvestrol treatment MYC mRNA became increasingly 

stable even following destabilisation after anti-IgM treatment (Figure 4-10), although the extent to 

which this occurred did not seem to fully account for the level of increase in total MYC mRNA 

expression with silvestrol. This suggested another mechanism may also contribute to the increase 

in MYC mRNA expression observed in anti-IgM and silvestrol treated cells. Bordeleau and colleagues 

previously described a potential mechanism for silvestrol, involving stimulating the RNA-binding 

activity of eIF4A in vivo, which could account for the accumulation and associated increased stability 

of MYC mRNA seen in this study (Bordeleau et al., 2008). With a forced interaction between eIF4A 

and its target mRNAs, the mRNA will cease to be translated, thus not initiating its subsequent 

degradation to occur and preventing recycling of eIF4A back into the eIF4F complex for further 

translation to occur (Bordeleau et al., 2008). 

An alternative eIF4Ai, hippuristanol, acts by preventing free and eIF4F-bound eIF4A binding to its 

target RNA, thus preventing initiation of translation (Bordeleau et al., 2006). More recently, Chan 

and colleagues described how inhibition of translation initiation destabilised mRNAs due to 

increased mRNA decay (Chan et al., 2018). This study was also performed using hippuristanol which 

inhibits eIF4A but has a distinctively different mechanism of action to compounds such as 

rocaglamide and silvestrol. This conclusion by Chan and colleagues is inconsistent with my data as 

the mechanism by which translation initiation is inhibited appears to alter the stabilisation of the 

mRNA in question. Forced dimerization of RNA:eIF4A by silvestrol has shown to increase stability 

of MYC, likely due to blocking degradation factors and the CRD in MYC. Although, my data agrees 

with their conclusion in that initiation efficiency can act as a determinant of RNA stability.  

Earlier studies have described that treating CLL cells with silvestrol (80 nM) for up to 12 hours does 

not increase the expression of MCL1 mRNA (Lucas et al., 2009). This correlates with the data 

presented here, in that silvestrol has no effect on basal MCL1 expression (Appendix A), and 

demonstrates further that the accumulation of MCL1 mRNA Error! Reference source not 

found.following silvestrol treatment is dependent upon stimulation of sIgM. This further 

demonstrates dysregulation of translation following stimulation of the BCR playing a role in CLL 

disease progression. It is again clear that regulation of MCL1 by BCR-stimulation and mRNA 

translation is less than MCL1 in comparison to MYC. 

It is important to consider the use of actinomycin D in the study into RNA stability in section 4.3.4. 

Actinomycin D acts as a transcriptional inhibitor and thus inhibits the transcription of all pol II 
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dependent transcripts. This results in a global stress response (Chan et al., 2018, Sun et al., 2012) 

which must be considered when analysing any data produced. Whilst I demonstrated that the 

duration and concentration of actinomycin D treatment used in section 4.3.4 had minimal 

consequence on cell survival (Appendix A) and the experiments in section 4.3.4 were performed in 

the presence of a caspase inhibitor, it may be that cell stress and death processes were beginning 

to occur prior to the collection of cells.   

 

4.5.3 Reversibility of the effects of silvestrol treatment 

Bordeleau et al (2008) demonstrated reversibility of silvestrol in its ability to inhibit mRNA 

translation, via a 35S-methionine incorporation assay (Bordeleau et al., 2008), although this study 

was performed using the HeLa cell line and thus may produce somewhat different results than in 

non-dividing primary tumour cells. To further understand the reversibility of silvestrol in inhibition 

of MYC protein expression and the consequence on the accumulation of MYC mRNA in CLL samples, 

a drug wash-out experiment was performed (section 4.3.5). The accumulated MYC mRNA, if 

translated following removal of silvestrol, could have major consequences. Particularly, if MYC 

expression was to rapidly increase it could result in cell death, or could drive proliferation and 

contribute to disease progression. 

Here, removal of silvestrol recovered MYC protein expression, but only to a similar expression level 

of cells solely treated with anti-IgM/DMSO (Figure 4-11). There was also a reduction in MYC mRNA 

expression (Figure 4-12), which would be expected to slowly return over-time to similar expression 

of MYC seen in anti-IgM/DMSO-only treated cells. Thus, despite an accumulation of MYC mRNA in 

anti-IgM/silvestrol-treated cells, this was not reflected in a matching elevation of MYC protein 

expression following drug removal. This implied that accumulated MYC mRNA from silvestrol 

treatment remained inhibited from translation and upon removal of this silvestrol-induced 

blockade the mRNA was likely degraded and not sent for translation. Clinically, this would likely 

mean that no massive increase in MYC expression would drive disease progression following 

cessation/any pause of silvestrol treatment. 
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Chapter 5 The effects of eIF4E inhibitor, ribavirin, on 
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nuclear export of RNA  
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5.1 Introduction 

The focus for the experiments described in this chapter was to investigate the consequences of 

inhibition of a second translation initiation factor eIF4E, using ribavirin. eIF4E is a core component 

of the eIF4F translation initiation complex. Within this complex, eIF4E is rate-limiting (Gingras et al., 

1999b), implying that initiation of mRNA translation is reliant upon the expression of eIF4E and thus 

targeting of eIF4E may have therapeutic utility. eIF4E binds the m7G cap of mRNA during cap-

dependent translation initiation to facilitate recruitment of the 40S ribosomal subunit to mRNA 

(Kraljacic et al., 2011). Some mRNAs are more reliant upon eIF4E for their translation than others, 

due to complexity in the secondary structures of their 5’ UTR. Over-expression of eIF4E relieves the 

translational repression associated with complex secondary structures in 5’ UTR of mRNA and 

allows for easier scanning of the 43S PIC. With this, increased eIF4E expression has been associated 

with increased mRNA translation of oncogenes with complex 5’ UTR such as MYC (Koromilas et al., 

1992). Thus, sensitivity to eIF4E for mRNA translation is determined by the stability and complexity 

of the 5’ UTR of capped mRNAs (Koromilas et al., 1992). mRNAs with shorter and less complex 5’ 

UTR are less reliant upon eIF4E for mRNA translation and are less affected by the availability of 

eIF4E (Wendel et al., 2007, Sonenberg and Hinnebusch, 2009). 

Although the precise mechanism of action by which ribavirin interferes with eIF4E function is 

unclear, this synthetic nucleoside analogue may act as a mimic of the 5’ m7G cap of an mRNA and 

binds eIF4E, thus preventing recruitment of the eIF4F complex and the 40S ribosome to the mRNA 

(Kentsis et al., 2004). Although other studies have suggested that ribavirin does not act as a cap 

analogue (Yan et al., 2005), more recent studies have further demonstrated that ribavirin does bind 

eIF4E in replacement of the 5’ cap and induces conformational changes in eIF4E (Volpon et al., 

2013).   

Ribavirin is currently used in patients as an anti-viral therapy (eg. for hepatitis C infection), but has 

shown potential as a translational inhibitor in clinical trials in acute leukaemia resulting in some 

partial and complete remissions (Assouline et al., 2009) along with a more recent trial using ribavirin 

in combination with chemotherapy (Assouline et al., 2015). Therefore, ribavirin is already well 

profiled clinically and may be promising to move into clinical trials of B-cell malignancies designed 

to evaluate therapeutic effects of translation inhibitors more quickly than other compounds. 

In addition to its role in translation initiation, studies have demonstrated a role of eIF4E in nuclear 

export of some mRNAs. Around 70% of eIF4E exists within the nucleus (Iborra et al., 2001), implying 

that the role of eIF4E in nuclear export is significant. In aggressive lymphomas, eIF4E is required for 

the export of MYC and BCL2 mRNAs and is linked to tumorigenesis and transformation (Culjkovic-

Kraljacic et al., 2016). Thus eIF4E and its associated role in nuclear export is key in disease 
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progression in B-cell tumours. mRNAs exported from the nucleus by eIF4E contain a 50-nucleotide 

4E-SE in their 3’ UTR. One of the first mRNAs identified to be regulated by eIF4E at the level of 

transport is CCND1 (encoding for cyclin D1). The function of eIF4E to facilitate nuclear export, as 

well as mRNA translation, also requires its cap-binding abilities and so mRNAs which are to be 

transported and/or translated require a 5’ cap as well as a 3’ 4E-SE. Notably, ribavirin interferes 

with eIF4E-dependent nuclear export of certain mRNAs, including CCND1 and MYC (Osborne and 

Borden, 2015). 

eIF4E is over-expressed in malignancies such as carcinomas (Kerekatte et al., 1995) and in CLL 

(Martinez-Marignac et al., 2013). A previous study demonstrated that ribavirin did not induce 

apoptosis of CLL cells in vitro, but did reduce expression of anti-apoptotic protein BCL2 (Martinez-

Marignac et al., 2013). However, in this study, the impact of sIgM stimulation co-treatment with 

ribavirin was not investigated. The impact of inhibition of eIF4E by ribavirin in CLL, and the 

consequences on mRNA translation, MYC and MCL1 expression, and the nuclear export of RNAs 

following sIgM stimulation are yet to be fully elucidated. 
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5.2 Hypothesis and aims 

5.2.1 Hypothesis 

The primary hypothesis for this chapter was that the eIF4E inhibitor, ribavirin, will inhibit anti-IgM-

induced expression of key target proteins, MYC and MCL1, in CLL cells potentially by reducing 

nuclear export of their mRNAs. The secondary hypothesis was that ribavirin would exert anti-

tumour activity in an adoptive transfer model utilising Eμ-TCL1 leukaemic cells as a model of CLL. 

 

5.2.2 Aims 

The specific aims of this chapter were to: 

• Investigate the effect of ribavirin on mRNA translation in healthy donor B cells and CLL cells 

• Characterise the effects of ribavirin on anti-IgM-induced MYC and MCL1 protein and mRNA 

expression 

• Investigate the effects of ribavirin on sIgM expression and upstream signalling 

• Investigate the effects of ribavirin on the regulation of translation initiation factors with 

anti-IgM treatment 

• Determine the effects of ribavirin on CLL cell survival in the presence or absence of anti-

IgM 

• Characterise the effects of ribavirin on anti-IgM-induced cyclin D1 expression 

• Determine the effects of anti-IgM and ribavirin treatment on mRNA nuclear export 

• Compare responses seen following ribavirin treatment with that of the XPO1 inhibitor, 

selinexor 

• Investigate in vivo responses to ribavirin in an adoptive transfer mouse model using Eμ-

TCL1 leukaemic cells 
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5.3 Results 

5.3.1 The effects of ribavirin on anti-IgM-induced mRNA translation in CLL cells 

I used the OPP-incorporation flow cytometry assay to investigate the effect of ribavirin on basal and 

anti-IgM-induced mRNA translation in CLL cells. CLL samples were pre-treated with ribavirin for one 

hour before treatment with anti-IgM for an additional 24 hours. Ribavirin was used at 1 or 10 μM 

as previous studies demonstrated that these concentrations disrupted eIF4E:mRNA binding in cells 

(Kentsis et al., 2004) and that these concentrations are readily clinically achievable in the plasma of 

patients undergoing therapy (Urtishak et al., 2019, Martinez-Marignac et al., 2013). 

Ribavirin showed no effect on basal mRNA translation (Figure 5-1A). Following 24-hour anti-IgM 

treatment, ribavirin (10 μM) significantly inhibited anti-IgM-induced mRNA translation (Figure 

5-1B). At 10 μM, ribavirin reduced anti-IgM-induced OPP labelling by ~25% (Figure 5-1B).  
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Figure 5-1. Ribavirin on basal and anti-IgM-induced OPP-labelling in CLL samples 

CLL samples (n=4) were pre-treated with ribavirin or DMSO for one hour before treatment with control 

antibody, anti-IgM, or CpG-ODN for an additional 24 hours, as indicated. Translation was then analysed by 

measuring OPP incorporation in the CD5+ CD19+ cell population. Values for control antibody/DMSO treated 

cells were set to 1 (A) or anti-IgM DMSO treated cells set to 100 (B) to measure basal translation and anti-

IgM-induced translation, respectively. Error bars show SEM and the statistical significance of the indicated 

differences was determined using paired T tests. 

A )

B )
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5.3.2 The effects of ribavirin on global mRNA translation in healthy donor B cells 

The next series of experiments investigated the effects of ribavirin on basal and anti-IgM-induced 

mRNA translation in B cells from healthy donors using the OPP-incorporation assay. As in Figure 

3-11, antibodies were included in the FACS analysis to enable specific measurement of responses 

in CD19+CD5-IgG- B cells.  

In contrast to its effects in CLL cells, ribavirin did not reduce basal or anti-IgM induced mRNA 

translation in non-malignant B cells (Figure 5-2). This is in contrast to silvestrol (Figure 3-11), which 

significantly reduced anti-IgM-induced OPP-labelling in B cells from healthy donors. Thus, like 

eIF4Ai, ribavirin reduces anti-IgM-induced global mRNA translation in CLL cells. However, in 

contrast to silvestrol, effects of ribavirin appear to be selective for CLL cells compared to normal B 

cells, at least as measured using OPP-labelling.  

  



Chapter 5: Results 

203 

 

Figure 5-2. Ribavirin on basal and anti-IgM-induced OPP labelling in healthy donor B cells  

PBMCs from healthy donors (n=6) were pre-treated with ribavirin or DMSO for one hour before treatment 

with control antibody, anti-IgM, or CpG-ODN for an additional 24 hours, as indicated. OPP incorporation was 

measured in the CD19+CD5-IgG- cell population. Values for control antibody/DMSO treated cells were set to 

1 (A) or anti-IgM DMSO treated cells set to 100 (B) to measure basal translation and anti-IgM-induced 

translation, respectively. Error bars show SEM and the statistical significance of the indicated differences was 

determined using paired T tests. Experiments performed in collaboration with Dr Karly-Rai Rogers-Broadway.  

A )

B )



Chapter 5 

204 

5.3.3 The effect of ribavirin treatment on anti-IgM-induced MYC and MCL1 protein 

expression 

I next investigated the effect of ribavirin on the expression of MYC and MCL1. Initial analysis of MYC 

expression was performed at six hours following anti-IgM stimulation, to match experiments 

performed using eIF4Ai (Figure 3-7). At this time point, ribavirin only very modestly reduced MYC 

expression (Figure 5-3). This was surprising, considering that ribavirin has been shown to reduce 

MYC expression in other cell systems (Urtishak et al., 2019).  
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Figure 5-3. MYC expression following 6 hour sIgM-stimulation and ribavirin treatment 

CLL samples (n=4) were pre-treated with ribavirin for one hour before an additional six hour treatment with 

anti-IgM or control antibody. After collection, cells were lysed and proteins extracted then immunoblotting 

was undertaken and blots probed for MYC and HSC70 as a loading control. (A) Western blot of representative 

sample U-929. (B) Values for MYC expression were made relative to anti-IgM/DMSO treated control set to 

100.  Error bars show SEM and the statistical significance of the indicated differences was determined using 

paired T tests. 

 

A )

B )
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I therefore investigated whether longer incubations with ribavirin were required to observe 

stronger inhibitory effects. After 24 hour anti-IgM treatment there was a strong induction of MYC 

protein expression (Figure 5-4B), which was significantly inhibited by ribavirin at both 

concentrations (1 and 10 μM). Variation in the loading in this immunoblot may be due to altered 

loading or small amounts of cell death. As the densitometries are normalised to the loading control 

(HSC70), the MYC expression is relative to this loading and takes this into account. This 

demonstrates that anti-IgM-induced MYC expression is sensitive to the inhibition of eIF4E, but the 

effects of ribavirin require relatively long incubation times, at least compared to eIF4Ai.  
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Figure 5-4. MYC expression following 24 hour anti-IgM and ribavirin treatment 

CLL samples (n=10) were pre-treated with ribavirin or DMSO for one hour before treatment with control 

antibody or anti-IgM for an additional 24 hours. After collection, cells were lysed and proteins extracted then 

immunoblotting was undertaken and blots probed for MYC and HSC70 as a loading control. A) Western blot 

for representative sample U-816C. (B) MYC protein expression with values for anti-IgM/DMSO treated cells 

set to 100. Error bars show SEM and the statistical significance of the indicated differences was determined 

using paired T tests. 

  

A )

B )
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The effects of ribavirin on MCL1 expression were also examined at 24 hours, which matches the 

time point used to investigate effects of eIF4Ai (Figure 3-8). There was a significant induction of 

MCL1 protein expression following 24 hour anti-IgM treatment which was reduced by ribavirin 

(Figure 5-5). However, the inhibitory effects of ribavirin on MCL1 expression were very modest 

compared to MYC (maximal reduction in MCL1 expression of ~20% with 10 μM ribavirin) and were 

not statistically significant (Figure 5-5).  
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Figure 5-5. MCL1 expression following 24 hour anti-IgM and ribavirin treatment 

CLL samples (n=14) were pre-treated with ribavirin or DMSO for one hour before treatment with control 

antibody or anti-IgM for an additional 24 hours. After collection, cells were lysed and proteins extracted then 

immunoblotting was undertaken and blots probed for MCL1 and HSC70 as a loading control. A) Western blot 

for representative sample U-929. B) MCL1 protein expression with values for anti-IgM/DMSO treated cells 

set to 100. Error bars show SEM and the statistical significance of the indicated differences was determined 

using paired T tests. 

  

A )

B )
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5.3.4 The effect of ribavirin on MYC and MCL1 mRNA expression 

To further investigate the consequences of eIF4E inhibition, the effect of ribavirin on MYC and MCL1 

mRNA expression was studied. CLL samples were treated for one hour with ribavirin, followed by 

24 hour anti-IgM treatment. RNA was extracted and Taqman qPCR was performed to quantify MYC, 

MCL1 and B2M mRNA expression. 24 hour anti-IgM treatment was chosen to match the analysis of 

the effects of ribavirin on protein expression. 

There was a significant induction of MYC mRNA expression following 24-hour anti-IgM treatment 

(~75% increase), which was reduced to a small (~10%) but statistically significant extent by ribavirin 

(Figure 5-6A). Induction of MCL1 mRNA expression was modest (~40% increase) and did not reach 

statistical significance in this series of experiments (Figure 5-6B). Ribavirin did not alter anti-IgM-

induced MCL1 mRNA expression (Figure 5-6B). Ribavirin also had no effect on B2M expression per 

se, by analysis of Ct values (Appendix B). Overall, these data demonstrate that reduced MYC protein 

induction by ribavirin is not associated with reduced MYC mRNA expression, consistent with a post-

transcriptional mechanism of regulation. Moreover, unlike eIF4Ai, ribavirin does not hyper-induce 

MYC mRNA expression in the presence of anti-IgM.   
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Figure 5-6.  MYC and MCL1 mRNA expression following sIgM-stimulation and ribavirin treatment 

CLL samples (n=6) were pre-treated with ribavirin or DMSO for one hour and then treated with control 

antibody or anti-IgM for an additional 24 hours. MYC, MCL1 and B2M mRNA expression measured by Taqman 

qPCR. MYC (A) and MCL1 (B) mRNA expression relative to B2M expression with values for anti-IgM/DMSO 

treated cells set to 100. Error bars show SEM and the statistical significance of the indicated differences was 

determined using paired T tests. 

  

A )

B )
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5.3.5 The effect of ribavirin on sIgM expression and upstream signalling  

A previous study identified multiple mRNAs associated with BCR signalling (including CD19, BTK, 

LYN, PLCG2) as potential eIF4E targets, since they were bound to eIF4E in eIF4E-RNA 

immunoprecipitation experiments (RIP) (Culjkovic-Kraljacic et al., 2016). It was therefore important 

to determine whether the reduction in MYC expression in anti-IgM treated cells was a consequence 

of reduced sIgM expression/function per se. To address this, I analysed the effects of ribavirin on 

sIgM expression, anti-IgM-induced ERK phosphorylation, and Ca2+ mobilisation as measures of sIgM 

function.  

To investigate potential effects of ribavirin on sIgM expression, CLL samples were recovered for one 

hour then treated with ribavirin for 24-hours before staining for sIgM and analysis by flow 

cytometry (described in section 2.2.5). There was no clear effect of ribavirin on sIgM expression at 

either concentration tested (Figure 5-7). 
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Figure 5-7. The effect of ribavirin on surface IgM expression 

CLL samples (n=4) were treated with ribavirin or DMSO for 24 hours. Cells were collected and sIgM expression 

was analysed via flow cytometry in the CD5+ CD19+ cell population, as described in section 2.2.5. Top panel 

shows representative histogram overlays of PE fluorescence (sIgM expression) for sample M-681, for 

untreated (red), DMSO treated (blue) and ribavirin (10 μM) treated cells (orange). Bottom graph summarises 

data for all samples analysed and shows mean sIgM expression with values for DMSO treated cells set to 100. 

Error bars show SEM and the statistical significance of any differences was determined using paired T tests.  
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To investigate the effect of ribavirin on intracellular Ca2+ mobilisation, CLL samples were pre-treated 

with ribavirin for one hour before flow cytometry was performed, as described in section 2.2.4. As 

expected, anti-IgM induced a rapid intracellular Ca2+ flux in DMSO treated cells, whereas 

intracellular Ca2+ concentrations were unaffected by the control antibody. Addition of the Ca2+ 

ionophore, ionomycin, triggered intracellular Ca2+ flux in essentially all of the cells, confirming the 

competence of the sample to respond. However, ribavirin had no effect on anti-IgM-induced 

intracellular Ca2+ mobilisation in these CLL samples, at either concentration (Figure 5-8).  
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Figure 5-8. Percentage responding cells by calcium mobilisation following ribavirin and anti-IgM 

treatment 

Anti-IgM-induced intracellular Ca2+ mobilisation studied after one hour ribavirin treatment (n=4). 

Fluorescence stained for flow cytometry using FITC-A and time measured (seconds) throughout response. 

Representative plots shown from sample U-875A Arrows denote anti-IgM treatment (or control/IC antibody 

in top graph) and ionomycin stimulation. Experiment performed as in section 2.2.4. Responding cells were 

calculated over the threshold (85th percentile). Graph shows the percentage of cells responding to IgM 

stimulation by calcium mobilisation. Statistical significance of the indicated differences was determined by 

paired t-test. 
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Analysis of ERK-phosphorylation was performed following 24 hour anti-IgM treatment. There was 

a significant induction of ERK-phosphorylation at this time-point (Figure 5-9). There was a small 

(~10%) reduction in the mean increase in ERK-phosphorylation in cells pre-treated with ribavirin, 

but these differences were not statistically significant (Figure 5-9). In summary, ribavirin does not 

appear to have direct effects on sIgM signalling in CLL cells, since it did not alter sIgM expression or 

substantially effect anti-IgM-induced intracellular Ca2+ mobilisation or ERK-phosphorylation.  
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Figure 5-9. ERK-phosphorylation following sIgM-stimulation and ribavirin treatment 

CLL samples (n=10) were pre-treated with ribavirin or DMSO for one hour. Samples were then treated with 

control antibody or anti-IgM for an additional 24 hours. After collection, cells were lysed and proteins 

extracted then immunoblotting was undertaken and blots probed for total ERK and phosphorylated ERK, and 

HSC70 as a loading control. Western blot from representative sample M-681 (top panel). Relative ERK 

phosphorylation with values for anti-IgM/DMSO treated cells set to 100 (bottom graph). Error bars show SEM 

and the statistical significance of the indicated differences was determined using paired T tests. 
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5.3.6 The effects of ribavirin on translation initiation factors 

Since sIgM stimulation induces expression of eIF4A and eIF4G, and reduces expression of PDCD4 

(Yeomans et al., 2015), it was important to investigate the effect of ribavirin on these responses. 

CLL samples were pre-treated with ribavirin for one hour and then treated for an additional 24 

hours with anti-IgM. Expression of eIF4A, PDCD4 and eIF4G was measured using western blot.  

Consistent with previous findings (Figure 3-6 and (Yeomans et al., 2015)), anti-IgM increased 

expression of eIF4A and eIF4G, and reduced expression of PDCD4. Ribavirin very modestly reduced 

the induction of eIF4A (~10%), and had no effect on eIF4G expression (Figure 5-10). Ribavirin also 

slightly increased PDCD4 expression in anti-IgM treated cells (~20%) (Figure 5-10). Overall, ribavirin 

did not substantially alter the expression of the examined proteins in anti-IgM treated cells. 
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Figure 5-10. Expression of eIF4A, PDCD4 and eIF4G expression following sIgM-stimulation and 

ribavirin treatment 

CLL samples (n=10) were pre-treated with ribavirin or DMSO for one hour then treated with control antibody 

or anti-IgM for an additional 24 hours. Expression of eIF4A, PDCD4, eIF4G and HSC70 (loading control) was 

analysed by immunoblotting. (A) Western blot from representative sample U-888B. Relative expression of 

eIF4A (B), PDCD4 (C) and eIF4G (D) protein expression with values for anti-IgM/DMSO treated cells set to 100. 

Error bars show SEM and the statistical significance of the indicated differences was determined using paired 

T tests. 
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Previous experiments have demonstrated that expression of eIF4E, the target of ribavirin, is not 

altered following sIgM stimulation of CLL cells (Figure 3-6). However, eIF4E function is also 

modulated by phosphorylation, so it was important to extend these studies to investigate the 

effects of anti-IgM and/or ribavirin on post-translational modification of eIF4E.  

In the first experiments, CLL samples were stimulated with anti-IgM for 24 hours and expression 

and phosphorylation of eIF4E was analysed by immunoblotting. For phosphorylation, I used an 

antibody that detects phosphorylation at Ser209 which is induced by MNK1/2. Ser209 

phosphorylation is thought to result in increased translation since it reduces the affinity of eIF4E 

for the 5’ cap. One hypothesis is that phosphorylation of results in the release of initiation factors 

from the 5’ cap after the 60S ribosome has begun scanning, allowing translation to occur and 

releasing the initiation factors for translation of other mRNAs (Scheper and Proud, 2002). 

Immunoblot analysis demonstrated that whereas overall expression of eIF4E was not regulated, 

anti-IgM significantly increased eIF4E Ser209 phosphorylation (~50%) (Figure 5-11A). 

In addition to phosphorylation, eIF4E function can be regulated by binding of 4E-BP1 (Gingras et al., 

1999a). Thus, mTORC1 dependent 4E-BP1 phosphorylation results in its dissociation from eIF4E, 

allowing eIF4E to be recruited to the eIF4F complex. I therefore studied expression of 4E-BP1 in 

these experiments (Figure 5-11). Immunoblotting revealed multiple bands for 4E-BP1 which are 

considered to represent hypo- (lower band) and hyper- (upper band) phosphorylated forms of 4E-

BP1 (Gingras et al., 1999a) (Figure 5-11). It was not possible to reliably quantify these separate 

bands, so quantitation of the immunoblots was not performed. However, overall there did not 

appear to be substantial changes in 4E-BP1 expression/phosphorylation in anti-IgM-treated cells at 

this time-point (Figure 5-11).  
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Figure 5-11. 4E-BP1, eIF4E-phosphorylation and eIF4E expression following sIgM-stimulation 

CLL samples (n=7) were treated with control antibody or anti-IgM beads for 24 hours. Expression of 4E-BP1, 

eIF4E and phosphorylated-eIF4E (Ser209), and HSC70 as a loading control, was analysed by immunoblotting. 

Western blot from representative sample U-609A (top panel). (A) eIF4E-phosphorylation and (B) eIF4E 

expression with values for control antibody treated cells set to 1. Error bars show SEM and the statistical 

significance of the differences between each condition was determined using paired T tests. Quantitation 

was not performed for 4E-BP1 due to the difficulty of reliably resolving different protein isoforms. 

  



Chapter 5 

222 

Next, the effect of ribavirin on the expression of eIF4E and phosphorylation of eIF4E in anti-IgM 

treated cells was investigated. CLL samples were pre-treated with ribavirin for one hour and then 

treated for an additional 24 hours with anti-IgM. eIF4E, phosphorylated-eIF4E (Ser209) and HSC70 

expression were analysed by western blot. As expected, anti-IgM did not alter eIF4E expression, but 

did increase phosphorylation at Ser209 (Figure 5-12). Interestingly, the increase in eIF4E-

phosphorylation was effectively reduced by ribavirin (~25%) (Figure 5-12A). Ribavirin did not reduce 

total eIF4E expression (Figure 5-12B). 
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Figure 5-12.  Expression of eIF4E and eIF4E-phosphorylation following anti-IgM and ribavirin 

treatment 

CLL samples (n=7) were pre-incubated with ribavirin or DMSO for one hour, before treatment with control 

antibody or anti-IgM for an additional 24 hours. Expression of eIF4E and phosphorylated eIF4E, and HSC70 as 

a loading control, was analysed by immunoblotting. Western blot of representative sample U-609A (top 

panel). (A) eIF4E-phosphorylation and (B) eIF4E protein expression with values for anti-IgM/DMSO treated 

cells set to 100. Error bars show SEM and the statistical significance of the indicated differences was 

determined using paired T tests. 
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In summary, these studies extend previous investigations and reveal novel aspects of the effects of 

anti-IgM on components of the eIF4F complex in CLL cells. Although expression of eIF4E is 

unaltered, sIgM activation does result in increased phosphorylation of eIF4E (Figure 5-11), which 

has been linked to increased eIF4E activity (Scheper and Proud, 2002). Since ribavirin did not inhibit 

upstream signalling responses induced by anti-IgM (section 5.3.5), it was interesting to note that 

ribavirin did effectively reduce the increase in eIF4E phosphorylation in anti-IgM treated cells 

(Figure 5-12). It was somewhat surprising that anti-IgM did not alter 4E-BP1 phosphorylation (Figure 

5-11), since mTORC1 is activated downstream of the BCR. However, it is possible that 4E-BP1 

phosphorylation was transiently induced but had returned to background levels in these 

experiments performed at 24 hours post-stimulation.  

 

5.3.7 The effects of ribavirin on apoptosis of CLL cells 

The effects of ribavirin treatment for 24, 48 and 72 hours on CLL cell viability were investigated 

using Annexin V/PI FACs staining to probe basal apoptosis and cleavage of PARP by immunoblotting 

to investigate any effects in anti-IgM treated cells. 

To analyse the effects of ribavirin in the absence of sIgM stimulation, CLL samples were treated 

with and without Q-VD-OPh, and with ribavirin (1 and 10 μM) for 24, 48 or 72 hours. Cells were 

then collected and stained for annexin V/PI flow cytometry (described in section 2.2.3). At all time-

points it was clear that Q-VD-OPh protected CLL cells from spontaneous apoptosis (Figure 5-13), 

confirming the effectiveness of this caspase inhibitor. However, ribavirin did not induce cell death 

at up to 72 hours of treatment (Figure 5-13). 
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Figure 5-13. Ribavirin on basal CLL cell viability with and without Q-VD-OPh treatment 

Basal cell viability (n=3) was investigated using Annexin V-PI flow cytometry. Samples were treated with or without ribavirin or DMSO, and Q-VD-OPh caspase inhibitor added where stated, 

and incubated for 24 (A), 48 (B) or 72 (C) hours before analysis. Cells were collected and cell survival was analysed via Annexin V-PI incorporation in the CD5+CD19+ cell population. Data 

shown is relative to Q-VD-OPh treated DMSO control set to 100. Error bars show SEM and the statistical significance of the indicated differences determined using paired T tests. 
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Next, PARP cleavage was analysed by western blot to investigate the effect of ribavirin on cell death 

following sIgM-stimulation. Samples were pre-incubated with ribavirin for one hour, followed by 

24, 48 or 72 hour stimulation with anti-IgM (no Q-VD-OPh was added in these experiments).  

Without sIgM stimulation, there was evidence of PARP cleavage at 24-hours, indicative of caspase 

activation associated with spontaneous cell death incubation (Figure 5-14 shows a representative 

sample and additional samples are shown in Appendix B). PARP cleavage was reduced with anti-

IgM treatment, consistent with protection from spontaneous cell death by sIgM stimulation. 

However, it was notable that the extent of PARP cleavage in the unstimulated samples reduced 

over time (Figure 5-14). This likely reflects the presence of subpopulations of cells that underwent 

early spontaneous apoptosis and were rapidly deleted from the culture, leading to selection for 

retention of more apoptosis-resistant cells at later time-points. Consistent with the annexin V/PI 

data (Figure 5-13), ribavirin did not induce PARP cleavage at any time-point (Figure 5-14). Ribavirin 

also did not reverse the survival promoting effects of anti-IgM beads that was evident at the earlier 

time-points. In summary, these experiments demonstrate that ribavirin does not show strong pro-

apoptotic activity in CLL cells, and does not interfere with the survival promoting effects of sIgM 

signalling.  
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Figure 5-14. PARP cleavage following sIgM- engagement and ribavirin treatment 

Sample U-780 was pre-treated with for one hour with ribavirin or DMSO, and then incubated for a further 24, 48 or 72-hours with control antibody or anti-IgM beads. The expression of 

PARP and HSC70 was analysed by immunoblotting. Results for additional samples are shown in Appendix B
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5.3.8 The effect of ribavirin on cyclin D1 expression 

Inhibitory effects of ribavirin on anti-IgM-induced MYC expression (Figure 5-4) may be mediated by 

inhibition of eIF4E-dependent mRNA nuclear export and/or translation. To shed further light on the 

potential mechanism of action of ribavirin in CLL cells, I extended analysis of the effects of ribavirin 

on protein expression to include cyclin D1, a major regulator of the cell cycle which is required to 

progress cell cycle through the G1 phase. The CCND1 mRNA contains a 3’ UTR 4E-SE. It is therefore 

dependent on eIF4E for nuclear export and is susceptible to inhibition by ribavirin (Culjkovic et al., 

2005). By contrast, the translation of CCND1 mRNA is relatively independent of eIF4E since it is 

unaffected by ribavirin (Kentsis et al., 2004, Culjkovic et al., 2005). Analysis was performed at 24 

hours after sIgM stimulation, as previously described for MYC protein expression (Figure 5-4).  

Anti-IgM significantly increased cyclin D1 expression (by ~3-4 fold) (Figure 5-15). This induction was 

partially inhibited (~25%) in cells treated with ribavirin at 10 μM (Figure 5-15). By contrast, 

expression of β-actin, which is not strongly dependent on eIF4E activity (Volpon et al., 2016), was 

unaffected by anti-IgM or ribavirin. 
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Figure 5-15. Expression of cyclin D1 and β-actin expression following sIgM-engagement and 

ribavirin treatment 

CLL samples (n=5) were pre-incubated with ribavirin or DMSO for one hour, before treatment with control 

antibody or anti-IgM for an additional 24 hours. Expression of cyclin D1 and β-actin, and HSC70 as a loading 

control, was analysed by immunoblotting. (A) Blots from representative sample U-511B. (B) Cyclin D1 and (C) 

β-actin expression (relative to HSC70) was calculated with values for anti-IgM/DMSO treated cells set to 100. 

Error bars show SEM and the statistical significance of the indicated differences was determined using paired 

T tests. 
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5.3.9 Ribavirin on nuclear export of mRNAs 

Since ribavirin reduced anti-IgM-induced cyclin D1 expression (Figure 5-15) (where eIF4E’s 

predominant role is in mediating the nuclear export of CCND1 mRNA), it was next necessary to 

study directly the effect of ribavirin on mRNA nuclear export in CLL cells. Cells were pre-treated 

with ribavirin for one hour and stimulated with anti-IgM for 24 hours. Subcellular fractionation was 

performed to isolate nuclear and cytoplasmic RNAs and the expression of MYC, MCL1, CCND1 and 

GAPDH mRNA was analysed by qPCR. Due to the large cell numbers needed for these experiments, 

only control antibody, anti-IgM/DMSO and anti-IgM/ribavirin treated conditions were used. 

Expression of each mRNA was normalised to GAPDH mRNA as this mRNA is not an eIF4E target 

(Volpon et al., 2016).  

Overall, anti-IgM appeared to increase the relative proportions of MYC and CCND1 (but not MCL1) 

mRNA in the cytoplasm (Figure 5-16), indicating that sIgM signalling results in increased nuclear 

export of MYC and CCND1 mRNA. By contrast, ribavirin reduced the relative abundance for the 

cytoplasmic mRNA of all three mRNAs analysed, demonstrating that the nuclear export of these 

mRNAs is dependent on eIF4E in CLL cells (Figure 5-16). 

Further evaluation of the results revealed considerable variation in effects of anti-IgM/ribavirin 

between individual samples. In particular, the effect of anti-IgM on MYC mRNA export was very 

variable, with one sample showing essentially no effect (Figure 5-16A). With this, I considered an 

arbitrary cut off of 20% increase/decrease in relative abundance to determine any effect in 

individual samples. However, the inhibitory effects of ribavirin on MYC mRNA were observed in all 

samples and this difference was statistically significant (Figure 5-16A). For MCL1, a stimulatory 

effect of anti-IgM on export was only observed in one sample, whereas inhibitory effects of ribavirin 

were observed in three (Figure 5-16B). For CCND1, a stimulatory effect of anti-IgM on export was 

observed in two samples, whereas inhibitory effects of ribavirin were observed in three (Figure 

5-16C). Overall, the inhibitory effects of ribavirin on nuclear export were more consistent than 

stimulatory effects of anti-IgM. 

The reasons for such variation were not clear. sIgM signalling strength is likely to be important, 

although all samples were selected on the basis of retained signalling competence. The samples 

studied comprised two U-CLL and two M-CLL samples. However, variation did not seem to relative 

to differing cell of origin (not shown). Further studies using more samples would help to clarify the 

regulation of RNA nuclear export by anti-IgM and/or ribavirin, and potential reasons for this 

variation. However, I was unable to perform these extended studies due to the requirement for 

large amounts of material and time constraints.  
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Figure 5-16. Relative cytoplasmic/nuclear ratio of MYC, MCL1 and CCND1 mRNA following sIgM-

engagement and ribavirin treatment 

CLL cells (n=4) were pre-treated with ribavirin or DMSO for one hour, followed by control antibody or anti-

IgM treatment for a further 24 hours. Nuclear and cytoplasmic RNAs were extracted as described in section 

2.7 and relative cytoplasmic/nuclear ratio of MYC, MCL1 and CCND1 mRNAs were calculated with values for 

anti-IgM/DMSO treated cells set to 1. Error bars show SEM and the statistical significance of the indicated 

differences was determined using paired T-tests. 

A ) B )

C )
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5.3.10 Comparison of the effects of the XPO1 inhibitor selinexor and ribavirin 

Selinexor is an XPO1 inhibitor (XPO1i) that blocks the nuclear export of multiple cargoes, including 

mRNAs (Kuruvilla et al., 2017, Volpon et al., 2017). Since eIF4E-mediated nuclear export of mRNAs 

is dependent upon XPO1 (Volpon et al., 2017), and ribavirin reduced the nuclear export of MYC, 

MCL1 and CCND1 mRNAs (Figure 5-16), the effects of selinexor and ribavirin were compared on 

mRNA translation in anti-IgM treated CLL cells. 

I first investigated the effects of selinexor on global mRNA translation in CLL cells using the OPP-

labelling assay. As before, analysis was performed at 24 hours after sIgM stimulation. Selinexor was 

used at 0.1 and 0.5 μM, as these concentrations were used in previous studies (Lapalombella et al., 

2012) and ribavirin was used at 10 μM as a comparator. With Q-VD-OPh treatment, selinexor did 

not induce cell death at these concentrations (Appendix B). 

Similar to ribavirin, selinexor did not affect basal mRNA translation (Figure 5-17A), but significantly 

inhibited anti-IgM-induced OPP-labelling (Figure 5-17B). Despite being tested at lower 

concentrations, selinexor was a more effective inhibitor of anti-IgM-induced translation than 

ribavirin, and at 0.5 μM selinexor essentially fully reversed the induction of translation by anti-IgM 

(Figure 5-17B). By contrast (and as shown previously in Figure 5-1), the effects of ribavirin were 

partial (Figure 5-17B).  
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Figure 5-17. Selinexor and ribavirin on basal and anti-IgM-induced OPP labelling in CLL samples 

CLL samples (n=4) were pre-treated with ribavirin, selinexor (XPO1i) or DMSO for one hour before treatment 

with control antibody, anti-IgM or CpG-ODN for an additional 24 hours, as indicated. Cells were collected and 

translation was analysed via OPP incorporation in the CD5+CD19+ cell population. Values for control 

antibody/DMSO treated cells were set to 1, and anti-IgM/DMSO treated cells were set to 100. Error bars show 

SEM and the statistical significance of the indicated differences were determined using paired T tests.  

  

A )
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I next compared the effects of selinexor and ribavirin on MYC and MCL1 protein expression. CLL 

cells were pre-treated with ribavirin (10 μM) or selinexor (0.1 or 0.5 μM) for one hour before 

treatment with anti-IgM for an additional 24 hours. Expression of MYC, MCL1 and HSC70 was 

analysed by immunoblotting.  

As shown previously (Figure 5-4), ribavirin significantly reduced the expression of MYC in anti-IgM 

treated cells, but had relatively little effect on MCL1 expression (Figure 5-18). By contrast, selinexor 

strongly reduced expression of both MYC and MCL1, with the expression of these in selinexor 

treated cells similar to those of unstimulated/ control antibody treated cells (Figure 5-18). 

Therefore, selinexor is a more effective inhibitor of anti-IgM-induced MYC and MCL1 protein 

expression compared to ribavirin.   
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Figure 5-18. MYC and MCL1 expression following anti-IgM and ribavirin or selinexor treatment 

CLL samples (n=9 for MYC, n=10 for MCL1) were pre-treated with ribavirin, selinexor or DMSO for one hour, 

then treated with control antibody or anti-IgM for an additional 24 hours. Cells were lysed and proteins 

extracted then immunoblotting was undertaken and blots probed for MYC, MCL1 and HSC70 as a loading 

control. Blot of representative sample U-609A (top panel). Relative expression of (A) MYC and (B) MCL1 values 

after anti-IgM/DMSO treated cells set to 100. Error bars show SEM and the statistical significance of the 

indicated differences determined by paired T tests.   
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It was notable in previous experiments, that the kinetics of inhibition of anti-IgM-induced MYC 

expression by ribavirin was relatively slow compared to eIF4Ai, with eIF4Ai inhibitory effects more 

readily observed at six hours post-stimulation (Figure 3-7), whereas the effects of ribavirin were 

more evident at 24 hours (Figure 5-3, Figure 5-4). It was therefore necessary to perform a small 

pilot experiment to determine the earliest time-point at which selinexor inhibited MYC protein 

expression. In contrast to ribavirin, selinexor inhibited MYC expression as early as three hours post-

stimulation (Figure 5-19). This was the earliest time-point analysed as induction of MYC protein by 

anti-IgM was not reliably detected by western blot at earlier time-points (data not shown).  

In summary, these results demonstrate shared responses of CLL cells to ribavirin and selinexor, 

consistent with the idea that they can both prevent mRNA nuclear export. Thus, like ribavirin, 

selinexor reduced anti-IgM-induced global mRNA translation, and the induction of MYC and MCL1 

expression. Although it is difficult to make direct comparisons, since these experiments used 

different drug concentrations, selinexor appeared to be a more effective inhibitor of these 

responses compared to ribavirin. Moreover, effects on MYC expression were rapid, compared to 

the more delayed effects observed with ribavirin. 

  



Chapter 5: Results 

237 

 

 

 

Figure 5-19. Western blot of MYC expression following 3-hour anti-IgM and selinexor treatment 

CLL sample M-523H was treated with selinexor for one hour followed by a further three hour treatment with 

control antibody or anti-IgM. After collection, cells were lysed and proteins extracted then immunoblotting 

was undertaken and blots probed for MYC and HSC70 as a loading control.  
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5.3.11 The effects of ribavirin treatment in vivo using adoptive transfer of Eμ-TCL1 

leukaemic cells  

Next, in vivo responses to ribavirin were investigated, using the adoptive transfer of Eμ-TCL1 

leukaemic cells in C57BL/6 mice. The rapid and reproducible development of disease in recipient 

mice makes this a widely used model to investigate therapeutic responses following drug 

administration.  

For these experiments, C57BL/6 mice were inoculated with 1x107 Eμ-TCL1 leukaemic cells from 

transgenic mice bred in previous experiments performed in-house. Blood was analysed weekly to 

monitor the accumulation of malignant cells. Leukaemic cells were detectable in the blood of mice 

after 21 days and at this point mice (n=3 per arm for this initial experiment) were randomised for 

administration by intraperitoneal (ip) injection of ribavirin (80 mg/kg), or PBS as a vehicle control. 

Treatment was in seven day cycles, each comprising five consecutive days of drug/PBS 

administration, followed by two days without. Weekly monitoring of tumour burden in the 

peripheral blood was performed by flow cytometry to measure the presence of CD5+B220+ cells. 

After a further 23 days, all mice were euthanized and organs harvested, as all mice met two out of 

the three pre-determined humane end-points (HEP) as required by the Home Office Licence (PPL-

P4D9C89EA, CD5+B220+ B cells present over 80% of peripheral blood lymphocytes, spleen size 

greater than 30 mm (measured by palpation), total lymphocyte count >5x107 per ml blood). 

 

5.3.11.1 Ribavirin reduces the accumulation of leukaemic cells in the peripheral blood  

Prior to and throughout treatment, the presence of leukaemic cells in the peripheral blood was 

measured by tail bleeding, performed weekly. Leukaemic cell counts were measured and calculated 

per ml of peripheral blood. Flow cytometry was performed and tumour cells identified by staining 

for CD5, CD19 and B220. CD19 is used as a B cell marker, CD5 is used as a marker of leukaemic cells 

in this model, and B220 is a pan B-cell marker in mice. Whereas the number of leukaemic cell counts 

rapidly increased in PBS-treated mice, the leukaemic counts were significantly reduced in mice 

treated with ribavirin (Figure 5-20). Leukaemic counts were stable during the first two weeks of 

treatment but then increased modestly, suggesting development of some level of resistance (Figure 

5-20). Regardless, at the end of the experiment, the leukaemic cell counts in the peripheral blood 

of ribavirin-treated mice were ~80% lower than those in vehicle treated animals (Figure 5-20).   



Chapter 5: Results 

239 

 

 

Figure 5-20. Accumulation of leukaemic cells in the peripheral blood of mice treated with ribavirin 

or PBS 

Mice inoculated with Eμ-TCL1 leukaemic cells (n=3 per arm) were treated with ribavirin or PBS on day 0. Cells 

were stained for CD19, CD5 and B220. Leukaemic cell counts in peripheral blood were determined weekly, 

and calculated as leukaemic cells per ml. Statistical significance was determined using a 2way ANOVA with 

multiple comparisons at the end of treatment only (day 23). Error bars show SEM. 
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5.3.11.2 The effect of ribavirin on terminal spleen weight 

Following 23 days treatment, all mice were euthanized and blood, spleens and the contents of the 

peritoneal cavity (site of injection) were harvested. Spleens were weighed and photographed to 

determine the effect of ribavirin on organ size/weight. Mice bearing Eμ-TCL1 leukaemic cells have 

differential splenic architecture to those seen in normal C57BL/6 mice (Blunt et al., 2015) due to 

the extensive infiltration of leukaemic cells. Spleens from ribavirin-treated mice were smaller than 

spleens from vehicle control treated mice (Figure 5-21). There was some overlap in spleen weights 

between the two groups but it was evident that ribavirin reduced both spleen size and weight 

(Figure 5-21). 
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Figure 5-21. Spleen size and weights following ribavirin or PBS treatment 

Mice inoculated with Eμ-TCL1 leukaemic cells (n=3 per arm) were treated with ribavirin or PBS for 23 days. 

Image of spleens from mice treated with ribavirin or PBS (top panel). Graph shows weights of the spleens 

from ribavirin or PBS-treated mice (bottom). Any indicated differences determined to be of statistical 

significance was calculated by paired T test. Error bars show SEM. 
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Cells were collected from the blood, spleens and peritoneal cavity of these mice. The total number 

of leukaemic cells was then calculated per tissue. There was a clear reduction in the number of 

leukaemic cells in the ribavirin treated mice across all sites (Figure 5-22). Overall, whilst this study 

only utilised small numbers of mice, it is clear that ribavirin reduces leukaemic burden in mice 

inoculated with Eμ-TCL1 leukaemic cells. 
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Figure 5-22. Leukaemic cells per tissue in the blood, spleen or peritoneal cavity (PC) after ribavirin 

or PBS treatment 

Mice inoculated with Eμ-TCL1 leukaemic cells (n=3 per arm) were treated with ribavirin (80 mg/kg/day) or 

PBS, after the emergence of leukaemic cells in all mice. Flow cytometry staining was used to calculate the 

number of leukaemic cells per tissue (CD5+B220+) in the peripheral blood, spleen and peritoneal cavity. Error 

bars show SEM. Statistical significance indicated determined by 2way ANOVA with multiple comparisons. 
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5.3.11.3 Repeat of initial ribavirin in vivo experiment 

To confirm these results, a repeat experiment was performed to measure the accumulation of 

leukaemic cells in PBS or ribavirin treated mice after inoculation with Eμ-TCL1 leukaemic cells. 

Treatments were identical to the previous experiment except that this experiment used six animals 

in each arm to allow more robust statistical analysis. Consistent with the initial experiment (Figure 

5-20), ribavirin treatment resulted in a statistically significant reduction in the number of leukaemic 

cells (Figure 5-23). 
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Figure 5-23. Leukaemic cells in the peripheral blood following administration of ribavirin or PBS  

Mice inoculated with Eμ-TCL1 leukaemic cells (n=6 per arm) were treated with ribavirin or PBS on day 0. Cells 

were stained for CD19, CD5 and B220. Total leukaemic cell counts in peripheral blood were taken weekly, by 

tail bleeding. Error bars show SEM. Statistical significance was determined using a 2way ANOVA with multiple 

comparisons at the end of treatment only (day 23). Error bars show SEM. 
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5.4 Summary of main findings 

The overall goal of the experiments described in this chapter was to investigate the consequences 

of inhibition of a second translation initiation factor, eIF4E, using ribavirin. This included the effects 

on protein expression and nuclear export of mRNAs. I also investigated the potential in vivo anti-

tumour activity of ribavirin using the adoptive transfer of Eμ-TCL1 leukaemic cells. 

 

The main findings from these experiments were; 

• Ribavirin reduces anti-IgM-induced mRNA translation in CLL cells, but not in non-malignant 

B cells  

• Ribavirin reduces the expression of MYC and cyclin D1 (but not MCL1) protein expression 

in anti-IgM-treated CLL cells without effects on sIgM expression or upstream signalling  

• Ribavirin reduces anti-IgM-induced eIF4E phosphorylation on Ser209 

• Ribavirin does not induce apoptosis of CLL cells even after protracted exposure (72 hours) 

and does not interfere with the ability of anti-IgM to promote CLL cell survival 

• The XPO1i, selinexor, has more profound inhibitory effects on anti-IgM-induced global 

mRNA translation and MYC and MCL1 protein expression, than ribavirin 

• Ribavirin reduces the nuclear export of MYC, CCND1 and MCL1 mRNAs in anti-IgM-treated 

cells 

• Ribavirin has in vivo anti-tumour activity in an Eμ-TCL1 adoptive transfer mouse model 

 

Overall, these findings support the hypothesis that eIF4E inhibition using ribavirin reduces the 

expression of eIF4E-target proteins such as MYC and cyclin D1, but not MCL1, in CLL cells. At least 

in part, this appears to be mediated by the inhibition of nuclear export of mRNA. Importantly, 

ribavirin shows substantial anti-tumour activity in vivo in the Eμ-TCL1 adoptive transfer model. 
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5.5 Discussion 

5.5.1 Ribavirin selectively reduces anti-IgM-induced global mRNA translation in CLL cells 

A striking finding from this study was that (in contrast to silvestrol) ribavirin appeared to selectively 

reduce anti-IgM-induced global mRNA translation in CLL cells but not in non-malignant B cells from 

healthy donors, at least as measured using OPP-labelling (Figure 5-1, Figure 5-2). This was surprising 

since, in contrast to the differential regulation of eIF4A/PDCD4 expression by anti-IgM in normal 

and CLL cells (Yeomans et al., 2015), total eIF4E expression is unaltered in either cell type following 

sIgM stimulation (Figure 5-11 and (Steinhardt et al., 2014)). It was interesting that inhibitory effects 

of ribavirin on anti-IgM induced global mRNA translation in CLL cells were partial, even at the 

highest concentrations tested. It is possible that higher concentrations of ribavirin would further 

reduce anti-IgM-induced translation (and potentially inhibit OPP-labelling in B cells from healthy 

donors) but it was important to restrict analysis to concentrations within a clinically achievable 

range. Overall, ribavirin appears to be a more selective inhibitor of OPP-labelling than eIF4Ai.  

The reasons for the selective effects of ribavirin in CLL cells is not clear, but it is interesting to note 

that previous studies have demonstrated that eIF4E is overexpressed in CLL cells compared to 

normal B cells (Martinez-Marignac et al., 2013, Urtishak et al., 2019). Whether eIF4E 

phosphorylation, which can also influence nuclear export and translation of mRNAs, differs 

between normal B cells and CLL cells is not known. Increased eIF4E expression/phosphorylation 

may heighted the dependency of CLL cells for eIF4Es function and thereby sensitise them to the 

effects of ribavirin. Future studies could be developed to investigate in more detail the expression 

(and phosphorylation) of eIF4E in normal B-cell subsets (including anergic B cells), as outlined for 

analysis of eIF4A and PDCD4 in chapter 3.  

Whilst it is clear that there are differential effects of ribavirin on global mRNA translation in CLL and 

normal B cells, the OPP assay does not reveal whether these differences are mediated by effects 

on mRNA translation and/or RNA export. For example, reduced RNA export from the nucleus (by 

ribavirin) would lead to decreases in mRNA translation due to the reduced availability of mRNA, 

thereby reducing OPP-incorporation. Reduced OPP-labelling could also be due to direct inhibition 

of translation initiation by ribavirin. To fully understand the consequences of ribavirin treatment on 

CLL cells it would be necessary to distinguish between both export and translation, using additional 

assays. For example, polysome profiling could be used to distinguish the consequences on mRNA 

translation of specific mRNAs, as the relative polysome/monosome association of an mRNA would 

be made relative to its total mRNA expression, thus measuring only a shift in its translation 

independent of changes in the nuclear/cytoplasmic distribution.  
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5.5.2 The effect of ribavirin on anti-IgM-induced MYC, MCL1 and cyclin D1 expression 

Ribavirin effectively reduced expression of the cell cycle regulators MYC and cyclin D1 in anti-IgM 

treated CLL cells (Figure 5-4, Figure 5-15). By contrast, MCL1 expression was only very modestly 

affected by ribavirin (Figure 5-5). Overall, these results suggest that the consequences of ribavirin 

on CLL cells might be predominantly anti-proliferative, with relatively little effect on apoptosis. 

Consistent with this, ribavirin did not induce apoptosis of CLL cells when tested alone, even after 

extended duration of treatment (Figure 5-13), and in contrast to eIF4A, ribavirin did not reduce the 

ability of sIgM signalling to promote CLL cell survival (Figure 5-14). 

The reasons why MYC and MCL1 were differently affected following ribavirin treatment of anti-IgM 

treated cells (i.e., reduced MYC and had little effect on MCL1) is not clear and requires further 

investigation. In general, MCL1 expression appears to be somewhat less susceptible to modulation 

by translational inhibitors compared to MYC, but it was notable that (in contrast to ribavirin) eIF4Ai 

did significantly reduce MCL1 expression in anti-IgM-stimulated CLL cells (Figure 3-8). Thus, the lack 

of effect of ribavirin on MCL1 seems to represent a specific consequence of eIF4E inhibition. 

Despite the limited effects of ribavirin on MCL1 protein expression, ribavirin did appear to reduce 

the nuclear export of MCL1 mRNA in anti-IgM-treated cells (Figure 5-16). One possible explanation 

for this apparent discrepancy is that nuclear export, but not translation of MCL1 mRNA, is 

particularly dependent on eIF4E, but that the nuclear export of MCL1 mRNA is not rate-limiting for 

the synthesis of MCL1 protein. Thus, ribavirin reduces the nuclear export of MCL1 mRNA, but this 

does not lead to a substantial reduction in MCL1 protein. In contrast to MCL1, ribavirin reduced 

both the nuclear export of MYC mRNA and the expression of MYC protein (Figure 5-4, Figure 5-16). 

This suggests that, like CCND1, initiation of the translation of MYC mRNA may be relatively 

independent of eIF4E in CLL cells, or that ribavirin reduces both the nuclear export and translation 

of MYC mRNA. Ribavirin did not hyper-induce MYC mRNA expression in anti-IgM treated cells 

(unlike with eIF4Ai) (Figure 5-6), perhaps suggesting that MYC mRNA translation is not particularly 

sensitive to ribavirin, and that reduced MYC protein expression is largely driven by a ribavirin-

mediated reduction in the nuclear export of MYC mRNA. However, it is important to bear in mind 

that MYC and MCL1 protein expression will also be controlled post-translationally, via regulation of 

degradation, and this could also contribute to differences in the regulation of the expression of 

these proteins in CLL cells.  
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5.5.3 Ribavirin inhibits phosphorylation of eIF4E 

The data demonstrated that whilst eIF4E expression was not regulated by sIgM signalling in CLL 

cells (Figure 5-11), anti-IgM increased phosphorylation of eIF4E on Ser209 (Figure 5-11), thereby 

shedding new light on potential links between signalling and components of the eIF4F complex in 

CLL cells. Although not addressed in my work, increased eIF4E phosphorylation is likely to be 

mediated by MNK1/2 kinases (Waskiewicz et al., 1997), and results in an increased affinity between 

eIF4E and the 5’ cap of mRNA  (Shveygert et al., 2010). Phosphorylation of eIF4E has also been 

described to enhance the ability of eIF4E to export specific mRNAs from the nucleus (Topisirovic et 

al., 2004). Less is known about the role of phosphorylation of eIF4E in mRNA translation. Increased 

eIF4E phosphorylation in anti-IgM treated CLL cells is consistent with the ability of MEK inhibitors 

to reduce both global mRNA translation and MYC expression in anti-IgM treated cells (Yeomans et 

al., 2015, Krysov et al., 2012) 

Although ribavirin did not affect sIgM expression or upstream signalling (intracellular Ca2+ 

mobilisation, ERK phosphorylation, section 5.3.5), ribavirin did substantially reduce eIF4E 

phosphorylation in anti-IgM treated cells (Figure 5-12). This may complicate the interpretation of 

how ribavirin exerts its inhibitory effects on eIF4E, since phosphorylation may enhance eIF4E 

function. Thus, the ability of ribavirin to reduce MYC expression, for example, might arise from 

direct effects of ribavirin on binding of eIF4E to 5’ caps of mRNA and/or reduced eIF4E 

phosphorylation which would indirectly reduce the function of eIF4E. The mechanism by which 

ribavirin reduces eIF4E phosphorylation is not known, since ribavirin did not reduce ERK 

phosphorylation, which lies upstream of MNK1/2. It is possible that, when bound to ribavirin, eIF4E 

is less susceptible to MNK1/2-mediated phosphorylation.   MCL1 is also a known eIF4E target gene, 

due to the presence of a complex 5’ UTR and m7G cap (Volpon et al., 2016, Urtishak et al., 2019).  

Here, I demonstrated stimulation of sIgM induced MCL1 expression which was not clearly inhibited 

by ribavirin expression (Figure 5-5). This suggests that whilst MCL1 is regulated by translation to 

some extent, clearly other mechanisms are at play which have greater impact on MCL1 regulation. 

Investigation into the role of the proteasome and degradation would be needed to further 

understand regulation of MCL1 expression. This lesser inhibition of MCL1 by ribavirin may also be 

due to the less complex 5’ UTR in MCL1 mRNA (Table 15), compared to MYC. 
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5.5.4 Comparison of effects of selinexor and ribavirin 

Since eIF4E-dependent nuclear export of mRNA is dependent on XPO1, it was important to compare 

the effects of ribavirin and the direct XPO1i, selinexor. XPO1 is one of the most commonly utilised 

export protein and with this it exports both mRNAs and proteins from the nucleus, most of which 

act as tumour suppressors (Gravina et al., 2014). For an mRNA to be eligible for export from the 

nucleus via XPO1, it must interact with an adaptor protein, as XPO1 does not bind mRNA (Culjkovic 

et al., 2006). XPO1 interacts with adaptor protein LRPPRC, which binds eIF4E and the 4E-SE of an 

mRNA (Volpon et al., 2017). Selinexor is currently being investigated in a phase I trial for refractory 

CLL in combination with ibrutinib treatment (NCT02303392), although in previous trials for solid 

tumours toxicity was evident with common adverse events including fatigue and nausea (Abdul 

Razak et al., 2016). 

Consistent with shared effects on nuclear export, ribavirin and selinexor both reduced anti-IgM-

induced global mRNA translation (Figure 5-17). However, compared to ribavirin, selinexor was a 

more effective inhibitor of mRNA translation, since it completely inhibited induction of OPP-

labelling. Moreover, unlike ribavirin, selinexor also effectively inhibited anti-IgM-induced MCL1 

expression (Figure 5-18). These more dramatic effects are likely to be explained by the broader role 

of XPO1 in nuclear export, compared to eIF4E. Although I was not able to investigate the effects of 

selinexor in normal B cells, it would be interesting to determine whether selinexor was able to 

discriminate between CLL and healthy donor B cells, as observed with ribavirin. It is likely that the 

less selective activity of selinexor underlies its increased pro-apoptotic activity in CLL cells compared 

to ribavirin (Figure 5-13, Appendix B, (Lapalombella et al., 2012)) and perhaps the high frequency 

of serious toxicity in selinexor versus ribavirin treated patients (Abdul Razak et al., 2016, Assouline 

et al., 2009, Assouline et al., 2015). 

It was also interesting to note that inhibitory effects of selinexor on MYC expression appeared to 

be more rapid than those observed for ribavirin, where selinexor substantially reduced MYC 

induction at 3 hours (Figure 5-19), whereas substantial effects of ribavirin required 24 hours of drug 

exposure (Figure 5-4). Ribavirin requires active transport into cells via the ENT1 cell surface 

transporter and then intracellular phosphorylation to generate active metabolites (Iikura et al., 

2012, Willis et al., 1978). I confirmed that ENT1 was expressed by CLL cells, confirming that this key 

uptake molecule is present in these cells (data not shown). The dependency of ribavirin on active 

transport and phosphorylation may explain why longer exposure to ribavirin was required to 

observe inhibitory effects compared to selinexor. 

 



Chapter 5: Results 

253 

5.5.5 The efficacy of ribavirin in vivo  

Eμ-TCL1 cells were adoptively transferred into C57BL/6 model to mimic the development of CLL. 

Previous studies into ribavirin in vivo utilised PDX models of DLBCL, to demonstrate reliance on 

eIF4E in this B cell malignancy (Culjkovic-Kraljacic et al., 2016). This study showed reduced tumour 

growth with ribavirin, although not complete ablation of tumour (Culjkovic-Kraljacic et al., 2016).  

PBS-treated mice had enlarged spleens in comparison to ribavirin-treated mice, although the 

difference in weight was not significant due to small sample size (Figure 5-21). Although, there was 

still a clear reduction of spleen size/weight following ribavirin treatment (Figure 5-21). Leukaemic 

cell counts showed that ribavirin treatment decreased the accumulation of leukaemic cells, as the 

PBS-treated group had around 5-fold higher leukaemic cell counts than ribavirin treated, in the final 

blood counts (Figure 5-20). Towards the end of treatment there was a trend for increased leukaemic 

counts in the ribavirin treated groups, which may develop further over longer treatment duration 

and would need to be studied to a greater extent before progression into clinical trials. Overall, the 

data suggests that ribavirin is not cytotoxic, thus not killing the leukaemic cells, but more likely to 

be cytostatic, and therefore inhibits the growth and proliferation of the leukaemic population. This 

correlates somewhat with the reduced tumour growth in PDX-DLBCL ribavirin studies (Culjkovic-

Kraljacic et al., 2016). Further studies may require longer duration of treatment, bigger treatment 

arms, and potentially combination therapy with a pro-apoptotic agent to have greater effects on 

the reduction of disease burden.    
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6.1 Overview of key findings 

The main hypothesis of this thesis was that inhibition of mRNA translation initiation factors in CLL 

cells is promising as a potential therapeutic strategy, due to its ability to deprive CLL cells of the 

expression of tumour-promoting oncoproteins, MYC and MCL1, following stimulation of sIgM.  

 

Aim: Characterise the effect of eIF4A inhibitors on both global mRNA translation and expression 

of key disease drivers, MYC and MCL1 in primary CLL cells 

Findings: 

• eIF4Ai effectively reduced induction of global mRNA translation, and the expression of MYC 

and MCL1 following the stimulation of sIgM of CLL cells  

• Despite selective regulation of eIF4A following sIgM stimulation of CLL cells (Yeomans et 

al., 2015), silvestrol had similar effects on anti-IgM-induced translation in CLL and healthy 

donor B cells 

• Polysome profiling confirmed that silvestrol inhibited the translation of MYC and MCL1 

mRNAs 

 

Aim: Investigate in detail the consequences of eIF4A inhibition on MYC RNA accumulation and 

stability 

Findings: 

• Inhibition of mRNA translation by eIF4Ai in anti-IgM treated cells resulted in the 

stabilisation and subsequent hyper-induction of MYC mRNA  

 

Aim: Characterise the effect of the eIF4E inhibitor ribavirin on both global mRNA translation and 

expression of key disease drivers, MYC and MCL1  

Findings: 

• Ribavirin reduced anti-IgM-induced mRNA translation in CLL cells but not in B cells from 

healthy donors 

• Ribavirin reduced expression of the proliferation-promoting oncogenes MYC and cyclin D1 

(but not MCL1) in anti-IgM-treated CLL cells, potentially via effects on nuclear export of 

RNA 
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Aim: Investigate potential anti-tumour effects of ribavirin, alone or in combination, in the Eμ-

TCL1 in vivo model of CLL 

Findings:  

• Ribavirin showed significant in vivo anti-tumour activity, at well tolerated doses in the Eμ-

TCL1 mouse model of CLL  

 

Overall, the data in this thesis supported my hypothesis, as eIF4A and eIF4E inhibitors showed 

potential as a therapeutic intervention in CLL, due to their ability to inhibit the expression of 

multiple proliferation and cell survival oncoproteins. Particularly, ribavirin demonstrated selectivity 

toward malignant cells for inhibition of global mRNA translation and showed promising in vivo 

activity in a mouse model of CLL.  

 

6.2 The heterogeneity of CLL 

CLL is a heterogeneous disease and this must be considered when interpreting the results in this 

thesis. This study used primary cells from CLL patients, and these were selected based upon their 

ability to signal through sIgM (Table 5). Whilst each sample demonstrated increased intracellular 

Ca2+ mobilisation in at least 5% of cells following anti-IgM treatment, this response varied greatly 

between the samples selected (ranging from 5-89%, Table 5). This differential signalling capacity 

between samples is likely to impact on the results seen in my experiments. Thus, although induction 

of mRNA translation by anti-IgM and its inhibition by eIF4Ai/eIF4Ei appears to be a general feature 

of signal competent CLL samples, it is likely that differences exist between individual samples 

(sections 3.3.1, 5.3.1). Although my selected cohort was compromised of signalling competent 

samples of both U and M-CLL subsets, it is possible that differing B cell-of-origin of these samples 

(i.e. pre- and post-GC) might also influence the response. My study focused on detailed profiling of 

underlying molecular mechanisms and future studies could  be performed using much larger 

numbers of samples whether any differences in the responses of CLL cells could relate to differing 

cell-of-origin, signalling capacity and/or other BCR features (such as VH-gene usage).  

Genetic alterations also have a significant impact on the behaviour of CLL, and contribute to the 

heterogeneity of the disease. Particularly of significance for this study, are mutations in XPO1 and 

RPS15, which are likely to influence the nuclear export and translation of mRNA. Although relatively 

infrequent in CLL, the presence of these, and other, mutations has not been determined in the 
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samples used here, and may influences responses. To fully investigate these responses the inclusion 

of samples with and without known mutations could be utilised in larger studies to investigate the 

impact on responses, such as XPO1/RPS15 mutations and the effect of anti-IgM on the nuclear 

export of mRNAs.  

 

6.3 The consequences of inhibition of eIF4A and eIF4E in CLL 

The differential regulation of components of the eIF4F complex between CLL and normal B cells 

(Yeomans et al., 2015) implies that targeting these factors could allow for specificity of inhibition of 

mRNA translation in malignant cells. Particularly, sIgM stimulation of CLL cells results in induction 

of eIF4A, whilst no change is seen in normal B cells (Yeomans et al., 2015). Less is known about the 

effect of stimulation on eIF4E in CLL, although in normal B cells sIgM stimulation has no effect on 

eIF4E expression (Steinhardt et al., 2014) and in CLL cells, eIF4E is highly expressed compared to 

normal B cells (Martinez-Marignac et al., 2013, Urtishak et al., 2019). Here, chemical inhibition of 

translation initiation factors eIF4A and eIF4E had differential consequences on mRNA translation 

and regulation of MYC/MCL1 expression (summarised in Table 16). 

  

 

Table 16. Comparing the consequences of eIF4A and eIF4E inhibition 

 eIF4Ai eIF4Ei 

OPP-LABELLING – CLL Basal: Small reduction 

Anti-IgM-induced: strong 
inhibition 

Basal: No effect 

Anti-IgM-induced: Partial 
inhibition 

OPP-LABELLING – HEALTHY 
DONOR B CELLS 

Inhibition No effect 

MYC Reduces protein expression, 
drives mRNA expression 

Reduces protein expression 
with no effect on mRNA 

MCL1 Reduces protein expression, 
slight increase in mRNA 
expression 

No effect 

CELL VIABILITY Small reduction in viability No effect 

ERK PHOSPHORYLATION No effect No effect 
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Both eIF4Ai and eIF4Ei reduced anti-IgM-induced mRNA translation in CLL cells (albeit eIF4Ai to a 

greater extent). The extent to which eIF4Ei inhibited anti-IgM-induced mRNA translation in CLL cells 

was partial (Figure 5-1), implying that certain mRNAs are particularly dependent upon eIF4E for 

their translation. mRNAs with complex 5’ UTR have a greater dependency on eIF4A for their 

translation, as the RNA helicase of eIF4A is needed to unwind the secondary structures within the 

5’ UTR for ribosome scanning to begin. Thus, inhibition of eIF4A will inhibit translation of mRNAs 

with complex 5’ UTR that are dependent upon eIF4A. For example, the G-quadruplex in the 5’ UTR 

of MYC mRNA (Table 15) makes MYC translation particularly dependent upon eIF4A (Wolfe et al., 

2014), hence the inhibition of MYC protein expression by eIF4Ai (Figure 3-7). MCL1 was shown to 

have a less complex 5’ UTR (Table 15) and this may explain why it was less dramatically regulated 

compared to MYC (Figure 3-8). 

In contrast to this, eIF4E has a role in both translation initiation and the nuclear export of RNA. The 

role of eIF4E in the regulation of translation is also mRNA specific, as some mRNAs are 

demonstrated to be less dependent upon eIF4E for their translation, such as CCND1. mRNAs which 

are particularly dependent upon eIF4E for their translation typically have a long and complex 5’ 

UTR, but those that utilise eIF4E for nuclear export additionally require a 4E-SE in their 3’ UTR. Thus, 

the differential regulation of transcripts for translation by eIF4E and eIF4A occurs through multiple 

mechanisms, and only targets specific mRNAs.  

eIF4Ai did inhibit mRNA translation regardless of sIgM stimulation, as basal OPP-labelling was 

(modestly) reduced by eIF4Ai (Figure 3-1,Figure 3-2) and so mRNAs dependent upon eIF4A are still 

translated without induced eIF4A expression by anti-IgM treatment (Figure 3-6). In contrast to this, 

whilst sIgM stimulation has no effect on eIF4E expression, and eIF4E is highly expressed in 

unstimulated CLL cells, ribavirin did not inhibit basal mRNA translation (Figure 5-1).  Thus, the 

function of eIF4E is key in its role in translation of mRNA, rather than its expression. This may link 

to the induction of eIF4E-phosphorylation following sIgM stimulation increasing eIF4E’s function in 

translation initiation. Although, eIF4Es roles in mRNA translation and nuclear export (and the 

consequences on this of ribavirin treatment) are not revealed by the OPP-incorporation assay. It 

may be that stimulation of the BCR is required for export of eIF4E-target mRNAs from the nucleus, 

and inhibition of this by ribavirin results in partial reductions of global mRNA translation as seen in 

Figure 5-1 (due to the reduced presence of mRNA in the cytoplasm).  

In B cells from healthy donors, inhibition of eIF4A following sIgM stimulation (although its 

expression is not induced) resulted in reduced mRNA translation (Figure 3-11). This response did 

not occur following inhibition of eIF4E (Figure 5-1). Clearly, anti-IgM-induced mRNA translation in 

normal B cells is much more reliant upon eIF4A than eIF4E even without induction of these factors. 
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Inhibition of eIF4A in anti-IgM-treated cells also inhibited MYC expression to a greater extent than 

eIF4Ei. The differences in the extent of inhibition may be due to the role of eIF4E in the nuclear 

export of MYC mRNA. Particularly, as I demonstrated that nuclear export of MYC mRNA is induced 

by anti-IgM and reduced by ribavirin pre-treatment (Figure 5-16), and given the different time-

points required to inhibit MYC expression (Figure 3-7, Figure 5-3), it is likely that longer time-points 

may be required to see further reductions in MYC expression. I suspect that ribavirin appears to 

inhibit mRNA translation due to its ability to inhibit nuclear export of certain mRNAs, resulting in 

less mRNA available for the translation machinery in the cytoplasm. This process is likely to take 

longer than inhibition of mRNA translation alone, hence the differential regulation of MYC 

expression by these two sets of inhibitors. Urtishak and colleagues demonstrated that ribavirin does 

not reduce global mRNA translation, using polysome profiling, in an acute leukaemia cell line 

(Urtishak et al., 2019). Clearly, the effects of ribavirin on global mRNA translation are unclear due 

to the interplay of nuclear export and translation initiation by eIF4E. Moreover, inhibition of 

individual translation initiation factors can have differential consequences, despite eIF4E and eIF4A 

both being components of the eIF4F complex. 

Inhibition of eIF4A by silvestrol also resulted in the accumulation of MYC mRNA due to an increase 

in its stability (Figure 4-5, Figure 4-10), which may be in part due to the fact that translation of MYC 

is coupled to its degradation (Lemm and Ross, 2002). The increase in MCL1 mRNA in cells treated 

with eIF4Ai and anti-IgM was much less clear (Figure 4-6), likely due to a reduced requirement for 

eIF4A for its translation. As ribavirin only modestly reduced anti-IgM-induced MYC protein 

expression (Figure 5-4), with no clear effect on mRNA expression (Figure 5-6), I did not investigate 

the effect of eIF4E inhibition on stability of MYC mRNA. This lack of accumulation of MYC by eIF4Ei 

(considering coupling of translation and degradation) further suggests that eIF4Ei inhibits the 

nuclear export of MYC mRNA rather than its translation per se.  

Another important consideration with regards to the use of inhibitors in vitro is that there is a 

difficulty in distinguishing between target and off-target effects, which could skew our 

understanding of the mechanisms by which certain proteins or processes are regulated. To confirm 

these findings, it may be useful to utilise genetic approaches. For example, utilising small interfering 

RNA (siRNA) to perform RNA interference (RNAi) assays to understand the impact of silencing genes 

such as those encoding initiation factors. An issue with utilising genetic approaches for CLL is the 

difficulty in using primary cells, due to the limited genetic material available and complications in 

transfection.  
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6.3.1 The efficacy of inhibitors of translation initiation factors in vivo 

Studies have demonstrated the potential utility of silvestrol in the Eμ-TCL1 transgenic mouse model 

with a significantly increased survival rate (Lucas et al., 2009). In my studies, treatment with eIF4Ai 

reduced expression of MYC and MCL1 (Figure 3-7, Figure 3-8). Notably, MCL1 expression is 

associated with resistance to fludarabine treatment in CLL (Johnston et al., 2004) and so targeting 

MCL1 expression by eIF4Ai may be useful in treatments for relapsed/refractory CLL. Silvestrol 

treatment may be useful in combination for these cases, to target MYC and MCL1 to prevent 

resistance to fludarabine treatments and so combination of fludarabine with silvestrol may 

overcome mechanisms of resistance.  

Previous studies utilised a PDX model of DLBCL and demonstrated that ribavirin reduced tumour 

growth, but not complete ablation of tumour (Culjkovic-Kraljacic et al., 2016).  Here, I utilised an 

adoptive transfer model using Eμ-TCL1 leukaemic cells to determine the efficacy of ribavirin 

treatment, as inhibition of eIF4E had no effect on mRNA translation in B cells from healthy donors 

(in contrast to eIF4Ai). At well tolerated doses, ribavirin reduced total leukaemic cell counts 

compared to the vehicle control (Figure 5-20). Towards the end of the study, in the ribavirin-treated 

group the leukaemic cell counts began to increase, which requires further study to understand this 

progression and measure whether counts would ultimately equal that of PBS-treated mice. At the 

end of the study, the spleens of ribavirin treated mice were generally smaller and weighed less 

(Figure 5-21). There was also a clear reduction in tumour burden with ribavirin between all sites 

investigated (being the peritoneal cavity/PC, spleen and peripheral blood) (Figure 5-22). A repeat 

of this study correlated the findings by demonstrating that ribavirin treatment reduced leukaemic 

cell counts compared to vehicle control (Figure 5-23). Overall, the data suggests that ribavirin 

treatment is cytostatic, consistent with the in vitro data demonstrating no induction of apoptosis 

and no inhibition of anti-IgM-induced MCL1 expression (Figure 5-13, Figure 5-14, Figure 5-5). 

Further studies require longer duration of treatment and potentially combination therapy with a 

pro-apoptotic agent, such as a BH3-mimetic to have greater effects in reduction of disease burden. 

An interesting potential combination therapy for ribavirin would be venetoclax, to inhibit pro-

survival protein BCL2. BCL2 is over-expressed in CLL  (Robertson et al., 1996) and so its inhibition 

could exacerbate the cytostatic effects of ribavirin, reducing leukaemic cell count and preventing 

the slow increase in leukaemic cell counts towards the end of the study that were demonstrated 

here (Figure 5-20). An interesting alternative model would a PDX. This would recapitulate the 

complexity of CLL to a greater extent, which is a key factor when understanding the efficacy of 

therapies in a heterogeneous disease such as CLL. Particularly, studies utilising PDX models of 

different subtypes of CLL (i.e U versus M-CLL), could demonstrate the potential of these treatments 

for different disease subsets.   
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6.4 The clinical significance of selective inhibitors of mRNA translation 

Ultimately, the greatest consideration when acknowledging this data is the potential clinical 

significance of inhibitors of mRNA translation initiation factors for use as treatments in CLL. Whilst 

kinase inhibitors are rapidly increasing in use as first-line treatments in CLL, cases of resistance are 

becoming more common. Inhibition of translation in relapsed/refractory CLL may provide a strategy 

to overcome resistance mechanisms, such as by reducing expression of anti-apoptotic protein 

MCL1, commonly associated with resistance to some current treatments (Johnston et al., 2004). Of 

course, treatments cannot be utilised without extensive clinical trials. Promising evidence to 

support the use of translation inhibitors for the treatment of B-cell malignancies was described 

where a patient diagnosed with hepatitis C and follicular lymphoma underwent ribavirin treatment 

for anti-viral therapy and experienced full remission from lymphoma (Maciocia et al., 2016). Similar 

to this, another patient with hepatitis C virus undertook therapy with ribavirin (in combination with 

another anti-viral treatment) and achieved complete remission of marginal zone lymphoma (Lim et 

al., 2015). As ribavirin is already well profiled clinically it is a strong choice for early clinical trials as 

a treatment for B cell malignancies. A focus for drug development is to develop inhibitors of eIFs, 

for example new inhibitors of eIF4A, which are specific to tumour cells with less off-target effects 

than previous inhibitors like silvestrol, such as eFT226. eEFT226 is a small molecule compound 

developed to selectively inhibit eIF4A, developed by eFFECTOR therapeutics (California, USA), 

which is currently in the pre-clinical stages of testing and soon to be used in a phase I trial for solid 

tumours. Clearly, inhibitors of eIFs show promise in B cell malignancies, and the potential of them 

particularly in CLL remain to be explored. Further in vivo studies and initiation of clinical trials are 

next key in developing their use in treatment regimens for CLL.    

 

6.5 Future work to understand the consequences of inhibition of 

translation initiation factors in CLL 

Whilst my results suggest many interesting areas of research to pursue, I would consider the 

following experiments to be of the highest priority; 

• Understand the effects of ribavirin on the proliferation of CLL cells 

• Unpick the role of nuclear export versus translation of MYC and MCL1 regulation 

• Comparison of the expression (and phosphorylation) of eIFs and levels of mRNA translation 

in B cell subsets 

• Combination treatments in vivo utilising translation inhibitors 



Chapter 6 

264 

A consequence of ribavirin treatment described in other models is a reduction in proliferation 

(Urtishak et al., 2019). Given that here ribavirin reduced the expression of cell cycle-associated 

proteins, MYC and cyclin D1 (Figure 5-15) with little effect on apoptosis and MCL1 expression, I 

hypothesise that the principle effect of ribavirin will be to inhibit the proliferation of CLL cells.  

Whilst CLL cells do not typically proliferate in vitro, this can be induced with a cocktail of anti-IgM, 

CD40L, IL-4 and IL-21 (Schleiss et al., 2019). Induction of proliferation can then be measured via 

flow cytometry analysis of carboxyfluorescein diacetate succinimidyl ester (CFSE) staining intensity. 

Intensity of CFSE decreases as cells divide and thus allows calculation of the percentage of dividing 

cells in a sample, and number of cell generations. Calculating the effect of ribavirin on proliferation 

in vitro would allow us to understand the role of eIF4E (and any consequent inhibition) on 

proliferation of CLL cells, whilst also providing further information for any practical use of ribavirin 

in vivo. 

To fully unpick the role of eIF4E and its inhibition by ribavirin in the regulation of MYC and MCL1, it 

is necessary to determine the impact of both nuclear export and the translation of their mRNAs. 

Having demonstrated that ribavirin reduces the nuclear export of MYC and MCL1 mRNA (and 

CCND1), it would next be interesting to undertake polysome profiling to distinguish any effects by 

ribavirin on the translation of these mRNAs. As the translation of CCND1 is not influenced by 

ribavirin (Volpon et al., 2017), this could be measured in polysome profiling to confirm the results 

of this experiment. This would give understanding of ribavirin as an inhibitor of eIF4E and the role 

of eIF4E in both nuclear export and translation of mRNAs.  

To investigate the differences in regulation of eIF4E and its phosphorylation, it would also be 

important to study eIF4E expression (and other eIFs) and its phosphorylation in subsets of normal 

B cells. Particularly, studying anergic B cells, as this would be a good comparator for M-CLL cells and 

provide an insight into the role of signalling capacity (via sIgM) on mRNA translation and other 

associated responses. 

Finally, having demonstrated the efficacy of ribavirin alone in initial studies utilising adoptive 

transfer of Eμ-TCL1 leukaemic cells in chapter 5, I would next consider performing in vivo 

combination studies utilising ribavirin and a BH3-mimetic such as venetoclax, to boost the 

responses seen and add a potential pro-apoptotic effect on the leukaemic cells. With this, I would 

also recommend parallel analysis of the normal lymphocyte population in these studies to further 

understand any non-tumour cell toxicity. 
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Appendix A Data related to chapters 3 and 4  
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Overlay of APC expression as a measure of OPP-incorporation after anti-IgM-induced mRNA 

translational inhibition in CLL cells by rocaglamide 

Representative FACS histogram overlays shown for OPP staining assay, using sample M-604G, performed on 

the BD FACSCanto™ and data analysed using FlowJo® software v10.3. Gating was performed by initially 

selecting lymphocytes based upon their forward scatter (FSC-A) and side-scatter (SSC-A) profiles, removing 

debris and dead cells from analysis. These cells were then further gated for positive CD19 (Pacific Blue-A) and 

CD5 (PerCP-Cy5-5-A) expression to identify CLL cells. These CLL cells were then measured for OPP 

incorporation (APC). Overlays demonstrated to show unstained, isotype treated, untreated, anti-IgM treated 

and anti-IgM DMSO treated cells. Below graph shows anti-IgM DMSO treated cells overlayed with anti-IgM 

and Rocaglamide treatment. Expression of APC measured as OPP incorporation, to represent global mRNA 

translation.  
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Polysome profiling following sIgM-engagement and silvestrol treatment (10 and 20 nM) 

CLL cells were pre-treated with silvestrol (10 or 20 nM), DMSO or left untreated for one hour. Cells were then 

incubated with control antibody or anti-IgM for 24 hours as indicated. Polysome lysate samples were then 

collected and analysed by polysome profiling, as described in sections 2.5.1 and 2.5.2. Note that some profiles 

are missing due to software issues at the time of collection. However, this did not affect fraction collection 

for subsequent qPCR analysis. 
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M-604F: 
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M-684D: 
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M-575E: 
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Relative polysome-associated B2M RNA expression after sIgM-stimulation and silvestrol 

treatment 

CLL samples (n=5) were pre-treated with silvestrol or DMSO for one hour, followed by an additional 24 hours 

of control antibody or anti-IgM treatment. Cells were then lysed and used in polysome profiling as described. 

Polysome profiling fractions (1-10) were collected and RNA extracted. RNA was used in cDNA synthesis and 

qPCR using Taqman primers for B2M. Polysome-associated B2M RNA was determined by making polysome-

associated (fractions 5-10) B2M RNA relative to monosome-associated B2M RNA (fractions 1-4). Values for 

anti-IgM/DMSO treated cells were set to 1. Error bars show SEM and the statistical significance of the 

indicated differences were determined using a paired T-test.  
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Combined polysome profiling fractions/total B2M RNA expression after sIgM-stimulation and 

silvestrol treatment 

CLL samples (n=5) were pre-treated with silvestrol or DMSO for one hour, followed by an additional 24 hours 

of control antibody or anti-IgM treatment. Cells were then lysed and used in polysome profiling as described. 

Polysome profiling fractions (1-10) were collected and RNA extracted. RNA was used in cDNA synthesis and 

qPCR using Taqman primers for B2M. Total B2M expression (RNA per fraction of each condition was 

combined). Values for anti-IgM/DMSO treated cells were set to 1. Error bars show SEM and the statistical 

significance of the indicated differences was determined using a paired T test.  
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B2M mRNA expression following anti-IgM and silvestrol or rocaglamide treatment 

CLL samples (n=10) were pre-treated for one hour with silvestrol or rocaglamide (10 or 20 nM) then treated 

with control antibody or anti-IgM for an additional 24 hours. B2M mRNA expression measured by Taqman 

qPCR. Error bars show SEM and the statistical significance of the indicated differences was determined using 

a paired T test. 
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MYC mRNA expression following silvestrol or rocaglamide treatment 

CLL samples (n=4) were treated for one hour with silvestrol or rocaglamide (20 nM) followed by treatment 

with control antibody for an additional 24 hours. MYC and B2M mRNA expression measured by Taqman qPCR. 

Data normalised to B2M expression with values for control antibody treated cells set to 1. Error bars show 

SEM and the statistical significance of the indicated differences was determined using a paired T test. 
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MCL1 mRNA expression following silvestrol or rocaglamide treatment 

CLL samples (n=4) were treated for one hour with silvestrol or rocaglamide (20 nM) followed by treatment 

with control antibody for an additional 24 hours. MCL1 and B2M mRNA expression measured by Taqman 

qPCR. Data normalised to B2M expression with values for control antibody treated cells set to 1. Error bars 

show SEM and the statistical significance of the indicated differences was determined using a paired T test. 
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Cell viability (%) following Actinomycin D treatment over a time-course. 

A representative CLL sample was treated for 1,3 or 6 hours with the indicated concentration of actinomycin 

D (5 μg/ml), or left untreated. Cells were collected and cell survival was analysed via Annexin V-PI 

incorporation in the CD5+ CD19+ cell population. Data shown is relative to untreated control of each time-

point set to 100.  
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Appendix B Data related to chapter 5 
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B2M expression following sIgM-stimulation and ribavirin or selinexor treatment 

CLL samples (n=4) were pre-treated with ribavirin, selinexor (XPO1i) or DMSO for one hour and then treated 

with control antibody or anti-IgM for an additional 24 hours. B2M mRNA quantified by Taqman qPCR. Error 

bars show SEM and the statistical significance of the indicated differences was determined using paired T 

tests. 
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PARP cleavage following BCR engagement and ribavirin treatment 

Samples were treated for one hour with ribavirin or DMSO, and incubated for 24, 48 or 72-hours with control 

antibody or anti-IgM. Cells were then lysed and proteins extracted, then immunoblotting was undertaken 

and blots probed for PARP and HSC70 as a loading control.  
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M-681: 
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The effect of selinexor on basal CLL cell viability with and without Q-VD-OPh  

CLL samples (n=4) were treated with or without selinexor (XPO1i) or DMSO, and Q-VD-OPh caspase inhibitor 

added where stated, and incubated for 24 hours before analysis. Cells were collected and cell survival was 

analysed via Annexin V-PI incorporation in the CD5+CD19+ cell population. Data shown is relative to Q-VD-

OPh/DMSO control set to 100. Error bars show SEM and the statistical significance of the indicated differences 

determined using paired T tests. 
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